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ABSTRACT

RELIABILIT Y ASSESSMENT OF DETERIORATING REINFORCED CONCRETE BRIDGES

SUBJECTED TO EARTHQUAKE AND FOUNDATION SCOUR

This study assesses the structural reliability of a deteriorating medafoconcrete bridge
subjected earthquake and foundation scour during itdceelife. This study relies on probabilistic
models of natural hazards and structural deterioration basedsenvioe inspection and utilizes methods
of time-dependent reliability assessment. The results of the study reveal the potditiaices of
competing hazards on structural response of bridges over their serege liv

The thesis is structured in five chapters: (1) Introduction, including ataiivand objectives of
the study; (2) Literature review, addressing the background of naturatdeamodelling and time
dependent reliability assessment; (3) Methods for modelling naturatdsaand structural deterioration
of bridges probabilistically; (4) Performance assessment of detergrhtidges under competing
hazards, providing numerical meass of structural reliability for a threspan reinforced concrete bridge
based on a finite element model; (5) Conclusion and recommendations, rizingrtie main research

findings and discussing a possible direction for further studies.
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Chapter 1

Introduction

1.1 Motivation for study

Reinforced concretéRC) bridges in the United Statese suscdjble to damagerom operating
conditions, natural hazards, deterioration due to aging, and othechanismsof physical attack
(Ellingwood 2005). Among these hazards, earthquake and foundation scour are very common for bridges.
According tothe Federal Hghway Administration(2009), and Harrison and Morris (1991), there are
hundreds of tbusands of existing bridgéscated inactive seismic zones, withearly 400,000 bridges
over waterwag, many of which are exposed to erosion of channel beds aroundothadations. For
bridges thaareexposed to both earthquake and foundation scour hazards, it is necessary to censider th
effects of both hazards in the design pemtire implemented for new bridges as well as the risk
assessment and possible rehabibrabf existing bridges.

To ensure safety against multiple hazards, current desigadares in the United Statesnsider
the hazard deandsindividually (Crosti et al.2011). However, this approadverlooksthe correlation
between multiple hazards atttkir structural effectsyhich generallywould lead to amnderestimaon of
the risk induced byhesehazardsduring theservice lifeof the bridge if the structural effects were to be
positively correlated While some studiesf theinfluence of scoueffects on seismic responskbridges
are availablgle.g., Alipour et al. 2013; Wang et al. 2014), the methodologies in these papers did not
consider bridgeleteriorationeffectsdue to structural agingDeterioration of bridgemanifestdtself in a
number ways- spalling of RC bridge girders due to freghaw action or application of aggressive de
icing chemicals alkalisilicate reactions in the concretand corrosion of steeteinforcement in RC
columns,to name just a few (Ellingwood, 2005)and the losses of these componentay have a

significant impact orthe seismic resporsof bridges (Ghosh and Padg2@10). Thusto predictthe



performance of deteriorating bridge that is exposed to both earthquake and scour h#zandsults
might be urconservativef bridge deterioratiowerenot included in the analysisvhile one of themost
commonmechanism®f bridge deterioration idue tocorrosion from chloride concentrat®im deicing
salts(e.g., Enright and Frangopol 1998&his mechanismbpy itself, would beinsufficient for bridgesin
which damage due talkali-silica reactios or freezethaw cycling hasalsooccurred. Astudyin which
the correlations among bridgesponseso structuraldeterioratiorfrom several mechanismsarthquake,
and foundation scolare taken into accoumtill reveal a more accuratpictureof the risls to reinforced

concrete bridgeso affectedluring theirservice lves

1.2 Research objectives and scope
The main objective of this study is developatime-dependat survivalfunction(defined as the
probability that the life of the bridge exceeds some periddr § deteriording reinforced concrete bridge
structureexposed to earthquake and foundation scour hazards dsrgggvice life This survival
function could be adopted to develop a policy on routine inspections and maintenancerbébrasi
reinforced concrete bridgel o accomplish tis objective threeprobability models for reliability analysis
are developedvhich include a stochastienodel ofbridgedeterioratiorand hazard functions of
earthquake anfibundation scour. Seismic fragilities of bridges used to illustrate the methodology are
constructed usingtite element analysisThe method of modelingnd sources of datae summarized
as bllows:
1) A probabilistic model of bridge deterioration is developgsing the theory of Markov chains, and
the data adopted this modelareobtainedrom the FHWA.
2) A hazard functiordefining the likelihood ofoundationscour is derived from regression analysis
of laboratory test results.
3) Hazard functions foearthquake are established &oridge thathat hassustainedlifferent

damage levels of scour and deterioratiatilizing the seismic fragility methodology pfevious



works. The arthquake recordapplied in the analysis afem United States Geological Survey
(USGS).

4) Utilizing the results of the three previous tasksyival functiondor the bridgeare determined
considering combinations earthquake and scobbazardgo assesthesafey level of a
reinforced concrete bridgg#ructureduringits service life.

5) Case studies are presenbeded offinite element modsldevelopedh SAP2000which
consider theombinedeffects of earthquakeleterioration and scoufhe uncertainties bridge
modelling parameters aircorporated irthe finite elemenmodet usinga Latin Hypercube
sampling approach
The type of bridge structure analyzed in this studytigo-span reinforced concrete bridge,

whichis more sensitive to seismic loads compaelongspan bridges, such as suspension bsdgl
cablestayed bridgesThis study concentraseon reinforcd concrete bridges thatrelocated in

earthquake-proneegiors where there is alsopotential risk of bridge deterioration and scour.

1.3 Organization of thesis

This thesis containfive chaptersthe last four of which addresssential ingredientsf time-
dependent reliability of deteriorating bridges exposed to scour andfoqeske. In Chapter 3,
literature review of related standardglgrevious studieslesignrequirement®f bridge resistance and
reliability assessments for gravity loads, earthquake and scour hazarelsented. An evaluationof
deterioration and the multiazard influences on bridge performance are describeftiybgindthe state
of-the-art andcurrent practicesf bridge design and condition assessment are critically appriised
Chapter 3, the methotitmies formodeling bridgedeterioratio, hazards function®r earthquake and
scour, anc&amodelto assessompeting hazards scour anéroduced. Chapter 4resents a series of
numerical studies; two of these are intended to benchmark the current stird peevious work and to
highlight the impact of failing to incorporate structural deterioratioa to ging in bridge risk

assessmentrinite element models adevelopedo support the numerical analysis of deteriorating



bridges under competing scour and earthquake hazards. Based on the nurselisatoaclusions and
suggestion for future study aravgn in Chapter 5 References are providedthefinal section
Appendix Acontains alescription othefinite element bridge model thist analyzedn this study;
Appendix B contains natural hazard data needdde analysisAppendix C contains the numerical

results of seismic response, and the results of sensitivity analysis are presépehdix D.



Chapter 2

Literature review — state of the art

2.1 Load and resistance factor design (LRFD) of bridges

Until about twenty years ago, the design of bridge structuresuosdructures the United
Stateswasperformed using allowable stress design (ASD), in which the undestain material
resistance and applied loadere covered by safety factortn 1989, work began on an entirelgva
specification in which the uncertai@sin load(s)and material resistance(s) aepresented by load
factor(s)and resistance factor(s) respectively. This new specification BAB&ITOLoad and Rsistance
Factor Design (LRFDBridge Specificationwhichwasfirst approved for use in 1994'he latest edition
is the 2012 editioAASHTO 2012.

To satisfystructural safety requirements, the primary principlstructural desigrs that the
resistance athe structure must exceed the effect of thplig loads, so that,

Resistance Effect of loads (2.1.2)

In the LRFD method, the effect tfeloadson theright hand side of eqn. (21} are multiplied

by their load factorg/; , which reflect uncertainties in the load intensitiésor a specifistrength design

limit state(flexure, shear, compressiothe effect of loadsayinclude a combination of different load

typesQi . Therequired strength igiven byX }, Qi , Which must not exceed the design strength, defined as

the product of the nominal strengk, and a resistance factpr (AASHTO, 2013,
R, > 17Q (2.1.2)

Theload factors}; and resistance factgrarebased on principles ofrsctural reliability analysis

(Nowak et al. 2000), and reflect the uncertainties in the determinatibe twads (and load



combinations) and strengths. The load modiffgraccountgor the effects of ductility, redundancy

and ogrational importance.

For a satisfactory design, the factored nominal resista®sgn strengthghould equal or exceed
the required strength, calculated from the combinaifdhe factored load effects for a particular limit
state. Load and resistandactors are chosenom structural reliability analysiso that there is a
reasonably high probability that the actual resistance of the structuteeveiiough tsupport the loads
(AASHTO 2012.

The AASHTO LRFSpecificatioroffers someadvantage®verthe ASD Bridge Design
Specificationin that it (FWHA Manual 200}

1) Accounts for variability in both resistance and load;

2) Achieves relatively uniform levels of safety based on the strength of the steeirodced
concrete in the superstructure, substure and foundatiofor different limit states and
foundation types.

3) Provides more consistent levels of safety inktfidgesuperstructure and substructuae,both are
designed using the same loads for predicted or target probabilities o failur

The imitationsof the LRFD method includé-(WHA Manual 200):

1) The develomentof load andesistance factors to meet individual situations reqtiires

availability of statistical data and probabilistic algorithms.

2) Resistance factors vary with design noeth and are not constant.

2.2 Reliability basis for bridge design and fundamentafjravity load requirements

The performance of bridgésmeasured in terms difiereliability index £, or probability of
failure, Pe. In previous work (Nowak 1995),raliability-basedcalibration procedure for tHead and
resistance factor design (LRFD) bridge cedespresentedin which uncertainties were taken into
accountby modelling loads and ristance as random variabledetailed reliability requirements and

limit states for bridge are defined in tARASHTO LRFD Bridge Design SpecificatiddAe\SHTO 2012).



According to the AASHTO (2012), bridges shall be designed for specific liatéssto ahieve the
requirements of constructability, safety, and serviceability. Thereeaeead limit states defined in the
standard to ensure structural safety under different loads or hazartie aatlies of target reliability

index for theelimit states @pend on the specific design requirersenhe limit states and the
corresponded descriptions are shown in Table ZZhfnponents and connections of the bridge structure
must satisfy the factored load combinations for gravity loads at each lirei{S®tTable 22.1). The

target values of reliability index for the limit states depend on tligdf interestfor strength limit

states under gravity loads due to traffie; 3.5

Table 22.1Limit States (AASHTO 2012)

Limit State Description

Restrictions on stress, deformation, and crac

ServiceLimit State width under regular service conditions

Restrictions on stress range as a result of a sir
FatigueLimit State design truck occurring at the number of expected
stress range cycles.

A set of material toughness requirements of tt

Fracturelimit State AASHTO Materials Specifications

Ensure that strength and stability, both local a
global, areprovided to resist the specified
statistically significant load combinations that a
bridge is expected to experience in its design |

Strength mit State

Ensure the structural survival of a bridge during
major earthquake or flood, or when oddéld by a
vessel, vehicle, or ice flow, possibly under
scoured conditions.

ExtremeEventLimit States

Gravity loads used in the design of bridgesludedead loadyehicular live loadqLL) and
pedestrian live loa(PL). Dead load includeseightof structural components and rsructural
attachment¢DC), weightof wearing surfaces and utiliti¢gBW), andvertical pressure from dead load of
earth fill (EV) (AASHTO 2012) Foreach type oflead load, the maximum and minimum load factors in

each load combinations are shown in[€&h22.



Table 2.22 LoadFactors forDeadLoad (AASHTO 2012)

Load Factor
Load Type : _
Maximum Minimum
DC? Component and Attachments 1.25 0.9
DW: Wearing Surfaces and Utilities 1.50 0.65
EV: Vertical Earth Pressure
1.00 N/A
e Overall Stability
1.35 1.00
¢ Retaining Wallsand Abutments
1.30 0.90
¢ Rigid Buried Structure
1.35 0.90
¢ Rigid Frames
e Flexible Buried Structures
0 Metal Box Culverts and Structural Plate Culverts 15 0.9
with Deep Corrugations
0 Thermoplastic culverts 13 0.9
o All others
1.95 0.9

aWhenload combination relating to very higatios ofdead load to live load forsghe maximum and
minimum load factors of DC equal to 1.50, 0.9 respectively.

Vehicular live loadig on the roadways of bridgesiocidental structures desigrated a$iL-93,
and consist of aombination of the: design truck or design tandem, and design lane load (AASHTO
2012). A pedestrian load of0F.5 ksf is applied to all walkwaysider than 2.0 ft ans considered
simultaneouslywith the vehicular design liviead in the vehicle lane. Where vehicles can mount the

walkway, the pedestrian load nemat be considered coarrently (AASHTO 2012).

2.3 Earthquake-resistant design of bridges
Bridgesmustbe designed to satisfy the extreme limit state undgor earthqualkseorotherload
combinations thainclude seismic load effectEhe design earthgia motions and forces specified in the

AASHTO Specification(2012)are based on @ probability of their beingxce@edin 75 yr(equivalent



to an earthgua with a return period of approximately 1,034 yeaf)e general principles used for the
development of earthquakesistant design ithe AASHTO Specification(2012) are (Baker et. al 2013),

1) Small to moderatearthquakes should be resistgthin theelastic range of the structural
components without significant damage;

2) Realistic seisnu ground motion intensities and forces should be used in the design
procedures;

3) Exposure to shakingdm large earthquakes should not cause calapsll or part of th
bridge.Where possible,aiage that does occur should be readily detectatlle an
accessible for inspection and repair.

For earthquakeesistant design, displacemdmatsed procedures atteought tobe more reliable
than strengtibased procedurds identify the limit states that cause damaegding to collapseéesides,
displacemenbased procedurggoduce morefficient designs against collapgesome case@ASTHO
2012). The design forces for earthquake depend on bridge location, type of bridgerartiorgd
category of bridge, et€&or examplebased on the uniform load method, the formulaefdquivalent

static earthquake loadinBe can beexpressed a®ASTHO 2012),

C. W
R, === ®.3
in which, P. = equivalent urform static seismic loading panit length of bridge applied to represent the
primary mode of vibration (kip/ff) Csm=the dimensionless elastic seismic respaasdficient W = total
weight of bridggkips); andL=total length of the bridgét.

For bridges in which coupling occurs in more than one of the three coordinatedsevithin

each mode of vibration, the mattode spectral analysis method shall be appheda minimumalinear
dynamic analysis using a thrdemensional model shall be used. The member forces and displacements

may be estimated by combining the respective response quastitiesoment, forcadisplacement,

etc) from the individual modesommory used method®r assessing thesambinationarethe



Complete Quadratic Combination (CQC) method and the square root of the tunsgfiares method

(SRSSYAASHTO 2012)

2.4 Assessment and mitigégon of foundation scour effects

Scour is the watemduced erosion of soil arourtide foundation of atructure and isclassified
mainly in three forms: long-term aggradation and degradation, contractan, andocal scour (Wang,
et al2014). Locakcourcan beone of mosstructural damagingprms of scour (Alipouret al2013), and
can cause considerable lasghe lateral resistance obadge, which coulde perilous for bridges
subjected teeismic loadsFoundatioriocal scour refergo theerosion due ttheobstruction of the
bridge foundation and the formation of strongyeddrrents around the foundatiokbout 84 percent of
the bridges in the Urdt Stag¢s are over waterways (Landers etl8P6) for most of these bridgethere
is somerisk of local scour According to Shirole and Holt (1991)sarvey of U.S. bridge failures since
1950 showdthat60 percenbf 823 failures surveyedere associated withydraulics, which includes
channel bed scour around bridge foundations and chianstiability. Furthermore, écausef theeffects
of scour on structuraystem response characteristidipour, et al2013), e.g.loss ofsupport,
decreamg lateral stiffness ankkngtheningf thenaturalperiodof the bridge systenthe performancef
abridgemaybe influencedignificantlyby scour, especially under seismic loadsus, it is important
to deal with scour properly in design.

To ensure the safety of a scoured bridge, the effects of scour shouldusgezl’/ahd minimized
during te bridge service life.In the AASHTO LRFIBridge Design Becificationg AASHTO 2012),
severalextreme event limit state@sustbe considered to ensure the structural survival lfidge during
events, such amarthquake under scour conditior®ome coantermeasures, suas armorflow- altering
devices and channel realignment (Johnson and Niezgoda 28843duce the effects of scour.
However, a better evaluation thie scour process will improve the desigind bridge performance against
foundation scourAccording to current resear¢Nelville 1983; Johnson 1995; Alipouet al2013), the

most commorapproach to evaluate the effectgpar scouris simplyto estimate scour depth around
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bridge pier, whichs based on pier scour equatiand data frm laboratory and records of river flow.
The added cost of making a bridge less vulnerambéeouris small when compardd the total cost of a

bridgefailure, which can asily exceedhe original cost of the bridgeself.

2.5 Structural deterioration —mechanisms, models, and significance to bridge performance

Structural deterioratiorcauses a loss intrength over time. Since the factors that govern
deterioration are uncertain in their intensity and structural teftee structural resistaa must be
modeled as a timdependent stochasfitocess.Numerouslegradation mechanisms are possiblaRC
bridge chloride attackleading to reinforcement corrosioalkali silica reactios in the concreteand
freezethaw cycle attaclkre among the most importarAmong these degradation mechanisms, strength
loss due to corrosion dhe steel reinforcemenihas been most commonly considered in deterioration
modeling of RC bridge (Enright and Frangopol 1998)During theservice lifeof a bridge stuctural
deterioratiormay cause itgesistanceo fall belowits design levefor gravity loads (dead load and traffic
live loads),and many bridges in the United Statemve been posted as a reséltcording to the
American Society of Civil Engineers, me than half of the 599,766 bridges in the country are
approaching the end ttiieir design lves and nearly a quarter of them require significant maintenance or
replacement to ensure acceptable continued perfornfA&eeE 2009). In addition, bridge, det®ration
may increase the likelihood of failure due to environmental &sffeacluding extreme winds and
earthquakes. According to Ghosh and Padgett (2010), bridge deterioration may decrease rttie seis
vulnerability of some components, but will incseathe vulnerability of most critical components.
Because of the uncertainties generated by deterioration in predictioil@é performance under seismic
loads or others service loads, it is important to estimate strength thes¢o deterioratiostodastically

Two groups of methodsave beemsed in previous studi¢s model the timalependent behavior
of bridges. The first grouis basedprimarily) on models of the reinforcement corrosion mechartisat
allows the decrease in capacity a reinfoced concrete structur® be determined as a function of

corrosion loss (Mori and Ellingwoodi993h Enright and Frangopdl998. Thesecorrosion lossnodels
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have various levels of sophistication, ranging from simple reactatrolled empirical models
developed by scaling material deterioration experiments conduntést accelerated aging conditions in
a laboratory t@hysicsbasedmodels based on Fick’s second law of diffusion and Faraday’s eqtation
determine the period required to initiate corrosion and propagate it lara f&tate (Mori and Ellingwood
1993b).The second group is based on machanicsbased models that allsed on condition rating
data fromthe National Bridge Inventory (NBI) or othesimilar resourcesNBI ratings are determad by

the rating of every individual compondntthe bridgeon a scale of 0 to 9. As part of the national bridge
inspection prograinstates are required to inspect bridgesheir statesevery two yearausing the
guidelines established by tederd Highway Administration (FHWA)and toreportthe results tothe
FHWA (Estes and Frangopol 200The ratings and correspdngd descriptions of bridge conditions are
listed in Table2.3.1. The bridge ratings are developed primarily through visual inspeatfaihe major
bridge components. Different components might very well have different nainetings. h contrast to
the physicdhased models abovihe NBI ratingsdo not reflect any single deterioration mechanism and

present an overall picture of therdition of the bridge.

Table2.3.1 National Bridge Inventory Condition Ratings (FHWA 1988)

NBI rating Description Repair action
9 Excellent condition None
8 Very good condition None
7 Good condition Minor maintenance
6 Satisfactory condition Major maintenance
5 Fair condition Minor repair
4 Poor condition Major repair
3 Serious condition Rehabilitate
2 Critical condition Replace
1 Imminent failure condition Close bridge and evacuate
0 Failed condition Beyond corrective action

The NBI ratings represent the bridge conditigand deterioration) over timas an mteger
stochastic process. This stochasticcondition model isdeveloped througla statistial analysis which

provides sample functions of bridge deteriorated states as a functeapstdiime (Bolukbasi et al.
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2004)or a series of probabilities that bridge componesisain in a specifistateor transition to a lower
state every twgears Cesare et al. 1992) The advantagef the NBl-basedgroup of methodss thatthe
bridge deeriorationmodel can incorporate a variety of deterioratioachanismswhich all are reflected
in the condition number assigned to the bridge following inspectidiowever,the bridge cadition
rating data is not relatespecificallyto a bridge resisincevariable, which is needed in tintependent
reliability assessment. Thus, to determine the tirdependent reliability, this integer process must be
transformed into a measure of bridge resistance that can be used in wadtretinbility analysisin
previous work YWanget al. 2011), the transformatiavas developed by combining the condition rating
function of elapsed time (Bolukbasi et al. 2004) and rdmults of parametric studies of reinforced
concrete beamsubjected to corrosion attack (it and Frangopol 1998).For example, fi the
deterioration of reinforced concrete beaimsdominated by corrosiorthe effects ofdeterioration(in
terms of NBI) can be assumed to equathiat resulting fromcorrosion providing a calibration point for
coupling the two methodsThis approach of transformation can be expandedhter bridge components,

as will be described subsequently

2.6 Vulnerability of bridgesto earthquake and bridge scour

The vulnerability of bridges to earthquake aswburhave beerpresented in previous works
(Alipour, et al2013; Wanget al.2014) by seismic fragility curves.

In the studyby Alipour et al. (2013),nine twespan RC bridges with various designs and
configurationsvereanalyzed andive fragility curvesfor a range of scour deghrangingfrom one meter
to five meterswere defined in termsof earthquake intensity measdréy peak ground acceleration
(PGA). Thestudy showdthat for a given value of PGA, the probability of bridge failure in@eéasth
an increase iscour depth,

In the study of Wang et al. (2014jree types oRC bridges (e.g.a continuous boxirder
bridge, a multi-span simply supported (MSSS) concrete girder bridge, aanullti-span continuous

(MSC) concrete girder bridgeyere analyzed to reveal the effects of scourtba seismic response aef
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bridge in that study, the intensity measubigl | wasspectral acceleraticat the fundamental period of the
bridge. Wanget al,(2014) providedragility curvesat thecomponentatherthan at the system level and
the fragility analysis shogd that scour has a significant effects on capacities of the key components.
However, the results also sheathat for the columns of MSSS and MSC concrete girder tsjcmgeur
has apositive effecton bridge seismic respons@nepossible reason fdhis nonrintuitive resultis that
scour leads to a longer vibration period and spectral accelegsmrases with period lengthening for
this particular bridge. An earlier study (Padgett et al 2@88)found tha the spectral accelerationnst
the optimal IM for seismic response analysis of bridge portfolios witange of fundamentpkriods
(Padgett et al. 2008).

Thesetwo studiesshow thatit is better to assess the vulnerability of bridgedbjectedto

earthquake and scour by considering earthquake and scour akamatis rather than individually.

2.7 Critical appraisal of existing practices

Numerouspreviousstudies(e.g. Mori and Ellingwood1993b; Enrjht etal. 1998) have ass®d
the reliability of deteriorating RC structiwdased on corrosiorHowever,the effects ofcorrosion or,
more generally structuraeteriorationare seldom considered ian analysisof structuresunder seismic
or others extreme loads.g. Alipouret al.2013; Wanget al.2014) whichlimits the application of these
previousstudies

Wang etal. (2011)related theNBI ratings to structural resistance by adopting tH# hating
model of Bolukbasi eal. (2004). In this approach, NBI ratings are modeled as a polynomial function of
elapsed time, which means the NBI ratings are deterministic in each single yeathatharrandom
variable, and the uncertainties in NBI ratings model are neglectedh witiuld lead to inaccuracies in
the transition procesalipour etal. (2011)presentedhe joint probabilities of failure dfridgessubjected
to earthquake and scotttowever,Alipour’s analysis was based on a scenario eventtiameEdependent
information (includingdeterioratiol was not presented, which is estial information fordeveloping

strategiesfor bridge designmaintenance and repairAccording to the requirements of reliability in
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AASHTO (2012),such strategies would be better derived fepsurvival function or reliability function
of bridge serwe life.

Accordingly, in this study, a more comprehensive model for bridge deterioration will be
presented, and an approahtime-dependent reliability assessmewill be developedio predict the

performance of bridgduringits service life The methodimgiesemployed in this comprehensive model

are presentenh the following chapter.
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Chapter 3

Methods for modeling earthquake and scour hazards and structural response of a

deteriorating bridge

In this chapter, thenethodologiesused in this study, oluding the probabiktic modelsfor
seismic, bridge scour and deterioration hazaads, the structral fragility models needed tassess the

influences of the hazards arridge are presented
3.1Time-dependent reliability assessment

3.1.1 Eahiquake analysis
The seismic hazard at any site may be described in terms of the probadtifibution ofthe IM,
X, defined most commonly by eitheffective peak ground acceleration (PG¥)spectral acceleration
(SA) at the fundmental period of thetrsicture The probability thataccelerationX, is less than some
specified valuex is given in approximationby a Typell distribution of largest values, defined as

(O'Connor and Ellingwood 1987):
X -k
Fs(X)=P(X< X = exp{(aj } (3.1.1)
Thus, the probability density functiof"g(X) is,

f.(X) :EGJ 7 exp{—(—ﬂ J (3.1.2)

wherethe characteristic extreme,andshapek, are parameters of the distribution.
The parametera andk can be derived from a regression analysisitgfdependenearthquake

hazard data provided by the US Geological Survey (USG at a specific site
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(http://geohazards.usgs.gov/hazardtool/application. phAfternatively, the mean seismic hazard curve

from the USGS website can be used in its parametric form in reliability assessment.

3.1.2Structural response

Structural response analysisd system resistance are represented in this byubsidge fragility
curves Bridge fragility curves, which express the probabilityat thebridge reachs a damage state
under a given ground motiontensity IM = x, play an important role in seismic risk assessment of
bridges (Nielson and DesRoches 2006)he different components of bridges, such as bridge deck,
supporting girders, pier caps, pi€c®lumns), abutmestand foundatiormnay perform differentlyunder
seismic loads, anthe failure of each componemhay affect the performance of the bridge system in
different ways. Previous researchN(elson 2005;Tavares et al. 20)2has identified the abutmexnt
columns and bearings as being critical in bridge performance; hencetuthisf@cuses on the role of
these three component$hus, analysesf the bridgewithout considering the different seismic respanse
of the bridgecomponentsnay notcapturethereal seismic response of bridde this study, acomponent-
level approach is adopted irridige fragility analysisand the bridge is considered assystem of
components failing in serie¥he ®ismic fragility is simply defined as the probability thiaé tseismic
demand D) on structure causes a respoiigehat exceeds a paetermined performance limit associated
with a state of damage ranging from loss of functionality to incipieldps®e under a given level of
seismic loading.Previous researcfiPadgett et al. 200$as indicated that tHeGA, X, is an appropriate
measure of seismic intensity for bridge performance assessment. tAighgejsmic fragility is given by

the followingconditional probability:
Fragility =P[ D> R| X = X| 1(3)

in which x = specific peak ground motion intensity. Eqnl.@ is easily evaluated by developing a
probability distribution for the demand conditionedagiven PGAa process sometimes referredato

probabilistic seismic demand model (PSDM). Heésmicdemand orthe structureoften is quantified
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using metrics, such as deformation and ductility. According to Cornell €Gf12), the estimate for the

median demandITl, ) can be represented by a poveav model as,

m, = ax (3.1.4)
in which, a andb are regression coefficientsThe scatter in demand tends to increase linearly avith
increase inX, implying that the coefficient of variation (COYj demands constan{Cornell et al 200R
The probability distribution oflemandX. is often assumetb be a lognormal distribution.

Under the assumption thiite capacitycan be described by a lognormal distribution as,wed

seismic fragility of eacbridge component can be described by the lognormal distribution,

()= P[ D> H X< M{MJ @.15)

Véo +ér

in whichmp is determinedhs a function ok from Em. (3.1.3), mg is median value of resistancg;and

(o are logarithmic standard deviatiaf resistance and demand respectivély;)is the probability of

component. reaching a certain limit statgiven demand.
The generation of PSDMsr bridgesfollows thegeneralprocedue of Nielson and DesRoches
(2006):
1) AssembleN ground motions which represent a broad range of value®®#k The ground
motions can beselectedfrom previous earthquake recordsuch as those in the PEESRrong

Motion Databaséhttp://peer.berkeley.edlu

2) GenerateN statistical samples of the bridge using impoctasampling. The samples must
includestatisticalparameters tharesignificant formodeling uncertainties iseismic response of
the bridge.

3) Input the ground motions and modelling parameters, and perform dimean time history

analysis.
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4) For each analysis, record the peak responses and valRé\¢dnd plot them in a letpg space.

Estimate parameters in Eqr8.1.4 by a regression analysamd tle residual, which defines the

paramete@D in Eon. (3.1.5).

The limit states of damage for the various bridge componentsaessed usirgphysicsbased
approach oengineeringudgement. In this study the specific limit states ohdge are adopted from the
study of Nielson (2005), which are obtained using Bayesian updx#togpacity curves

The fragility of the system is assumed to follow a lognormal distribution. Toleapility of

failure of the bridgepfE under seismic demarzdn be estimated by,

pr Z]O F(X) f5(%) dx (3.1.6)

3.2 Analysis of scour

3.2.1 Scour hazard
The probabiliic model of scour hazard begins with the model to calcslaiar depthhbased on

the equation recommended by the FHWA (2001):

b 0.65
D, = 2.OyK1K2K3K4[—] F,043 (3.2.1)
y

in which, D_is the scour depth measured from the average channeldetion to the bottom of the

scour hole; Y is the flow depth just upstream of the piks the pier widthy is sediment gradation

and F is the upstream Froude numbdefined as,=V/(gy)"? whereV is approach flow velocity

theK: is correction factor that accounts for the nose shape of th&pisrcoefficient that accounts for
the angle between the direction of flow and the direction of theliés;coefficient that accounts for

streambed conditions, aidis coefficient that accounts for the bed material size.
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Eqgn. (3.2.1) is recommended for both lived and clear-water condition (Alipour, et al. 2012).

The relationship between the flow discharge rate and flow dgpibst upstream of the piéor a

channelwith arectangulacrosssectionis assumed to bgiven byManning’s equation:

by( by ) e
= S
Q n(b+2yj (3.2.2)

whereQ is the discharge raten is theGaucklerFManning coefficien{non-dimensioal); andSis the
slope of the hydraulic grade line or the linegdraulic headoss, which is the same as the channel bed

slope when the water depth is constant.

In previouswork, Chee(1982 andChiew(1984 conducted experiments to test variation of scour
depth. In contrastlchnson (1992%taredfrom adeterministicnodel knowrasthe CSU equation
(“Highways” 1988 to develop a bedit equation forscour depth. bcertaiiesin flow depth and
sediment gradatiowereconsideredn this model The form of the modetlevelopedrom a nonlinear

leastsquares algorithnms described aglahnson 1992),
b 0.98
D, = /1(2.02)(y)(—) F %02 (3.2.3)
y

in which, / is the model correction factomhich is intended tencorporate unertainty due to the model

structure (Ang and Tang 1984).

According to Eqgn. (3.2.2Eqn. (3.2.3is much less sensitive to the discharge rafow than
Eqgn. (3.2.1), which would lead to an unreasonable result in practice. As aEgsulf3.2.1) is adopted in

the study.

TheManning equation is the most commonly used formuladdculatingflow velocity in open

channels. Howevethe Manning equatioris far less accurate wheleviations from ideatonditions, such
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as smalklopes, constardnd regulasection etc., become largéts lack of accuracy is mainly due to the

following limitations (Garcia Diza 2005):

1) The hypothesis underlying tianning equation is that the flow resistance effect exists between
the contact surface of the wet perimeter and upper soil layer. This ia oalyect hypothesis
when thestreambedis relatively smoth and the deptis large.
2) TheGauckle—Manning coefficients notconstantjt depends on depth and stg@mnd decreases
as the flow depth increases.
The firstlimitation limits the flowsto which theManning equation can be appljg¢de accuracyf the
results calculatetly theManning equation depends on the flae secondimitation implies thatthe
value ofvelocity thatis calculatedby the Manning’s equatiomaybe inaccuratelohnson (1995, 1996)
found thaffor a selected range of flow dépo pier width ratios, the average of observed scour depth is
lower than the scour depth that calculated by Eqn. (3.2.1)lirmlations could be a reason for this

discrepancyTo overcome theskmitations a model factors is introduced to Eqgn. (3.2.1), which is

assumed to have a normal distribution with mean value 0.57 and coefficient abrg@OV) of 0.6

(Johnson and Dock 1998).

Threeprobability distributiondiave been suggestamimodeldischarge rate, in Eon. (3.2.3:
thelog-Pearson TypdlI distribution lognormal distribution and Extreme Type | distribution (Ghosal.et
2003). In this study, we use the Extreme Type | distribution. The flow gi¢jpémcan be deriveérom
Eqn. (3.2.2). Thus, by definiraglimit statein terms ofscour deptiDp, the probability oexceedances

describedy,

0.65
Faaxceedance: Pl: D s< 2.04 yKl K2 Ke K4(%j Fofs:l (324)
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This probability is calculad by Monte€arlo simulation.The probability distributioparametersneans
and coefficients of variation (COV) defining the parameters in Eqp.43aresummarizedn Table

3.21. Thespecific valueslepend on the flow of interest.

Table3.2.1Mean andcoefficients of variation of scour parameters

Variable Distribution Mean Cov

/s (modelfactor) Normal (Jdwnson and Dock 057 0.60

1998)
y (flow depth) Normal (Jachnson 1992) sitedependent sitedependent
n(GauckleeManning | 0o rmal(FHWA 2001) 0.025 0.275
coefficient)
S(slope) Normal(Jdinson 1992) site-dependent 0.2
Ks (condition coefficient)  Normal(Jdnson 1995) 1.10 0.05

3.2.ZTheinfluenceof scouron bridge performance
As stated in Chapter 2.4, bridge local scour decreéhsesnbedded length of thele and reduce
the lateral suppoiof the bridge.However, scour is unlikely to caubackling ofa bridge column because
of the typically massive size of the columim this studytherefore the influence of scour i@ssumed to
reducethe stiffness ofhe pile foundation. Ae static 8ffnessesof asingle pilearegiven byMakris et al.

(1994)

E 0.21
KE ~ Esd[E"j (3.2.5a

L 2/3
KL zl.%sd(aj (3.2.5b)

in which, KH] and K[Zl] are horizontal and vertical stiffnes§ a single piled andl are diameter and
embedded length dhe pile; Epis the Young’s modulus othe pile; ES is the Young's modulus of sail,

and Gsistheshear modulus of soil.
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The torizontal stiffnes for the single pile in Eqn3(2.53 is independent of pildength. In

practice,a pile deesnot deform oveiits entire length. Instead, pile deformations and stresses réduce

negligible proportions within a distandgfrom the ground surface. The distarhac'es denoted thective
pile length, ands on the order ofLO to 15pile diameters. Eqn.3(2.53 is applicable for the piles that

have a lengthl greaterthan|a, and for thesepiles, theexact pile length is an irrelevant parameter

(Gazetas 1984).The local scour only affects thetational stiffness ofthe pile. Compared to the
rotationalstiffness of thepile group, theotationalstiffness ofanindividual pile isnegligible (Makris et
al. 1994; Nielson 2005), so thetational stiffnes®f each singlgile is not incorporated in this study. The
composite pile behavior isalculatedfrom the basic geomeyr of the pile group. The equations for
horizontal and rotational stiffness of pile group gmesentedin Eqn. §.2.68 and Eqgn. §.2.6h

respectively lla and Deng 2000):

N
Ky Y KH, (3.2.6a)
i=1
N
Ke= D KZ}-X (3.2.6b)
i=1

in which, KH and KR are the stiffness of a pile group in the horizontal and rotational directioasd

X is the distance from the centroid of the pile group measured in the direction peupentdi the axis

of rotation.

3.3 Structural deterioration model, data, and comparison between deteriation and corrosion

3.31 Deterioratiormodel ancconditional failure rate due to deterioration
As noted previously, the condition of a bridge over time can be atealgualitativelyfrom the
National Bridge Inventory (NBI) condition ratings, which are basedhmervations of the condition of a

large number of bridges (Estes and Frangopol 2001).
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As a continous process, bridge deterioration stadt the beginning of its service life(or
following a period of initiation of deteriorationfind thesubsequentleterioration condition at a given
time is highly related to thgrevious condition. Tts process can beodeledby a Markov chain, in which
the probability digiibution of condition at the next state depends only on the current state tod the
sequence of events that precededlius, in this studya probabilistic deterioration model for a bridge is
developedrom the NBE condition ratingasing a Markowhain It is important to note thaa Markov

chainis a dscretetime processEqn. @.3.1) showsthe Markovian transition matricMTM) for bridge

componentgCesare et all992),

_T99 T98 T97 T96 T95 T94 T93 T92 T91 TQ
0 T88 T87 T86 T85 T84 T83 T82 T81 T8C
O O T77 T76 T75 T74 T73 T72 T71 T7O
0 O O T66 T65 T64 T63 T62 T61 T60
T — o O O O T55 T54 T53 T52 T51 T50 (3 3. 1)
O 0 O O O T44 T43 T42 T41 T40
0 0 0 0 0 0 Ty T, Ty Ty
0 0 0 0 0 0 0T, T, Ty
0 0 0 0 0 0 0 0T, T,
0 0 0 0 0 0 0 0 0T,

whereTi]- is the probability of a bridgeomponentdeteriorating from state to statej in one year.

Although bridges are inspected every two years, the data aravaable at odgearages of bridges,

due to theabundant data frorhelarge numbers of bridgekat are inspected each ye&ccording to the
analysis of bridge deterioration data for New Jersey bridges, thebgitybaf a bridge component
deteriorating by more than one state in two years is nblgligMcCalmont 1990). Since this matrix is
based on ongear transition probabilities, the probability that the condition of a brathgingedy two or

more states in yeas also negligible Thus,all probabilitiesin Eqn. @.3.1)thatrepresent changef two

or more states asetequal to zero. Second, each row in MTM must sum to one. Thus, the MTM becomes

(Cesare et. al 1992):
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T, 1-T,, O 0 0 0 0 0 0 0
0 T, 1-T, O 0 0 0 0 0 0
o o T, 1-T, O 0 0 0 0 0
0O o o T, 1-T, O 0 0 0 0
0O o 0 o T, 1-T, O 0 0 0

T= (3.3.2)
0O o 0 0 o T, 1-T, O 0 0
0O o 0 0 0 o T, 1-T, O 0
0O o 0 0 0 0 o T, 1-T, O
0O o 0 0 0 0 0 o T, 1-T,
0 0 0 0 0 0 0 0 0 1|

Finally, the last termToozl (representing the absorbing stateéhe chaif, becauseanNBI rating equal

to Orepresents thiailed condition, and the bridge canmigteriorate further.

The bridge deterioratioprocesss assumedo havestationaryincrementsn the study byCesare
et.al (1990). However, a timdependenMTM would be more accurate for tmeechanisnmof bridge
deterioration. For example, the deterioration rate of concrete regmfient will increasén time under
sulfate attack, and will bapproximatelyconstant under corrosion (Mori and Ellingwood 1993). In this
study, then,bridge deterioration is assuméd have stationaryincrements only over relatively short
intervals n, rather tharovertheentire service life othebridge. Thus, the distribution of NBI ratinfie a

bridgein yeart is:
0,=GT when t<n (3.33a
G, =T .. T," when t>n (3.3.3b)
The probability vectof], defines thenitial distributionof damage(1,0,0,0,0,0,0,0,0,0)t is assumed that

a new bridge has NBhting 9. Subsequent value]s-i definethe MTM in them™ time interval
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The MTM is a timedependent matrix and the terms in MTM cancbéulatedfor each time
interval n independently. The approach usedl&terminethe terms in ta MTM from experimental data
which have been obtained from bridge inspecporgrams FHWA), is based orthe commorconcept
that frequency will approximately equptobability for very large samples Through minimizing the

squared difference between theative frequency and the probability found by Edqh3(&) or Eqn.

(3.3.3h, the termsng —Tzz can bedetermined by the method of leasfnaregCesare et. al 1992)

2

min | £, = @T..Tn)i] C(nm)  for i=9,8,...,1 (3.3.4
1

Wherefi’nmz relative frequency of bridges in statat agenm NIM= number of years of data available;

C(nm) = number of bridgs of agenm

To get a deterioration model that is related to the resistance of the hridgcan be used in
structural reliability analysjsa relationship between NBI ratings and structural deterioragioreeded.
Such a relationship is dedmed in the following paragraphs.

In previousstudies, théNBI rating modelwasdeterministicat a given time, andlasdescribed by
a polynomial function oklapsedime (Jiang and Sinha 1989; Bolukbasi &t 2004). In this studythe
NBI rating modefor a given bridges a stochastiprocess, written as,

NBI(t) = NBI C(t) (3.3.5)
in which NBlo is theinitial NBI rating, normally equal to 9(see Eqn(3.3.3b)and C(t)is adeterioration
functionwhich is derivedfrom the NBI rating history for the bridge of interestBecause of randomness
in service and environmental loads and in tolependent lage strenth and conditionNBI(t) is a
discrete random process.

As noted previously, Cesare, et al (1pa®deled the bridge ratiniyBI(t), as a Markov process,

and provided the transition probabilities necessary to define the distnitnf the bridg rating at any

time, t. The mearvalueand coefficient of variatio@COV) of thisrandom process can describeds,
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E[C(9] = f(D (3.3.6a)
covay = () (3.3.6b)

in which fl(t)and fz(t) are functionsof time t, and can be derived by regression anabfsis situ bridge

inspection data.

To define the timalependent bridge resistance necessary to determine thddpaadent failure
probabilities, survival functions and conditional failueges, it is necessary to convert the bridge rating
processNBI (t), to a process defining the tirndependent resistandg(t). Adopting themethodof Mori
and Ellingwood (1993b)the time-dependent structural resistanisedescribedoy a random process,

which can bewritten as,

R()=RAY (3.3.7a)
E[G(9)] = (9 (3.3.7b)
covai = () (3.3.7¢)

in which R) Is theinitial resistancef bridge componentsr of the bridge structural system a@dt)is the

structural deterioratiofunction that describes the resistanoé the bridge structurat any time, tin
contrast taC (t), G (t) is a continuous random process.

It is clear that the discrete proce&Sg) and the continuouprocess @) are related, since they
provide alternative descriptions of the capacity of the bridge in tikhewever, developing the relation
between the two presses is not straightforward. The proc€gy is determined primarily by visual
inspection, and may flect one or more simultaneously occurring mechanisms of deterioration. In
contrast, determination oB(t) generally startswith time-dependent material testing for a specific
deterioration mechanism corrosion, spalling, freezthaw damage, fatigue. If several of these

mechanismsoccur simultaneously, they must be combined to obtain an ov&@)l for the bridge
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structure This combination is difficult, especially if there are synergistic effémvm the different
mechanisms. The following section presents a simple approasiercome this difficulty

Before developing the relationship between pineceses G(t) and C(t), four assumptions are
made. According to Sobanjo et al. (2010), the lognormal distribugicguitable for modelingnany
failure degradationprocessessuch ascorrosion crack growth and failures resulting from chemical
reactions oproceses Based on this idea, thigst assumption ishatin any given yearG(t) andC(t) can
be modeled asandom variables, and both follow the lognormal distribution. At #mestime, w

assumethat the deterioration of the bridge structui® dominatedby corrosion, and thag(t) can be

considered as the structuddteriorationfunction for corrosion Although the NBI ratings are based on
visual inspection angudgmentof the inspector, thenechanism of deterioration, suclhs spalling,
cracking etg affect thecapacityof the bridge. Thus, the NBI ratings are assumed to have a directly
relationship with capacities of bridge componei@sce both ofG(t) and C(t) follow the lognormal
distribution in any given year, and theo process are not independdaft) andC(t) are assumed as have
a linear relationship. As a result, the questiohow to define the relationship between these random
processes
Combining Eyn. (3.36a), Eqn. (3.37band Eqgn. (8.6b, Eqn. (3.37¢), the relationship between

C(t)andG(t) can beanferred:
G(t) = f[C(D] (3.3.8)
in which f[C(t)]is a linear function of(t). It is important to note that the relationship is not age

dependent, and this result éensistentwith the essence dhe NBI rating system. For eadbridge
compmnent,C(t) is known, and5(t) can be computed bsubstitutingC(t) in Eqn. (3.3.8. Thus, after the

transition of NBI ratings, theme-dependentesistance of bridge component, can bedescribeds,

R(t)= R Q) (3.3.9)
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3.3.ZThe influence of éteriorationon bridge performance

Structural deterioration influences the performance of a bridge. Thig f&touses on the seismic
response of a bridge susceptible to bridge deterioration and local §t@umodelling parameters,
summarized in Tabl&.31, cover most factors that would affect the seismic response. However, the
effects of deterioration can tienited to a subset of the parameters in Tébil. Parameters that are
relatedonly to the material strength and stiffngssich as elastic modulus and shear modulus, generally
are not affected by deterioration. Besides, even if some-seati®n Igses occur due to spalling and
cracking ofthe concrete, the stiffness and masseathbridge element will not decrease significantly
provided that the reinforcement remains intathus, the effects of deterioration will be modeled by its

effects on stel and concrete strength.

Table 3.3.1Parameter ncertainty in analytical bridge moddNielson and DesRoches 2006)

, Probabilit Distribution parametets :

Modelling parameter distributio)rll 1 P 5 Units
Steel strength Lognormal A1=459.4 ¢ =008 MPa
Concrete strength Normal u =338 oc=43 MPa
Bearing shear modulus Uniform | = 066 u=207 MPa
Bearing coefficient of friction Lognormal A =In(med ¢=01
Passive stifiessof abutment Uniform | =115 u= 288 KN/mm/n
Active stiffness of abutments Uniform | =22 u= 66 KN/mm/n
Deck mass Uniform | =09 u=11
Damping ratio Normal u=0.045 o =0.0125

3Parameters for the normal distributiof, ) = mean and standard deviation; for the lognormal
distribution, {, ) = median coefficient of variation; for the uniform distributio@l, u) = minimum and
maximum value.Dimensions are given in mm; strengths in MPa.

Time-dependent resistarstr bridge components are obtained by converting the NBI ratings to
structural resistance, as described previously. However, resistance must fiedspegiway thatan be
utilized in a finite element modelTo this end,we assume that all capacitiek reinforced concrete

membes, such as sheaand moment capacities, will deteriorate atrate defined byG;(t). Strictly

speaking, the impact of deterioration would depend on the limit statedecedi however (as will be
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shown subsequently), the flealircapacity is the most important limit state considered. Thus,sin fir

approximationthe capacities can be written as;

M, (t) =M, oG (t) (3.3.10a)

V, (1) =V,Gi () (3.3.10b)
Themoment capacity of a lightly reinforced concrete flexural member can be desag(ACIl 318
14),

M, = Af,(d-al2) (3.3.11)

WhereASis area of nomprestressed longitudinal tension reinforcemefrglis specified yield strength of

reinforcementd anda are geometrical parameter#ccording to Eqgn. (3.3.11), the moment capacity
degrades in same rate with steel strength degraddtiatne study by Enright and Frangopol (1999), the
same degradation raite derived. Similarly, the shear strength for the members that subjecetr simd

flexure only can be described (ACI 31814),
. f.d
V. =21,f.h,d +AVTyt (3.3.12)

where 4 is a modification factoraccounting forconcrete strength,/ f. is square root of specified
compressive strength of concreté(, is area of shear reinforcement within spacy;ngf yt IS specified

yield strengthfy of transverse reinforcemerand QN is geometrical parameter.

For shear capacities of nédbrced members, Angelakos et &00J) investigated the effect of
concrete strengton shear strength of large beam members. They conducted an erp@rpragram of
twelve 1000 mm deep beams with concrete strength varying from 21NT8€°. They concluded that
changing the concrete strength by a factor of 4 had almost no influence onahetstregth of these
large beams. The beam components of the bridge that are modeled in this stuelg@asidered as large

beans. Besidesaccording to Eqn. (3.3.12), the shear capacity that provided by reinforcesstegth
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larger than thenpvided by concrete. For columns subject to axial compression, the shear strangth ca

described as (ACI 318-)4

vn:2[1+ N, ]1ﬁmd+A“fy‘d (3.3.13)

20004, s

where N, is factored axial force normal to the cross section /égrid gross area of concrete section

Thus, for beam components and column comporserijected to sheathe degradation rates of shear
capacity are assumed as same value Wwahdf steel strength.

As a result, the timdependent strengths of steel and concrete can be written as,

f(1)=1,6() (3.3.14a)
f (1) = f,,[G()]? (3.3.14b)

wherefyyo, f;oare the initial strength of steel and concrete.

3.4 Analysis of competinghazards

A review of the literature Stewart et al. 20Q3has suggestedhat it is unusualfor bridge
deteriorationto cause failure o& bridgewithout some external causeherefore bridge deterioration is
treatedas asupplementainfluence factor thiawill be takeninto account in reliability assessment of the
bridge undeearthquake and scour hazardatidition bridge scour is modeled as a stationary process in
this study A scenario analysis is conducted to assess the reliability of the bnidige competing
hazards. According to Sobanjo et @010), thetime-dependentailure probability can be modeled as a

Weibull distribution The Weibull distribution is mathematically defined as,

p-1 p
f(t)= g(%} exp!(—%j } (3.4.1)

where & is scale parameters is shape parameter; anhis the time to failure
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The Weibull distribution is a form of probability distributiomhich can approximate other

known probability distributios If 2 =1, it becomes an exponential distributidi;s3 =2 it becomes a
Raleigh distributionijf B = 3.6, it approximatesa normal distribution. When the Weibull distributisn
applied to model failure o structure, the values gB have distinct physical meanings, as discussed
below. In particular,z =1 indicates a constant failure ratg, >1 indicates a weasut period (Aberbethy
1996). A larger value of3 implies a higheconditional ailure rate for structure.lf the timedependent

failure probabity follows a Weibull distributionthe survival functionS(t) can be described as,

£V
S(t):expli—gj } (3.4.2)

By definition, S(t) is the pobability that thebridgelife exceeddimet. Thus, the conditional failure rate

h(t) is defined as,

h(t)dt= (Y _S?t)ﬂ dy (3.4.3)

According toEqgn. 3.4.2, and Eqgn.3.4.3), the conditional failure rate can be written as,

h(t) = E(l)ﬁl (3.4.4)
a\ox
Thus, the survival function can bewrae as,
S(9) =exp[- H(t)] (3.4.5)

in which,H(t) = foth(t)dt is the accumulation of failure rate over a specific time.

In this chapter,ite mathematically models for this study are presenitethe following chapter,
an analyticabf typical reinforced concretaridge model is built by AP 2000, togive numerichresults

for the reliability assessment of a bridge subjectesingle hazard and competing hazards.
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Chapter 4

Performance assessment of deteriorating bridges under compegl scour and earthquake

hazards

4.1 General analysis procedures

The objectiveof this chapter is t@xaminethe impacts of coupled bridgeundationscour and
deterioration onbridge seismic responseAn analytical model of a reinforced concreteridge is
introducedin Section4.2. A sensitivity analysis is conductéa Section4.3to test the contribution of
each bridge modelling parameter to the seismic respdns8ections 4.4 rad 4.5 the method thatvas
introduced inChapter3.1.2 is adopted tdefine theseismic fragilityfor each bridge componerkor this
purpose, asuite of 24 natural earthquake recordss takenfrom the Pacific Earthquake Engineering
Research Center (PEER) ground motion databasewas usedor seismic response anadgsof the
bridge.The detailed information of the earthquake records is shown in fahle with one exception,
the epicentral distances associated with these records all are less than rB@kikmy them nedield
records Using the SAROOO structurabnalysis program, ngelinear 3D models are created for three
situations a bridge wih aconstant, randomesistancea bridge thatis subjectedo scouronly, and a
bridgethat issubjected tdoth scour and deterioratioin Section 4.6, the fragility curve of for the entire
bridge is derived from the component fragility curves. Treating eartequszour and deterioration as
three stochastically independent events, a survival funfiiothe bridge is developed in Section 4.7 to

predict its service life. Suggestions for reliabiitgsed bridge design also are provided in Section 4.7.
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Table4.1.1.Database of ground motion reco tigtp://peer.berkeley.edu

Earthquake Location Year Magnitude | Epicentral Distance (km
Gilroy CA 2001 3.1 6
Northridge CA 1994 6.7 28.9
Helena MT 1935 6.2 6-20
Whittier CA 1987 6.1 9
Loma Prieta CA 1989 7.1 18
Gulf of California Mexico 2001 5.7 10
Livermore Aftershock CA 1980 5.4 10
Sierra Madre CA 1991 5.8 11.97
Ancona Italy 1972 4.4 4
Kocaeli Turkey 1999 7.6 15
Chalfant Valley CA 1986 6.4 12
PalmSprings CA 1986 5.9 12
Stone Canyon CA 1972 4.7 5
Westmorland CA 1981 5.7 4
Petrolia CA 1991 6 10
Petrolia Aftershock CA 1992 7 15
Parkfield earthquake CA 2004 6 8
Morgan Hill CA 1984 6.2 9
Superstition Hills CA 1987 6.6 2
Alum Rock CA 2007 5.4 9.2
Bishop CA 1984 3.7 6
Manjil-Rudbar Iran 1990 7.4 15
Kobe Japan 1995 6.8 16
Nahanni Canada 1985 6.9 Less than 20

4.2 Analytical models of reinforced concrete bridge

The bridge modalised in this studis a typicalMulti-Span Simply Supported1SS9 reinforced
concrete bridge, whicls adopted from the studyy Nielson (2005).The configuration othis (MSSS)
reinforced concrete bridge is shown in Figuel. This bridgehas three spanwhich are 12.2, 24.4 and
12.2 m longrespectively, and the tdteength of the bridge is 48.8 m. Each span is constructed of eight
AASHTO prestressed girdesupporting a deck with width 15.0t (see Figure 4.1c)he girders for the
end spans are AASHTO Tygdegirders which bear on a pile type abutmentaxte end and a muki

column bent at the other end. The girders for the center span are AASHTOlITgpders. There are
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two types of bearirgffor this bridge elastomeric bearing with fixed dowels and edastric bearing with

expansion dowelssore detailed informationn thebearingds discussed in the following section.

[ 48.8 m i

=——->12.2m —t 244 m it 12.2 m—=

c
©
cC

General Elevation

Pier
\ r17.80m I
TITLIITT
11 m- 7@1.83m=1281m -
15.01 m |
Deck

Figure4.2.1 MSSS concrete girder bridge configuration

35



Thereinforcinglayoutin thebent beam and caton for this bridge are shown in Figure 4.2.

r-7914.4 mmgj
n f=76.2 mm 76.2 mm—+— i
- 716.2 mm
50.8 mm+
12-#29 bars 15-4#29 bars
® .
1066.8 mm 4416 bars 1066.8 mm
D
1 2 ® ® & & & & & a 4{
_ 76.2 mm
#13 bars @ 305 mm o.c. 50.8 mm- #16 bars@305 mm o.c. T
4.2 (a) 2(b) 4

Figure4.2.2 Concrete member reinforcing layout (a) Column (b) Bent beam

The abutments for this bridge are the {hiént girder seat type abutment (Z¢xpendixSection
A.2.4), and the abutments for this bridge utiizZ&4 mhigh back wall in cojunction with ten driven
piles. The model of the pile foundation for this bridgeshown in Figure A.6. The pile cap are 2348 mm
square and 1092 mm thick reinforaszhcrete footings. Thembedment lengtbf theeight piles from the

bottom of the footing is assumed to be 8 m, and there is no positive connetiver anywo piles.

Uncertainties associated withriousanalysis parameters have beeodeled as random variables
in previous studies (Nielson and DesRoches 2006; PaztgdtP007) to consider possible variations in
key input parameters. In this study, the uncertainties in material pespestiffness of abutment and deck
mass are considered to estimate the variability of seismic response of theibradigition, uncertainties

in deterioration are reflected, and a different foundation model is emplogedrunestiffness prior to
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and following scourA dynamic analysis of the bridge (see Appendix A) revealed that the periods of
vibration in the longitudinal anlansverse directions we@es8, 0.53econds, respectivelyDamping is
taken intoaccount in the maal using Rayleigh damping, but it is also treated as a random variable
(Nielson and DesRoches 200@)he statistical descriptions of key parameti@rshe bridge reliability
assessment ashown in Table 3.3.1.

The superstructuravhich includeghedeck and girdes;is assumed to remain linedwring
seismic loadPounding betweesegments of the deck is modelsdan impact elementNondinear
behavior is expected fdnebridge columnsubjected to earthquake forcésP-M,-M3 plastic hinge
elementis usedn SAP2000 to describe this type of column behavidre bearing models are
incorporated in SAP2000 by two parallel link elements, which account for tivébetion of elastomeric
pads in addition to the effect tife steel dowels. The abutment is modeled by two parallel multilinear
elastic link elements to simulate the behaviorthefabutment in thiengitudinal and transverse
directions. The foundation is modeled by translational and rotational spfihg stiffness of the springs
is calculatel by the equations iSection3.2.2.

Detailedinformationof the analytical bridge model is discussed\ppendix A.

4.3 Sensitivity analysis

According to the study of Nielson (2005he bridge fragility is estimated by combing the
fragilities of the najor components. Rather than concatéthe research on the most fragile component,
the component level approachnreveal the responses thie major bridge componerdsthe same time,
thereby avoithg a misrepresentation of bridge overall fragility éidion and DesRoches 2006). Adopting
the same approach in this study, the major componetite bfidge are selected #se column, bearing,
and abutment, and the seismic responses eéttmmponentsre obtainedn terms of ductility demand,
deformationor other key response parameters; these responsesedrto develop the fragilities of bridge

components.

37



After the determination of modelling parameters and bridge compores@ssitivity analysisis
conducted to relate the modelling parametergh® seismic responses of bridge componente
sensitivity ofmajor bridge componestis depictedby a tornado diagram, whicls a useful tool to show
the sensitivity of a response with respect touhegation of input parametersit first, an “original” FE
model of the bridge analyzed is built up for comparison, in which the mode#inagneters in Table 4.2.1
are assumed as the commonly used vallddss represents the “benchmark” cadeollowing this, the
response values are estimated whaohmodeling parameters varied one at a time between its lower
and upper values, and thanrse processs repeated for the other seven modelling parameters. The lower
and uppewnaluesof eachmodelling parametearetaken atits 2"and 98' percentile values spectively.
Notethatall the response values of the eight bridge components are obtained fromardntiedistory
analyses without considering bridge scour or deterioratidrich implies thathese factorsvould not
change theonclusions drawn from theensitivityanalysisof thebridge

Two ground motion records are adopted for this analysighich the two recordsepresent a

lower and a higher earthquake magnitude. The informatidheseground motion records presented in

Table 4.3.1.
Table 4.3.1 Ground motion records used in sensitivity analysis
Ground motion GM-1 GM-2
Earthquake Gulf of California (2001) Parkfield (2004)
PGA of horizontal component(f) 0.125 0.469
PGA of horizontal component(8) 0.067 0.368

The sensitivitie®f the column ductility and abutment passive resperseh are the most fragile
and least fragileomponents ofhe bridge,respectivelyare showrin Figure 4.3.1 and Figure 4.3.Zhe
vertical line represents the “benchmark” cada.the tornado diagans, the modelling parameters are
depicted in descendirgyder of absolute difference between the response waltlesespect to the lower
and upper input modelling parameter vajuesl and blue represent the lower and upper values of the

corresponded modellingarametes.
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Steel strength L

Damping ratio -
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Figure 4.3.1 Tornado diagrams of column ductility under ground mat#iaM-1 and(b) GM-2
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Sensitivities
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Figure 4.3.2 Tornado diagramsaijutment passive responseder ground motion&) GM-1 and(b)
GM-2

The tornado diagram of column ductilgirows thasteel strength and damping ratio are the two

modelling parameter®r which the response is most sensitiieeBstrength has a significant impact on
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the moment capacity of the column, a higher value of stemngth leaithg to a lower level of column
ductility under the same ground motioAt the same timeJamping ratio effects column ductility by
reducingthe seismic response of bridge other word, the responsetbk bridge is reduced by damping.
The two modelling parameters affect the column ductility under earthqudkéeirent ways, but both
have a positive influence on teeismic response tfie column. For abutment passive response, except
for damping ratio which reduces the response of thdenbridge, abutment passive stiffnésthe most

important modelling parameter.

4.4 Probabilistic seismic demand analysis

4.4.1PSDM analysis of bridge witktationary resistance
Uncertainties are consideredtire bridge model, as noted previously. Thumrgo generahg
the PSDMs, statistical samples of the bridge must be creAtedtin-hypercube sampling method
(Ayyub and Lail989) is adopted to generate 24 statistical samples of the bridge. The saenpbieedr
randomly with the 24 ground motion recoatsl are anaed using notinear time history analyses to

obtain the PSDMs.

Each earthquake record consists of three compartamtperpendicular horizontal components
and one vertical component. Vertical ground motions are not considered in this stugpreiuicus
studies have shown that they are not necessary for bridge fragility ar(édlidson and DesRoch2606;
Zakeri et al2013. Each set of orthogonal horizontal components of ground motions are randomly paired
with a bridge sample, producing a total of 24 nonlinear dynamic analyses foidie famplesdakeri

et al.2013.

Because two components of ground motion records are usiegffiinite element model, scaling
of the PGA is requiredThemost common of these scaling methads listed in Beyer and Bommer
(2007. The followingalternative measures of ground motiotensity (all in terms oPGA) were

considered:
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. GMXy: The geometric mean of tmecorded componenksandy is,

PGA,, =.PGA:- PGA (44.1)

. AMXy: The arithmetic mean of the recorded componeatsly is,

PGA + PGA

PGA,, =—

(4.4.2)

. SRS%: The square root of the sum of squares of¢iserded componenksandy is,

PGA,, =.PGA+ PGA (4.4.3)

Median seismic demands, expressed in terms of scaled PGAs #lifféhent scaling methods are@awn

in Tables 4.4.14.4.2 and4.4.3.

Table 4.41. Probabilstic seismic demand models for eight component respo@dég &s scaling PB)

Response PSDM R? ﬁD‘pGA
In(s,) In(2.96)+ 1.596 IN(PGA 0.7376 0.65
In(fx) IN(21.71)+ 1.344In(PGA 0.6909 0.62
In(fx;) IN(15.23)+ 1.164In(PGA 0.6240 0.75
In(ex ) IN(44.30)+ 1.614In(PGA 0.7112 0.70
In(ex ) IN(23.81)+ 1.468In(PGA 0.6313 0.77
In(al,) IN(18.95)+ 1.833IN(PGA 0.7506 0.72
In(ab,) In(21.821+ 1.893In(PGA 0.7698 0.71
In(ab,) IN(16.83)+ 1.628In(PGA 0.6726 0.78
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Table 4.42. Probabilist seismic demand models for eight component respoAsésy(as scaling PGA

Response PSDM R2 Bojpea
In(,) In(3.01)+ 1.630In(PGA 0.7539 0.63
In(fx,) In(22.02)+ 1.374In(PGA 0.7070 0.60
In(fx; ) In(15.21)+ 1.165In(PGA 0.6279 0.75
In(ex ) IN(44.79)+ 1.645In(PGA 0.7243 0.69
In(ex;) In(24.02)+ 1.497 In(PGA 0.6428 0.76
In(ah,) IN(18.82}+ 1.857 In(PGA 0.7552 0.72
In(ab,) IN(21.65)+ 1.918In(PGA 0.7742 0.70
In(ab,) IN(16.86)+ 1.655In(PGA 0.6807 0.77

Table4.4.3. Probabilist seismic demand models for eight component respoB&Sg as scaling

PGA
Response PSDM R2 Bojpea
In(,) In(1.68)+ 1.643In(PGA 0.7617 0.62
In(fx,) In(13.50)+ 1.386In(PGA 0.7167 0.59
In( ;) IN(10.14)+ 1.166In(PGA 0.6271 0.75
In(ex ) In(24.80)+ 1.657 In(PGA 0.7311 0.68
In(ex) IN(14.00}+ 1.505In(PGA 0.6469 0.75
In(ah,) In(9.54)+ 1.861In(PGA 0.7545 0.72
In(ab,) IN(10.73)+ 1.922In(PGA 0.7734 0.70
In(aby) In(9.22)+ 1.659In(PGA 0.6808 0.77

According to the results in the three tables, wherSRR8g is chosertio sale the recorg the

probabilistc seismic demandsn theeight bridge components are muolwver, leadhg to a less

43



conservative estimation of seismic respofi$erefore, m this studythe geometric mean of the PGA
values of the two horizontal ground motiaaghosen for scaling the peak ground acceleratiother

justification for this choice is given Beyer et al(2007).

4.4.2PSDM analysis of bridge subjectedadge scour
For the analysis of bridge scotistorical records on dischargae intwo rivers inthe State of
Colorado are adopted for the analysis. The records are achieved fro@@&website

(http://nwis.waterdata.usgs.gov/usa/nwis/pedtor the analysis, ColoradRiver and Rio Grande are

selected as riverwith higher and low lower dischargespectively. The annual peak flow discharge rate

that recorded from 1951 to 2014 of the two rivers are plotted in Figure 4.4.1
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Figure 4.4.1 Annual peak flow disarge rate

The mean value of discharge of the Rio Grande is much less than thaCotdledo River
equaling approximately 20% of that of the higher discharge river; thus, thindjscharge datd,is

possible to make a comparison to reveal howskayelmight affect bridge seismic response.

The scour depth for the two rivers can be calculated according toEgd) @nd Eqgn. (3.2.2).

The histograms of the occurrence probability of a range of scour desthoave in Figure 4.4.2
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Figure4.4.2. The histograms of the occurrence probability of a range of scour depth

Figure 4.42 indicates that the scour depths are sgesitive for the two rivers considered.
However, this observation is based on a sample of scour data for only two fiteis consistent with
the assumptions made in other studies (e.g., Johnson and Ayyub h8%bpudepthin this studyis
assumed to follova normal distribution (Johnson and Ayyub 1991). Based isradsumption, the

probability of exceedance warious levels okcou depth is shown in Figure 4.4.3.
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Figure 4.4.3 Probability of exceedance of scour depth

Thesescour effects are incorporatedtie SAP 2000bridgemodel using the methodology
introduced inSection3.2.2. Adopting théatin-hypercube sampling method (Ayyub and L8B9), 24
scour depth values are generated for each aivérare randomlgaired with the 24 finite element bridge
samplegliscussed in Chapter 414 The PSDMs under the two scoonditions are shown in Téb4.44

and Table 4.4.
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Table4.4.4. Probability seismic demand models for eight component responsesvbacdonwer
discharge rabe

Response PSDM R2 Bojpca
In(x,) In(2.85)+ 1.521In(PGA 0.7107 0.72
In(fx,) In(28.13}+ 1.484In(PGA 0.7174 0.64
In(fx;) IN(19.28)+ 1.394In(PGA 0.6574 0.73
In(ex ) In(54.49)%+ 1.700In(PGA 0.6798 0.80
In(ex) In(22.49)+ 1.480IN(PGA 0.6771 0.70
In(al,) IN(17.48}+ 1.800In(PGA 0.7198 0.77
In(ab,) In(21.33¢+ 1.882In(PGA 0.7437 0.76
In(ah) IN(19.22}+ 1.720In(PGA 0.7187 0.74

Table4.4.5. Probability seismic demand models for eight component responseswcdugher
discharge rade

Response PSDM R2 Bojpea
In(,) In(2.83)+ 1.655In(PGA 0.7197 0.75
In(fx,) IN(29.55}+ 1.533In(PGA 0.7045 0.68
In(fx;) In(21.89)+ 1.451In(PGA 0.6709 0.69
In(ex ) IN(61.07)+ 1.785IN(PGA 0.6884 0.82
In(ex) In(22.15)+ 1.458In(PGA 0.6733 0.70
In(ah,) IN17.51)+ 1.8121In(PGA 0.7279 0.76
In(ab,) IN(21.65}+ 1.903In(PGA 0.7647 0.72
In(ab,) In(18.60)+ 1.709In(PGA 0.7152 0.74

4.4.3 PSDM analysis of deteriorating bridge under bridge scour
Bridge deterioration is modeled by a Markov procedsch was developed usingatafrom the
National Bridge Inventory (NBI) Condition Ratings. The tiependentMarkov transition matdes

(MTM) for bridge components are shown in AppendixBecause there is a lack of data for bridges that
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are in a serious conditiothe lowest rating number considered in this study is 3, corresponding to the
state where the bridge deterioration is serious and major rehabilite. necessaryConsequently, there
are only six termin every MTM. The value foeach term inthe MTM is derived fromthe average of
condition ratings (Yi 1990) It should be noted that this approach would be inaccurate when applied to
bridges thaare in acondition ofextreme deterioratiowhere replacement is likely to be necegsa

Adopting the method introduced inh@pter 3.3, NBI ratings are related to residual resistance by
regression analysis which based on tiependent degradation rates of bridge beam that derived from
NBI ratings and corrosion of reinforcemerfior a reinforced concrete beam in flexure, resistance

degradation ratg(t) is defined as (Enright and Frangopol 1998),
G(t)=1-kt+k,t (4.4.4)
in which,t is elapsed timekl, kQare degradation constant$he values for the corrosion initial tirﬂ-e

and degradation constarktls kgare shown in Table 4.4.6 this study, the dafar “medium degradation

rate’ will be usedto build up the relationship between NBI ratings and residual reststanc

Table 4.4.65trength degradation parameters (Enright and Frangopol 1999)

Degradation rate E[Tl] (year) E[ ki] E[ kz] E[ 9(75)]
Medium 4.0 0.0075 0 0.4675
High 2.25 0.015 0.000075 0.3057

For the bridges in whicNBI ratings equal 8 or higher, which correspptavery good conditio in
Table 23.1, no repair action is required. It is reasonablestumethatthe resistancef the bridge begins
to decrease whethe NBI rating equa 7, which is associated witlrepair action involving minor
maintenance. Besides, accordingh®probability distribution of NBI ratingg$or bridge beams, thmean
value ofthe NBI rating begingo decrease fron7 beyond an age aboutsix years (Yi 199)) in other

words, bridge deterioratiomitiatesafter six years of its service lifeAs a resulttheregression analysis
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is based on the data obtained after sixth.yEae deterioration function in shown in Egn. (4.4.8hd the

regression coefficient is 0.83. The equation is described as,
E[G(1)]=1.027E[ C(t)}+ 0.200! (4.4.5)

The relationship betweeNBI rating andresidual resistancehas not beendiscussed in previous
studiesBecause tharhitation of data, in this study, threlationship issssumedo be Inear,andit can be

written as,

*

R =1.027N+ 0.2001 (4.4.6)

in which, R'is residual resistancand N is NBI rating. NBI ratings and the correspondingsidual

resistance are shown in Table 4.4.7.

Table4.4.7.Relationship between NBI rating anelsidual resistance

NBI rating Description Repair action Residual resistanc
(%)
9 Excellert condition None 1
8 Very good condition None 1
7 Good condition Minor maintenance 0.99
6 Satisfactory condition Major maintenance 0.89
5 Fair condition Minor repair 0.77
4 Poor condition Major repair 0.66
3 Serious condition Rehabilitate 0.54
2 Critical condition Replace 0.43
1 Imminent failure condition Close bridge and evacua 0.31
0 Failed condition Beyond corrective action 0.20

By multiplying the residual resistance facbyrtheconcrete and steel strength in the SAP 2000
model| the PSDMgan be obtained. The PSDMs for each deterioration condition are presented i

Appendix C.
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4.5 Seismic fragility analysis for bridge components

In this section, according to the PSDMs, the seismic fragilities are celdilased o&qn.
(3.1.5). The comonent seismic fragilitiefr slight and moderate damage states are presented. The limit
state for each damage ste@ssesseeitherby a physicsbasedapproach and/ or a judgmental approach
(Nielson and Deséches 2007). In this study, we adopt the results of NielsoDaskbches (2007)the

limit states of slight and moderate damage state are summirizaedle 4.5.1.

Table 4.5.1Medians and dispersions for bridge component limit states using Bayesaimggiielson
and DesRches 2007)

Component Slight _ Moderate_

med disp med disp

Concrete Columg, 1.29 0.59 2.10 0.51
Elastomeric Bearing Fixeddong(mm) 28.9 0.60 104.2 0.55
Elastomeric Bearing Fixe@iran(mm) 28.8 0.79 90.9 0.68
Elastomeric Bearing Expdmong(mm) 28.9 0.60 104.2 0.55
Elastomeric Bearing Expafran(mm) 28.8 0.79 90.9 0.68
AbutmentPassive(mm) 37.0 0.46 146.0 0.46
AbutmentActive(mm) 9.8 0.70 37.9 0.90
AbutmentIran(mm) 9.8 0.70 37.9 0.90

The parameters dofie lognormafragilities for bridge thatare subjected to only seismic hazard,

and both scour and seismic hazard are shown in Table 4.5.2, Table 4.5.3, and Table 4.5.4.

Table 4.5.2Parameters for bridggmponent fragilities (Withoutceuror deterioratioip

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Dispersion

Column 0.59 0.55 0.81 0.52

Fxd Bearing-long 1.24 0.64 3.21 0.62

Fxd Bearing-trans 1.73 0.94 4.64 0.87

Exp Bearing-long 0.77 0.57 1.70 0.55

Exp Bearing-trans 1.14 0.75 2.49 0.70

Abut-passive 1.44 0.47 3.05 0.47

Abut-active 0.66 0.53 1.34 0.61

Abut-trans 0.72 0.64 1.65 0.73
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Table 4.5.3Parameters for bridge component fragilities (Sedthr lower discharge rate

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.59 0.61 0.82 0.58

Fxd Bearing-long 1.02 0.59 2.42 0.57

Fxd Bearing-trans 1.33 0.77 3.04 0.72

Exp Bearing-long 0.69 0.59 1.46 0.57

Exp Bearing-trans 1.18 0.71 2.57 0.66

Abut-passive 1.52 0.50 3.25 0.50

Abut-active 0.66 0.55 1.36 0.63

Abut-trans 0.68 0.59 1.48 0.68

Table 4.5.4 Parameters for bridge component fragilities (Sedth higher discharge rate

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Dispersion

Column 0.62 0.58 0.84 0.55

Fxd Bearing-long 0.99 0.59 2.28 0.57

Fxd Bearing-trans 1.21 0.72 2.67 0.67

Exp Bearing-long 0.66 0.57 1.35 0.55

Exp Bearing-trans 1.20 0.72 2.63 0.67

Abut-passive 1.51 0.49 3.22 0.49

Abut-active 0.66 0.53 1.34 0.61

Abut-trans 0.69 0.60 1.52 0.68

The fragilitiesparameterized in Tables 4.5:24.5.4are plottedn Figures 4.5.1 throughrigure
4.5.3.
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Figure 4.5.1 Component fragilities of bridge subjected to seismic hazard

According to Figure 4.5.1, the bridge column is the most fragile compomdle the
elastomeric bearingvith fixed dowels is the least fragilemponent of the bridganalyzed For the
abutment fragility inthe active direction(discussed in detail in Appendix A), due to the gap of limit state
of slight and moderate damage state, the difference between column and abutimendim@ciion

fragility increased in the moderate damage state.
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Figure4.5.2Component fragilities of bridge subjected to seishaizard and scourazardwith
lower discharge rate
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Figure4.5.3 Component fragilities ofidge subjected to seismamd scouhazardwith higher
discharge rate

Table 4.5.2to Table 4.5.4 and the correspord figures show that thescour hazard has a
significant effect on the fragility of key bridge comporserfeor the particulatbridge colunm considered
scourappears to hava beneficial impact on its seismic response, because scour lestheeriod of
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vibration of the bridge. However, for other bridge components, scour has a negative influencer on the
seismic fragility the elastomericbearing with expansion dowels is the most negative influenced
component.

We consider in this section a bridge in thest serious deterioration conditjame in which the
bridge hasNBI rating equal to 3 The parameters ofognormal fragilities for sud1 a bridge thatis
subjected to only seismic hazard, @andoth scour and seismic hazard are shown in Table 4.5.5, Table

4 5.6, and Table 4.5.7.

Table4.5.5 Parameters for bridge component fragilitid&thout sour or deterioration, when NBI rating

:3)

Component . Slight . . . Moderate . .
Median (Q) Dispersion Median (Q) Dispersion

Column 0.40 0.60 0.55 0.57

Fxd Bearing-long 1.25 0.65 3.26 0.63

Fxd Bearing-trans 1.48 0.92 3.80 0.86

Exp Bearing-long 0.82 0.60 1.85 0.58

Exp Bearing-trans 0.90 0.69 1.83 0.64

Abut-passive 1.46 0.48 3.10 0.48

Abut-active 0.69 0.55 1.42 0.63

Abut-trans 0.61 0.58 1.30 0.66

Table4.5.6 Parameters for bridge component fragilities (Sedth lower discharge rate, when NBI

rating =3

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Dispersion

Column 0.40 0.65 0.55 0.62

Fxd Bearing-long 1.13 0.63 2.78 0.60

Fxd Bearing-trans 1.22 0.74 2.68 0.69

Exp Bearing-long 0.78 0.62 1.72 0.60

Exp Bearing-trans 1.22 0.74 2.66 0.68

Abut-passive 1.70 0.53 3.75 0.53

Abut-active 0.71 0.57 1.48 0.65

Abut-trans 0.79 0.64 1.83 0.73
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Table4.5.7. Parameters for bridge component fragilities (Seuithr higher discharge rate, when NBI

rating =3

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.38 0.60 0.50 0.57

Fxd Bearing-long 1.02 0.61 2.37 0.59

Fxd Bearing-trans 1.17 0.73 2.57 0.68

Exp Bearing-long 0.67 0.59 1.38 0.57

Exp Bearing-trans 1.17 0.73 2.56 0.68

Abut-passive 1.55 0.51 3.32 0.51

Abut-active 0.67 0.54 1.38 0.62

Abut-trans 0.78 0.63 1.80 0.72

The fragilitiescorresponding to the parameterized fragilities tabulated in Figuses— 4.5.7are
plotted through Figurd.5.4to Figure 4.5.6. Comparing component fragilities in Table 4.5.4 to those in
Table 4.5.1, bridge deterioration increases column fragility significawhile for bearing and abutment
components, the influence is negligible, which is consistent with the gedfulbe previous sensitivity

analysis. In this study, the impact of deterioration is limited to the effiettie strength of steel and

concrete.
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Figure4.5.4Component fragilities of bridge subjected to seismic hazeindn NBI rating = 3
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Figure 4.5.8Component fragilities of bridge subjected to seisamid scouhazardwith higher
discharge rate, when NBI rating = 3

Figure 45.4, Figure 4.5.6andprevious findings reportedbovefor a bidge with deterioration

associated with an NBI rating ofr@veal thathe seismic response difie columndoesnot benefit from
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scour, which is different from the conclusidrawnfor the same bridge ia nondeterioragéd condition. It
should be noted than Figure 4.4.1,te riverwith the higher discharge rate alémda greater standard
derivationin discharge ratewhich leads to greater standarderivation of scour depthAs a result, the
maximum moment in column has a greater standard derivatidar .a higher scour levéthe more
detaileddata of discharge rateare shown inAppendix B. As shown inthe sensitivity analysis, the
seismic response tiie column doerot changesignificantlywhen deterioration occurs, which means the
maximum momenin the column will remain thesameduringa givenearthquakdor a given scour level.
However,deteriorationis accompanied by decreasén the momentcurvature diagranthus the impact
of the upper value of maximum moment will be amplified. In additibamedianPSDMs are obtained
from linear regression, If some amplified data show up in the dataset of the regression analysisalthe f
result would be enlarged.In other word, scouhas the potential t@auseP-Deltaeffects in bridge
columns. Theame conclusion can lrawnfrom Figure 4.5.5when deterioration does not occur, the
column will benefit from scour, buR-Deltaeffectof bridge column will neutralize the beneficial impact
of scouronce the bridge has deterioratébnsequently, Figurd.5.5 shows almost samelumnfragility

asthat in Figure 4.5.4, under n@gour condition.

4.6 Combining component seismic fragility curves

To enablethe derivation of the survival function dhe bridge duringits service life, the overall
bridge fagility mustbe determined. The bridge is assumed t@ lserés system of the eight monitored
componentsdentified in Table 4.5.1implying that if any of these components fail, the bridge system

fails. The lower and upper bounds of system fragilitydescribed as,
mg‘XP(F| ) < P(Fsysten) <1- lill[l_ P(F| )] (416

whereP(Fsysten) iS the probabilitythat thebridge as a systepreactesa certain limit state Furthermore,
the systemfragility function Fgr(x) is represented bya conditional probability model, in which the

conditioning is on ground motion intensity, X = Xhe lower bound in Egmi(6.1) represents the
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probability of failure for a system whose components are stochastiegdendentyhile the upper bound

is based on the assumptitratall componentailuresarestochastically independent (Choi et al. 2004).
It is easier to combine the eight fragility curvieso a system fragility curve if the fragilities of

bearing andabutment in different directiorsre combined first. For bridge bearing, the probability of

failure can be written as,

P(Foang) = P(AB + R AB+ B AB (4.6.2)

in which, Ais the failure of bearing ithe longitudinal directionand B is the failure of bearing ithe

transverse directionEgn. (4.6.2 also can be written as,

P(Fean) = P(AREB A+ RBR AB+ PAP[BY (4.8)

In this study, the stiffness of bearing in the longitudinal and transvers#irections isprovided bythe

elastomeric pad and steel dowd is unlikely thata bearing fails irthetransverse direction but survire

in the longitudinal direction. As a result, the terFﬁéB| A and P(:“{ B) in Eqn. (4.6.3 areassumedo

equal 0, and P(B| A) is assumed as 1. Thus, for both fixed beariagd expansion beariagthe

respnses in the two directions are stochastically dependent, and tHitidsagbrrespond to the lower
bound in Egn. (4.6.1).

For abutmers, the transverse and active responses are dominated by abutment piles, so in the
same way, the fragilities in theslirectiors can be combined. On the other hand, the respong®ein
passive direction depends on both abutment piles and abutmetitisassumedhatthe response ithe
passive direction is independaitthat inthe active and transverse direction to give a more conservative
estimation of abutment fragility

After combing the fragilities of bearing, abutment and column in differenttdirscwhich are

based on the physical relationshippnte-Carlo simulatioris adopted to derive the system fragiliThe
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system fragiliy parameter$or all cases considerette shown in Table 4.6.fhe seismicfragilities of the
deteriora¢d bridgeareillustratedin Figure 4.6.1, Figure 4.6.2 and Figure 4.6.3.

Table 4.6.1System fragilities fodifferent hazard aadition

Svstem fraailit Slight Moderate
y giity Median (g) | Dispersion| Median (g) | Dispersion
With higher discharge rate scour 0.47 0.50 0.77 0.52
With lower discharge rate scour 0.46 0.53 0.76 0.55
Without scour or deterioration 0.48 0.49 0.76 0.50
With higher discharge rate scour, NBI=6 0.46 0.51 0.72 0.52
With lower discharge rate scour, NBI=6 0.44 0.58 0.69 0.65
Without scour or deterioration, NBI=6 0.45 0.49 0.69 0.50
With higher discharge rate scour, NBI=5 0.43 0.52 0.65 0.53
With lower discharge ratscour, NBI=5 0.44 0.54 0.67 0.55
Without scour or deterioration, NBI=5 0.44 0.51 0.67 0.52
With higher discharge rate scour, NBl=4 0.38 0.55 0.55 0.56
With lower discharge rate scour, NBI=4 0.40 0.56 0.59 0.57
Without scour or deterioration, NBl=4 0.43 0.54 0.64 0.54
With higher discharge rate scour, NBI=3 0.36 0.56 0.50 0.57
With lower discharge rate scour, NBI=3 0.38 0.60 0.54 0.61
Without scour or deterioration, NBI=3 0.38 0.56 0.55 0.56
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Figure 4.6.1 System seismic fragility @éterioratingbridge subjected to seismic hazard
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Figure4.6.2System seismic fragility adeteriorating bridge subjected to seisiat scouhazard(Lower
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These tables and figures show thatldpe deterioratiorlearlyhasa negative impact otolumn
fragility. Since the system fragility tantamount to the column fragilitgrf the three hazambnditions
consideredthebridgebecomes more fragile under earthquakth increasingleterioration.

As discussed previously, serious deterioration leads to the developnfeDetiieffecs in the
bridge columnin this section, we use the systenyility to showthis PDelta effectFor a slight damage
state, he system fragilities of three hazard condition are plotted in Fig6ré, under a given

deterioration conditiodefined byNBI ratingequals tat, and initial conditioarespectivelyln adlition,

the system fragilities of moderate damage state are plotted in Figure 4.6.5

1

[ ] i)
8 @@@@*@ && éé ﬁéﬁﬁ'w@
09 L @‘@ 0.9 g é
& 4B
s° xg
08 | # 0.8 %Oé
# be

S o7t # F 07 o
= %r/ 1 ol
E ; ) o
g 06 | i £ 06 o/
= # = i
=1 i/ Q O’/
E 05 L % 2 05 o
2 2 i
g 04 | % g 04 ot

I i
8 i a %/Eﬂ
£ 03| %’ £ o3 o
% d 2 <
5 02 | S 02 o
S B 2
E %’ - Scour with higher discharge = ﬁ‘,’ - Scour with higher discharge
8 01 i ©- Scour with lower discharge % 0.1 m ©- Scour with lower discharge
g % —g-None scour a ﬁ/ -g-None scour

Ogeeatl ‘ 0gad ‘ ‘
0 0.5 1 15 0 0.5 1 15
PGA(g) PGA(g)
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Assuming that NBI = 4heP-Delta effecthas a more pronounced effect on the fragility of the
bridge thais subjectedo scour; Figuré.6.4 and Figre 4.6.5 show thaheseismic fragility ofa
seriouyy deteriorating bridge does not benefit from scoBesides, according to the results in table
4.6.1, the level of P-Delta effect depends both on the scour and deterioratioa lenidge thasuffers
more serious deterioration aissubjected to a scour with higher discharge rate is more likelgvelop

significantP-Delta effecs in its columns.

4.7 Service lifeprediction of bridges under competing hazards
Based on the system fragilities thae shown in Table 4.6.1a service life prediction othe
bridge under competing hazards can be made by combing the bridge system tvabikiapsd time.
Adopting the results of the time dependbtarkov Transition Probability MatrisTM, for any
given year intheservice life of the bridge, théme-dependent probability of failurean be derived bthe

total probability theorem:

P/ (x)=P(NBI=9|T) P( % NBE9)+..+ R NBE 3 1) P(|x NB+ 3) @471
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in which, P! (X)is timedependent probély of failure for a givenPGA x P. (X| NBI=9...3)is the

probability of failure for a give®PGA xanda deterioration condition, which can be calculated agle
4.6.1.

In this study, the seismic hazard data of San Frand®&pwhich is knownas a high seismic risk
area,and that ofCharleston SC,which is known as a moderate seismic risk area, are adopted to give the
numerical results dEqgn. (4.7.1) Thetime-dependentailure rate h(t), of thedeteriorating bridgsited in
San Franciscand Charlestosubjected taseismic hazarénd various conditions afcour hazards are
shown through Figure 4.7.1 and Figure 4.7.2. The-tiependent failure raté@(t), is calculated based on
the slight damage statd.he conditional failure rates for S&rancisco and Charleston differ by an order
of magnitude.
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Figure 4.7.2Time-dependent failure rate of deteriorating bridGadrlestoh

All hazard guationsshow an increasing failure rate, which is typical of‘tiwear out period” of
mechanicahlnd electricabquipments well as aging civil infrastructu(&obanjo et al. 20)0After fifty
years, theonditionalfailure rate increase sharply, whishdue to the seriousature ofdeterioratiorlate
in the life of the structureFor a bridge subjected to scour, this increase of failure ragspecially
significant sincethe RDelta effectmayoccur when the bridge is seriouslgteriorated.

For aprocess with an increasinigne-dependent failure ratéhe Weibull distributionoftenis usedto
model theuncertainty characteristics of the deterioratjpmocess.As discussed in Chapter 3.the

cumulative conditional failure functiokd (t) is derived fronthe Weibull probability distribution.Based
on the data of failure rate, r@gression analysis is conducted to calculate the paranutergt) .
Because theris an abrupt change of failure rate at fiftietray, a piecewise function @fi (t) would be a

better way to fit the datdzor a deteriorating bridge subjected earthquake and scour, the pasaofieter

H (t) are shownn Table 4.7.1, Table 4.7.2 and Table 4.7.3.
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Table 4.7.1 Conditional failure rate function (No scour occurs)

Slight damage state

Moderate damage state

Ti .
me(yr. H () = H(® =~
t 1.177 t 1.208
1-50 - 0.9887 I 0.9735
237.7 496.9
t 2.254 t 2.464
51-61 (—j 0.9945 (—j 0.9942
146.7 198.8

Table 4.7.2 Conditional failure rate function (Scour with lower dischatg® r

Slight damage state

Moderate damage state

Time(yr.
o) =) = H(® =
t 1.143 t 1.231
1-50 (—J 0.9750 (—j 0.9917
2094 388.4
51-61 0.9960 0.9978

(L 2014
145

Table 4.7.3 Conditional failure rate function (Scour with higher discharge

Slight damage state

Moderate damage state

Time(yr.
o) H@® = =0) R
t 1.209 t 1.291
1-50 (—j 0.9795 (—j 0.9736
210.9 387.9
51-61 0.9939 0.9930

As mentioned irSection3.4, the parameters in H (t) indicatesdifferent failure rate. For the

existing bridges considered in this stuthe failure rate curve should consist primarily of the wear out

phase. The range of3 value implies a same conclusiorSubstitutingthe results infable 4.71, Table

65



4.7.2 and Table 4.7.i8to the survivor functiordefined inChapter 3.4the probability of survivabf the

bridge can bealculatedasshown in Figure 4.7.3.

20 40 60 80

Time (yr)

NS TR,
Eg\g e
O, + B
RE, *%BE
= |
R 098 L + il
0.95 Rl + B
* *, By
ol +
Y5 )
R s, Bl
y B 096 L NI 4
*x |, O
0.9 3 = LS
. NN N
N m y BE
= N Q X vm
S Ny E1 R < N N
=) RN S 094 0
? W m 5 O L . 1 B
= * \EJ\D o + S|
T 085 L = %8y
E %5 g PR
3 FCEN g 092 | .
5 Wi 7 ¥ i
> RS = NN
£ 08 R ° %\E% 5
) W 2 o9 R
3 LRV B
S N - b
o \\D o N
075 i a
_g-No scour occurs ’\+ 0.88 L[ 5_No scour occurs E
n
--+-Scour(lower discharge rate) --+-Scour(lower discharge rate)
-&- Scour(higher discharge rate) &- Scour(higher discharge rate)
0.7 I N 0.86 I I I

20 40

Time (yr)

80

Figure 4.7.3 Survivor function difridge service life
From Figure 4.7 3it is easy to tell that at the beginniofits service life,bridge subjected scour
have a higheprobability of survival. ldwever, as time elapsethe interaction of bridge deterioration and
scouraggravate the failure of bridge.véntually, for both sligt and moderate damage stathe bridge

under scour is less likely to survit@the endbf its service life.

4.8Closure

This studyhas investigated multispan simply suppcaetl reinforced concrete bridge, subjected
to the four hazard conditiost eartlquake, earthquake and bridge scour, earthquake baidge
deterioration, anaarthquake, bridge scour and deterioration. In each hazard conditiargntipenent
and overalbridgefragilities arederived to show the bridge safety.

For the bridge thats only subjected to seismic hazartie bridge column is the most fragile

componentand the responses of the other components are highly correlated. As ahedrdgility of
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bridge is dormatedby that ofthe bridge column. The results of the study imply that improvement of
column moment capacity would probgldadto a highetevel of safety ofthatbridge under earthquake.

When considering bridge scour, thiédge fragility tends to decreabecause the scour causes the
lengthening ofthe natural pemd of vibration, which make the bridge more flexible. However, some
component fragilities increase as scour occurs, especially for bridgaddarthis case, system fragility
would not be a good approach to estimate the bridge seismiiityréghe kridge is modeled as a series
system, because the failure of each component would cause system\idilaredesigimg a bridge that
might fail under a bridge scour, bridge bearing should be a key component to be considered, and other
conseqguences that cadsby lengthening of natural variation period should be consigamukrly as
well.

For the deteriorating bridge under earthquake, the impacts of bridge odsten are
concentrated on bridge column, and for other compentrd impact is negligibleThe column becomes
muchmore vulnerable under bridge deterioration. Unlike bridge scour, bridgeadatiem always haa
negative impact on bridgeerformanceBridge deterioration is an evitable process that begins from the
first day of bridge servicéfe. A good way to reduce the negative influence of deterioration would be
conductmaintenance and repair behaviors properly and routinelytife reason that the reinforcement
contributes tathe capacity ofthe column significantly, extra attention have be paid to deterioration of
reinforcement.

A service life survivor functions plotted to present the safety of bridge subjected to scour,
deterioration and earthquakalthough seismic fragility maybenefit from bridge scouthe long term
influenceof scour is still negative. Whehe bridgehas deteriorated significantlgcour willincrease any
PDelta effect bridge columrihat might be present.i®iously, when desidng a bridge against mutti
hazard, it would underestimate the real hazaxetll if the bridge is designed to against each hazard

independently.
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Chapter 5

Conclusions and recommendations for further study

Reliability assessment of deteriorating reinforced concrete bridge thigicwad to earthquake
and foundation scous presented in this study, the main research findings and recommendations f

further study are summarized in this chapter.

5.1 Summary of major research findings

Analytical models of bridge scour and deterioration are presented in tdis §tor tke two
analytical models of scour depth, the major research findings are suenrasifollowing:

e Two equations of scour depth are compared in this study. The first is givendauaitg a
model factor to the deterministic equation (FHWA 2001), whilestte®dnd is a besit model
derived from a deterministic equatiobtained fromlaboratorydata According to the test
results, for the bedit model, the influence of discharge rate on scour depth is negligible. It
would be unreasonable in practice.

¢ Rater than modelling the bridge deterioration as resulting from corrosionnédneament,
as in previous studies, the bridge deterioration is modeledisnsthdy asan integer
stochastic procesby adopting the data from NBI ratings, and a relationshiuilt up
between NBI rating and bridge resistance. As a result, bridge resistmtomes as a
stochastic processvhich makes it possible to evaluate the reliability of bridge duits
service life.

The main objectiveof this study is taassess the liability of deteriorating reinforced concrete
bridges that aresubjectedto multiple hazard, specifically deterioration, scour and earthquake. For a
multi-span simply support reinforced concrete bridge, this study shows that:

o The bridge column is the mbvulnerable component under earthquake.
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e For a bridge subjected to earthquake and scour, the seismic response afgiediamn
decreases when scour occurs, but the seismic responses of other bridge conmmraasés i

e For a deteriorating bridgeubjected toearthquakethe bridge column is the most negatively
affected by deterioration, and the effects of deterioration on other componemeglagible.

e For a deteriorating bridge subjected ¢arthquakeand scour, under same deterioration
condition, a bridge that is exposed to scour resulting from a highéradige rate tends to be

more vulnerable, due to the P-Delta effect of bridge column.

5.2 Recommendations for further study

In this study, we adoptithe NBI ratingdatato model bridge det®ration by assuminthatthere
is a linear relationship between NBI rating and residual resistance. Hoabetierestimateof effect of
deterioration could be made if a maecurate relationship between NBI rating and residesiktance
could be faind. In addition, a more accurate estimate of bridge vulnerability would be abthithe
impact of deterioration on bridge bearings and stiffness of the bridgaettutvere to be considered.

This study revealed two types of interaction of mializads for bridge seismic fragility; the first
interaction leads a positive impact on structural performance, while the deadsdo a negative impact.
Similar interactions are likely in other combinations of iipldt hazards. Both of the consequences show
that multiple hazards cannot be considesidply asthe superposition othe effects okingle hazards.
For multthazard designit is important to consider the interaction of multiple hazards based on a
thorough assessment of how those hazards, inéildand in combination, impact the vulnerability of

the bridge structure
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Appendix A — Description of finite element model of bridge

A.1 Analytical models of major bridge components
This Appendix is devoted to@esentatiorof bridge component models and thaivalyticalSAP

2000 models that are used in this study. The bridge model is adopted from the studyaof (2@05).

A.1.1 Superstructure

The superstructure of a bridge is the portion of the bridgddbated above the bearings. In this
study, theconcretedeck element is expected to remain linearly elastic useismic loadingand it is
modeled as a shell element in SAP 2000. The modulus of elasticity of thetedaa@ssumed as 2.78e4

Mpa, and a typical value of weight per volufoe concrete iedoptedas 24 KN/m.

A.1.2 Elastomeric bearing

A bridge beamg is a mechanical system thagrmits movement or transfers loads from the
superstructure of the bridge to the substructure or support system of btiegear€ typical responsible
for transmitting both vertical and horizontal loads to substructure @%&805).

There are various types of bearing in bridge design, the type of bearing thatl aclopie study

is elastomeric bearings, which have been a very common bearing used on conaei@ndislab type
bridges. As mentioned previously, expansion type and fixed typ&astomeric bearings are utilized by
AASHTO Type | and AASHTO Type lll girders respectively. The differencésdmn fixed bearings an
expansion bearings are the size and shape of the holes for the steel hygjesalfelastomec pad for

fixed and expansion types elastomeric bearings are shown in Figure A.1.
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| | |
Fixed 31.8 mmlhole 26 mm

e |

76 mm

| 254 mm

Expansion 31.8 mmiX 76.2 mm slots

=g

127 mm | 152 mm 127 mm_

FigureA.1 Typical dastomeric pad for fixed and expansion types elastomeric bearings

The behavior ofelastomeric is composited by the contributions of elastomeric pad and steel
dowels. The behavior of elastomeric pad is characterized by sliding. The igiifadess, ke can be

calculated byegn. (C.1) (Choi 2002),

ke =— (C.1)

in which, G is the shear modulus of the elastomer, which is modeled asifanm distribution in the
range of 0.66 Mpa and 2.07 Mghlielson 2005) A is the area of the elastomeric bieg; h: is the
thickness of the elastomeric pad.

The vyield force of elastomeric pad is assumed as the ultimate force of it itsndegximum

movement.
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The steel dowels are used to prevent excessive movement betweendtgeaygicthe pier which
they bear. The behavior of steel dowel is models using a-hmaér link element in Sap 2000, the
values of parameters for steel dowel are adopted form the study of N20&%).(The analytical model

for elastomeric bearing with fixed dowels are shown in Figure A.2.

k1 =92 KN/mm A Force

A Force 2 =1 KN/mm 1
F, Ko ks =-45.6 KN/mm K- Ka
T Ka = K1 Fy -+
K1 Ka
ke Displacement Displacement
> I 1 1 -
L U1 Uz
9ap gap=3.2mm
u: = gap+1.2 mm
Uz = U+5.3 mm
Elastomeric pad Steel dowels

Figure A.2. Analytical model ofelastomeric bearing with fixed dowédNielson 2005)

It is should be noted that the behavimk elastomeric bearing with fixed dowels in both
longitudinal and transverse directions are identical. [Btastomeric bearing with expansion, the
analytical modelin longitudinal direction is shown in Figure A.3. The behavior of elastmnbearing

with expansion dowels is same with that of elastomeric bearing with fixed dowels
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1= 92 KN/mITI A Force

A Force k: = 1 KN/mm 1
F, ke ka = -45.6 KN/mm Kz Ks
i ka=Kki F, +
K Ks
Ke Displacement Displacement
2 I | i -
L U1 [VE
gap gap =254 mm
ui = gap+1.2 mm
Uz = i+5.3 mm
Elastomeric pad Steel dowels

Figure A.3. Analytical model ofelastomeric bearg with expansion dowels in longitudinal
direction (Nielson 2005)

A.1.3 Abutment

Abutmentis a vital component of bridges, it provides vertical support of the dsidigerstructure
at bridge both ends and connect the bridge with the roadway approaches. In bridge lue®garet
various type abutments, such as gravity abutment asithide abutment. As stated in Chapter 4, the type
of bridge abutment adopted in this studyigile-bent girder seat type abutmets layout is shown in
Figure A.4 (a) (Nielson 2005).

Bridge abutment primarily resistertical loadsbut also takehorizontal loadsHorizontal loads
can occur as a result of traffic due to acceleration and braking, besides seismiadeaagreat demand
on lateral support of bridge atmoent.In this study, the horizontal restraint of abutment is modeled in
both longitudinal and transverse directiomaddition, the longitudinal behavior of abutment is defined as
a combination of two behaviors in passive and active directidres pllesof abutment provide stiffness
for bridge inactivedirection,and both of soil behind abutment ahe piles of abutment provide stiffness
for bridge in passive directioThe definition of longitudinahbutment behavior is shown iigbre A.4
(b).
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Back Wall

Bridge Seat

Active Passive

N\ y
Batter Piles /"

Vertical Piles W&

Figure A.4 (a) Layout of pile-bent girder seat type abutment (b) Definition oitlwiiggl
abutment behavior (Nielson 2005)

According to previous studies, a possible range of passivearessof soil is 11.5 KN/mm/m to
11.5 KN/mm/m (Caltrans 1999), and the stiffness provided by abutment pile has bounds of 3.5
KN/mm/pile and 10.5 KN/mm/pile (Nielson 2005). Both of passive and activiaestef are uniformly
distributed, and link elements are adopted to model the stiffness in the twiodiiecSap2000. The

analytical models of abutment are shown in Figure A.5.

F A Force
A Force £, . /?”—,
Ki _—~
Active Action Foitg -
Aw  DAx Aw Displacement /‘//Km Displacement
{ | | > | | f -
K1p .ﬂ1 A?
Ko Kzf': T Fiw o +
Ka,p-’/ T FZp ,.-"""’
- il F3p - —
Passive Action
A5 (a) A5 (b)

Figure A.5 Analytical Model of abutment (a) Soil contribution (b) Piletgbution
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Abutment stiffness in longitudinal direction is modeled as two paralleEl@kents in Sap 2000,
and in transverse direction the abutment stiffness is only contributée Ipjlés of abutment. The values

for the parametrs in Figure A.5 are shown iralile A.1.

TableA-1. Model Prosperities of Abutment (Nielson 2005)

Properties Notations Values
Soil Behavior (Passive action)
Initial Stiffness Kip 11.5-28.8 KN/mm/m
Displacement 1 at top A, lh 0.1(A;, /)
Second Stiffness Kzp 40%K
Displacement 2 at top Ay, Ih 0.35(A5, / D)
Third Stiffness Ksp 20%K
Displacement 3 at top Ag, Ih 8.0%
Pile Behavior (Dual Action)
Effective stiffness Keff 3.5-10.5 KN/mm/pile# of piles
Initial Stiffness K, 2.333K ¢
Displacement 1 at top A, Th 7.62 mm
Second Stiffness K, 0.428K 4
Displacement 2 at top A,lh 25.4 mm

"his the height of back watlf abutment, and the height is assumed as 2.4m in this study.
A.1.4 Foundation

Bridge foundation is a bridge component which transfers all inertial Sdrc¢he groundThe
analytical Model of foundation is shown in Figure A.6. (a), the calculstad Kz and Ky are introduced

in Chapter 3.3.2. The configuration of bridge footing is shown in Figure A.6. (b).
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— B — X@___

6.46 r;—- 0.76 m —|—- 0.76 m —‘6.46 r;

A.6 (a) A.6 (b)

Figure A.6.(a) Analyticd Model of foundationb) Configuration of bridge footings

A.2 Seismic response

According to SAP 200@nalysis, the fundamental period the bridge is approximately 0.58
seconds with the predominant motion being in longitalddirection. The anticipating mass ratio in this
direction is 43%. The second mode is a transverse mode with a period OrfuBsstoe anticipating mass
ratio in transverse direction is 57%.

The displacementof bridge deck in the middle span under earthquake records of Gulf of
California, which has PGA equals to 0.125g in longitudinal direction and 0.066g in transvext@®dir

are shown in figure A.7.
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Appendix B — Data of natural hazards

B.1 Scour
The two annual peak discharge rate recamus achieved for Colorado River and Rio Grande

from USGS websitehttp://nwis.waterdata.usgs.gov/usa/nwis/pedihe two flows are recorded from

1951 to 2014, and there are 64 dateefoch flow The records are shown in TablelB

Table B1 Annual peak discharge rate

Colorado River Rio Grande
Date Annual peak discharge rate Date Annual peak discharge rate

(cms) (cms)
6/23/1951 8552 5/28/1951 1119
6/9/1952 14725 6/12/1952 1997
6/15/1953 10562 5/28/1953 1178
5/23/1954 3285 5/22/1954 926
6/10/1955 4842 6/9/1955 1223
6/4/1956 8184 6/2/1956 969
6/9/1957 16084 7/27/1957 2016
5/31/1958 12743 5/25/1958 2011
6/11/1959 6570 6/8/1959 937
6/5/1960 6994 6/4/1960 1391
5/31/1961 5465 5/29/1961 1206
5/14/1962 11468 5/13/1962 1348
5/20/1963 3200 5/19/1963 898
5/27/1964 7731 5/25/1964 1334
6/20/1965 10307 6/21/1965 1759
5/11/1966 4078 5/8/1966 1260
5/27/1967 5494 5/23/1967 889
6/7/1968 7532 6/2/1968 1640
6/26/1969 5777 5/23/1969 1365
5/24/1970 9345 9/6/1970 2090
6/19/1971 6286 6/14/1971 898
6/9/1972 5210 5/31/1972 997
6/16/1973 9911 6/12/1973 1807
5/11/1974 6456 5/12/1974 867
6/9/1975 7447 6/15/1975 1798
6/7/1976 4078 6/6/1976 1450
6/10/1977 1439 6/2/1977 490
6/17/1978 7872 6/11/1978 1249
5/30/1979 10194 5/30/1979 2274
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5/24/1980 9090 6/10/1980 2195
6/9/1981 3426 6/8/1981 1003
6/20/1982 5465 6/13/1982 1172
6/27/1983 17585 6/12/1983 1640
5/27/1984 19765 5/27/1984 2039
5/5/1985 11129 6/9/1985 2526
6/8/1986 9571 6/7/1986 2158
5/18/1987 6371 6/16/1987 2121
5/19/1988 4361 6/7/1988 974

5/31/1989 2823 5/30/1989 1031
6/12/1990 3568 6/5/1990 1566
6/16/1991 5607 5/21/1991 1348
5/28/1992 4672 5/21/1992 889

5/28/1993 12545 5/27/1993 1501
5/19/1994 3851 5/31/1994 1303
6/19/1995 13960 6/18/1995 2098
5/20/1996 8240 5/17/1996 1065
6/10/1997 10619 6/2/1997 2107
5/22/1998 7391 5/22/1998 1348
6/1/1999 5069 6/10/1999 1509
5/31/2000 5069 5/24/2000 1059
5/18/2001 3738 5/21/2001 1759
9/12/2002 1563 5/20/2002 195

6/3/2003 7391 5/23/2003 1071
5/12/2004 2676 5/21/2004 1260
5/25/2005 8778 5/22/2005 2144
5/24/2006 6145 5/25/2006 1076
5/23/2007 4163 6/6/2007 1467
6/4/2008 11214 5/21/2008 1804
5/26/2009 8212 5/8/2009 1711
6/9/2010 8580 5/29/2010 1538
6/9/2011 13507 6/7/2011 1257
10/7/2011 1688 5/23/2012 869

5/19/2013 3710 5/18/2013 952

6/3/2014 10761 5/30/2014 1597
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B.2 Bridge deterioration

TableB-2 Transition probability for superstructurendition (concreteYi 1990)

Age(year) Tog Tgg T4, Tes Tss Taa
0-6 0.700 0.780 0.940 0.910 0.581 0.436
7-12 0.600 0.640 0.940 0.910 0.580 0.430
13-18 0.580 0.600 0.940 0.910 0.580 0.430
19-24 0.560 0.600 0.960 0.950 0.750 0.589

25-30 0.550 0.580 0.970 0.960 0.800 0.640
31-36 0.540 0.570 0.980 0.970 0.870 0.780
37-42 0.530 0.560 0.980 0.980 0.950 0.880
43-48 0.520 0.540 0.980 0.980 0.950 0.900
49-54 0.500 0.520 0.940 0.910 0.862 0.800
55-60 0.450 0.490 0.850 0.800 0.700 0.650
TableB-3 Transition probability for superstructurendition &tee) (Yi 1990)

Age(year) Tog Tgg T4, Tes Tss Tas
0-6 0.654 0.710 0.900 0.750 0.750 0.700
7-12 0.600 0.680 0.850 0.750 0.750 0.700
13-18 0.600 0.680 0.920 0.800 0.800 0.750
19-24 0.600 0.680 0.950 0.870 0.870 0.850

25-30 0.580 0.660 0.980 0.940 0.940 0.900
31-36 0.580 0.660 0.980 0.940 0.940 0.900
37-42 0.560 0.640 0.980 0.950 0.950 0.910
43-48 0.560 0.640 0.950 0.900 0.900 0.850
49-54 0.540 0.620 0.800 0.780 0.780 0.760
55-60 0.520 0.600 0.650 0.600 0.600 0.560
TableB-4 Trarsition probability forsubstructureondition (concretefYi 1990)

Age(year) Tog Tgg T4, Tes Tss Tas
0-6 0.704 0.741 0.850 0.800 0.700 0.650
7-12 0.600 0.710 0.940 0.800 0.700 0.650
13-18 0.550 0.640 0.940 0.936 0.700 0.650
19-24 0.550 0.640 0.950 0.950 0.800 0.750

25-30 0.540 0.610 0.970 0.970 0.910 0.860
31-36 0.530 0.600 0.985 0.985 0.970 0.970
37-42 0.520 0.580 0.985 0.985 0.970 0.970
43-48 0.500 0.550 0.985 0.985 0.970 0.970
49-54 0.480 0.530 0.944 0.950 0.840 0.840
55-60 0.450 0.500 0.800 0.800 0.700 0.600
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TableB-5 Transition probability for substructucendition tee) (Yi 1990)

Age(year) Too Teg T Tee Tss Tya
0-6 0.670 0.700 0.900 0.900 0.786 0.685
7-12 0.650 0.700 0.848 0.859 0.750 0.699
13-18 0.650 0.700 0.920 0.920 0.900 0.900
19-24 0.650 0.700 0.950 0.950 0.920 0.920
25-30 0.620 0.647 0.980 0.980 0.950 0.950

31-36 0.620 0.640 0.980 0.980 0.950 0.950
37-42 0.600 0.640 0.980 0.980 0.970 0.960
43-48 0.600 0.620 0.980 0.980 0.970 0.960
49-54 0.560 0.580 0.850 0.860 0.600 0.560
55-60 0.560 0.600 0.650 0.660 0.450 0.400
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Appendix C —Component PSDMs andragilit ies

C.1 Component PSDMs

In this study, the four deterioration conditions are considered, which include MBlerating
equals to 6, 5, 4 and 3. The PSDMs of deteriorating bridge subjectedhguese and both earthquake
and scour are shown through Tabld @ Table C-12.

Table G1. Probability seismic demand models for eight component responses (Scougheéth h
discharge rate, when NBating=6)

Response PSDM R2 Bojpea
In(x,) In(3.30) +1.658In(PGA 0.6972 0.73
In(fx,) In(28.28)}+ 1.513In(PGA 0.6816 0.69
In(fx;) IN(23.03)}+ 1.474In(PGA 0.6601 0.71
In(ex ) IN(57.34)}+ 1.756In(PGA 0.6639 0.84
In(ex) IN(22.85)+ 1.472In(PGA 0.6590 0.71
In(al,) IN(16.49)%+ 1.784In(PGA 0.7075 0.77
In(ab,) In(20.37)+ 1.876In(PGA 0.7449 0.74
In(ab,) IN(17.32}+ 1.677 In(PGA 0.6914 0.75
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Table G2. Probability seismic demand models for eight component resp@was with lower
discharge rate, when NBI rating=6)

Response PSDM R2 Bojpca
In(z,) In(3.62)+ 1.649INPGA " 0.5457 1.03
In(fx) In(28.13}+ 1.484In(PGA 0.7174 0.64
In(fx;) IN(19.28}+ 1.394In(PGA 0.6574 0.73
In(ex ) In(54.49)%+ 1.700In(PGA 0.6798 0.80
In(ex) In(22.49)+ 1.480IN(PGA 0.6771 0.70
In(ak, ) IN(17.48}+ 1.800In(PGA 0.7198 0.77
In(ab,) In(21.33}+ 1.882In(PGA 0.7437 0.76
In(ab,) IN(19.22}+ 1.720In(PGA 0.7187 0.74

Table G3. Probability seismic demand models for eight component resp@igasut Scour or
deterioration, when NBI rating=6)

Response PSDM R2 Bojpca
In(s,) In(3.65)+ 1.639In(PGA 0.7332 0.68
In(fx,) In(21.71)+ 1.344In(PGA 0.6909 0.62
In(fx;) IN(15.23)+ 1.164In(PGA 0.6240 0.75
In(ex ) In(44.30)+ 1.614In(PGA 0.7112 0.70
In(ex ) IN(23.81)+ 1.468In(PGA 0.6313 0.77
In(al,) IN(18.95)+ 1.833IN(PGA 0.7506 0.72
In(ab,) In(21.821+ 1.893In(PGA 0.7698 0.71
In(ab,) In(16.83}+ 1.628IN(PGA 0.6726 0.78
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Table G4. Probability seismic demand models for eight component responses (Scougheéth h
discharge rate, when NBI rating=5)

Response PSDM R2 Bojpca
In(x,) In(4.01)+ 1.674In(PGA 0.6974 0.74
In(fx,) In(28.28)+ 1.513In(PGA 0.6816 0.69
In(fx;) IN(23.03)+ 1.474In(PGA 0.6601 0.71
In(ex ) IN(57.34)}+ 1.756In(PGA 0.6639 0.84
In(ex) IN(22.85)+ 1.472In(PGA 0.6590 0.71
In(al,) IN(16.49)%+ 1.784In(PGA 0.7075 0.77
In(ab,) In(20.37)+ 1.876In(PGA 0.7449 0.74
In(ah) IN(17.32}+ 1.677 In(PGA 0.6914 0.75

Table G5. Probability seismic demand models for eight component resp@was with lower
discharge rate, when NBI rating=5)

Response PSDM R2 Bojpca
In(s,) In(3.75)+ 1.569In(PGA 0.6781 0.73
In(fx,) IN(26.64)+ 1.442In(PGA 0.6923 0.64
In(fx;) IN(22.53}+ 1.481In(PGA 0.6565 0.72
In(ex ) In(48.09)+ 1.643In(PGA 0.6516 0.81
In(ex ) In(22.99%+ 1.491IN(PGA 0.6614 0.72
In(al,) In(16.18)+ 1.765In(PGA 0.6962 0.78
In(ab,) In(19.99)}+ 1.853In(PGA 0.7223 0.77
In(ab,) IN(17.41)+ 1.675In(PGA 0.6794 0.76
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Table G6. Probability seismic demand models for eight component resp@Nibesut Scour or
deterioration, Wwen NBI rating=>5)

Response PSDM R2 Bojpca
In(z,) In(3.79)+ 1.580In(PGA 0.7080 0.68
In(fx) IN(20.70)+ 1.322In(PGA 0.6665 0.63
In(fx;) IN(A7.01+ 1.225In(PGA 0.7017 0.67
In(ex ) In(41.64)+ 1.585In(PGA 0.6847 0.72
In(ex) In(25.08)+ 1.492In(PGA 0.6198 0.78
In(ak, ) In(17.86}+ 1.807 IN(PGA 0.7299 0.74
In(ab,) In(20.21)+ 1.858IN(PGA 0.7497 0.72
In(ab,) In(15.85)+ 1.601In(PGA 0.6472 0.80

Table G7. Probability seismic demand models for eight component responses (Scougheéth h
discharge rate, when NBI rating=4)

Response PSDM R? ﬁD\pGA
In(x,) IN(5.50) +1.647 In(PGA 0.6808 0.79
In(fx,) In(28.28)+ 1.513In(PGA 0.6816 0.69
In(fx;) IN(23.03)+ 1.474In(PGA 0.6601 0.71
In(ex ) IN(57.34)}+ 1.756In(PGA 0.6639 0.84
In(ex) IN(22.85)+ 1.472In(PGA 0.6590 0.71
In(al,) IN(16.49)%+ 1.784In(PGA 0.7075 0.77
In(ab,) IN(20.37}+ 1.876In(PGA 0.7449 0.74
In(aby) IN(17.32}+ 1.677 In(PGA 0.6914 0.75
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Table G8. Probability seismic demand models for eight component resp@was with lower
discharge rate, when NBI rating=4)

Response PSDM R2 Bojpca
In(z,) In(4.60)+ 1.577 In(PGA 0.6589 0.76
In(fx) IN(26.64)}+ 1.442In(PGA 0.6923 0.64
In(fx;) IN(22.53}+ 1.481In(PGA 0.6565 0.72
In(ex ) IN(48.09}+ 1.643In(PGA 0.6516 0.81
In(ex.) IN(22.99%+ 1.491IN(PGA 0.6614 0.72
In(ak, ) In(16.18}+ 1.765In(PGA 0.6962 0.78
In(ab,) IN(19.99)+ 1.853In(PGA 0.7223 0.77
In(ab,) IN(17.41)+ 1.675In(PGA 0.6794 0.76

Table G9. Probability seismic demand models for eight component respigasut Scour or
deterioration, when NBI rating=4)

Response PSDM R2 Bojpca
In(s,) In(3.97)+ 1.532In(PGA 0.7058 0.67
In(fx,) IN(19.14}%+ 1.290IN(PGA 0.6524 0.63
In(fx;) IN(18.28)+ 1.267 IN(PGA 0.6774 0.71
In(ex ) In(37.15)+ 1.536In(PGA 0.6195 0.78
In(ex) In(26.29)+ 1.511In(PGA 0.6176 0.80
In(al,) IN(15.85)+ 1.757 In(PGA 0.7203 0.74
In(ab,) IN(17.57)+ 1.801In(PGA 0.7430 0.71
In(ab,) In(16.40}+ 1.615In(PGA 0.6424 0.81
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Table G10. Probability seismic demand models for eight component responses (Scougheth hi
discharge rate, when NBI rating=3)

Response PSDM R2 Bojpca
In(x,) IN(6.95)+ 1.727 In(PGA 0.6556 0.85
In(fx,) IN(28.25)+ 1.512In(PGA 0.6723 0.71
In(fx;) IN(22.76}+ 1.469IN(PGA 0.6493 0.73
In(ex ) IN(58.73)+ 1.766IN(PGA 0.6573 0.85
In(ex) IN(22.83)+ 1.472In(PGA 0.6495 0.73
In(al,) IN(16.93}+ 1.795IN(PGA 0.7017 0.79
In(ab,) In(20.721+ 1.883In(PGA 0.7385 0.75
In(ah) IN(14.67}+ 1.609IN(PGA 0.6842 0.74

Table G11. Probability seismic demand models for eight component resp@utss with lower
discharge ratewhen NBI rating=3)

Response PSDM R2 Bojpca
In(s,) In(5.34)+ 1.549In(PGA 0.6336 0.81
In(fx,) In(24.24)+ 1.425IN(PGA 0.6839 0.66
In(fx;) IN(21.394+ 1.467 In(PGA 0.6476 0.74
In(ex ) In(43.29)+ 1.615In(PGA 0.6588 0.80
In(ex ) IN(21.52+ 1.470In(PGA 0.6500 0.74
In(al,) IN(14.66)+ 1.737 In(PGA 0.6970 0.79
In(ab,) In(18.41}+ 1.831In(PGA 0.7231 0.78
In(ab,) IN(14.38)+ 1.604In(PGA 0.6846 0.75
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Table G12. Probability seismic demand models for eight component responses (WithaubiScou
deterioration, when NBI rating=3)

Response PSDM R2 Bojpca
In(z,) In(5.24)+ 1.546In(PGA 0.6539 0.72
In(fx) IN(21.39)+ 1.341In(PGA 0.6449 0.64
In(fx;) IN17.94}% 1.216In(PGA 0.6074 0.80
In(ex ) IN(39.77x+ 1.570In(PGA 0.6581 0.73
In(ex) In(34.23)+ 1.623In(PGA 0.6410 0.79
In(ak, ) In(18.50)+ 1.828In(PGA 0.7159 0.74
In(ab,) In(19.57}+ 1.850In(PGA 0.7312 0.73
In(ab,) IN(23.62}+ 1.782In(PGA 0.6898 0.77
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C.2 Bridge component fragilities

Table G13. Parameters for bridge component fragilities (Seath higher discharge rate, when NBI

rating=9

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Disperson

Column 0.57 0.57 0.76 0.54

Fxd Bearing-long 1.01 0.60 2.37 0.58

Fxd Bearing-trans 1.16 0.72 2.54 0.67

Exp Bearing-long 0.68 0.59 1.41 0.57

Exp Bearing-trans 1.17 0.72 2.56 0.67

Abut-passive 1.57 0.50 3.39 0.50

Abut-active 0.68 0.54 1.39 0.62

Abut-trans 0.71 0.61 1.60 0.70

Table G14. Parameters for bridge component fragilities (Sedgthr lower discharge rate, when NBI

rating =9

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Dispersion

Column 0.53 0.72 0.72 0.70

Fxd Bearing-long 1.02 0.59 2.42 0.57

Fxd Bearing-trans 1.33 0.77 3.04 0.72

Exp Bearing-long 0.69 0.59 1.46 0.57

Exp Bearing-trans 1.18 0.71 2.57 0.66

Abut-passive 1.52 0.50 3.25 0.50

Abut-active 0.66 0.55 1.36 0.63

Abut-trans 0.68 0.59 1.48 0.68

Table G15. Paameters for bridge component fragiliti&ithout <our or deterioration, when NBI rating

= 6)

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.53 0.55 0.71 0.52

Fxd Bearing-long 1.24 0.64 3.21 0.62

Fxd Bearing-trans 1.73 0.94 4.64 0.87

Exp Bearing-long 0.77 0.57 1.70 0.55

Exp Bearing-trans 1.14 0.75 2.49 0.70

Abut-passive 1.44 0.47 3.05 0.47

Abut-active 0.66 0.53 1.34 0.61

Abut-trans 0.72 0.64 1.65 0.73
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Table G16. Parameters for bridge component fragilities (8awith higher discharge rate, when NBI

rating =9

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.51 0.57 0.68 0.54

Fxd Bearing-long 1.01 0.60 2.37 0.58

Fxd Bearing-trans 1.16 0.72 2.54 0.67

Exp Bearing-long 0.68 0.59 1.41 0.57

Exp Bearing-trans 1.17 0.72 2.56 0.67

Abut-passive 1.57 0.50 3.39 0.50

Abut-active 0.68 0.54 1.39 0.62

Abut-trans 0.71 0.61 1.60 0.70

Table G17. Parameters for bridge component fragilities (Sedthr lower discharge rate, when NBI

rating =5

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (g) Dispersion

Column 0.51 0.60 0.69 0.57

Fxd Bearing-long 1.06 0.61 2.57 0.59

Fxd Bearing-trans 1.18 0.72 2.56 0.67

Exp Bearing-long 0.73 0.61 1.60 0.60

Exp Bearing-trans 1.16 0.72 2.51 0.66

Abut-passive 1.60 0.51 3.48 0.51

Abut-active 0.68 0.56 1.41 0.64

Abut-trans 0.71 0.62 1.59 0.70

Table G18. Parameters for bridge component fragilitidgthout ouror deterioration, when NBI rating

:5)

Component - Slight - - - Moderate - -
Median (g) Dispersion Median (Q) Dispersion

Column 0.51 0.57 0.69 0.54

Fxd Bearing-long 1.29 0.66 3.40 0.63

Fxd Bearing-trans 1.54 0.85 3.93 0.78

Exp Bearing-long 0.79 0.59 1.79 0.57

Exp Bearing-trans 1.10 0.74 2.37 0.69

Abut-passive 1.50 0.48 3.20 0.48

Abut-active 0.68 0.54 1.40 0.62

Abut-trans 0.74 0.66 1.72 0.75
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Table G19. Parameters for bridge component fragilities (Seuith higher discharge rate, when NBI

rating =9

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.41 0.60 0.56 0.57

Fxd Bearing-long 1.01 0.60 2.37 0.58

Fxd Bearing-trans 1.16 0.72 2.54 0.67

Exp Bearing-long 0.68 0.59 1.41 0.57

Exp Bearing-trans 1.17 0.72 2.56 0.67

Abut-passive 1.57 0.50 3.39 0.50

Abut-active 0.68 0.54 1.39 0.62

Abut-trans 0.71 0.61 1.60 0.70

Table G20. Parameters for bridge component fragilities (Sedthr lower discharge rate, when NBI

rating =9

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.45 0.61 0.61 0.58

Fxd Bearing-long 1.06 0.61 2.57 0.59

Fxd Bearing-trans 1.18 0.72 2.56 0.67

Exp Bearing-long 0.73 0.61 1.60 0.60

Exp Bearing-trans 1.16 0.72 2.51 0.66

Abut-passive 1.60 0.51 3.48 0.51

Abut-active 0.68 0.56 1.41 0.64

Abut-trans 0.71 0.62 1.59 0.70

Table G21. Parameters for lge component fragilities (Without@ur or deterioration, when NBI rating

:4)

Component - Slight - - - Moderate - -
Median (Q) Dispersion Median (Q) Dispersion

Column 0.48 0.58 0.66 0.55

Fxd Bearing-long 1.38 0.67 3.72 0.65

Fxd Bearing-trans 1.43 0.84 3.55 0.78

Exp Bearing-long 0.85 0.64 1.96 0.62

Exp Bearing-trans 1.06 0.74 2.27 0.69

Abut-passive 1.62 0.50 3.54 0.50

Abut-active 0.72 0.55 1.53 0.64

Abut-trans 0.73 0.66 1.68 0.75
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Appendix D — Results of sensitivityanalysis

The results of sensitivity alysis that under GM. are shown through Table Dto table B7.

Table D1Seismic response of bridge components (Steel strength)

Component Response
Lower Upper

Concrete Columg, 0.033785 0.024256
Elastomeric Bearing Fixeddong(mm) 0.452388 0.452387
Elastomeric Bearing Fixe@iran(mm) 0.262706 0.262706
Elastomeric Bearing Expdmong(mm) 0.518744 0.518743
Elastomeric Bearing Expafran(mm) 0.265783 0.265783
AbutmentPassive(mm) 0.11238 0.11238
AbutmentActive(mm) 0.133518 0.133518
AbutmentIran(mm) 0.076317 0.076317

Table D2 Seismic response of bridge componé¢@iancrete strength)

Component Response
Lower Upper

Concrete Columg, 0.029101 0.028287
Elastomeric Bearing Fixedong(mm) 0.452387 0.452388
Elastomeric Bearing Fixe@iran(mm) 0.262706 0.262706
Elastomeric Bearing Exparong(mm) 0.518743 0.518744
Elastomeric Bearing Expafran(mm) 0.265783 0.265783
AbutmentPassive(mm) 0.11238 0.11238
AbutmentActive(mm) 0.133518 0.133518
AbutmentTran(mm) 0.076317 0.076317
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Table D3 Seismic response of bridge componéBtsaring shear modulus)

Component Response
Lower Upper

Concrete Columg, 0.027162 0.029485
Elastomeric Bearing Fixedong(mm) 0.470257 0.481292
Elastomeric Bearing Fixe@iran(mm) 0.278435 0.264581
Elastomeric Bearing Exparong(mm) 0.552893 0.519517
Elastomeric Bearing Expafran(mm) 0.278435 0.271861
AbutmentPassive(mm) 0.115583 0.108948
AbutmentActive(mm) 0.127204 0.138363
AbutmentTran(mm) 0.077637 0.073741

Table D4 Seismic response of bridge components (Passive stiffness of abutment)

Response
Component Lower Upper

Concrete Columg, 0.028545 0.028611
Elastomeric Bearing Fixeddong(mm) 0.452387 0.452909
Elastomeric Bearing Fixe@iran(mm) 0.262706 0.262613
Elastomeric Bearing Exparong(mm) 0.518743 0.519323
Elastomeric Bearing Exp&afran(mm) 0.265783 0.265641
AbutmentPassive(mm) 0.11238 0.11118
AbutmentActive(mm) 0.133518 0.14737
AbutmentIran(mm) 0.076317 0.076388

Table D5 Seismic response of bridge components (Active stiffness of abutments)

Response
Component Lower Upper

Concrete Columg, 0.028523 0.028578
Elastomeric Bearing Fixeddong(mm) 0.545229 0.498492
Elastomeric Bearing Fixe@lran(mm) 0.258734 0.285731
Elastomeric Bearing Expdmong(mm) 0.523209 0.520563
Elastomeric Bearing Expafran(mm) 0.265118 0.282955
AbutmentPassive(mm) 0.147035 0.104251
AbutmentActive(mm) 0.182809 0.136572
AbutmentTran(mm) 0.109755 0.072528
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Table D6 Seismic response of bridge componébisck mass)

Component Response
Lower Upper

Concrete Columg, 0.02978 0.028501
Elastomeric Bearing Fixedong(mm) 0.488169 0.448619
Elastomeric Bearigp Fixed Tran(mm) 0.270641 0.269206
Elastomeric Bearing Exparong(mm) 0.53561 0.526263
Elastomeric Bearing Expafran(mm) 0.27749 0.268703
AbutmentPassive(mm) 0.110338 0.114246
AbutmentActive(mm) 0.133935 0.132853
AbutmentTran(mm) 0.073323 0.078694

Table D7 Seismic response of bridge components (Damping ratio)

Component Response
Lower Upper

Concrete Columg, 0.031092 0.025471
Elastomeric Bearing Fixeddong(mm) 0.535009 0.41326
Elastomeric Bearing Fixe@lran(mm) 0.333904 0.249683
Elastomeric Bearing Expdmong(mm) 0.57887 0.487518
Elastomeric Bearing Expafran(mm) 0.342327 0.249347
AbutmentPassive(mm) 0.129899 0.09971
AbutmentActive(mm) 0.159359 0.114279
AbutmentTran(mm) 0.08913 0.066462

The results ofensitivity analysis that under GRlare shown through Table ®to table D14.

Table D8 Seismic response of bridge components (Steel strength)

Response
Component Lower Upper

Concrete Columg, 0.568571 0.408208
Elastomeric Beang Fixed-Long(mm) 4.292281 4.292281
Elastomeric Bearing Fixe@lran(mm) 3.527453 3.527453
Elastomeric Bearing Expdmong(mm) 6.681357 6.681357
Elastomeric Bearing Exp&afran(mm) 3.548986 3.548986
AbutmentPassive(mm) 2.17866 2.17866
AbutmentActive(mm) 2.790979 2.790979
AbutmentTran(mm) 1.748436 1.748436
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Table D9 Seismic response of bridge componé¢@tancrete strength)

Component Response
Lower Upper
Concrete Colum% 0.485927 0.475792
ElastomeridBBearing Fixed-Long(mm) 4.292281 4.292281
Elastomeric Bearing Fixe@lran(mm) 3.527453 3.527453
Elastomeric Bearing Exparong(mm) 6.681357 6.681357
Elastomeric Bearing Expafran(mm) 3.548986 3.548986
AbutmentPassive(mm) 2.17866 2.17866
AbutmentActive(mm) 2.790979 2.790979
AbutmentTran(mm) 1.748436 1.748436

Table D10 Seismic response of bridge componéBé&aring shear modulus)

Component Response
Lower Upper

Concrete Columg, 0.483346 0.474188
Elastomeric Bearingiked-Long(mm) 4.342485 4.30848
Elastomeric Bearing Fixe@lran(mm) 3.543093 3.623206
Elastomeric Bearing Expadrmong(mm) 6.970257 6.376575
Elastomeric Bearing Expafran(mm) 3.498826 3.63073
AbutmentPassive(mm) 2.230859 2.096136
AbutmentActive(mm) 2.785103 2.798906
AbutmentIran(mm) 1.744863 1.738762

Table D11 Seismic response of bridge components (Passive stiffness of abutment)

Component Response
Lower Upper

Concrete Columg, 0.480564 0.480772
Elastomeric Bearingiked-Long(mm) 4.292281 4.653717
Elastomeric Bearing Fixe@iran(mm) 3.527453 3.549996
Elastomeric Bearing Expadrmong(mm) 4.292281 6.691564
Elastomeric Bearing Expafran(mm) 3.527453 3.56908
AbutmentPassive(mm) 2.17866 2.060069
AbutmentActive(mm) 2.790979 2.804673
AbutmentIran(mm) 1.748436 1.750011

100



Table D12 Seismic response of bridge components (Active stiffness of abutments)

Component Response
Lower Upper

Concrete Columg, 0.463412 0.474561
Elastomeric Bearing ked-Long(mm) 4.158255 4527987
Elastomeric Bearing Fixe@lran(mm) 3.468108 3.454013
Elastomeric Bearing Exparong(mm) 6.120552 6.623963
Elastomeric Bearing Expafran(mm) 3.407342 3.468032
AbutmentPassive(mm) 2.644831 1.35597
AbutmentActive(mm) 4.6522 2.363053
AbutmentTran(mm) 1.670955 1.318705

Table D13 Seismic response of bridge componéDerk mass)

Component Response
Lower Upper

Concrete Columg, 0.470567 0.490411
Elastomeric Bearing Fixeddong(mm) 4.636024 4.350073
Elastomeric Bearing Fixe@iran(mm) 3.706676 3.462397
Elastomeric Bearing Expdmong(mm) 6.474917 6.711353
Elastomeric Bearing Expafran(mm) 3.707131 3.416391
AbutmentPassive(mm) 2.229811 2.220225
AbutmentActive(mm) 2.790818 2.792305
AbutmentIran(mm) 1.725878 1.751342

Table D14 Seismic response of bridge components (Damping ratio)

Component Response
Lower Upper

Concrete Columg, 0.534895 0.454219
Elastomeric Bearing Fixedong(mm) 5.024969 4.358317
Elastaneric Bearing Fixed ran(mm) 3.806102 3.376975
Elastomeric Bearing Exparong(mm) 8.148085 6.28359
Elastomeric Bearing Expafran(mm) 3.906509 3.354399
AbutmentPassive(mm) 3.222699 1.854128
AbutmentActive(mm) 3.207449 2.689499
AbutmentTran(mm) 2.145521 1.586209
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