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EXECUTIVE SUMMARY

Prestressed concrete structures experiameduction of the effective prestressing force in
strands, oftergalled thed Pr e s t r that sccutas & resdlt ofime-dependeneffects such as
creep, shrinkage and relaxatiétrestress loss a factor in determining the lifespan of prestressed
concrete bridgegirders because, as the quantity of prestressing reduces, tensile stresses fro
service load moments cawercome the compssive stress from prestressnegulting in tensile
stresses in the girde The prestress loss@s well as the conditiaof the inservice girders are
factorsused in load rating a structure. The strength or serviceabilityidfje girderscan be
affected by the assumptions used for load ra#sga result, some transportation authorities, like
the North Carolina Department of Transportatimayfioad posb or limit the load allowed on the
bridgeif strength or serviceability criteria are not medusing traffic disruptiong-our AASHTO
Type Il girders were recovered duringtttee const ructi on of NBonnerh Car o
Bridge and brought to the lakatory for testingo failure. This project gives the opportunity to
evaluate théossesof thesefour prestressed glers in varying conditianthat weraisedin service
for nearly 60 years. It alsodases on examining how the ceagsed methods for predicting losses
and capacities perform for these aged girders.rékelts of theexperiments and analyse®re
usedto make recommendations on the performance of these girdelsling discussion on
prestresslossesfor girders with and without corroded strands on improved prestress loss
calculation methods, anon theremaining safe load carrying capacity of telectedbridge
girders

Thefour girders recovered from the laboratory for structural testingefierred to as the
BTE seriesof experimentsin this report The BTE specimengvere tested to failurat the
Constructed Facilities Laboratory (CFL) abfth Carolina State Universityp evaluate strength
and serviceability performance after 56 years of service in a corrosive enviromnsmiall
number ofload cycles were performedrafativelylow load levelgprior to monotonically loading
to ultimate capacityThe specimens wer@eavily instrumented to determine their deformation
response throughout loading. Thistrumentationincluded the use of higresolution digital
image correlation (DIC) equipment. The instrumentation was also usedriior first cracking.
Using the experimental datprestressing losses at the time of testing in the laboraterg

determinedSectional analysis models of the girdersev@eveloped in Respor2600 to predict



load deformation respondexperimental results showed that BTE2, BTE3 and BTE4 had similar
amount of prestress loss while BTE1 had a significantly higher loss of prestress attribaited to
corroded strand near midspan. The measured prestressitwghesour specimens wedd.3 ksi,
34.0 ksi, 35.4 ksiand 36.0ksi for BTE1, BTE2, BTE3 and BTE4 regectively. The flexural
capacitieof girdeisBTEL1,BTE2, BTE3 and BTE4 were 2831-k, 2860 kft, 2699 kft and 2698
k-ft, respectivelywhich agrees reasonably well with the preditsgivenby the software program
Respons€000.The loading of BTB and BTE! was stopped before catastrophic failure occurred
so that their end regions could be tested in sliRespons€000 showghat the test of these
girders reached 97% and 98% of their predicted ultinikeural capacities Z760 kft for BTE3
and 2780 Kt for BTE4). The testo-predicted ratio fotheBTE series ranged from 0.971 to 1.006
with the predicted flexural capacitieetween 2760 an2860 kft. The mearpredictionwas B804
k-ft, and the results had a coefficient of variation of 1.56%€ momenturvature response given
by Respons@000 aligns well with the experimental respomseludingthe transitionin stiffness
from the uncrackedresponseo the crackedresponseThe study has shown corrosion of strands
can significantlyinfluence effectiverestress losseand modelsleveloped in Respong©00can
capture these effects by accounting foradbeoded strands.

Current design equations for predicting sktertn and longerm prestress losses &ased
on empirical relationships for a range of struatutypologies Material properties such as
compressive strengimdmodulus of elasticitghange with time and thestimation at a certain
point in time is based onempirical relationshipsCreep, shrinkage and relaxation are also a
function of local environmental factgrsuch asumidity, temperatureand theamount of traffic
Approximate estimates are typicallysed in the design and evaluation of structures, but
approximate methodsay not reflect the exaconditionsof a particularstructure. Theoretical
prestress losses were calculated using the metlesdsibed in thAASHTO LRFD. The methods
includethe AASHTO LRFD Refined Method (using nominal material propertit®d AASHTO
LRFD Refined Methodconsistent withNCDOT assumptionsthe AASHTO LRFD Refined
Method using measured material properteasdthe Lump Sum Method. The Refined Methods
give reasonablestimats of losses for BTE1 with corroded strands. For BTE2, BTH8 BTE4,
the Refined Method using nominal material propertiestardRefined Methodconsistentwith
NCDOT assumptions afmthconservativapproachewith a meartestto-predicted ratiof 0.76

and 0.78 respectively Lump Sum estimates afeund to be more c¢tservative than Refined
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Methodswith testto-predicted ratisbetween 0.66 an@.80. The results of this studydicatethat
using measured material propertigth the AASHTO LRFD Refined Method gisenore accurate
estimats of lossesascomparedo laboratory measunmgentswith testto-predicted ratiebetween
0.92 andL.09.

The ultimatdoad capacity and stresses at crackivgre eventually incorporated @&load
rating calculation of the girders. Theoretical and experimental results indicate the rating factors
exceedL.0 underthe Strength | (both inventory and operating) and Service Il limit s{@be an
allowable stress d@ ac)f. Thereforethe structure has sufficient load carrying capacity under these
limit stateswith theHL-93 design truckonsideredor estimating live loads. However, the rating
factors are less thanQlfor the zero tensile stress criteria untter Service 1l limit state. The
results indicate the zero tensile stress limit is not near the capacity of the members and significant
benefits could be achieved if this zero stress limit is relaxed in some scenarios.

The study also provides a unique opportunity to determine the shear capacity of these aged
girders in certain load configuratior8hear testing was conducted to examine the shear response
in scenarios where the loadappliednearto asupportBoth ends of BTE3 and one end of BTE4
were testedn shear While it was not possible to catastrophically fail one end of BTE3 as the
actuator capacity was reached, the end region capacity of the girgggliedshear wer@87
kips and 276 kips. The corresponding applied moments2&&®e kft and 2447 kit. BTE4 failed
at an applieghear of 274 kipsThe applied moment in this case wa®2¥ft. The maximum
crack width observed was 2.50 mm and the faNumsbrittle in nature.

The study recommendse use of Respons000 to model the behavior of aged prestressed
concrete girdersas the software was shownpeedictboth theload-deformation response and
ultimatecapacity ofbeamswith reasonable accurady-situ material properties auld ideally be
used near the end of the service life to refine loss estiphbatiasis not recommended at the design
phaseThe results indicatkthatthe experimentdlexural strengthfar exceedethe service limit
states which is safe and conservativihe study recommendbatthe bridgegirderscould have
operated safely under axtended service life ithe zero tensile stress limit dduhavebeen
relaxed undethe service limit statesonly at the end ofhe service life.At the time the girders
were replacedhe measured losses in the girders were such that the zero stressdirmiceeded
under the service limit stateccording tathe AASHTO LRFD Refined Method (using nominal
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material properties), the AASHTO LRFD Refined Method using measured material properties,

Respons€000 with measured material properties and experimental measured values.
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CHAPTER 171 INTRODUCTION

1.1.Background

Application of prestressed concrete beamdighway bridgesn the United Statedates tathe
1950s. One factor that contributiesthe continuedpopularity of prestressed concrete for leng
span flexural members is that these memlaeesoften capable of remaining uncredkhroughout

their service livesCracking in concrete facilitategater infiltrationwhich leads to the progression

of corrosion of the reinforcing steel, concrete spalling, and eventually a reduction in load carrying
capacity of a bridge girder. This deterioration from cracking can reduce the service life and
increase maintenance costs. Prestressed concrete resistd ftexcking because the prestressing
stee| often referred to as strands or tendons, is tenditm@roduce compressive stresgethe
concrete By adding precompressipan applied moment must finglievethe compressive stress

in thegirder concreteesulting from prestressing before a tensile stress can be produced. Therefore,
the moments required to crack a prestressed concrete memibgpieady significantly higher

than those required to craclsinilar reinforced concrete membddesigns can beonfiguredso
thatthe service loads placed on a prestressed concrete member may neverhexceestking
capacity. Howeveas prestressed concrete structurestage,dependergffects such ashrinkage

and creep of concrete and relaxatajrsteelcausea reductionin theeffective prestressing force

This loss ofstrandtension in the strandmplies aloss of compression ithe concrete. fis loss

of strandtension is the common definition adopted fiprestress logssandis the definitionused

in this reportThus final prestress logs in a girder would bthe difference in the initiadtrand
tensilestress just prior to transferand the effective prestress at the end of service life of the

member.

As concrete formghe products of hydration after casting aady excessfree water
evaporates, the concrete will shrindnrestrained l&rinkage reducethe length of members
therebyresulting in a prestress loss. Creep is the -k@ng increase of concrete strain under
constant stres§incethe tensioning of the prestressing steel produces a compressive stress in the
member, creep in the concrete will result in an increasing compeestsain throughout its life
stated otherwisas a shortening of the concrete elemeikte shrinkage, the reduction in total

strand strain resultgh from concrete creep reduces the force in the prestressing sinand



contributes to prestress lossEmally, relaxation of the prestressing steel is the reduction in stress
at a constant strain over time. In a prestressed concrete structustaxiagion of the strands will

result inreduced strand tension, and thus, redwmedpressivestressn theconcrete Figure 1.1
showsa representation afreep and relaxation on the strsg®in response of the concrete and
steel.While it is convenient to think of creep, shrinkage and relaxation as independent phenomena,

however,they occur simultaneously and interact with one another throughout the life of the

structure.
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Figure 11: Representation of losses from creep and relaxation.

The cumulative effect of these lotgrm losses reduces the effectiveness of the initial
prestressing of the concrete. As lie-compression applied tosgction decreases, tensile stresses
from applied moments on simply supported members can more easily overcome the compressive
stressgenerated byprestressing, making the member more susceptible to cracking. While
prestressed concreteay increase the durability of a memberrbgucing crackingand thereby
corrosion the longterm loss oprestressingds as alimit onthe serviceabléfe of a prestressed
concrete membeespecially if a zertension limit state criterion is imposed. For bridge structures,
manygovernment agenciesicludingthe North Carolina Department of Transportation (NCDOT)
require that the service loads placed on a bridge do not cause tensilg¢ostragsportion of
concretein any crosssection Figure 1.2 shows the shdaegrm moment curvature response for

different levels ofprestress losto illustrate the reduction of a gide&ds cr acki ng mom
increasingprestress lossNote the ultimate strength is not significantly affected by the reduction



of prestressing, but the cracking moment decreases significantly as the losses become more severe
indicating tensile stresses in the concrete begin at lower loads with increasing losses.
Original
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Figure 12: Decrease in cracking moment giestress losss increase.

Since the serviceability and performance of prestressed concrete girders essentially
depends on the existing effective prestressing force, accurate estimation of prestresmatosses
directly improve theaccuracy ofcondition assessmenAn overprediction in prestress losses
results in an overly conservative design for service tmatlitions while an undeprediction in
prestress losses, depending on the severity of the-pngidiction, could result in crackingnder
service loadsOver the lastlecadeonly few parametric studies investigating prestress losses in
prestressed concrete girders have been condu@wbdr et al., 2013diggset al., 2015Pessiki
et al, 1996 Rizkallaet al., 2010Steinberg1995;Tadroset al., 197Y. Estimation ofprestress loss
is complex in naturecause ofariations in initial stressing conditiondifficulty in predicting
the variation of environmental conditions at the site after prestressing, estimation of material
properties (e.g. concrete strengthd ultimate tensile strength of strands), factors contributing to
concrete shrinkage and creep and their interdependeacgng geometry of the membend
more Additionally, the losses are a function of load on the structure vdaictbe estimatedith

accuracy thawill vary based on the specific girders examined.

TheHerbert CBonner Bridgespanned the Oregon Inlet in the North Carolina Outer Banks,
and construction was completed on the bridge in the early 1960s. As a result of deterioration and
other factors, théonner Bridgewas deconstructed after the neMarc Basnight bridgevas

completed The Bonner Bridgeconsisted o260 spanswith a majority constructedrom utilizing



AASHTO Type lll presressed concrete girders withstin-place concrete deskA few of the
260 spansparticularlythose crossing over theavigationchannelwere founded onsteel plate
girders During deconstruction, four AASHTOype Il girders,eachapproximately 61 fedong,
were recovered as part thiis researchThe purpose of theesearctprogramis to determinghe
performance oprestressed concregadersafter 56 years inse The girders were brought to the
Constructed Facilities Laborajo(CFL) atNorth Carolina State UniversifNCSU) for structural
destructive testing tdeterminethe prestress losses afitk ultimate flexural capacityMeasured
prestress lossdsom the test@re compared to several analytipeocedures currently practiced
such as the AASHTO LRFRefined Methodand the AASHTO Lump Sum Methodand the
AASHTO Standard fecificationsTesting of the aged girdesied light on the loaddeformation
response angrovides experimental data on the pnests losses after 5fars in service. In
addition, tests documented tbeackng loads and ultimate loads for each girdéreresults are
used to provideecommendations related to prestress lossahdédorth Carolina Department of
TransportationThe research program providéte unique opportunity to also determine the shear
capacity of recovered bridge girdéngtesting the ends of the membeFke tests providasight
into the shear capacity of aged girders when loaded near their ends.

1.2.Research Significance

One of the main advantages of prestressing concrete structures is to delay the occurrence of cracks
by precompressing the concrete. Prestress losses that occur throughout the life of bridge girders
reduces the efficacy of the prestressing. Designers coasider these prestress losses at design
and during the evaluation of existing structures to determine if service limits are expected to be
exceededTherehavebeen very few largscaletestsof prestressedoncretegirdersrecovered

from service to determintng-term prestress lossedhis researctprovides the opportunity to
investigate foulprestressed concretgrdersthat experienced6 yeas of service in a corrosive
environment. The four girders were brought to the CFL at NCSU and destructively tested to failure.
The experiments were used to determine the full load deformation response, strength in flexure,
cracking moments and amount of etfee prestressing. The experiments gsavide information

onthe stiffness of the girderandthe influence ofleteriorationncluding corrosion of strands that

has occurredThe researctexploreshow longterm effects can change service and capacity

estimates.The resultsalso informs how losses are determined for girders with and without



corrosion.The experimentsvere instrumented witBigital Image CorrelationIC) to measure

the displacement field response of the members so that accurate estimates of first cracking and the
prestressing losses could be determifié@ neasured prestress lossegscompared witlseveral
analytical proceduresThe measuredprestress loss anfiexural strengthsobtained from the
experimerg arethen used taconductload raing calculations otthe bridgeaccording to the
provisions of LRFR and LFR

1.3. Layout of the Report

Thebalance of thiseport is divided into the followinghapters:

1 Chapter 2 contains a reviegf relevant literaturelt reviews the best practices for
calculating prestress loss and remaining flexural capaciistibg researchand
findings on prestress loss inconcrete girderare discussed in Appendix A

1 Chapter 3 discussthe experimental prografor testingthe four prestressed concrete
girdersrecovered from Bonner Bridgeeferred toin this reportas the BTE seriesf
experimentsThe chaptediscussesnaterial properties that affect prestréssses and
covers the experimental program for testing of materialgicludes the specimen
details specimencondition assessment identifying existing damage or repairs
Appendix B provides additional details on the experimental program such as the
detailedtest setup, instrumentation, and loading protocol.

1 Chapter 4presentghe experimentaresultsfrom theBTE series Results such as the
load-deformationbehavior longitudinal strains, cracking moment, cragopening
moment, and ultimate flexural capacity of the memlagespresentedAppendix C
provides additional details of the experimental results

1 Chapter 5discusses the loss of prestrasthe recovered girderPrestress losses are
measured fronthe results of thflexural testingof the girdersRespons€000is used
to predict the behavior ahe girders along with composite decknd estimatethe
nominal flexural and shear resistance of #teicturewith the deck In addition,
theoretical prestress losses asadculatedaccording tathe AASHTO LRFD Refined
Method the AASHTO LRFD Lump Sum Methgdand the AASHTO Standard
Specificationsand the results are compared with measured prestress fiasaehe

experiments



T

In Chapter 6load rating of the bridge according to btiteLoad and Resistance Factor
Rating (LRFR) Method anthe Load Factor Rating (LFR) Methoare estimated. It
discusses these of measured prestress losses and actual flexas#tance of the
member to inform the load rating. The results from code based predictions and the
experimentally observed response are discusépgendix G provides additional
context and bridge load rating calculations.

Chapter 7summarizes the conclusiom®d recommendationsleterminedfrom the
research

Appendix H includes a summary of the shear testing of the girtreracludes the
experimental program, shear behavior, the detikedidisplacement response and the

deformation pattern of the girders throughout loading.



CHAPTER 271 LITERATURE REVIEW

2.1 Prestress Loss Calculation Methods

The negative effects gbrestress logs were understood very early in the development of
prestressed concrete structures. As early as 1958, a joint Am€ocanete Institute (ACI) and
American Society of Civil Engineers (ASCE)mmitteedeveloped Tentative Recommendations
for Prestressed Concrete (ABBCE, 1958) a documenthat included methods for determining
the longterm prestressosses The committee provided two different methods for determining
prestress losdvethod 1 assesses the loss of steel stress using a combination ofiaahtbss
components, and Method 2 provides different approximate losses ftensiened and post
tensioned concrete structures (AESCE, 1958). Method 1 uses Eg. 1 to estimate the change in
strand stresspd, whereusis the strain in the concrete from shrinkages the strain in the concrete
from elastic shorteningiq is the strain in the concrete from creEpis the elastic modulus of the
prestressing steal; is the ratio of loss in steel stress from relaxatipis the ratio of loss in steel
stress from friction during prestressing, & the initial stress in prestressing steel after seating

of the strand anchors.

GQ 6 6 6 0 1Q 10 (1)

Method 2 states that the loss in the steel not including friction loss is 35,000 psi for
pretensioned structures and 25,000 psi for-pastioned structures. The two different values for
pre- and postensioned concrete reflects the difference in lodsasrésult from the twéorms of
tensioning andlifferentanchor set The ACFASCE jointc ommi t t eeds | oss est.i
Sum estimates of the change in strand stfesm longterm losses. Lump Sum éthods are not
as versatile as methodologigsat account for more complex effects, suchdatiled loading
histories,howeverLump Sum loss calculations are simple to perfand can be appropriate in

certain scenarios

The literature describes thatrestress loss calculation procedures can be generally
categorized into three approaches, listed in ascendit®y of complexity a) Lump Sum &dhods
b) Refined Method, andc) Time Step method&Garber et al., 2015; Russel and Jayaseelan, 2007,
Steinberg, 1995; AASHTO LRFD BDS, 202(0rypical lump-sum methods represent average



conditions, viable only fomembers wittormal weight concrete (either steam or moist cyred)
strands with low relaxation properties or prestressed bydraisaverage exposure conditions and
temperature6AASHTO LRFD BDS, 2020NCHRP Report 496, 2003An example of a current

lump sum method is provided in the AASHTO LRFD Bridge Design Specifications as the
Approximate Estimate of TimBependent Losses (AASHTO, 202The equations ahe Lump

Sum Method havebeen updated over the years, and believed that althoughit somewhat
overestimates the prestress loss, the methadyive reasonable results and can be appropriate in
preliminarydesignor other scenarios where more refined estimates are not reddaey DOTs

in the United States udeump Sum method$o estimate theiprestress lossedore complex
methodologies such as tRefined Methodandthe Time-Step Method are required to model and
predictprestress losat a specific timén different stagesf thelife of the structureMore complex
methods are sometimes needed becatresses in the concrete andhe strand are constantly
interactng with one another and change over tilg steel strand relaxes, not only is the stress in

the strand decreasing and reducing the rate of relaxation, but the stress in the concrete also reduces
and concrete creep occurs more slowly. In addition to the interactions between loss components,
structures undergo a variety of different loadioanditionsthroughout theitife that change the

state of stresef the membersFigure2.1is reproduced from the National Cooperative Highway
Research Program (NCHRPgport 496 (Tadrost al, 2003) on Prestress Losses in Pretensioned
High-Strength Concrete Bridge Girders. Figure 2.1 shows a representation of the changes in strand
stress over time for pretensioned concrete structures. Both these methods calculate prestress loss
by accounting foeach increment in time and calculating the updated strains and stresses in each
of the materials. These strains can then be related back to global re3p@RRefined Methods

used to determinge individual loss componerdsie to creep, shrinkagedarelaxatiorseparately

and thensums upthe component$o give the total prestress lodsump-Sum methodsre a
generalized form of thRefined Methodin that theyapproximateRefined Methoccalculations

andprovideasimplified equation to determine prestress loss

The Refined Method is used to determine the total loss of strand stress at any stage of the
life of structure by dividing the time frame into two phasElse Time-Step method is more
complexsince stresses and strains of the structure are upmlagechuchshorertime intervals to
give a more accurate estimation of the prestress loss, and hence, can account for the events shown

in Figure 2.1 appropriatehAn early example oRefined Method for assessingrestress lossan
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Figure 21: Pretensioned concrete girder strand stress over {negroduced fronTadros et al.,
2003.

be found inthe eleventh edition ahe AASHTO Standard Specifications for Highway Bridges
published in 1973 (AASHTO, 1973Refined Method are desirable for the design of new
construction andor the assessment of aging infrastructure because they do not require a
computerized calculation processes likedlienmore complextime-Step methodslo. Examples

of currentRefined Method of prestress losassessment are given in the PCI Bridge Design
Manual (2014) and AASHTO LRFD Bridge Design Specifications (2020). Thesd&fined
Methods are conducive for use on bridge structures like the Herb&omher Bridge and they

are discussed in detail in sectioh%.1 andAl.2 of Appendix A1.The AASHTO LRFD bss
calculations areurrentlyused by the NCDOT for the assessment of dgieldjes For this reason,
combined with the prevalence of AASHTO LRHARefined Methodfor assessment of bridge
structures, thifoss prediction method the focus of analysis in chapter 4 of tteport The results

are alsocompared with experimentally obtained prestress loss, L8ump methods, anlkbsses
calculatedusing actual material properties instead of nominal properties in AASHTO LRFD

equations.

Lastly, Time-Step methods aréhe most compleoption, implemented witkhe equations
for Refined Method fed into a computer prograrwheretime-dependent losses are measured in

four different stages of varying time steggcording to specific events occurring over the service



life of aprestressed concrete gird&he strains and streakong the girder arepdated with each

time incrementand he strains can relatedback to the global respongehe strand stress changes
more frequently in the early life of a concrete structure, so the time interval3ime-Step
analysis may start as a relatively shadrements, becominipnger as the structure ages in the
analysis. An example of time step loss analysis is given by Tatl@s(1977). These methods

are powerful and can account for complicating factors such as varying cross sections over time,
composite action, material property changes through the depth, and varying loading over time, but
the complexity of these methods pre@adhem from frequent use in the assessment of aging
prestressed concrete infrastructuriee applicatiorof a Time-Step methodalsorequires detiged
informationof loading conditions that occtinroughout the time period being examined which

may not be available

Although the aforementioned methods can be used to estimate prestress loss at any stage
of the life of a structurghere havdeen only few experiments to measure and verify the amount
of lossedn aged girdersThe experimental research programs performed on prestressed concrete
bridge girders by Tadros et. 42003, Miller et al (2000), Pessiki et al (199&xd Russelland
Burns(1996) observedhat the PCl Design Handbook method, ACI 348d AASHTGLRFD
equationsall overestimated the prestress losdgssides thesstudies few have attempted to
measure prestress losses in existing or deconstructed realpsestdessed concrete briddss
flexural testing of the specimgrEven rarer is the evaluation of structures 50 years or ddsral
inspections of concrete and steel and the use of acoustic emission (AE) sedsarew other
nondestructive techniquese currently the only field level practeeommonly usedo estimate
girdercondition. These inspections have issues of subjectivity and complexigtezminingthe
actual structural capacity from observexternaldamage.The conditionassessmerndoes not
explain theperformance o$tructuresunder existing loadand any measure of prestress loss from
the nondestructivetechniques needs further research for reliability and accuigjaf et al.,

1998.

Additional descriptios of methods in the literatureexperimental investigations into
prestress losses aoncretestructuresandstudies on creep, shrinkage and relaxadiediscussed

in Appendix A
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2.2 Evaluation of Loss Methods for Peer Departments of ransportation

As part of the research program, a survey was conducted to gather information from state agencies
about practices related to prestress loasulationsin precast prestressed bredgirders. The
guestionnairespecifically aimed at understanding prestress loss calculation procedures currently
practicedand triedto acquire information abouthetherpeerstatedepartments of transportation
outside North CarolinasetheAASHTO LRFD Refined MethodheLump Sum Methogdorother
procedures deVeped specific to thaDOT. The surveylsoinquired as tahe assumptionsised

in loss estimatesuch agheuse of nominal versus meastdiopertiesthe maximum allowable

tensile stress under service conditiombether toaccountfor deterioration ofa structue when
updatingprestress lossand finally, the seps taken to inform load rating of thdsgdges at any

point of their service life.

As discussed in this chaptearestress loss consists of two componentsinitial elastic
loss and longerm loss due to shrinkage, creepd relaxationThe responses from the survey
indicate peer DOT#ollow a rangeof methods and standards when it comes to assesisang
term and longerm prestress losseJhe initial elastic losseare most commonlycalculated
according to AASHTQLRFD Egq. 5.9.3.2.3d4. The longterm losses armostoften determined
according to the provisions of the AASHTO LRIR@fined Method5.9.3.4) assomepeer DOB
indicate the method giveseasonald estimats of longterm lossesln the Refined Method,
different agencies make different assumptiasgo theage ofbeamconcrete at deck placement
to include28 days, 56 days (NCHRPeRort496), 60 days, 90 days (a rule of thumb based off
guidance from the PCI Bridge Design Manuaf)dup toas much as 180 dayGirders constructed
at facilities require time for transportation to site and often there are delpygect schedules

The DOTSs often select ¢texactageof concrete instead oélying onstandard numbers
While choosing the age obncrete at deck placement, DOdssumehat significantlong-term
girder deflectionglue to shrinkage, cregpgnd relaxatiorhave already occurred sloat the deck
grade can be seind maintainedThe final age of concrete is either taken as the exactoage
standardvalue to include27 years(used by peer DOTsp6 yeardPCIBDM, 2014; NCHRP
Report 496)or even 75 year@ised by peer DOJs

11



As much as the AASHTO LRFD Refined Method is ughd,Lump Sum Method is also
commonly usedThesurvey revealed DOTalso useéhe Lump Sum longterm loss equation from
previous versios of the AASHTO LRFD Bridge Design Specificatioremmd may have not yet
adopted the "9 Edition of the $andard Some peer DOTmdicatethatt h e f o-temndump o n g
Sumequationn AASHTO LRFD 4™ Edition generates results similar to even older prestress loss
recommendations whereas the current AASHTO LRdeDations often generate significantly
lower prestress loss vakieSomeDOTs recommend t hitermweguationsfor fiol d «
estimating prestress losses in-gdexked girder sectionss they indicat¢he current AASHTO

equations were not developed for such strustarel gives inaccurate results.

At the design phase, prestress loss calculations are carried out with nominal material
properties Generally prestress losses are not reevaluated at any stage of service life of girder
because of any kind of deterioration and practices such as core extraction from girders to determine
existing material properties not commoly conductedfor this purpose When prestressed
concrete girder bridges are load rated, howebherexisting condition of the bridge is taken into
account through thorough inspection and identifying deterioration such as concrete spalls,
corrosion etc. Thelong -termeffects of corrosion areot usuallylinked by calculation procedure
to prestress lossas corrosion is usually onBccounted fom capacity calculationby removing

exposed and corroded strands.

There arealso somdifferences in how the different DOTs consideperimposed dead
loads and live load®r prestress gain under service conditionthe calculation of final prestress
loss Three cases were observed: 1) Consideratiprestress gains frobothsuperimposed dead
loads and live loads in prestress [08s Exclusion of live load gaing prestress lossand 3)
Exclusion of anyprestress gaim the calculation oprestress los;NCDOT considers both nen
composite (girder seliveight, digphragm, buildup/haunch, deck e)jcand composite loads
(asphaltwearing surface, bridge railyture wearing surface) in creep calculation for final time
and also in elastic gains due to deck weight and superimposed deadPiEstiess gain also
comes from the shrinkage tife deck but smeDOTs suggestosses after concrete deck iogr
(after the deck lm®mes composite section) @renerdly small. So, the prestress gain dueléck

shrinkage irthe composite section is relatively small compared to the overall prestress loss over

12



the entire service lifeanddoes nosignificantly affect the final prestress loss. Nevertheless, the

losscomponents still considered in calculation of prestress &ss/ someDOTSs.

In thecase of load rating tHeidge the Load and Resistance Factor Rating (LRFR) method
is generally followed However, some DOTSs prefer to rate old bridges according todesign
method, whichs consistent with Load Factor Rating (LFRp important findings that there are
a wide range of stressallowedundertheservice conditiopranging from0 to I"Q to even6 Q.

The tensile limit chsen is often project specific.

Overall, the surveprovided informatiorio identify the choice of methodsid assumptions
used by peer DOT® determingorestress logs The findinganform thetheoretical prestress loss
calculation procedure used thie BTE testseries. Prestress loss estimatesam@mportant when
determining the load rating of the bridge under service and ultimate condBmhgrestress loss
calculation and load ratindeterminatiorinvolves accounting for a number of variables such as
material properties, time intervathosen for estimating prestress loss componeetsrioration
such as corrosioand its impad, allowable tensile stresand moreThe sirvey provides useful
information on selecting or estimating these Jaga toimprove the accuracy of prestress loss

estimation anaf loadrating calculatiosfor the BTE series.
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CHAPTER 317 EXPERIMENTAL PROGRAM

To assess thamountof prestress lo€s in aged bridge strwzes ando improve methods for
determiningpredictedprestress logs four girders fronirhe Herbert CBonner Bridgen North
Carolinawere recovere@nd tested t North Carolina State Univer
Facilities Laboratory (CFL)Thesefour girders are labeled tiBTE seriesand were all in service

for approximately 56 year3he BTEexperimental programrovidesthe opportunityo determne

the amount of prestress losses and the influence of losses and degradation on the performance of
the grder in flexure by investigatinfiyst crackingand ultimatecapacitiesThis chaptediscuses

the experimental programncluding specimen specifications and condisprested material

properties experimentasetup,andinstrumentation. Further details including methods of testing

materid propertiesjnstrumentatiorand loading pratcol are describedh Appendix B

3.1Bonner Bridge Specimens

The concrete girders reeered for testing consisted faur AASHTO type 1l girderghat utilized
acomposite deckuring servican the field The girdersvere takerfrom span number 142 of the
BonnerBridgeand temporarily stored at a yarddmxford, North Carolina before being transported

to the CFL.The decision to select these girdeasbased on their condition atigeir availability
relative tothe deconstruction schedulehd condition of theselectedgirders wa considered
typical based othe 2007%ite reporproduced by the Alpha & Omega Gro@m inspection agency
contracted by the NCDOT at that tim&s discussedn the next sectignthis assessmenwas
consistent with observatiomsade by NCSWf the girders just prior to testingll four recovered
girders were 45 in. tall AASHTO Type Il sections measuring 61 ft. long. The laboratory testing
of recovered girders is discussed herein, and the exact condition of each tested girder was
documented prior to instrumentation and testintpaiCFL.These condition assessments contain
any noted damage to the girders upon arrival to the, @rtl a measuremeot camber for each
simply supported girdeThe cadition assesseant of each tested girder is discussed in the next
section. In addition to condition drawingsummaries the NCDOT provided the original
construction drawings for thBonner Bridge and from thedrawings,strand layout and shear
reinforcement of the girders summarized belosee Figure 3.1 and Figure 3.2).
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Figure 31: Bonner Bridgehalf-span elevation view strand layout (reproduced f@omner

Bridgeplans originally prepared by Structural Design Unit of DOT

f 16 spa. @ 12" 3@1'-8" 5spa. @ 16" —F

e
30735

Figure 32: Bonner Bridgehalf-span elevation view stirrup layout (reproduced from original

construction drawings).

Eachprecastgirder hal 38 stressrelieved7/16 in. diametestrands: two in the flexural
compressiorregionand 36 in the flexural tensiomgion Six of the 36 strands in the flexural
tension zone werharped with harping locatioas 5 ft.on either side of midspars indicated in
the drawings, he strands wereeach tensioned to 18,900 Ibs prior to casting. The shear

reinforcement consists of #rtical stirrups 1/2 in. nominal diametgrMeasuring from the end
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of a girder, stirrups were spaced at appr ox
transitioning to no more than .ZlRergpecified girdere mi d.
concrete strength was 5000 psi, and the specifiedrcasice concrete deck strength was 3000

psi. To enable transport of the girderse tconcreteleck was cut off the girders during bridge
deconstruction. However, to ensure no damagmirredto the girder itself when remving the

concrete deck, theut occurred approximaly two inches above the top of the girdeavinga

thin residuallayer ofdeck concrete bonded to the top of each girder.

3.1.1 Condition of BTE1

A summary of the condition of BTE1 can be seen in Figure 3.3.

SPALLED CONC.
CORNER
BROKEN OFF

CRACK (~1.5mm) CORNER
CORNER BROKEN OFF
BROKEN OFF

o

FRONT VIEW REAR VIEW
- SAW CUT DAMAGE
F R
TOP VIEW DIAPHRAGM PIECE
A :7/%’
> \
F R

RIGHT SIDE VIEW DIAPHAGM SAW

CUT DAMAGE

-
2.5"@ HOLE, 13" DEEP LEFT SIDE V|E\Nj‘L SPALL REPAIR COVERING CRACK (~2mm)
[

CORRODED STRANDS
25

mBOTTOM VIEW
Figure 33: Condition d BTE1 (horizontal scale reducked

Figure 3.4alsoprovides supporting photos of tleendition observed in the laboratory prior to
testing.BTE1 hal approximately 2.25 in. of concretleeckremaining on theéop of thegirder.
There is also some sawcut damage to the top flange nearsiteer@st concretdiaphragms were

removed. A spall repair nearthegidl er 6 s mi ds p an3.3 caveed a strad inithe Fi gu
bottomrow of strands that was nearly completetyroded Additionally, the spall repair covered
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another strand in the bottoraw that was only partially corroded. Figure 8hws theecorroded
strands afteflexural failure of the girder.

Sy

Frt ed bottom crack (Ie)
\"“W‘W; o """- \ "-'“’\‘ . ;

Rear end diaphragm sawcut damage (left side) Front enddiaphragm sawcut damage (left side)

Figure 34: Condition of BTE1 photos.
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Figure 35: BTE1 corroded strand@isible onlyafter testing.

With the girder simply supported, cambeeasurements were taken along the length of
the girder by stretéhg a string line taught acrofise bottom flange of the girder and measuring
from the string line to a consistent place on the sechimure 3.6 shows tltambemeasurements

takenalong the length of the girder. The maximomasured¢amber was-I/8 in. at the midspan.

| [ |
i i

— 91" (TYP.) |=—"—1-3/16" 1-9/16" 1-7/8" 1-9/16" 1-3/16"
MIDSPAN

Figure 36: BTE1 camber measurements.

3.1.2 Condition of BTE2

A summary of the conditn of BTE2 can be seenkiigure3.7. Figure 3.&lsoprovides supporting
photos of thecondition in the laboratoryBTE2 hal approximately 1.5 in. of residual concrete
deckremaining after saw cutting. The specimen has some top craekiigh likely resulted from
the transportation of the girdéVhen the specimens were inspecteti@temporary storage yard
no top crackingwas observedThus, the top crackinfikely occurred during transport to the
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laboratoryfrom Oxford, NG or was not as visible in the storage ydrde condition of BTE&vas
overall, very goodUnlike BTE1, therewasno damage to the top flange from removal of the

concrete decknorwas there angvidence of repairsovering heavilycorroded strands.
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Figure 37: Condition of BTE2HKorizontal scale reducéd
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Midspan top cracking (right side) Front corner spall repair (right side)

Figure 38: Condition of BTE2 photos.

With the girder simply supported, camber measurements were taken along the length of
the girder similar to BTE1.As shown inFigure 3.9 the maximum cambemeasured along the
length of the girder was 3/4 it the midspan. Themeasureccamber of BTE2vasthe least
measuredcrosshe recovered girders.
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Figure 39: BTE2 camber measurements.

3.1.3 Condition of BTE3

A summary of the condition of BTE3 can be seen in Figure 3.10. Figureakaprovides
supporting pictures of th@nditionin the laboratoryBTE3 hal 1.75 in. of residual concretkeck
remaining, and like BTE, some top cracking occurred duritignspet to the CFL. BTE2 and
BTE3 werein similar conditiors, except that BTE3 htha section of exposed stramiible near

thequarter pant at one end.
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Figure 310: Condition d BTE3 (horizontal scale reduced
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Figure 3.11 shows thisxposed strandith corrosionnot severe enough to significantly reduce
thetotal areaof the strand.

Exposed strand frorspall (lottom) Front corner spall repair (right side)

Figure 311: Condition of BTE3 photos.

With the girder simply supported, camber measurements were taken along the length of
the girder as shown ifrigure 3.12. The maximum cambreasuredvas 13/8 in. at the midspan.
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Figure 312 BTE3 camber measurements.

3.1.4 Condition of BTE4

A summary of the condition of BTE4 can bees inFigure 3.13. Figure 3.14lso provides
supporting photos of theondition in the laborator\BTE4 hal approximately 1.75 in. of residual
concretaleckremaining after saw cutting. Tleerallcondition of BTE2vasgenerally very good,

and therewasno damage to the top flange from removal of the concrete deck. Concrete spalls and

repairs were observed at the bottom flange.
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Figure 313: Condition d BTE4 (horizontal scale reduced
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Spalled concrete (rightde)

l| .o

Front end spall repair (rightde)‘ i Front évrvmd s‘ﬁéll.r.e‘pa‘i‘r (rlghtcm) o
Figure 314: Condition of BTE4 photos.

Camber measurements were takéong the length keémy the girder simply supported
Figure 3.15 shows the measured camber along the length of the girder. The maximum camber was

1-1/4 in. measured at the midspan.
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Figure 315. BTE4 camber measurements.

3.1.5 Condition from Inspection Documents

The NCDOT provided condition assessment drawings for the Bdm#ge produced by the
Alpha & Omega Grou2007). Figure 3.16 shows the assessment drawingdan number 142
(all girders recoveretbr testing camdérom this spah
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Figure 316: Bonner span number 142 condition draw{Adgpha & Omega, 2007)

Most of the deterioration for the sparason the underside of the concrete deck. Little
deteriorationwasnoted on the girders except for an end region repair on the second girder from
the bottom( girderBTEA4 in this report)Besides corrosion of strandad spall repairsthe other
damagedescribed abovevas likelyminor cracking and spalling by deconstructing, handiamg)

shipping the bridge girders. The girders have bottom flange damage consistent with reasonable
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lifting points that might have been used during deconstruction, anchiamay sawcut damage or

limited top cracking is the result of deconstructing the girders and transporting them to the CFL.

3.2 Material Properties

The stressstrain response of the concrete for each ofdhegirders tested in the laboratory was
determined using compression testing of ceaken from the girders at the laboratofy least 5

cores were extracted frothe top ofeach gider, each core havingreominal diameter of 3.7.

and a length of around 0. The compressive strength thie deck concrete was alsoeasured

by compression testingores with similar dimensiongken in the field by the deconstruction
crews Additionally, the stresstrain response of the prestressing strand was deterhyredsion

testing segments atrandsharvestedrom the recovered girderStrands were taken from the end
regions of selected beams that failed in flexure so that the harvested strand samples were not
heavily damaged by the flaxe testingDetails of the core testing andastd testing are discussed

in Appendix B

A summary of the material propertiestbé prestressingtrand and the corete (discussed

in Section B.1 of Appendix Bare presented in Table 3.1.

Table 31: Summary of material properties.

Steel Properties
Steel Type foy (Ksi) fou (Ksi) E, (ksi)
7/16 in. Strand 239 271 28000
Concrete Properties

Specimen f'c (psi) E. (ksi) C'(x109)
BTE1l 6150 4710 1.89
BTE2 9080 6580 1.76
BTES3 7270 5870 1.70
BTE4 7970 5050 2.09
Dedk 5550 3950 2.08

3.3 Experimental Setup for Flexural Testing

To determine therestress losand ultimate flexural capacityf the recovered Bonner Bridge
girders the girders werdrst tested infour-point bending. Theppliedshear force andpplied
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moment diagram corresponding to the fl@tuesting of the BTE series aglepicted inFigure
3.17.

For BTEL the load plates were placed 4.5 ft. to either side of midspan. The load spacing
for the fourpoint bending setup was placed such that the constant moment region occurred over
the unharped strands to avdie effects from the vertical component of the strand in the harped
region The strands anmeot harped for 5 ft. to either side of midspan. Additionally, since the shear
reinforcementdensityreduces near midspan, thppliedload points needed to be placed near
midspan of the beam tocrease thenomentto-shear forceatio, mitigatingrisk of a shear failure
in end regionWider spacing of the load points would increase the applied shear to the section for
a given moment, and the relatively light shear reinforcement near the middle 50% of the girders
was insufficient to provide an adequate factor of safety against afailees with loadpoints

spacedyreater than 10 feet.

L W

L L
1 59T |

o g= 7"

hﬂ;wsﬁpa,@ 12" = 16' .‘L 3@re =5 .‘L 10 spa. @ 1-6" = 16-5" .i- A@1-E" =5 ,i- 16spa @ 12" = 15'*1-—1-«}

SHEAR ‘ ‘ | ‘
REINFORCEMENT

|

|

|

7/

SHEAR ;
a b V

1

|

|

|

|

|

|

/é%%;y

Figure 317: Appliedshear and momermtiagramdor flexural testing othe BTE series.

MOMENT =

The applied load for BTE1 placed the load points at sections near the harping locations,
and there maydve been some influence on ppsik response after the flexural compression
failure. Therefore, for BTE20ad pointsvere placed ft. apariabout themidspan to provide more
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distance between the load plates and the strand harping locativlesstill providing a constant
moment region for instrumentation. The load was applied to the girders using a single 440 kip
actuator and a spreader beam spanning between the two 8 in. wide, 1 istabildad plates.

Since the sawcut on the top of the girder was not level across the flange, the load plates were
leveled using grout. The girders were supported on two 6 in. wide, 1/2 insth&lplates with

the center of the platedated 9 in. from the ends of the girder to match the specified bearing
location in the original construction drawings. The support plates on both sides were grouted to
the bottonmsurfaceof the girder to ensure full contact with the embedded steel bearing plates. Each
support plate rested on @® in. diameter steel cylinder. On one side of the specimen the cylinder
was tack welded to a plate to create a pin condition, and on the wtbefghe specimen the
cylinder remained free to create aeolcordition. The actuator wasee to translatand rotate as

the girder deformedBoth sides of the beam were supported on 15 in. tall wide flange sections to
provide adequate clearance for deflection of the beam towards the strong floor. The support
condtion can be seen in Figure 3,1&d the side and end view of the testup can be seen in
Figure 3.19

Figure 318: Supportcondition pin (left), pin stitch weld (center), and roller (right).
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Figure 319: Experimentaketup for flexure tests.
3.4 Instrumentation for Flexure Tests

All BTE girders were instrumented to measure the applied load, vertical displacement, and selected
deformation data in the constant moment region throughout flexural testing. Load was applied by
a hydraulic actuator and measured using an integrated |dadf agpropriate capacity. The
hydraulic actuator was also instrumented with a displacement transducer that recorded the actuator
stroke as load increased. Deformation of the girder between the loading points was extensively
measured using a number of t®yas including digital image correlation (DIC) equipment, anon
contact optical LED system (Optotrak), several strain gauges placed along the depth of girder, and
traditional potentiometer displacement measurements. The DIC system recorded deformation data
on the west face of specimen, whereas LED markers were placed on the eaBhdastain

gawges placed on the girderere used to measustains near the top and bottom flanglee Btrain

gauges on the bottom flange can indicate cracking by a stiftiessge during loadingn addition

to full field deformation data in the constant moment region, string potentiometers were used to
collect vertical displacement at five locations along the length of the gifdes. full

instrumentation of the BTE glers can be seen in Figure 3.20
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Figure 320: Instrumentéion of BTE seriegjirders

As configured for testing, undeselfweight, the bottom flange ci given girderis in
compression from the prestressing, butoasl is applied in foupoint bendingtensile flexural
stresses oveome the compressive stress createdpimstressingFigure 3.21illustrates this
behavior.Load and deformation data recorded by the instrumentation is used to carefully
investigate this transition from compression to tension in the bottom fiber of the beam.
Deformation data collected with the DIC system igiuseidentify opening and closing of flexural
cracks which can then be carefully analyzed to calculate prestress loss. Further details on each

instrumentation are discussed in the subsequent sections.
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Figure 321: Behaviorof prestressed girder in foypoint bendingas prestresss overcome
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CHAPTER 41 EXPERIMENTAL OBSERVATIONS

In this chapter, the results of laboratdesting the BTE series esented. Results such as the
load-deformation, longitudinal strains, cracking moment, cradpeningnoment, and ultimate
flexural capacity of the memberspsesentedr-or each girdeiseveraload cycles were conducted

at low load levels. The girders were thannotonically loadedh flexure to assess their ultimate
capacity along with loadeformation response among other parameters studied. The detailed
analysis and results from the flexural sesong with photographs of the experimental program
are providedin Appendix C The data presentad obtained from strain gges on the girder
surface andeformation data recorded with théC system For the DIC data, the strains presented

areengineering strains.

4.1 Discussion of Experimental Observationsrom Flexure Test

This sectiordiscusesthe performance of the girders in flexufiéhe flexural testing shows that
the performance of the four girdexsssimilar. A summary of the results from the BTE series of
tests is presented in Taldlel below. Note thathese are all applied momentyaxis the maximum
momentapplied tahe specimenyl is the cracking momen¥)y, is the momentequired to reopen

preexisting flexural cracks, amdis the deflection at peak load.

Table 41: Summary of experimental observations.

Specimen Mer (K-ft) Mo (K-ft) @ (i1 Mma(k-ft)
BTE1 1295 905 7.85 2550
BTE2 1370 995 6.58 2580
BTE3 1335 990 541 2420 (95%)
BTE4 1338 995 5.64 2420 (95%)

BTE1 had the lowest peak moment of the two girders tested to failure, and BTE1 had the
lowest cracking and crack reopening moment of the four girders. Testing of BTE1 revealed that
one of the strands in the bottom most row of strands was corroded, anestorg of BTE1
revealed that the compressive strength of the concrete was the lowestairgirders. Thus, it
is expected that the capacity of BTE1 would be slightly lower than the thitleer specimend.he
difference in ultimate capacity betweemBlL and BTEZ2 ishowever|ess than 1.5% he response
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near cracking and cragkeopening oBTE2, BTE3and BTE4arenearlyidentical If BTE3 and
also BTE4 were loaded further, it is likely that the ultimate moment capacity would be similar to
that of BTE2, and any difference would be the resulvarying concrete strengthsChis is

discussed in sasequent sections wittorresponding modelling results.

The momentrelative curvature response of the BTiesimens is shown in Figure 4.1
Relativecurvature is defined as zero when the girder is simply supported on its supports with no
external loads on the member other than its-wel§ht. In this conditionthere is negative
curvature from the prestressigd self weight combination The elative curvature for each
girder test can be determined using horizontal virtual extensometers in Digrposssing, and
these extensometers are the same as the ones used to produce the strain profiles thragigh the he
for each girder isectionC.1C.2, C.3 and C.4 in Appendix The curvature was determined from

the average longitudinal strains at multipletgets over the height over migte cracks.
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Figure 41: Momentrelative curvature girder comparison.

Figure 4.1confirms that except for BTE(Where a corroded strand was obseryatl)the
specimens performedith a very similar respons®8TE1 exhibitsthe same preracked stiffness
as the other girders, but the response is less stiff after craotimpared tTE2, BTE3 and
BTE4. The loss of a prestressing strand combined with the lower concrete strength contributes to
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the reduced postracking stiffness of BTEL. The transition from qoracked stiffness to post
cracked stiffness in Figure 4.19an indicator of the amount of prestress loss in each of the three
beams. BTEL1 transitions stiffness at a lower applied moment, suggesting that it has more prestress
loss compared to BTE2, BTE3 and BTE4. BTEZ2 transitions stiffness at the highest applied
moment, suggesting that BTE2 has the least loss of the Bdi2, BTE3, and BTE4 can be
considered as control specimens withcoarosion and provides means of comparison with BTE1

which had corroded strands.
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CHAPTER 51 PRESTRESS LOS&S, RESIDUAL CAPACITY, COMPARISON OF

PRESTRESS LOSE&S TO ANALYTICAL MODELS AND AASHTO LRFD CODE

This chapter discusses the loss of prestress in the recovered girders frBontiee Bridge
determined from the results of the experimental testing on BTE1, BTE2, BTE3 and BTE4snd us
Respons&000 to predict the response of tders with a composite deck.lHe nominal flexural

of the structures given by Respons200Q Theoretical prestress losses are also determined
according to AASHTO LRFDRefined Method AASHTO LRFD Lump Sum Method and
AASHTO Standard Specifications and the results are compared with measured prestres losses.
t hi s chapt einreterenee tprestress losisalefised as the total reduction in strand
stress from the original specified jacking stress. This loss of strand stress is comprised of all
possible losses from the time of jacking including: elastiatehing of the member, concrete
creep, concrete shrinkage, strand relaxation, losses from thermal effects during dastng,

placement, deck removanchorslip.

5.1 Prestress lLossAnalysis

The prestress losen each of the girders in the BTE series was determined using the crack
reopeningnoment determined in the cyclic flexural testing of each girderrddeningnoment

is an indication of the transition from compression to tension in the bottom fiber without the effect
of the tensile capacity of the concrete, and therefore the tensile capacity of the concrete does not
need to be known to determine remaining pesstand the variability of concrete tensile capacity
does not affect the resufhe elastic guation for the stresses in the section givendpy2Ecan be

used todetermine the effective prestress forBey, in the girders from the craakeopening
moment, My, by equilibrating the bending stress applied by load to the stresses induced by
prestressing less the stresses induced by dead load mésdistcussedh section A4.2, asimilar
equatiorwas used by Azizinamimt al.(1996), Halsey and Miller (1996), and Higefsal.(2015).

In these equatios (Eq. 2 and E@), yis the distance from the transformed neutral axis to the point
in the section of interest wheyeas positive for heights below the transformed neutral &xssthe
moment of inertia for the section using transformed section propéyiget)e transformed section
areasgis the eccentricity of the prestressing strand,Mad the dead load moment at the section

of interest.

34



2
Which can be rearranged to

0 S S — (3)

The crack reopening moment for the BTE seriesvas determined usingvirtual
extensometearin the analysis of DIC datand DIC principal strain mapshich shows crack
propagationThe extensometearwereplaced approximately 1.75 in. above the bottom fdi¢he
girder. As discussed inHapter 4and Appendix Cthe crack height corresponding to the crack
reopeningmoment is the same as extensometer location and is equal to 1Treiafore, the
height into the cross section where total stress is zero is taken as 1.75 in. above the bottom fiber,
andy in Eq.3is equal to the height of the transformed section neutralesss.75 in. FromPes
for each of he girders determined by Eq, e individual strand stress can be determined by
dividing the total forcePer, by the total strand area. The individual strand stress atraep&ning
for each of the girders is listed in Table 5.1 below. For BTE1, since one ofdhdsstwas found
to be corroded, the area of 3trandss usedinstead of the original 38 strands in creggtion
Corrosion is progressive and occurred over the service period. Completely disregarding one strand
may not be ideal as the strand continued to providerpsssbver a significant periad the life
of the structure. Fdoad rating purposes, AASHTO LRFD suggests to reduce the-segisn to
include the effects of deterioration and hence calculations were doae &wea of steel equal to
37 strands.

Table 51: Average strand stress at craopeningfor BTE series.

Specimen Gs err (KSi)
BTEL1 (37 strands) 131.0
BTE2 141 .4
BTE3 139.6
BTE4 139.5

The strand stresses provided in Table 5.1 are slightly higher than the strand stress when
only dead weight is applied because they are determined at the@paekingnoment for each
girder. Therefore, to determine the average strand stress under onheiggif, the layered
sectional analysis program Respe6€80 (Bentz, 2000) was used. The average effective strand
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stresses from Table 5.1 above were used to determine an average effective strain differential
between the concrete and the stramudks by dividing by the strand modulus determirtad

tension testing in section BIlof thisreport BTE1 has the lowesp ks among # the girders.

Figure 5.1shows the crossectiors used in Respons2000. Thetensile strength of the concrete

was taken as zelia the Respons2000 models to simulate the cragopeningoehavior of the
girders. Popovics stressrain relationship fitted to average strefigin results from core testing

of each girder and the modified Ramb&ggoodrelationship for the steel was usadResponse

2000. The deck thickness was the residual condegtkremaining after saw cuttin@he midspan

section was analyzed in Respo290 to determine flexural capacity. The dead load moment
includes the girders own selfeight and weight of residual deckhe unit weight otoncrete in

each girder is a function abmpressive strength and calculated as stated in AASHTO LRFD Table
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Figure 51: Respons€000 section for BTE series (1) BTE1 with 37 strands (2) BTE2 (3) BTE3

(4) BTE4
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From these Respon2000 models the Hab average strand stress at midspan for the
girders simply supported at their design span was deternfiiece the prestressing steel stress
immediately before transfer is known from the original design, subtracting dlaé &verage
strand stresat midspargiven by Respons2000 modelgyives a measure of prestress lasger
the entire service life of the structutéthere was no prestress loss after 56 years of service, the
effective prestressing force woube the same and therefore, the stress in strands would be 175
ksi. Respons€000 uses thaverage effective strain differential between the concrete and the
strandwhich should be the same throughout the life of prestressed structure and other material
properties as necessary inputs to predict the behavior of girder in its current state. Since it can
generate the momentirvature of the structure up its flexural capacity, it can also give a
measure of strand stress under-gadfght in a simply supported rdition. The measured strand
stresses as determined form the laboratory experiments and with the application of R2&8ponse
areshown in Table 5.2 along with the total loss of prestress from the tension bedl$teassults
show that prestress lossesBME2 (34.0 ksi) BTE3(35.4 ksi)and BTE4(36.0 ksi)are similar.

BTE1 have a much higher pressdgss equal to44.3 ksi which is23.3%, 20.1% and 18.7%
higher in comparison to BTE2, BTE3 and BTH4e higher prestress loss in BTE1 can be the
effect of corrosionThe ondition assessmenindicatethat BTE2, BTE3, BTE4 had multiple
concretespall locations exposed section of strandmd repairdut it does noappear to have

affected the losses for this series of tests.

Table 52: Average strand stress for recovered girders determined by RespodGe

Specimen G (ksi) Us (ksi) Loss (ksi) Loss (%)
BTE1 (37
130.7 44.3 25.0%
strands)
BTE2 175 141.0 34.0 19.4%
BTE3 139.6 35.4 20.2%
BTE4 139.0 36.0 20.6%

* dris thenominaltension bed stress.
Adlsis the midspan average strand stress from lab testing.

Response 2000 also yields estimate of the flexural capacity of these girdessshown in the
Table 5.3
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Table 53: Experimental and Predicted Flexural Capacity.

Specimen *Experiment,| Respons&000, Testto- .
M. (k-ft) Mu (k-ft) Predicted Ratig
BTEL (37 2831 2815 1.006
strands)
BTE2 2860 2860 1.000
BTE3 72699 2760 0.978
BTE4 72698 2780 0.971
Mean 2846 2804 -
cov 0.72% 1.56% -

*Includes both senveight and applied moment

ABTE3 and BTE4 were brought to 95% of the flexural capacity of BTE1

To furtherverify the accuracy of the Respor3@00 models used to determine the strand
stresses in the BTE series, #tertterm momentrelative curvature response at midspan for the
monotonic loading of each girder was compared to the predicted momeature response
developed in Respong®00. For thisthe girders seliveight moment was subtracted from the
momentcurvature response developed in Resp@®0 to directly compare against the actuator
applied moments. Additionally, the curvatures in the Resp@66 momenturvature plots were
adjusted so thdhe relative curvatures measured in the flexural testing of the Bri&ssould be
compared Figure 5.2shows the measured and predicted morsaniature response for BTE1
having 37 strand®kespons€000 models for BTE2, BTE3 and BTE4 are shown in Figur&s 5.

5.4 and 55. The bandwidths are 25% of the predicted moment.
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Figure 52: BTE1 experimental and predicted response.
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Figure 53: BTE2 experimental and predicted response.
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The Respons2000 prediction for BTEWith 37 strands (neglecting a strand from the
original 38 strands in crosection due to corrosiomatches the momeswurvature response from
laboratory testing very well, and the modiees particularly welln predicting theuncracked
stiffness as well as theansition fromuncrackedtiffness to crackdstiffness.The transition from
uncrackedstiffness to crackd stiffness is directly related to the strand stress in the girder, and an
accurate representation of this behavior indgttat the strandtress in the model matches the
true strand stress in the specimarspecimemBTEL, Figure5.2howevershows thathe predicted
cracked stiiness islightly higher than the actual response of BTE1he of the reasons can be the
effect of corrosionamong other variable§he moment curvature response of the BTE series
determined by flexural testinghows that the prerackedstiffness is similar for all spgmens.
After transition, BTE1 had slightly lower crackedtiffness and corrosion may be&antributing
factor to the observed response.

In general, e inspection reporf bridgesindicateany signs of deterioratiosuch as
corrosion butit is difficult to estimate the extent of corrosiimom visual inspectionThe survey
of peer DOTs alsndicate they do not relate corrosion to ldSsce Respons2000 can pedict
the momenturvature response of tlaged prestressed concrete girdeithout corroded strands
(as can be seen in subsequent sections when modelling BTEBT&S3), an effort was mad®
incorporate theffects of corrosioin Respons€000(HADRIAN SOFTWARE WORKS, 2023)
The approaches foswn estimating the effect of corrosion through reducing esestion(as is
done for load rating purposem)dconsidering change in prestress along the depth of-seus$®n
due to corrosion. However, thmutcome of theapproaches are limited twomparison ofthe
momentcurvature responsgetermined through flexural test and that given by Resp2d@e.

The approaches fanodelling BTE1 using Responr€00 are listed below:

1. Reducing the crossection by removing any corroded stramtgntified through visual
inspectionand assuming uniform prestress loss for all straB@i&1 had one corroded strand
and therefore, aection considering 37 strands was modelled using Resgo0fe

2. Considering all 38 strands in the crasction andassuminguniform prestress loss for all
strands. This may attribute to the fact that theaoted strand was in service for a longer
duration and it may not be ideal to completely disregard the strand fromseches. The

corroded strandertainly affecs prestress loss but may not contribute significantly.
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3. Considering corrosion to affect other strands which were not visually identified and assuming

uniform prestress loss in all strands. A cresstion comprising of 36 strands was modelled in

Respons&000.

4. Considering corrosion to affect other strands which were not visually identified and assuming

a staggeregrestress loss in strands along the depth of @estson.The loss is assumed to be

higher in the bottom row of strands compared to the strands located higher in the profile where

effects of corrosion has not progressed yetrosssection comprising of 36trands was

modelled in Respons2000.

The same crack reopening moment as determined from the experiment was usezksEeetion

used in Respons2000for approach 2, 3 and 4 asbownin Figure5.6. The crosssection used

for approach 1 can be foundkigure5.1 shown earlier.
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Figure 56: Respons000 section for BTEL (1) 38 Strands (2) 36 Strands (3) Staggered Loss
with 36 strands.
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In all theapproaches, the same material propedetermined in Chapter 3 for specimen

BTEL1 areused.Since the rackreopeningmoment remainghe same regardless of the approach

and was determined expaentally,Eq. 73 gives roughly the same effective prestressing force for

each sectiorlhere is no significant change in the transformed area or moment of inertia when one

or two strands are disregardiedthe sectiorand therefore neglecteBor all the sections to have

same effective prestressing force, the averstgand stress in the section with 36 strands would
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essentially be higher comparedsections with 38 or 37 strands in approach 1 and 2 respectively.
This would give a higheaiverage effective strain differential between the concrete and the strand
which is obtained by dividing average effective strand stress by the elastic modulus as discussed
previously.As before, the average strand stagsslightly higher than the strand stress when only
dead weight is applied because they are determined at the@paekingnoment for each girder.
Therefore, to dermine the average strand stress under onlysstfht,Respons€000 was used

to model these sectionBor the staggered loss approaiths assumed thahe prestress loss is

more in the bottom rows compared to the strands above and generalizing a single value for the
prestress loss of the entire may not predict the response prdpentgforea higher prestress loss

of 44 ksi was applied to the bottom two rows of strands and a comparatively lower prestress loss
of 40 ksi was selectively applied for the strands ab®dfie.results are listed below in Table 5.4.

The predicted shoterm moment relative curvature given by Respe23@0 is shown ifFigure

57.

Respons€000 models predict that BTE1 would fail by flexural crushing of the flange for
all the approachedhe flexural capacity of BTE1 from the flexural test was found to be 2550 k
ft. The test to predicted ratio ranges from 01902.Thedifference in flexural capacity occurs as
strands areemovedo account for corrosion. This results inegluced crossection whichhave a
lower flexural capacity as the effective prestressing force is the same for all cases. Nevertheless,
the predicted flexural cagities are within 4% of the test result. A close observation of the
momentrelative curvature plot shows, Respoi2890 can closely replicate cracked stiffness of
the member in approach 4, followed by approach 3, 2lam$pectively in order of decreasing

accuracy. This indicates approach 4 can predict the transition reasonably well compared to other

Table 54: Modelling BTE1 in Responst90Q

36 strands
Predicted Parameters | 38 strands| 37 strands| 36 strands (Staggered loss)

Us,eff (KSi) 127.3 130.7 134.3 129.9

o Fr (ksi) 47.7 44.3 40.7 45.1

*Ultimate Applied Moment

(k-ft) 2595 2535 2471 2465

Flexural Capacity (Kt) 2876 2815 2714 2712
Test to Predicted Ratio 1.02 0.99 0.97 0.97
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Figure 57: Prediction of momentelative curvature response obrrosion affected girders

approaches and therefore better represent the strand stress at different levels of th@section.
staggered loss approach predicts a prestress loss of 45.1 ksi. Approach 2 which has considered 37
strands als@ive similar prestress logzredictions(44.3 ksi)and predict the transition well. The
prestress loss in approach 3 is much lo@er7 ksi)and thain approach 1 is thieighest among

all approaches (47.7 ksi)Although the differences in response are relatively mirloey show

that if the effectof corrosion is taken into account by disregarding strands and appropriately
considering prestress loss over the strand profile, Res2®@®k can predict the shedrm
momentrelative curvatureesponse of these aged prestressed concrete strwelurBubsequent
sections regarding analysis of BTEL, the result for appr@astiollowed as visually only one
strand was found to be corroded and thettegredicted ratio of the flexural capacity is the closest

to 1. Corroded strands were only observed in case of BTE1 specimen and such analysis w

carried out for other BTE specimens.

The Respons2000predictiondor BTE2agrees welvith the momenturvature response
observed experimentally. The models doeanellent job of predicting the transition in stiffness
from uncrackedto crackedresponseFor BTE2, which was tested to failure in flexure, the

Respons€000 model predicts BTE2 to have a flexural failure by crushing of the top flange at an
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applied moment of 2580-k. The test to predied ratio for the BTE2 model .00. Thus, the
model is capable of predicting the peak capacity well. In specimen BA&8hange in stiffness
occurs at a slightly lower curvature than the actual response, but iralgéreeprediction aligns
well with the results from the experimeBTE3 was not tested twatastrophidailure in flexure
Since theRespons€000 model matches the test behavior very well up through the peak applied
momentof 2420 kft, it suggests that the girder was very close to a flexural compression failure
with the predicted peakpplied momenodf 2480 kft. Respons€000 predicts that flexural testing

of BTE3 was stopped at8% of the peakThe model for BTE4 predicts therackedstiffness
accurately and also the transition phase. Resp20@@ predictshatthe test was stopped at 97%

of the pealkoad SinceRespons€000predicts the series well including the initial stiffness, post
cracking stiffness and transitiofrem uncracked to cracked respoitsean beconcluded that the
strand stressafetermined and losses calculated are reasonable.

A sensilvity analysis showing Respon2€00 predictions for losses higher and lower than
the predicted prestress loss was performed to corroborate the change in stiffness and also to assess
if the observed response crosses the linlitsexamine the sensitivity of response to the losses,
Respons€000 predictions for 25% greater loss afd?less loss was determined as shown in
Figure 5.8and Figure 5.9or BTE2 and BTE3 as the girders have similar predicted respbhse
predicted first cracking mome(discussed in section 5.2 beloat)the bottom fibeis also shown
for the predicted loss and the corresponding upper and lower boundRemdsts of the sensitivity
analysis shows that tlebserved and predictedsponse of BTE2 fits @l within the bandwidth
In specimerBTE3, both the+25% and-25% loss curve fits well to predict theitial stiffness At
the transition, the momemg¢lative curvature response observed from test data alidgims-25%
loss curveThe observedesponse fits the cracked stiffness exceedingly well and is between the

25% loss curvesSo, the prediction of Respse2000 using theneasured prestreksss is fairly

close to the observed response of the speciameth$osses calculated are accurate

45



3000
2500 +
2000 4
=
=
o
2 L
2 1500 1 Mg as0=1324 k-ft
3 M p=1238 k-1t
=
Z1000 1 Mg oas0=1156 k-ft
- = = = Response 2000 Prediction BTE2 Response
Y +25%loss mmmeee -25% loss
500 + . .
L 7 Cracking Moment Cracking Moment at +25% loss
Cracking Moment at -25% loss
0 t + t t t + t t t
0 20 40 60 80 100 120 140 160 180 200

Relative Curvature (>10 rad/in)

Figure 58: Comparison oprestresdoss valuesf BTE2using Respons200Q
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Figure 59: Comparison of prestress logaluesof BTE3using Respons2000.
BTEZ2 and BTE3 show vergimilar prestress loss over their 56 years of service followed
by BTE4 which shows slightly higher prestress loss. BTE1 has sustained the highest prestress loss,

but this specimen is the only one to have a strand heavily corroded at miflspanoment
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curvature responsgith the actual curvaturas predicted by Respor26800is providedin Figure
5.10. Note that the first instance of cracking and crack reopening moment identified are

experimentally observed values and were determined when the crack has already progressed 1.75
in. into the depth of the beam.
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5.2 Comparison with Theoretical Prestress Loss

To investigate existing prestress loss estimation procedhesssperimentally determinddsses

were compared to theoretical loss calculation methods. Within this study, prestress loss was
determined using the AASHTO LRFD Refined Method, the AASHIRFD Lump-Sum Method,

and AASHTOLRFD Refined Methd incorporating NCDOT assumptiarie addition, prestress

loss was also determined for the four girders using measured matepakties at the end of
service life followingAASHTO LRFD Refined MethodGenerally, in designin-situ properties
shouldnot be used foestimatingosses Specifically, specified concrete strengths should be used
rather than measured strengths beyond the specified strength gain requirements. The traditional
assumption is that the increase in concrete strength that occurs over the life of the structure will
approximatelycorrespond to the reduction in strength that the members will experience as a result
of slow loading events. Therefore, it is netommended to use measured concrete strengths in
design or early in the life of the member to predict kemgn effects or strength limit state
calculationsHowever this study explorgthe use ofn-situ propertiegor use in service limit state
calculations conductefbr structures near the end of their service If#.the prestress losses
calculated in this section are according to the provisions of current AASHTO LRFD staritlard (9
Edition, 2020)Some DOTSs uselder version of lumpsum estimate AASHTO LRFD 4" Edition
(2007)and the resulis also shown for comparison. The theoretical losses were then compared
with experimentally obtained prestress I&isiceBTEL had one corroded strand, prestress losses
were determined considering 37astds instead of the original 38 his is a measure to account

for the efect of corrosion that reduced the prestresewey its service lifeThe approacprovides

an opportunity to see how conservative or unconservative tlwssprediction provisions are in

such scenarios.

5.2.1 Assumptiors

Theprestress losses are calculated considering the girder along with the composite deck. The
AASHTO LRFD Refined Method and AASHTO LRFD Lump Sum MetHods calculations

require a set of assumptions. Thase listed below:

1. The design concrete strength of the gindasassumed to be 5000 psi
2. The design strength of the concrete deck was assumed to be 3000 psi.
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3. The effective flange width of deck was taken as 96riraccordance with AASHTO LRFD
section 4.6.2.6 (2020)

4. The full jacking stress as the initial strand stress usedn the calculation of concrete
stress at the centroid of the prestressing stgglfdr the elastic loss calculation.

5. In the creep calculation for final time, both composite and-cwnposite loadsvere
included. Norcomposite loads include the loading the bridge must carry before composite
action is achieved. Typical elements/loadings included foraoonmposite dead loads
(NCDL) are: girder selveight, diaphragm weight (intermediate diaphragms), wes§ht
haunckes deck weight (the slab itself). Composite loads include elements/loadings such as
bridge rails (concrete parapet and railing), and Future Wearing surface.

6. In the girderdeck composite systemfature wearing course of 2 imasconsidered. The
thickness ohaunchwasspecified as 1.5 in the Bonner BridgesignPlans.

7. A standard weight of 455 Ib/ft indicated in the Structures Management Unit Manual of
NCDOT wasused to determine the weight of bridge rails which consitersar metal

rail with 2-6" (760 mm) concrete parapet.

In the current NCDOpractice the AASHTO assumptions fathe age of the concrete at
transfer, it and the age of the concrete at composite deck layigg, thangedn current practice,
NCDOT assumes that the concrete age at transfey,1t day and the concrete age at composite
deck laying, 4, is 90 days. However, in the AASHTO LRFD commentary section C5.9.3.4.2c it
notes thatte relaxation equation of Eq. &#this report is a simplification of an equation given
by Tadros et al. (2003) where the age at transfer is taken as 0.75 days and the age at composite
deck laying is takensal20 days (AASHTO LRFD, 2020). To be consittaith the assumptions
in Eq. 54 the AASHTO LRFD loss prediction uses a concrete age at transédQ {75 days and
a concrete age at composite deck layimgott 120 days. Apart from these two values, the other
inputs to the Refined Method loss calculation arestnme as the NCDOT assumptioRgure
5.11 shows a comparison of the theoretical and experimentally obtained prestress loss of the

Bonner Bridgespecimens. The subsequent sections will dishwespredicted losses in detail.
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5.2.2 Elastic Shortening Loss

Both the AASHTO LRFD Refined Method and the NCDOT assumptions result in the same elastic
shortening losss shown irFigure5.11 In comparison to the Refined Methodlse Lump Sum
Methods in the 9and 4" Edition of AASHTO LRFD Standard Specificatiopsedicthigherlosses

resuting from elastic shorteningy a margin of 16.7% and 284respectivelyOn the other hand,

the elastic shortening loss predictions usingsitu properties are comparativdtywver by 11.6%

for BTEL, 22.86 for BTEZ2, 14.7% for BTE3, 18% for BTE4 when compared the Refined

Method. The elastic shortening loss depends on material properties such as concrete strength,
estimated modulus of elasticity concrete at transfer, modulus of elasticity of prestressing strand
and also on the methodology used as in the case tdrative Eq. 21 for the Refined Method or

the alternative Eqg. 23 used in the LumymBMethod for this study. The design strengthted
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concrete as specified the Bonner Bridge wings was B ksi for the girders but the measured
concrete strength at the endsefvice life of the girders was much highgd 5 ksi, 9.08 ksi, 7.27

ksi and 7.97 ksi for BTE1, BTE2, BTE3 and BT Espectively. Since the equation for unit weight

of concrete and modulus of elasticity of concrete at transfer uses the concrete strength, higher
concrete strength would increase the moment due tews@ht of the girder. This reduces
concrete stress at the candé gravity of prestressing tendons due to tensile stresged. 22)

and at the same time over predict the modulus of elasticity at transfer which decreases the modular
ratio. Moreover, the AASHTO LRFD specifies the modulus of elasticity of prestressing strand to
be 28500 MPa whereas material test revealed aageealue of 28000 MPa. This also decreases

the modular ratio. A smaller modular ratio and concrete stress at the center of gravity of
prestressing tendons causes the elastic shorteningdimgginsitu properties to be lowetable

5.5 showslte predcted elastic shortening logxpressed as a percentage of the measured prestress
losses in the girders. The results indicate the amount of prestress loss trsdartgur the service

life of a prestressed concrete member in comparison tottdeprestress loss thatcuss overthe

entire service life of the structure. On average, the predicted elastic shortening losses is 27.8%,
36.9%, 35.5% and 34.9% of the measured prestress lossEd,BEBTE2, BTE3 and BTE4

respectively.

Table 55: Comparison of predicted elastic shortening loss to measured prestress loss

Predic_ted Elastic Shortening Loss/ Exp. Losses (%
Methods Shori?]?gg Losg BTE1 . BTE2 . BTE3 . ?;6Eg
(ksi) (45.1 ksi) | (34.0 ksi)| (35.4 ksi) ksi)

AASHTO LRFD Refined 13.0 28.7 38.1 36.6 36.0
?tf;'gl)o LRFD Refined (37 12.6 27.9 37.0 | 356 | 350
Lump Sum 15.1 33.5 44.4 42.7 42.0
Lump Sum (4th Edition) 16.2 35.9 47.7 45.8 45.0
NCDOT Assumptions 13.0 28.7 38.1 36.6 36.0
BTE1-M (37 Strands) 11.5 25.4 33.7 32.4 31.8
BTE2-M 10.0 22.3 29.6 28.4 27.9
BTE3-M 11.1 24.5 32.5 31.2 30.7
BTE4-M 10.6 23.5 31.2 30.0 29.5
Mean 12.6 27.8 36.9 35.5 34.9
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5.2.3 Long-term Loss Components

The AASHTO LRFD Refined Method gives a measure of the varioust@ngloss components.
The loss components are listed in Tahl@ The table showhow the losses are spread over the

two phases of the service life of the structure namely 1) Concrete at transfer and deck placement
and 2) Deck placeant and final age of concrete.

Table 56: Long-term loss components

Long-term AASHTO AASHTO
Ig:ss LRFD LRFD Refined As’:ﬁgg‘[—i;ns B-I-SEtrla':]A d(33)7 BTE2-M | BTE3M | BTE4-M
components Refined (37 strands)
Phsr 7.9 7.9 7.2 6.9 5.4 6.2 5.9
Phcr 14.8 14.4 13.2 11.7 8.0 10.2 9.2
Phr1 4.9 5.0 4.9 5.1 5.3 5.2 5.3
Pfso 2.8 2.8 3.4 2.2 1.4 1.9 1.7
Phco -0.3 -0.4 0.4 -0.3 -0.3 -0.3 -0.3
Pr2 4.9 5.0 4.9 5.1 5.3 5.2 5.3
Pfss -1.8 -1.8 -1.8 -1.0 -1.0 -1.1 -1.2

In the refined estimate of lortgrm lossesthe prestress losses due to creep and shrinkage
of girder concrete between transfer and deck placement phase contributes a major portion of the
loss, as much as 68.3%tbetotal longterm loss and 49.1%, nearly half of the total prestress loss
over the entire service life of the structure. The loss due to relaxation of prestressing strands is the
same for both time frans@and hencés not considered for comparisorheshrinkage loss bewen
transfer and deck placemenas much as 2.83 times (from AASHT@eptress loss values) of the
shrinkage losses over the rest of the service life of member after deck plac&atntof
evaporation is high initially due tevaporation otinused water and diminishes over yeditss
explains the differenci shrinkage loss over the two phas€he longterm loss estimates using
in-situ properties show that both creep and shrinkage losses in the first time frame (concrete
transfer to deck placement) atemparatively lowelin comparison to predicted losses using
nominal material properties. The loss due to creep are 20.9%, 45.7%, 31.3% and 3710%¥% and
due to shrinkage arel2.1%, 31.2%, 20.8%, 25.3%wer than the corresponding losses in
AASHTO LRFD Refined Estimate. A study by Barr et al. (2008) states a possibility that the

difference between losses among the girders may be due to differential magnitudes of creep and
shrinkage stresses.
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5.2.4 Total Prestress Loss

An examination ofhe total prestress loss digeelastic shortening and loftgrm lossess shown

in Figure5.11 The resultshow that the predictiafor BTE1 aresimilar to the experimentally
measured prestress ldssall methods except fdwo. The Lump $im approach specified irf"4

edition of AASHTO LRFD overestimates the loss whereasuinderestimated in AASHTO LRFD
Refined Methodusing measured properties. TRefined Methodproduces nearly the same
prestress losshenconsidering 37 strands account for theorrosioninstead of 3&trandsLump

Sum losses align with the experimental prestress loss in BTE1 but is highly conservative for the
all the other girdersThe Lump $m estimate of 45 ksi provided in AASHTO Standard
Specifications (1973) is a reasonable estimate for BRABEHTO Refined Metbd and Lump

Sum Method overestimated the lossesHDE2 in comparison to experimental loss. BTE2d a
concrete strength considerably higher than other specimens and nearly double the specified
concrete strength, so the conservative prediction of loss is expected because a higher strength
concrete will experience less lotgrm creep strains under tkame load as a lower strength
concrete. The opposite is true for BTE1, BTE3 and BTE4 which had comparatively lower concrete
strength (arranged in increasiogder of strengthfompared t@TE2. The study shows that the
prestress losses of girders can be different even if they are from the same span as in the case of
Bonner Bridgespecimensand theoretical loss predictions show changes in concrete strength can

contribute to this variatiarThe test to predicted (T/P) ratio of losses shown in Table 5.7

Table 57: Testto-predicted ratio of prestress lossgxredictions follow the code equations of

AASHTO LRFD)

Refined Method | Refined Method| Refined Method Lumo Sum
with Nominal consistentvith with Measured Lump Sum Methgd (4th
Exoerimental Material NCDOT Material Method Edition)
Girder )E[())ssl (ksi) Properties assumptions Properties
Prestress Prestress Prestress Prestress Prestress
Loss T/P Loss T/P Loss (ksi) T/P Loss T/P Loss T/P
(ksi) (ksi) (ksi) (ksi)
BTE1 45.1 0.98 1.00 41.3 1.09 1.00 0.88
BTE2 34.0 0.74 0.75 34.2 0.99 0.76 0.66
46.2 45.3 45 51.2
BTE3 354 0.77 0.78 38.3 0.92 0.79 0.69
BTE4 36.0 0.78 0.80 36.4 0.99 0.80 0.70
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The results show that tHEP ratiofor losses using measured material properties can be
better compared to losses obtained with nominal material properties. Predicted plastsssi
BTE2 and BTE4 have a test to predicted ratio of 0.99 and this shows for an undamaged girder,
predictions areeasonableHowever, for BTE1, using measured material properties gives a more
conservative estimate of the losgesomparison to the measured lossdth aT/P ratio of 1.09.
Although loss predictions using-8itu properties aneeasonableas explained previously, nominal
material properties should be used for loss calculatialesign or early in the life of the structure
TheLump Sum estimates, either frdhe current Edition (2020) or older edition such'&&dition
(2007), are in general conservative with T/P ranging from-0.@6 and 0.6®.88. The higher
upper bound ©T/P for these methods is due to accurate prediction of losses only for BTE1 which

had the corroded strand. It is only reasonable to use these methods for preliminary estimates.

5.2.5 Prestress Gain

There can be an elasfigaind due to deck weight, superimposed dead load and live load (Service
[l). The literature and a survey of the DOTSs indicates that some state agencies account for this
while othes do not. NCDOT considers elastic gaidue to deck weight and superimposed dead
load.Using theAASHTO LRFD Refined Methodhe predicted elastic gaudue to:

1) Deck weight and superimposed dead loa®l3® ksi
2) Live load (Service lll) is 5.43 ksi.

Figure5.12shows thepredictedfinal loss percentage both with and witheldastic gais
(with live load and without live load) as a percentage of the initial i@€shg stress before

transfer.

55



30.0

26.4 26.0 25.9

25.0 23. 22.9 22 d 23.6

214 21.0 20.9 20.9 ' 20.8

19. 195 19
20.0 17 18.

15.%

15.0

10.0

Final Prestress Loss (%)

5.0
0.0
AASHTO AASHTO NCDOT BTE1l-M (37 BTE2-M BTE3-M  BTE4-M
LRFD LRFD Assumptions Strands)
Refined Refined (37
strands)

ETotal Loss mWithout live load gains ®Without deck + live load gains

Figure 512: Prestress losses at service loads

5.3 Cracking Moment and First Tensile Stressof BTE Series

Having determined the loss of prestress for the BTE series gibdéinsexperimentally and
theoretically estimates of the first cracking momeand the moment to produce tension in the
bottom fibercan be made. The capacities ¢ater becompared to the live loads placed on the
girder by a rating truck such as the 8@ (AASHTO, 2019). This provides an estimate of the
factor of safety against either the occurrence of tensile stresses in the bottom fiber of the girder or
cracking in the gders while they areisedin service.As observed earlieRespons€000 can
accurately predict the flexural response of the BTE series and confidently assess the prestress loss
in the recovered girders. Therefore, Resp23@0 can also be religblsed to model the girder

with composite deck to predittefirst cracking moment and tensile stress in the bottom fiber of

in addition to the girder configurations received at the CFL. Additionally, using Respo@8e

the ultimate capacity of the girders including the composite concrete deck can be compared to

applied live loads to ascertain the factor of safety againsedaoee of the flexural capacity.

To determine the cracking moment and moment where first tension occurs in the bottom
fiber of the concrete for a givegirderand prestress loss, E2jis modified to Eg4 below. In Eq.
4 Per is determined by multiplying the total strand area by the strand stress which is determined
by subtracting the total losses from the initial jacking stiésis. the applied moment, ad is
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the dead load moment. The area and moment of inertia are transformed sectional properties

corresponding to the material properties of each girder.

. (4)

For the cracking moment predictions, an allowable tensile stress in the conegret® &
used as suggested by the prestressed concrete load rating equations provided in section 6B.5.3.3
of the AASHTO Manual for Bridge Evaluation (AASHTO, 2019). For the assessment of first
tension in the bottom fibed, in Eq. 4is set to zero. The applied moments to cause first cracking
and the onset of tension in the bottom fiber are calculated for each girder using three different
amounts ofprestress lossthe losses from AASHTO LRF[Refined Method using NCDOT
assumptions, the losses from AASHTO LRRHined Method with adjusted inputs suggested in
the AASHTO commentary, and finally, the losses measured from the laboratoryg t#fseach
specimen. Table 5i8elow shows the resulting capacities.

Table 58: Predicted girder applied moment for variquestress logs without deck.

First Cracking (kft) First Tensile Stress {k)
Specimen | AASHTO- AASHTO- Response AASHTO- AASHTO- Response
NCDOT Commentary 2000 NCDOT Commentary 2000
BTE1 1157 1149 1159 878 870 880
BTE2 1163 1155 1261 844 836 942
BTE3 1147 1139 1233 855 847 941
BTE4 1165 1157 1247 855 847 936

The first cracking values predicted with the appgiaaof Respons€000 in Table B are
lower than those found @hapter 4of this reportThese crackingnoments are determined at the
bottom fiber not at 1.75 inches above the drotfiber as is done in chapter®he first cacking
moment and the capacity at first tensile stresgredicted by both AABTO-NCDOT and
AASHTO-Commentaries are lowerompared to th&kespons€000 predictionsncorporating
laboratory measured prestress los3dse results show that AASHTO LRFRefined Method
modified with NCDOT assumptions better predict thetficgacking andfirst tensile stress
momentsof the BTE specimens in comparison to the AASHTO LRR&fined Methodusing

commentary suggestions.
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The same first cracking and first tensile stress moments were calculated for the girders with
the composite deckigure 5.13hows an example of the cressction inputo Respons000 to
compute the capacitiegth the composite concrete deck attached. The effective flange width for
the girders is taken as the tributary area of the girders, 96 in., in accordance with section 4.6.2.6 of
AASHTO LRFD Bridge Desig Specifications (2020) hle thickness of theleckis 7 in. to
represent the minimum design thickness of 7.25 in. noted on the construction drawings for the

Bonner Bridgdess 0.25 in. as a sacrificial wearing surface.

| 96.0 |

| | /s =0.800 in
[ . = . & . 2 o ¢ . | Za=27000n?

¥ .2

J 2x0.108 in
© Agp =5.05ms
3 #4 @ 18.00 in
\ | |36 x 0.108 in’
EH |Aep = 5.05 ms

Figure 513 Respons€000 section for BTE2 wittomposite deck at midspan.

The dead load considered for this analysis includes both cam@osl norcomposite
loadssuch as girder, deck, diaphragm, barrier @ild, haunch, wearing couras would exist in
the actual structure were included &restimation of the capacitylable 5.9shows the predicted
applied moment capacities for the four girders in the BTE series for the composite deck, girder

system.

Table 59: Predicted girder applied moment for variopiestress losss with composite deck.

First Cracking (kft) First Tensile Stress {k)
Specimen | AASHTO- AASHTO- Response2000 AASHTO- AASHTO- Response
NCDOT Commentary NCDOT Commentary 2000
BTE1 1311 1299 1313 866 854 868
BTE2 1303 1292 1445 794 783 936
BTE3 1294 1282 1420 827 816 953
BTE4 1350 1338 1470 848 836 968
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Both Table 5.8 and 5.Bhdicate that the first cracking and first tensile stress moments
predicted using the losses calculated by the AASHTO LR¥efined Methodconsistentwith
NCDOT assumptions are lower than the capacities predicted Beagons€000 that used
laboratory measurddsses. For BTE1, the predictions using NCDOT commentsimikarto the
capacity giverby Respons@000. But for other BTE series specimens, whichnit contairany
corroded strands, the predictedpacity from Respons€000 arehigher. The first cracking
moment increasby 6-8% and the firsttensile stress capacities are higher b4286. Thus, for
girders with and without the effect of corrosion, current codes and practices can predict the

capacity reasonably well.

To provide additional@ntex for the moments listeith Table 5.8 and Table 5.8 can be
compared to the live load moment per wheel line for a design truck. Appendix C6B of AASHTO
Manual for Bridge Evaluation (2019) shows the live load moments per wheel for various rating
trucks over various spanBor convenience, the chart is appended at the end of this report in
AppendixF. The span for th8onner Bridgegirders is 61 ft 2 inso it can be compared to tbe
ft span The controlling live load is the live load with impact tias appled by the H&0 truck.

This desigriruck produces a live load momenft512.2 kft. The ratio of the live load moment
due to shorterm loading for H&0 truck to the capacities of the girder without deck are listed in
Table 5.10 and Table 5.11. Botable 5.10and Table 5.11 shothat, accounting for selfeight,

the girders in the laboratofwithout a composite deckpan support this moment without incurring
cracking or tension in theoktom fiber of the concret&@he results show that the live load moment
is around 4€15% of the firstcracking capacity and around-68% of thefirst tensile stress

capacity.

Table 510: Live load moment to firstracking moment capacity ratio for HX® loading on

girders without deck for different loss quantit{®./Cr 1 Live Load Moment/ Capacity up to

tensile stressf 'p

AASHTO-NCDOT AASHTO-Commentary Respons€000
Girder
First Cracking (kft) | *M/Cy | First Cracking (kft) | M//Cy | First Cracking (kft) | M//Cy
BTE1 1157 0.44 1149 0.45 1159 0.44
BTEZ2 1163 0.44 1155 0.44 1261 0.41
BTE3 1147 0.45 1139 0.45 1233 0.42
BTE4 1165 0.44 1157 0.44 1247 0.41
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Table 511: Live load moment to concrete capacity up to first tensile stress ratio f@0HS

loading on girders without deck for different loss quantifis/Co 1 Live Load Moment/

Capacity up to zero tensile stress)

AASHTO-NCDOT AASHTO-Commentary Respons&€000
Girder First Tensile Stress First Tensile Stress First Tensile Stressg
(k-f0) ML/Co (k-ft) ML/Co (k-ft) ML/Co
BTE1 878 0.58 870 0.59 880 0.58
BTE2 844 0.61 836 0.61 942 0.54
BTE3 855 0.60 847 0.60 941 0.54
BTE4 855 0.60 847 0.60 936 0.55

Similar comparisons to the live load moment can be made considering the girder with
composite deckWith a composite dég results in Table 5.12and Table 5.13 shothat the live
load produced by the HZ0 with impact factors does not exceed the moment for first tension in
the bottom fiber of concretar the first cracking momenfipr each of the prestress loss quantities
when the composite concrete deck is included in the analyside 5.12shows theatio of live
load moment to the capacity of girder &hortterm loading for the H&0 live load with impact
factors if a tensile stress @f "Qis permitted in the compdsi girders, andable 5.13howsthe
ratio of live load moment to the capacity of girder due te28Sor shoriterm loading if no tensile
stress is penitted. The results in Table 5.12 and 5d®w that the girders have much greater
applied moment capacity than the demand placed on the structure by-#terbthg truck.The
live load moment is around 3®% of the first cracking capacity and-63% of the first tensile
stress capacity of the girder with composite délke that all demand to capacity ratios provided
in this sectionutilize unfactored loads and strength reduction factors have been set toAunity.
detailed discussion on the capacity of girder in terms of factored live loads can be found in the

load rating chapter of this report.
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Table 512: Live load moment to first cracking moment capacity ratio for28%oading on

girders with deck for different loss quantitidd./Ct1 Live Load Moment/ Capacity up to tensile

stress of l_p

AASHTO-NCDOT AASHTO-Commentary Laboratory Measured
. . . . . First
Specimen | First Cracking D/C First Cracking D/C Cracking (k D/C
(k-ft) (k-ft) )
BTE1 1312 0.39 1300 0.39 1280 0.40
BTE? 1303 0.39 1292 0.40 1445 0.35
BTE3 1294 0.40 1282 0.40 1417 0.36
BTE4 1347 0.38 1335 0.38 1406 0.36

Table 513: Live load moment to concrete capacity up to first tensile stress ratio f@0HS
loading on girders with deck for different loss quanti(ig./CO7 Live Load Moment/ Capacity
up to zero tensile stress)

AASHTO-NCDOT AASHTO-Commentary Respons€000
Specimen First Tensile First Tensile First Tensile
Stresgk-ft) M./Co Stress (Kft) M/Co Stress (Kft) M/Co
BTEL 866 0.59 854 0.60 868 0.59
BTE?2 794 0.64 783 0.65 936 0.55
BTE3 827 0.62 816 0.63 953 0.54
BTE4 848 0.60 836 0.61 968 0.53

The ultimate capacity of the girders with and without the composite concrete deck can also
be compared to the live load demand. Using the Resg@® models discussed in section 5.1
above, the ultimate capacity for the girders with the composite contaekecan be determined.
The predicted momerturvature response of the girders with conmgodeck is shown in Figure
5.14

While the failure mode of the girders in the laboratory was crushing of the top flange, the
capacity of the girders wittheir composite deck is governed hypture of prestressing steel
Ultimate capacity of membegoverned by rupture of prestressing steehinimally affected by

prestress losses. This is in contrast to members governed by crushing of the top flange where
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prestress loss and stredsain behavior of the concrete will affect the ultimate capacity. Lower
prestress Iss will create a larger tensile strabsit must be resisted by the top flange of the
concrete, and therefore, for members governed by concrete crushing, the ultimate capacity may be
lower if there is less prestress loss. Bahll4shows the predicted ultimate capacity of the girders

in the short term and the live load moment (5128 to flexural capacity ratio for the HZ0 live

load with immct factors. Note the ultimate capacitgyided in Table 5.1 the ultimatemoment
capacity accounting for selfeight.
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Figure 514: Predicted MomenCurvature Response of Composite Girdarck Systerasing

Respons000

Table 514: Ultimate applied moment capacity of the BTE series with composite concrete deck.

Specimen Mu (k-ft) Demand (kft) D/C
BTE1l 3838 0.133
BTE2 3966 0.129

512.2
BTE3 3964 0.129
BTE3 3962 0.129
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Table 5.14shows that all four of the girdehgveultimatemoment capacities that exceed
the live load demand of the HE truck. BTE1 has the highest DM&cause of corrosion of strand
at midspan, but the ratio of live load demand tguftal capacity for BTE1 is 0.133his suggests
thatthegirder still retains sufficient moment capacity. It is to be noted that for BTE1, the effect of
corrosion was more conservativatgluced by disregarding stramdhich leads to a lower ultimate
moment capacityThe girders recovered from tiBonner Bridgeall showed good performance
and maintain sufficient demand to capacity ratios even when no tensile stress is permitted in the
girders as required by the NCDOT. The residual capacity of the aged girders compares favorably
to the demands suggested in thald@aof live loads provided in appendix C6B of the AASHTO
Manud for Bridge Evaluation (2019).
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CHAPTER 617 LOAD RATING OF BRIDGES

In this chaptethe Bonner Bridgegirder data is used to conduct load ratoadculationsfor the
bridge girders using LRFR and LERaccordance with AASHTO LRFD and AASHT®andard
SpecificationsAppendix G provides additional context and bridge load rating calculations

6.1 Background and Approaches

Bridge load rating is done on a girdergirder basis. The material properties previously
determined underlines that each girder is uniquellmg@restress losses vaajthough they were

from the same sparthe girders were instrumented durirflgxural testingto determinethe
effective prestressing force, prestress lasacking moment, first tensile stress capacity and
ultimate flexural capacityl he tests were conducted without a composite deck. However, with the
results, the capacity of structure (girder with composite deck) can be reliably estimated using
Respons€000 as discussed earlier. The flexural capacity of the structure was also rkdermi
following AASHTO LRFD and AASHTO Standard Specificatiansaddition to prestress losses
obtained in Chapter 5. Using estimates of strength and stresses from AASHTOspoadRe

2000, rating factors can loketermined for each girder (along with composite ddRadingfactors

for the girder without deck can also be determined using simply the experimental values and this

can later be used to compare to the state of girder at those capacities.

The girdes were load rated under both LRFR and LFR rating mefioel main difference
in the methods arisés the strengths and stress estimatad for calculating rating factotdnder

the LRFR rating method, four approaches are discussed. These approaches are as follows

1) The use of nominal material properties and finding prestress losses, strength and stresses
according to the provisions of AASHTO LRFD.

2) The use of measured material properties and finding prestress losses, strength and stresses
according to the provisions of AASHTO LRFD.

3) The use of measured material prdj@s; and modelling in Responr2600 to find prestress

loss estimates, flexural resistance and stresses.
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4) The use of measured material properties and experimental data from flexural testing of the
girders. It is noted that although the entire composite gitdek system was considered

but the flexural resistance was limited to the peak moment obserflegural test.

The raing factors areliscussed in the subsequent section.

6.2 LRFR and LFR Rating for BTE Series

The rating factors under LRFR and LFR rating roetlre listed imable 6.1 The rating factors

in this section consider the nominal material properties for prestress loss and capacity estimates.
Under the LRFR method, thredfdrent limit states are usedr&ngth | (Inventory and Operating),
Service Il and Service | limit states. LFR methoges notmention any limit states, rather
inventory and operating ratingere obtained from the factored load method and only inventory
ratings from the allowable stress method. The code specifies an allowable tensile giré€s of

but since different state authorities have a policy of zero tensile stress, rating factors were
compared for allowable stressespf Qo "Q ¢ ¢ ®in both LRFR and LFR method as shown

in Table 6.1.

Table 61: Rating using nhominal material properties.

LRFR Rating Factors

Strength | Strength | Service Il Service Il Service Il (HL- Service |
Inventory Operating (HL-93) (HL-93) 93) (Zero tensile (HL-93)
(HL-93) (HL-93) (68f" (348f" stress)
AASHTO
LRED 1.82 2.36 1.12 0.90 0.67 2.45
AASHTO
LRFD with
NCDOT 1.82 2.36 1.14 0.91 0.69 2.45
lossess
LFD Rating Factors Allowable Stress Rating Factors
. Inventory Inventory
Inventory Operating (641" (34f" Inventory (0)
AASHTO
Standard 1.55 2.59 1.38 1.13 0.89

Theoretical prestress losses in the AASHTO LRFD Refined Method and using NCDOT
assumptions are similar. As a result, the rating factors are close. In both the misthodsng

factor falls below 1 if only zero tensile stress is permitted under the Service Ill conditions and
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would require the bridge to be postddhe inventory rating factors ategherunder Strength |

limit state of LRFRin comparison to LFRFor all other cases, the LRFR rating factors wre lower
than LFR rating factors. Howevaetjs unlikely to comparéetweerLRFR and LFRrating factors

due tothe different set of assumptions and load factd@@fien and Aswad (1996) found that the
LRFD code distribution factors can be uneconomically conservative for bridges with large span
to-depth ratios. Livdoad distribution factors in the current LRFD standard are obtained from a
parametric study by Zokaid al. (1991b) which considered variations imdgr spacing, girder
stiffness, span length, skew and slab stiffness

Under the Service Il limit state, the differences between the rating factor decreases as the
allowable stress value reducéme of the reasons for this is th&®FR has an additional live load
distribution factor of 0.8 which tends to reduce the effect of live load but increases the rating factor.
This reduction results in lower calculated ténsitresses in the girders theyeinfluencing the

rating factor

6.3 LRFR Rating of BTE Series

According to he Manual for Bridge Egineering (MBE)guidelines, it is assumed tHaidges that

have a rating factor greater than 1 (design load cladkk Inventory level wilhave satisfactory

load rating for all legal loads that fall within the LRFD exclusion linmitss also assumed that
bridges may not rate (RF<1) for all state legal loagcifically those vehicles significantly
heavier than the AASHTO trucks, even if they have adequate capacity 188 ldt.the operating

level. However, according to the specifications of MBE, the bridge havnatjng factor greater

than 1 is assumed to sufficient capacity for AASHTO legal loads. The rating factors for each girder
under the LRFR rating method calculated with strength and stress estimates from AASHTO,
Respons€000 and experimental results astdd in Table 6.2, 6.3, 6.4 and 6.5

BTEL incurred the most prestress loss because of the corroded strand. Since there was a
corroded strand, the condition factor in LRFR rating was selected to be 0.95. Results in Table 6.2
showBTE1 did notmeet the allowable stress criteriacf ™Q or zero tensile stress as the rating

factor was less than 1. For BTE1, the rating factor for strength and serviceability states indicate

that Respons2000 with measured properties is less conservative than estimates with nominal
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properties. It should be noted that the experimental rating factoexeeted to béess than the
theoretical estimates as the flexural capacity of the gwithout the composite deck ised. The
experimental rating factors under Strength |, both inventory and operating, are greater than 1 for
BTE1 which was tested to flexural failure. This shows that BTE1 have sufficient load carrying

capacity for operating live load and maximum perihisdive load to which the structure may be

Table 62: BTEL LRFR rating factors in accordance with AASHTO LRFD provisions.

Assumptions Strength |- Strength 4 Service llI Service lll Service llI Service |
Inventory Operating (64f" (34f" (0 &ch

Using Nominal

Properties & Refined 1.82 2.36 1.12 0.90 0.67 2.45

Loss

Using Measured

Properties & Refined 1.74 2.25 1.23 0.97 0.71 5.12

Loss

Response€000 with 1.86 241 1.22 0.96 0.70 5.12

Measured Properties

Experimental 1.24 1.61 1.18 0.92 0.66 5.12

Table 63: BTE2 LRFR rating factors in accordance with AASHTO LRFD provisions.
Assumptions Strength | | Strength | Service llI Service lll Service llI Service |
Inventory Operating (68f" (3a8f" (0 &cF

Using Nominal

Properties & Refined 1.82 2.36 1.12 0.90 0.67 2.45

Loss

Using Measured

Properties & Refined 1.93 2.51 1.48 1.17 0.86 5.61

Loss

Respons@000 with 2.01 2.61 1.49 1.18 0.87 5.61

Measured Properties

Experimental 1.25 1.62 1.49 1.18 0.87 5.61

Table 64: BTE3 LRFR rating factors in accordance with AASHTO LRFD provisions.
Assumptions Strength Strength 4 Service Il Service Il Service llI Service |
Inventory Operating (6g4f" (34f" (0 &cF '

Using Nominal

Properties & 1.82 2.36 1.12 0.90 0.67 2.45

Refined Loss

Using Measured

Properties & 1.93 2.50 1.42 1.14 0.87 4.83

Refined Loss

Respons&€000

with Measured 2.02 2.62 1.42 1.14 0.87 4.83

Properties

Experimental 1.14 1.48 1.42 1.14 0.87 4.83
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Table 65: BTE4 LRFR rating factors in accordance with AASHTO LRFD provisions

Assumptions Strength |- Strength 4 Service lll Service llI Service llI Service |
Inventory Operating (6gf" (34f" (0 &
Using Nominal
Properties & 1.82 2.36 1.12 0.90 0.67 2.45
Refined Loss
Using Measured
Properties & 1.92 2.49 1.42 1.13 0.84 4.67
Refined Loss
Respons&€000
with Measured 2.01 2.61 1.42 1.13 0.84 4.67
Properties
Experimental 1.19 1.55 1.43 1.14 0.85 4.67

subjected, even without the consideration of the nominal resistance of compositedgaider
system.At service limit states, where allowable tensile stresses are used to to calculate rating
factors, the theoretical and experimental rating factors are compakaBlervice llimit state, the

experimental rating factor is greater thaevkén without considering the composite deck system.

Prestress losses in BTE24.0 ksi) BTE3(35.4 ksi)and BTE4(36.0 ksi)were lowerthan
BTE1 (45.1 ksi).The capacity of the gilers BTE2, BTE3 and BTE4t the end of their service
life aresimilar since the prestress losses are comparable, and adtathestating factors are
nearly the samd-or thesethreegirders, the rating factorsalculated from strength and stress
predictions usingneasured propertigboth AASHTO LRFDRefined Method and Resporse
2000) are greater than that obtained with nominal properiiée difference stems from the
prediction of a much higher prestressd (46.2 ksi) in comparison to experimental losses in the
AASHTO LRFD Refined Methoavith nominal propertiesThe rating factors of all the girders are
greater thar for all limit states except for the zero tensile stress under Service Il conditions and
when using nominal material properties with an allowable stress™afin Service Il limit state.
Although the girders do nateet the zero tensile stress limBI E2, BTE3 and BTEA4till satisfies
the allowable streswiteriaof o "Q under Service Il limit state when determined experimentally,
or using measured properties in AASHTO LRFD Refined Method or Res0@€e This
indicates the existing code provisions are conservalilie. experimental rating factors under
Strength [, both inventory and operajj are greater than 1 for BTEHZTE3 and BTE4This shows
these aged girders have sufficient load carrying capatityperating live loadnd maximum
permissible live load to which the structure may be subjeeteshwithout the caosideration of

the nominal resistance of composite girdeck systemThe experimental rating factors under
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service conditions are veryode to the rating factors calculated using strepsedicted by
Respons&000.

The Rating Factor (RF) obtaineabovemay be used to determine the safe load capatity o
the bridge in tonsThe capacity of the girde from the results of Respor2800 with LRFD
Strength | operating and Service Il inventory (allowable tensile stresses af botland 0) are

shown in Figure 6.1
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Figure 61: Rating capacity of Bonner Bridge girders.

The capacity of BTEin both strength and service limit statethis lowestamong the four
girders testedsit hada corroded strandnd ahigher prestress los$he capacity of the girders
BTE2, BTE3 and BTE4 on averagere52.3 tons in StrengthOperating, 29.3 tons in Service
Il (6& fc) @nd 17.1 tons in Service Il §0f).0Under Service Ill conditions with no tensile stress
permittedat the bottom of girdethe capacities of the all the BTE series girders fall below the 20
tons. Therefore, at this limit statesultsindicate no girdersatisfy the serviceability criter@due
to the passage of a H23 design truckAccording to the provision of AASHTOhe lowest rating
factor calculated aomg applicable limistategdeterminsthe controlling rating factoin the BTE
series, BTE1 had the lowest rating fachmid capacityat Service Il limit state where only zero

tensile stress is permitted. Therefdhe study indicates rating factor of BTE1 governs.
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6.4 State of Girder at Rating Capacity

The flexural testing of the BTE series gives a unique opportunity to assesh#wior of member

in shortterm heavy loading at the enditsfservice life. As mentioned earlier, cracks were marked
andphotographed at different load stages during flexural testing of the girder which shows the
state of girder under those loading conditieigure 6.2shows the obseed cracks at a load stage

of 150 kips of actuator load1898 kft accounting for selfveight) and the failure of BTEL in

flexureat a moment of 2831-k. It is possible to show thgirder conditiorat this two stages and

their corresponding location on the moment curvature response.

() (b)

Figure 62: Condition of BTE1 at 150 kips of Actuator Load (corresponding to 1898 k
accounting for selfveight) (c) Failure of BTE1 at Ultimate Capacity (283ft)k

Respons€000 can accurately predict the response of the aged prestressed girders along
with estimates of cracking moment, first tensile stress moment, flexural capacity. The predicted
momentcurvature response &TEL is shown inFigure 6.3, marked with predicted capacities

under various methods and experimental capacity.
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Figure 63: Predicted momerturvature response of BTE1 given by Resp@ig)

Rating factors for serviceability chexkrecalculated using allowable stressha cracking
moment (@ fc) @nd first tensile stress capac({§a f.).0From Figure6.3, it is observed that the
ultimate flexural capacity is 1.83 times the cracking momenta@l times the crack reopening
moment. The LRFR rating factor for BTE1 calculated at Service Il limit state with zero tensile
stress permitted at the bottoitdr of girder is less than 1. According to the guidelines of AASHTO
and MBE the bridge doesotsatisfy the limit However, at a permitted tensile stress@ff§ the
LRFR rating factor igreater than 1 indicating the bridge does not require posting. Theréfore, i
the bridgs are allowed a tensile stre¥sp "Q where the moment is around 55% of its ultimate
capacity the design life could be extended (even if only the limit is extended near the end of their
service life).However if a tensilestress of & f.axcurs, it could also lead to new cracks opening.

This could lead to accelerated corrosion and therefore the bridge should be monitored accordingly.

Similar observations can be made for other girders of BTE series. Since BTE2, BTES,

BTE4 had similar prestresses losses, and essentially comparable response, calculations are only
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shown for BTE2Figure6.4 shows the observed cracks at load stage of 120 kips (corresponding
to a moment o578 kft accounting for selfveight) and the failure of BTEZ2 in flexure (28690 k
ft accounting for selfveight).

(@) (b)

Figure 64: Condition of BTE2 at 120 kips #ictuator Load (corresponding to 1578tk
accounting for selveight) (c) Failure of BTE1 at Ultimate Capacity (283ft)k

The predicted momesdurvature response of BTER shown inFigure6.5, marked with
predicted capacities under various noethand experimental capacity. From Figure 6.5, it is
observed that the ultimate flexural capacity is 1.73 times the cracking moment and 2.24 times the
crack reopening moment. As observed in BTEL, the LRFR rating factor for BTE2 calculated at
Service Il limit state with zero tensile stress permitted at the bottom fiber of girder is less than 1.
According to the guidelines of AASHTO and MBE, the bridge does not satisfy the limit. However,
at a permitted tensile stress @ €, the LRFR rating factor is greatédvan 1 and the limit would
not be exceeded. Thereford, or near cracking stress where the moment is around 58% of its
ultimate capacitythe design life could be extended (even if only the limit is extended near the end
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of their service life)ln contrastan allowable tensile stress @ & aduld lead to cracks. This could

lead to accelerated corrosion and therefore the bridge should be monitored accordingly.
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Figure 65: Predicted momerturvature response of BTER&/en by Responsz00Q

73



CHAPTER 71 CONCLUSIONS AND RECOMMENDATION S

This chapter summarizes key observations, conclusions and recommenfilatiottseresearch

program that assessprestress losses in four girders recovered from the HerbBdrDer Bridge

after 56 years of servic&he girders were tested in flexure to deterntiver prestress losses and

capacitiesafter 56 years of service. The prestress loss results were compared to predictions from
Respons€000,the AASHTO LRFD Refined Methodandthe AASHTO Lump Sum Methodl'he

experimental strength measurements and associated stress estimates along with calculated

predictions of the behavior were used to infortloaal ratingcalculation forthe girders. Sheaests

of several girders near their ends were also condu&elbw is a summary of the general

conclusions, subdivided into segments for convenience:

7.1

1.

Material Properties and General Outcomes

Although all girders had the same destgmcrete strength of 5000 psbncrete strengths
varied largelyat the end of service life, as judged by cores that indicated a range of concrete
compressive strengths frodi50 psifor BTE1 to 9080 psior BTE2.

. Thesteelstrands all had a similaitimate strength of 2I7ksi andamodulus of elasticityf

28000 ksi, as determined from tension tests conducted on strand samples removed from

undamaged areas of the girders after testing

3. Camber measurements were taken after delivering the salvaged girders to the laboratory.
BTE1 hada maximumcamberof 1-7/8in. at the midspan.

Experimental results showed thgitdersBTE2, BTE3 and BTE4 had similalevels of

prestress losswhile BTE1 had a significantly higher loss of prestress which can be

attributed toa fully corroded strand near midspan. Exg@erimentallymeasured prestress

losses are 44 ksi, 33.6 ksi, 3&sl, 35.5 ksi of BTE1, BTE2, BTE3 and BTE4 respectively.

On average, the predicted elastic shortening losses is 27.8%, 36.9%, 35.5% and 34.9% of

the measured prestress loss in BTE1, BTE2, BTE3 and BTE4 respeciliielyesults

indicate the amount of prestress loss that occur early in the service life of a prestressed

concrete member in comparison to the total prestress loss that might occur in the entire

service life of the structure.
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6. The momenturvature responsgelative curvaturepf BTE2, BTE3 and BTE4 are very
similar. BTE1 had a similar preracked stiffness but laigher prestress logmduced by
corrosior) anda lower concrete strengtthat resultedin BTE1 havinga reduced cracked
stiffness.The tansition from precrackedstiffness tocrackedstiffness also occurred at a
lower appliedmoment for BTEL.

7. Duringflexural testing, BTE1 and BTEZ2 failed by crushing of the top flange in compression.
BTE1 and BTEZ2 had a flexural capacity of 283ft knd 2860 kt, respectively, including
selfweight. BTE3 and BTE4 were not tested to failuneorder to preserve their ends for
subsequent shear testingeak load reachedfor BTE3 and BTE4 indicated flexural
capacities of at lea®699 kft and 2698 Kt respectively.

8. Condition assessment revealed concrete spalls in the vicinity of corroded strands. Corrosion
of the strands appears to be the most common types of deterioration that occurs over the
lifespan of these types of members. BTE2, BTE3, and BTE4 had multipls, spahirs,
and sections of exposed strand, but this level of damage did not appear to affect the
measured losses for this series of tests. The more significant corrosion damage in BTE1 did
increase the measured prestress losses.

9. A detailed method for estimating prestiagdosssin prestressed girder bridges has been
proposed In a laboratory destructive tesf the girderswith DIC instrumentationthis
requires identifyinghe first instance of cracking anthe crack reopening moment using
two virtual extensometers, one placed on the crack and anp#oedin parallel at same
depth but away from the ctacResultscan be confirmed visuallifom DIC strain maps.

10.The shear capacitied the end regions of BTE3 and BTE4 were determinetebingto
failure in three point loadindthreetests total, one at each end@ijvo shear failures were
achieved, with the maximum actuator capacégched prior to failinghe South end of
BTES3. Theappliedpeak shear and associatadmentat peakapplied load wer@76 kips
and 2447 k-ft, respectively The shear capacity of BTHSorth and BTE4 South, tested
outsidethe widened end regiphad a shear capidy of 287 kips and 274igs, respectively
The correspondingssociategnomens were 258%-ft and 2394 kit for BTE3 North and
BTE4 South respectivelyfhe maximum crack widthobserved athe peakappliedloads
were 1.80 mm, 2.00 mpand 2.50 mm for BTE3 North, BTE3 Sou#ind BTE4 South
respectively. Allfailures atthe ends of the girdewere brittle in nature.
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7.2 Modelling with Response2000

1.

Respons&000 is an accurate tool for assessing the behavior of aged infrastructure like the
girders recovered from tHgonner Bridge The predicted flexural capacity of the girders
given by Respons2000 are: 2815-k for BTE1, 2860 kft for BTE2, 2760 kit for BTE3

and 2780 it for BTE4 with atestto-predicted ratio ranging from 0.97 to 1.0he mean
andcoefficient of variatiorof the pedictions are 2804-& and 16% respectivey.

Using the stresstrain response of the concrete from measured material properties, and the
stressstrain response of the prestressing strand determined from tension testfadure
modes of BTE1 and BTE2 were correctly predicted Rgspons€000 as top fiber
crushing matching the modesbserved in the experiment

The layered sectional analysis software Resp@06€ is able to predict the moment
curvature response of the tested girdditse transition of stiffnesgrom uncracked to
cracked sectiobehavioris accurately captured

Respons€00Q with the incorporation of experimental results such as average strand
stress, cracking momeimindcrack reopening moment at the bottom fibethefgirder,can

be used tgredict the prstress losses ithe girders. Te loss estimates aré4.3 ksifor

BTE1, 34.0 ksifor BTE2, 35.4 ksifor BTE3and 36.0 ksfor BTE4.

Respons€000wasused to model the girder withdeck and these models shdahatthe
capacity of the girdedeck composite system is governed by steel yielding.

A sensitivity analysishows the experimental behaviswell withinthe predictions from
Respons€000when the prestress losses are varieti2bpb6. Since the moment curvature
behavioris somewhat sensitive to the losses, this corroborates that the predicted losses are
correctly captured

Although only one corroetl strand was visible for BTEL, it is likely thsgveralstrands

near the bottom may have bedfected by corrosioiRespons€000showsthat ifa higher
prestress losen the individual strands near the bottash this sectionis considered
compared to the losxcurringin the strands aboythenthe generated momeatirvature
behavioraligns more precisely with the experimental resultse modelwith variable
losses better captures the behawiod better reflects the condition of the girder vaittty

specific bottom strands affectegl corrosion
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7.3 Evaluation of Prestress Loss undeAASHTO LRFD

1. The AASHTO LRFD Refined Methodusesnominal material propertieand gives a
conservative estimate of pressdoss (except for BTEI) comparison to the measured
prestress lossyith test to predicted rats(T/P) for the tested girdensinging from 0.74
0.78. A similar range of T/P ratios (0.76.80) areobserved when usinthe AASHTO
LRFD Refined Methoaonsistentvith NCDOT assumption&xcept for BTE1However,
the AASHTO LRFD Refined Methodising measured material propertggge reasonable
T/P ratiosbetween 0.92 antl.09 for all girders. The AASHTO LRFD Lump Sum Method
specified in the current edition'{Edition, 2020) give conservative estimates for BTE2,
BTES3, and BTE4 with T/Pratios ranging from 0.76 an@l80 whereas the Lump Sum
equation from older editions of AASHTO LRFD"{&dition, 2009) have a T/ftio rang
of 0.660.70 for these three girders. The results indi¢thgeolder equations are very
conservative. Since the prestress loss was much higher il Bompaed to other
specimens in the BTE series, alethods gave a reasonable estimate of prestressloss
this specimenvith T/P ratic between 0.88 and..09.

2. The prestress loggediction formulas used by current AASHT®FD Specifications do
not account for the variability in material properties such as concrete strength, unit weight,
and modulus of elasticity at the end of service life. A l@gktrengh concrete will
experience lowedongterm creep strains under the same la@atnpared to similar
members withower strength concreseGenerally, in designin-situ properties shouldot
be used forestimatinglosses Specifically, specified concrete strengstsould be used
rather than measured strengths beyond the specified strengtlegairements. The
traditional assumption is that the increase in concrete strength that occurs over the life of
the structure will approximately correspond to the reduction in strength that the members
will experience as a result of slow loading event®réfore, it is not recommended to use
measured concrete strengths in design or early in the life of the member to predict long
term effects or strength limit state calculatiddswever this study explorgthe use ofn-
situ propertiesor service limit $ate calculations conducted for structures near the end of
their service life.The use of experimentally measured properties in the code equations

significantly improves the predicted losdesthe girders studied
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7.4 Experimental Results and Load Rating

1. Atthe zero tensile stress limit, both the LRFR BR® ratinggor girders inthe BTE series
are less than.1

2. The LRFR rating factors calculated usipgestress losses fromhe AASHTO LRFD
Refined Methodvith nominal material propertiethe AASHTO LRFD Refined Method
consistentwith NCDOT assumptionsand Respons@000 show that all girders satisfy
Strength | (both inventory and operating) and Service Il limit state (for an allowable stress
of 6 &c) criteria.The LRFR rating factorexceedl.O for all assumptionsThe girders are
governed by the Service Il limit state, specifically BTE1 as it sustained the highest
prestress losdue tocorrosion

3. If the allowable stress criteria is limited to zero tensile stressl.R#eR rating factors
calculated using prestress losses from the three methods st&eckom 7.3fall below
1.0. The LRFR rating factors range between 0.67 and 0.71 for BTE1, 0.6Y.&htbr
BTE2 and BTE3and 0.67 an0.84 for BTEA4.

4. Experimental rating factor§following the LRFR rating method}hat considers only
strength and stress of the girder testadd disregarding the capacity provided &y
composite deckstill yield rating factors greater than These factors are calculateader
the Strength llimit state for inventoryand operatingimits, with a condition factor of 0.95
applied for girders with corrosion and 1.00 for gisdeithoutvisible corrosion Thisresult
shows the girderstill had sufficient safe load carrying capacity terms of flexural
resistancat the time they were removed from servisecracking loads undeheService
[l limit state, the experimentahting factors range from 1.18 049 well abovel.O.
However, under Service Il limit statewjth only zero tensile stresspgrmitted, rating
factors fall largely below .D with a0.66 for BTE1, 0.87 for BTEZ).87 for BTE3, and
0.85for BTE4, respectively.

7.5 Recommendations

1. The AASHTO LRFD Refined Estimate is a detailed approach towards measuring various
prestress loss componentdsing measured material propert@stained either through

nondestructive testing techniques or extraction of cdesstimate prestress losses near
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the end of the service life of bridge girdags/es resultsthat more closely match
experimentally determined values

. Respons€000 can be used to model aged prestressed concrete .ghtsléing study has
shown he experimental behavior agrees reasonably well twéhpredicted behavior.
Response€2000 camalsobe used to gedict the response girders with compositedecks
using experimental results from the flexural testing of girder with no dedkr a variety

of loading conditions

. In some caseprestressed concrete girdensly meethe Strength [both inventory and
operating)criteria undelLRFR rating. However, the girders dot meet the Service Il
limit state if only zero tensile stress is allowed. The stresses and strengthghieom
AASHTO LRFD Refined Method with nominal material propertibg AASHTO LRFD
Refined Method with measured material properties and Res{2®@ewith measured
material propertieareused to infornthis recommendatio.he studyshowedheultimate
capacityof the tested girders was24-2.43 times the capacity at thtate of zero tensile
stressand 1.731.83 times the capacity te state ot r a ¢ k i ntensilé¢ drégs The
results indicatéhat55-58% of the flexural capacitysiutilized at crackingl' he benefits of
all owi ng str easé abupderservicelimB sateg, even if only at the end
of the life of structure, are that tiepartmentan avoid load posting these aged bridges
and can extendthe service life jusenough to allocate resources accordingflys also
important to monitor the service stresses in bridge regularly after such an alloAance.
all owable tensile str es 3hiseduld |6al ftobaccelasated | d |

corrosion and therefore the bridge should be monitored accordingly.
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