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SYNOPSIS

The design of prestressed concrete members igctedtby the requirement that
the extreme compressive fiber stress at midspaesisehan 60% of the concrete
compressive strength at release of prestressihg.piirported purpose of this
limit is to address serviceability performance, ibyilaces unnecessary limits on
the capability of the materials. For this resegnaigram, six prestressed girders
were produced with high-strength self-consolidatogcrete (HS-SCC) and
subjected to elevated compressive fiber stres¢slemaging between 65% and
84% of initial concrete compressive strength atasé of prestressing. Time
dependent concrete surface strains were measuregdaimechanical strain gage,
with a focus on drying creep behavior and its refeghip to prestress losses. This
work demonstrates that current AASHTO LRFD lossifmtgon methods
developed for high-strength concrete overestinagsds on the order of 18%,
whereas older methods developed for normal strecmtbrete produced more
accurate results. Based on these results andetttEmce, the authors suggest
increasing the allowable compressive stress litrding location to at least 70% of

the initial concrete compressive strength at reledgrestressing.

KEYWORDS: self-consolidating concrete, high-strength corgrptestressed concrete,

allowable release stresses, prestress transfeylosodf elasticity.
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INTRODUCTION

The possibility of increasing the allowable comgres stresses at release of prestressing has
recently garnered significant interest. Stresgdirmare imposed to ensure adequate serviceability
performance and to prevent premature failure obnas. As engineers continue to push the
envelope on span length and girder spacing to eedosts, bridge girders are subjected to
increasingly higher levels of stress under seribading. Increasing the allowable limits at
release of prestressing would increase the amdwstéel a given section can contain and reduce
or eliminate the need for draping or debondingt@frgls resulting in improved plant safety.
Further, this would allow faster turnaround forqast plants since prestressing could be released
at lower concrete strengths. In addition, an iasieg number of precast plants would like to
reap the benefits of self-consolidating concrete@} but they are reluctant to use this material
because its behavior and its use has been rathigzdiin prestressing applications. Therefore,
this investigation studied the prestress loss behand structural performance of prestressed
concrete girders produced with high-strength seifsolidating concrete (HS-SCC) subjected to

elevated compressive fiber stresses at releasestressing.

High-Strength Self-Consolidating Concrete (HS-SCC)

High-Strength Concrete (HSC) is now widely accefitedhe prestressed/precast concrete
industry. It has many advantages, including redunaterial requirements resulting from the
use of more compact sections. It also permitsdoggder spans and increased girder spacing,
thereby reducing material and total bridge co&scently, SCC has gained wider acceptance
due its performance characteristics in the freatestt can eliminate the need for vibration,
which reduces fabrication time and labor costs,itihds a reduced potential for segregation,
voids, and surface defects. Due to these advasit&§xC is used increasingly in the precast
industry since numerous studies have examinedathanical properties for use in precast

members.

With mix proportioning and the availability of neadmixtures that increase the flowability, SCC
can eliminate the need for vibration. Although tiesh properties of SCC are beneficial, the

effect on hardened properties can be detrimentde®&ch has indicated that SCC has reduced
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modulus of elasticity (MOE) values compared to @rtional normal-strength or high-strength
concrete§”. This reduced MOE can be attributed to the losearse aggregate contents often
specified to obtain the required rheological chemastics of SCE&. It is common for HSC mixes
to use significantly more course aggregate than BO@s, resulting in higher MOE levafs’.

For prestressed concrete girders, the MOE hasdisant impact on serviceability
performance. Thus the use of SCC for longer mesnimaty require higher levels of prestressing
force to address serviceability. Schindler étstdied a large range of SCC mixes for use in
prestressed concrete applications. Their work destnated that the MOE at release age (18
hours) was lower for SCC than for the control miggiwith comparable compressive strengths,
but that later age MOE results were similar.

Structural testing of full scale SCC girders wadfgrened by Naito et &.to determine the
nominal strengths. These tests determined that @@€rs perform comparably to high early-
strength concrete (HESC) girders produced withlammaterials. The report noted that material
properties of SCC outperformed current industrpnemendatiorfs but these conclusions
applied only to the specific mix used in that pobjend further testing of other SCC mixes is
needed. Erkmen et 3imeasured the time-dependant behavior of an SC&ressed girder and
compared it to a conventional concrete girder. Tioemd that the mechanical properties and
prestress loss performance were comparable amergjrtters. Current prediction equations for
MOE, transfer length, and prestress losses prodsaisfactory results for both conventional
concrete and SCC girders. Zia ef ekperienced less favorable rheological behaviar wial
SCC, but they observed similar material performanfc@CC and conventional concrete. They
tested full-scale girders up to the design serdads in flexure and found acceptable elastic
behavior and full recovery after unloading.

Allowable Stress Limits

Currently, AASHTO LRFD Bridge Design Specificatid(isereafter calledASHTO LRFIp
Article 5.9.4.1.1 limits the extreme fiber strescompression to 60% of the concrete
compressive strength (0.0 immediately after prestress transf&Cl 318-08 Building Code
Requirements for Structural Concréténereafter calledhCl 318 Section 18.4.1 limits the

extreme fiber stress in compression at midspangfg’' Obut it has been updated since the 2005
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code cycle to permit Off at the ends of the member. TP€! Standard Design Practite
recognizes these limits but refers to a study bppdéunwijai et al? demonstrating that they are
conservative. The standard design practice stiag¢sit has been common practice to allow
compression up to 0.79." In addition to the compression limits, allowmalénsile stress limits
also exist for extreme tension fibers. The intd#rthese limits is to address serviceability, as
noted in theACI 318° commentary, by preventing excessive camber aridddiehs, and to
control or prevent cracking. Further, compressimits appear to serve as an indirect means to

ensure that crushing of concrete does not ocqnreatress transfer

In an open forum section of tIRCI Journal Huo and Tadrds attempt to evaluate the rationale
behind allowable compressive stress limits. Toaestrate the effect of the limits, they
analyzed a square cross-section subjected to ctircprestressing. Their analysis used both
linear elastic analysis and non-linear materialdv@r. The amount of prestressing was
gradually increased from 20 to 62 strands, andehelting concrete and steel stress and strain
were determined. The linear analysis resultedilnre at 45 strands, whereas the non-linear
analysis predicted failure at 62 strands. To remathin the limit (0.8"), the linear analysis
allows only 25 strands, and the non-linear analgtitsvs 26. Since this forum was only a
discussion, no recommendations were made regairtingasing the allowable stresses, but
reference was made to a 19961 Standard Design Practicgating that no problems have been
found with release stress up to G755

As an alternative to checking stress limits, Noppakijai et al*?presented a procedure based on
strength design. As opposed to analyzing the tstreaising the current working stress
approach, they analyzed the prestressed beamas@@stressed reinforced concrete column
subjected to axial compression and moment. Thesigth design method makes several
assumptions consistent with reinforced concremekections remain plane, concrete has no
tensile strength, the equivalent rectangular stokssk for concrete, and ultimate concrete
compressive strain is 0.003. With strength dedap] factors and strength reduction factors are
used to ensure safety. The authors rationalizeahee of the factors by comparing them to
other code specifications applicable to similaigiesituations. Maintaining strain compatibility

and stress equilibrium, the authors provide equattbat can be solved for several member
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properties. The main limitation of this methodhe rigorous procedure needed to solve the
equations. The authors attempt to eliminate #88e by demonstrating that a commercially
available computer program can determine a solutidmey provide an empirical equation to
determine the allowable compressive stress lintiiefengineer continues using working stress

design:
06+ |f! < 075f!
5h

wherey, = the distance from the neutral axis to the botliwer of the sectiorh) = the height of

the section, anfl;' = the compressive strength of concrete at relebpeestressing. Their
examples demonstrate that their approach can eltmihe need for draped or debonded strands
typically used to control fiber stresses. Thepalsow that the strength design approach
requires lower concrete strengths at release stigssing. To test the strength design approach,
they fabricated two inverted tee specimens witlt-caplace composite topping to measure the
creep losses due to increased fiber stressesreshis showed no negative impact of higher

compressive fiber stresses on camber development.

Another aspect of increased compressive fibersgees the effect they may have on prestress
losses. The force in the prestressing strandsdisced by losses associated with elastic
shortening, shrinkage, and creep of concrete, @ladation of steel. The losses that may be
affected by increased stresses within the cononetaber are elastic shortening and creep. To
explore the effect of increased fiber stresses 86 igirders, Hale and Russélineasured the
time-dependant prestress losses for 360 days amdl fthat equations recently included in the
AASHTO LRFBpredicted the losses to within 6%. Their resal$® supported an increase in

the allowable compressive stress limits to €;70

The camber performance of girders subjected toenifiber stresses is also of concern, since
excessive or differential camber can cause cortstiity problems. To measure time-
dependant camber development, Castro Etfabricated reduced scale specimens and subjected
them to elevated concrete stresses, both in cosipreand tension. The specimens were
representative of standard Texas U-beams, I-girde double-tee beams, and they had fiber
stresses ranging from 0#6to 0.9%. in compression. The results indicated that insireathe
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fiber stress level increases the camber, whichldhmeiexpected since the section is subjected to
increased axial load and moment. The higher relstiesses resulted in higher rates of camber
growth at early ages, which was underestimatedrégigtion methods. They also showed,

however, that long-term camber response was addead accurately predicted.

Prestress Loss Predictions

The design of prestressed concrete members reqacesate prediction of the force in the
prestressing strands, which is reduced over timgrbestress losses. Several methods are
available for prestress loss prediction, eachrfglinto one of three categories: total lump sum
estimates, rational approximate methods, and @etéiine-dependent analyses. Most of these
methods are presented in th&SHTO LRFB, thePrecast/Prestressed Concrete Institute (PCI)
Design Handbodk, and thePCl Bridge Design Manudi. Several methods representing each

of these three categories are presented here.

The AASHTO LRFDApproximate Estimates Method (Section 5.9.5.3) R@d Design
HandbookTotal Loss Method fall into the total lump sumiestte category. ThAASHTO
LRFD method uses a simple equation that results inwevak the total long-term prestress
losses. Th&CIl Design Handbooktates that total loss in prestressed membersamitje from
about 25 to 50 ksi (172 to 345 MPa) for normal vaeigpncrete members. Although these
methods provide a good benchmark, more refinedyseslimprove the accuracy of the

prediction.

The rational approximate methods determine theftass shrinkage, creep, and relaxation
separately. The methods falling into this categocjude theAASHTO LRFCRefined Estimates
(Section 5.9.5.4) and tHeCl Design Handbooknethod, which has been described by Zia et
al'”. Recently, changes have been made to the desigtiens used in th@ASHTO LRFD
based upon recommendations fromNMaional Cooperative Highway Research Program
(NCHRP) Report 496: Prestress Losses in Pretendibhigh-Strength Concrete Bridge
Girders'®. This project expanded previous design equatioascount for the difference in
material properties between normal strength coaaetl HSC. Another advantage of these

methods is the ability to use either the desigamaters from prediction equations or parameters
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measured on samples representative of the menibese parameters would typically include
the concrete strength, modulus of elasticity, wiienshrinkage strain, and ultimate creep

coefficient.

Detailed time-dependent analyses produce the noostate prediction of prestress losses, but
they are not commonly used in design due to theptexity of determining those losses. This
complexity stems from the need for specific matgmaperties and calculation of incremental
deformation history of the member. Some of thesthouds are presented and referenced in the
PCI Bridge Design Manudl.

Recently, several research projects have explteetbhg-term prestress losses, with many
attempting to quantify the effect of HSC and SCQlmse losses. The largest project was
summarized in theICHRP Report 498, and it prompted changes to tR&SHTO LRFD A

few other projects are presented here in greatailde

Erkmen et af. examined time-dependent prestress losses indaleSCC girders and found
similar results for both normal HSC and SCC girdérkey also found that tHeCl Design
HandbooKoss prediction methods produced results appraeina5% higher than measured
values, but they noted that the results were redderand consistent between conventional
concrete and SCC girders. Naito et abncluded that theCl Design Handbookethod
overestimated the prestress losses in both SCEI&adgirders. At 28 days the effective
prestress was 16% higher in the SCC girder and Hig#er in the HSC girder than the PCI
estimates. Hale and Rus$é#tudied the prestress loss behavior of girderjestdd to
increased fiber stresses. They concluded thahttieedition of theAASHTO LRFD
overestimated the prestress losses by roughly 5086y found that thelCHRP Report 498
equations predicted the losses to within an aven&§@o. Their results also supported an

increase in the allowable compressive stress @ .7

Concrete Subjected to High Compressive Stresses
When the allowable stresses are exceeded, consmibjected to higher sustained compressive

stresses that may result in microcracking or irsedareep. Pahtinvestigated the effect of
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sustained compressive stresses greater thafOoB0the compressive strength and MOE of
HSC. At 1 day, concrete cylinders were loadedniaxial compression to stress levels of 60,

70, and 80% of the 1-day compressive strength. |Jdms were sustained until testing at 7, 28,
63, 90, or 180-days. During this time, creep dmthkage measurements were taken to evaluate
the creep performance under high sustained stre§&silts indicated that sustained stress of
0.60 to 0.7€; had no adverse effect on compressive strengthiwlouspecimens loaded to

0.8 did fail prematurely. Pang speculated that ehskgcentricity caused the failure of those
specimens. The sustained stresses also incrdes®&OE of the specimens. Creep of sustained

load specimens was acceptable and comparabledp atdower stress levels.

In another study on sustained load strength, Irizat MacGregd? found that HSC performed
well under sustained stress levels over 70% oatleeage 56-day compressive strength. They
found that as the compressive strength increaBedsustained load strength (i.e., the amount of
sustained load that does not cause failure,) iseatas well. They also found that loading the
cylinder eccentrically, but within the elastic kefarther increases the sustained load strength.
Short-term stress-strain tests showed that thendswgbranch of the stress strain curve became

steeper as compressive strength increased (i.eE M&eased with increasiriig).

RESEARCH PROGRAM

This research program explored the performanceeastessed concrete (PC) girders subjected
to elevated compressive fiber stresses at reldgzestiressing. The program was divided into
two phases: measurement of time-dependant presteses and quantification of structural
performance. The first phase of study is presenésd in Part | of a two-part paper series; the

second phase, including flexural and shear testirige girders, will be discussed in Part Il.

This program cast six reduced scale prestressemtatergirders with targeted release stresses
between 60% and 80% of the initial concrete congivesstrength. Time-dependant prestress
losses were measured at regular intervals for 896,dhen were subjected to load in structural

testing to failure.
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Concrete Materials

The precast concrete supplier used a Missouri Deeat of Transportation (MoDOT) approved
high strength SCC mix. This mix is used in evegydperations at the plant and for MoDOT
projects requiring higher compressive strength SCle design target compressive stresses
were 8 ksi (55 MPa) at release of prestressinglénki (69 MPa) at 28 days. All six girders
were cast simultaneously from the same batch;atsrial properties were consistent. The
mixture proportions used for this project are pnése inTable 1. For mechanical property
testing, 4 in. x 8 in. (100 mm x 200mm) cylindersre/cast and stored with the girders until test
age. Compressive strength was tested at reledsat &8 days; the modulus of elasticity (MOE)

was determined at 28 days.

Cementitious materials— The mix contained an ASTM Type Il Portland certnas a
cementitious binder material. Although some highrggth SCC mixes are designed to contain
supplementary cementitious materials such as fiyoasilica fume, the mix typically used for

MoDOT projects of this nature does not.

Aggregates— Typically SCC can be produced using standardret@@ggregates, as
long as aggregate gradation is considered wheraerg the SCC mix design. To produce a
mix with the rheological characteristics of SCC Mlavoiding segregation problems, a uniform
gradation is typically employed to minimize the d®between the aggregates. For the mix used
here, the course aggregate was a locally avai@bkhed limestone with a maximum aggregate
size of % in. (19 mm) conforming to MoDOT Specifioas’* Section 1005 Gradation E. The
fine aggregate was natural Missouri river sand @oning to MoDOT Specification Section
1005. The combination of these particle size ithigtions produced a gap graded mix with a
lack of particles in a sieve range from the Noie4e to% in. (9.5 mm). To fill the gaps and
achieve a uniform gradation, crushed limestoneschvipph a maximum size of no more thian
in. (9.5 mm) were used. The resulting combinatibfine and coarse aggregates produced a

well graded distribution resulting in a smallerwole of voids.

The mix proportions indicate that the total coaggregate fraction (% in. (19mm) Grade E plus

% in. (9.5 mm) chips) was 34.9% by weight. Sincztechanical properties of concrete are tied
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to the constituent materials, the compressive gtreand MOE are closely tied to the coarse
aggregate type and cont&nfypical high-strength concrete mixes have orraye 45% coarse
aggregate content, and they typically incorporaitel hdense, angular aggregates with improved
bond characteristie§”. In the study presented by Schindler éttale average coarse aggregate
fraction of SCC mixes was 43%, with a low of 38.5%he mixes used by Naito etdhad

coarse aggregate contents of 47.1% and 40.7% lght@r the high-early strength concrete
(HESC) and SCC mixes, respectively. Erkmen &taported an average coarse aggregate
content of 37.5%. These indicate that the coaggeegate content used in the present study was
below that normally found in most SCC mixes andidwoeasult in compressive strength and
MOE reductions. An additional factor in concretiéfrgess is the individual stiffness of the
aggregates. The use of crushed dolomitic limesaggeegate is common throughout Missouri,
and previous studies have produced strengths welleal0 ksi (69 MPa) with typical MOE
values. Since crushed limestone is mined fromreegrdifferent ledges (or stratum) can have
different mechanical properties. The dolomitic Istene from the Cedar Valley formation,
ledges 8 and 9, that was used in this study mag bame from a softer ledge limestone,

resulting in a reduced stiffness.

Admixtures — To achieve the rheological characteristics o€S& polycarboxalate-
based high-range water reducer (HRWR) conforming3@M C 4942 Type F was used. Since
this mix was designed to imitate a standard MoDQX, enneutralized Vinsol resin-based air
entraining admixture conforming to ASTM C Z8Wvas used to achieve a typical specified air
content of 6%.

Girder Designs

The girders were designed using provisions fRASHTO LRFB, ACI 318-05* and thePCl
Design HandboolSixth Editiort". The only provision that was disregarded was trepressive
fiber stress limits; all other provisions, includiallowable tension limits, were followed. For
simplicity of fabrication, all six prestressed gird were cast simultaneously on the same
prestressing bed. This simultaneous casting pemtian identical prestressing layout and
jacking level for every member designed to avoidateons in fabrication. A typical cross-

section is shown ifrigure 1, with cross-sectional properties for all girdenswn inTable 2
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To achieve higher fiber stresses, the entire seetidth was reduced in ¥ in. (6.4 mm)
increments, resulting in a reduced area and mouofenertia, which in turn resulted in greater
strand eccentricity leading to the higher stresgesindicated by the test results, the target
compressive strength at release of prestressingnotaechieved, resulting in higher compressive
fiber stresses than anticipated. Thus the laled & each beam in the results and discussion
below corresponds to the actual percentage of etméber stress. Each girder was cast to a
length of 15 ft (4.57 m) to ensure full developmehprestressing for the girders designed for
flexural testing.

The longitudinal reinforcement consisted of sixri~(1L2.7 mm) diameter, low-relaxation
prestressing strands. All strands were straigtitfally bonded to the concrete, and all had a
manufacturer reported MOE of 28,500 ksi (197,000 Eonforming to ASTM A 418. The
strands were jacked to 75% of the ultimate strebgtthe precaster, resulting in an initial stress
before any loss of 202.5 ksi (1396 MPa). Elongatieeasurements taken before and after

jacking were used to determine the initial jackabigess.

Instrumentation
To estimate the magnitude of the prestress lossesyete surface strains were measured using a
detachable mechanical (DEMEC) strain gauge. Thgams were measured from stainless steel
DEMEC target points attached to the girders usomgroercially available metal/concrete epoxy.
The DEMEC gauge has an 8 in. (200 mm) gauge lesrgtihcalibrated to measure strain to an
accuracy of 8.01 x 10in./in. (mm/mm).

The first target point was placed at approximageigy. (76.2 mm) from the jacking end, with
points spaced every 8 in. (200 mm) thereafter atbagentire length of the beam. At each end,
an additional set of target points was placedantidpoint of the first to second and second to
third points from the end. An additional set wéscpd at midspan, with the midpoint of the
gauge length exactly at midspan. This arrangemesuoited in 25 sets of target points along the
length of the beam at the three locations on the wighe points were placed at different depths
on the cross-section to facilitate developmentiafiis profiles and section curvature and to

permit study of the strain distribution effect. oAb the top of the section, only three sets were
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used at each end and three sets at midspan sasmltications were seen as most critical. A
representation of DEMEC target point locationstfalf of the beam is shown Figure 2. The
critical locations for prestress loss determinati@re chosen at midspan and at the ends because
this is the location where fiber stresses are alfyicalculated and checked. The points along
the rest of the length were used to confirm thecoete strains and to determine transfer and

development length.

As a reference, initial measurements were takear prirelease of prestressing. Immediately
after prestress release, measurements were takaptiae the elastic strain in the member.
Follow-up measurements were then taken at 1 ddgy3, 14 days, 28 days, and every 28 days
thereafter to monitor losses associated with ceeepshrinkage of concrete. The difference
between the initial reference and later readings thva resulting strain in the concrete between a
given set of DEMEC target points. From these messooncrete surface strains, an average
strain at the center of gravity of the prestressimgnds was calculated. The prestress losses

were determined by multiplying this average sttairthe MOE of the prestressing strands.

Camber measurements were also taken to model viedogenent over time. These
measurements were obtained by suspending a thmo piae between two fixed points mounted
at each end of the girder and measuring the distaatween the wire and the top of the girder
using a ruler with 1/32 in. (0.79 mm) incrementhe difference between the average of the end

measurements and the measurement at midspan ejeeize camber of the girder.

EXPERIMENTAL RESULTS

Fresh Concrete Properties

At concrete placement, fresh concrete properties weeasured following applicable ASTM
standards and the PCI SCC Guidelffie®st results are shownTrable 3. The SCC slump flow
was evaluated according to ASTM C 181dsing the inverted-slump-cone spread test with a
result of 27 in. (68.5 cm). This value was sliglgbove the targeted range of 22 — 26 in. (56 —

66 cm) but it did not result in segregation of thix. The concrete temperature, air content, and
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density were typical of normal prestressed conaregmbers for MoDOT projects requiring the
use of SCC.

Hardened Concrete Properties

Concrete mechanical properties were tested atselefaprestressing (3 days), 28 days, 56 days,
and at test age (243 days). Concrete compresserggth was tested in accordance with ASTM
C 39 and the MOE was tested according to ASTM C?26@oncrete compressive strength at
3 days was found to be 7088 psi (48.8 MPa). Thd&Bcompressive strength was 9026 psi
(62.2 MPa), with an MOE of 4635 ksi (31940 MPaheTconcrete strength at 243 days was
found to be 8210 psi (56.6 MPa) with an MOE of 4kgb(28785 MPa).Table 4 presents the
average, coefficient of variation, and number afaete cylinder tests at 28, 56, and 243 days.
A reduction in cylinder compressive strength ofrhe#0% between 28 days and 243 days can
only be explained by the improper calibration aftiteg machines. The 28 and 56 day tests were
performed on a Forney compression machine, and4Belay tests were split, with three tests on
the Forney machine and three on a Tinius-Olsemtestachine. Between the 56 and 243 day
tests, the Forney machine was recalibrated, wikelylcaused the change in strength
measurements. Since the target strength was axdted, the values of the compressive fiber

stresses exceeded values specified in the desgjmoas inTable 2

The MOE at both 28 and 243 days was significamlydr than anticipated, which affected the
prestress loss behavior of the members. The M@#igied according tAASHTO LRFD

Article 5.4.2.4 is presented Trable 4, along with the ratio of measured to predicted galuAs
discussed above, a reduced value was expected due low coarse aggregate fraction, but this
value was even lower than anticipated. Discussiatisthe precaster, suggest that the
combination of low coarse aggregate contents asuftar layer of limestone at the quarry led to

the reduced MOE values.

Due to testing limitations at the precast plarg, MOE was not determined at release of
prestressing. Rather, it was estimated from agrtmmal relationship of the square root of the
compressive strength. A factor determined fromréh&tionship between test age strength and

MOE values was used to calculate the MOE from ¢fease strength. This method is similar to
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28
29

the correction factor method typically used fordic&on of the MOE at specific plants or

laboratories to account for the source of the aggjee

Prestress Loss Predictions

As mentioned above, several methods of prestresspi@diction are in use. This project used
the AASHTO LRFDFourth Editiol Refined Estimates method, tREI Design Handbodk
method, and th&ASHTO LRFDThird Editior’° to compare predicted to measured values. The
third edition of theAASHTO LRFDwas chosen since the method was developed for horma
strength concrete and thus facilitates compariedhe fourth edition published in 2007, which
was modified to account for higher strength corecrdtess common methods of prestress loss

prediction are not discussed here.

Prestress losses were predicted at two stages:diately after release, accounting for the elastic
shortening of the member, and at 196 days, to ntatcimeasurement schedule and thus account
for long term losses due to shrinkage and creepm@ntioned above, the relaxation of steel
does not correspond to a change in strain. Singe ielaxation is not measured, that loss is
ignored in the following calculations. For desfgrposes, however, it would have been
considered in determination of the total presttesses. The notation used in the following

equations can be found at the end of the paper.

The following equation is used to determine elastiortening losses using bddWSHTO LRFD
methods:

_ Eps
Af PES E. fcgp

Cl

where4fpes= the prestress loss due to elastic shorteifgs the modulus of elasticity of the
prestressing strands,; = themodulus of elasticity of concrete at release ofpessing, anty,

= the concrete stress at the center of gravityedtpessing. This method requires iteration since
the value of the prestressing force is used torohete f.y, which is then reduced by the
calculated losses. The commentary of ARSHTO LRFDbffers a direct solution that can be

used to avoid iteration. The equation in @l Design Handbools similar to that presented
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above; however, it assumes the prestressing forbe 80% of the initial prestressing force and

requires no iteration.

The determination of long-term losses requiregtieeliction or estimation of the long-term
properties of the concrete. Older methods usédeRCl Design Handbooknd the third

edition of theAASHTO LRFDwere developed for normal strength concrete, hanl t

calculations involve several assumptions. The memethod uses fewer assumptions to increase
accuracy, but some assumptions remain.

The fourth edition of thdASHTO LRFDguides the designer through the process of piadict
shrinkage and creep of the concrete; it then pes/@huations for determination of the
associated losses. The equations for determitingkage are:

£, =480x107°y,,
Ven = KigKsKisKy
whereeg, = the concrete shrinkage strain with the followfagtors calculated as shown:
t

Time-Development: =
P o 61-4f) +t
Humidity (for shrinkage): K,s = 200-0.014RH
Size: k, = w
73t
5
Concrete Strength: k, =
1+ f,

whereRH = the relative humidity, and/S= the volume-to-surface area ratio. The ultimate
shrinkage is assumed to be 480 microstrain. Alghahis value should hold true for most HSC,
more shrinkage can be expected here because ttee @ggregate fraction of the current SCC
mix was significantly lower, as previously showBarlier editions of thd ASHTO LRFDused

an ultimate shrinkage strain of 560 microstraindocelerated curing and 510 microstrain for
moist curing, but the equations used to deternfieartfluential factors were different.

The equation for determining concrete creep is:
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Wy, = LK K, K, kwti_o'lls

whereyy, = the creep coefficient. The majority of factorsluded here are the same as those
used for shrinkage prediction, with the additiorthad following:
Humidity (for creep): k.. = 156—0.008RH

In this equation, the ultimate creep coefficierdssumed to be 1.9. Since creep is proportional

to applied stress and varies for different concngitedures, the assumed value of this coefficient

affects the accuracy of the predictions.

A transformed section coefficierKiq, is used to account for time-dependent interadietiveen
concrete and bonded steel, which is determined thétollowing equation:
1

id 2
1+ Eps i;;s (1_'_ A, J[1+ ijb]

E I

ci g
whereAy = the gross area of sectidis = the area of prestressing stag},= the eccentricity of
prestressing steel, agk the gross section moment of inertia. Therefdre losses from
shrinkagedfysn and creepdf,crare determined from the following equations:

D ooy, = £4E K

ps” tid

E S
AprR :E_p_ fcgp o Kig :Aprs‘//bKid

ci
The use of improved equations to determine theispetaterial properties used in the loss
prediction equations can be expected to improvaracy. Testing for the specific material
properties used in the prediction equations shalsld improve accuracy by eliminating
assumptions.

ThePCI Design Handbooknethod does not require that the designer deterthimmconcrete
material properties, and it provides the followaguation for the determination of loss due to

concrete shrinkage:

Of o, = (82x10°)E . (1- 006V/S)(100- RH)



© 00 N O O

10
11
12

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Some of the same variables used inARSHTO LRFDmethods are used here to account for
member size and relative humidity. Similarly, #rgiation for determination of losses from
concrete creep:

Af pCR = 2'Oﬁ(f0ir - fcds)

wheref, = the concrete stress at the center of gravithefteel immediately after transfer and
fcas= the concrete stress at the center of gravithefsteel due to service dead loads. The
assumptions are evident in both of these equatidmes assumed ultimate shrinkage strain is not
indicated, but the previous method accounts farger number of variables. The same
simplification holds for the creep coefficient, @t assumption of 2.0 is used.
The third edition oAASHTO LRFDQused straightforward equations for the determomadif
long-term prestress losses. The equations fonlsge and creep of concrete are:

Af ¢, =10.7 - 015RH

Of e =120f - 70F

wherefcg, = the concrete stress at the center of gravith@prestressing. The simplicity of these
equations does not allow the designer much coaotrett specific material properties, but the
results are reasonably accurate for some memBéies concrete mixture proportions used in the
present study resembled a traditional, normal gtreconcrete mix rather than an HSC mix, and
these equations were developed for normal streswtbrete. Therefore, they may more

accurately predict the prestress losses.

Prestress Loss Behavior

The time-dependant material properties used fopthastress loss predictions were those found
in AASHTO LRFD Ideally, actual measurement of ultimate shrirkaiyain and the creep
coefficient would improve the accuracy of the poidns. In the work by Schindler et®atthe
112-day drying shrinkage was found to be on theesarder of magnitude as that of the control
mixtures. Naito et & found that the girder produced using SCC expeediiess creep and
shrinkage than the HESC girder.

The development of prestress losses over timessepied iMable 5. These losses were

calculated from three measurements at midspanselimeasurements were averaged to the
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center of gravity of the steel; therefore the riésglloss was determined from a total of nine
measurements. As expected, the members with tegffézer stress level exhibited an
increasing amount of prestress loss due to elsistidening. Beam 79 represents the only
abnormality in the trend. The cause of this irtagty is unclear since the beams were cast from
the same batch and the as-cast dimensions weesamdd. The following sections will further
show that the girder camber was closely predicted.

The time-dependent prestress losses exhibit the s&md as the elastic losses, with an increase
in magnitude of loss as fiber stresses increase sdme irregularity emerges with respect to
Beam 79, but in addition Beam 68 appears to hadengone greater long-term prestress loss.
For comparison, the last line Trable 5 presents the ratio of total long-term losses &td#&ys to
the elastic losses. Excluding Beam 68, with insirggfiber stresses at release, a larger

percentage of the total prestress loss appeaesudt from elastic shortening.

Figure 3is a visual representation of the reduction irsfyessing force over time due to the
losses presented rable 5. The initial prestressing force was 202.5 ksO@ 81Pa). As noted
above, the results were similar for all beams etxBglam 79, which exhibited larger values at
both elastic and long-term, and Beam 68 which sklogveater long-term losses. Additionally,
this plot demonstrates that the majority of presstiesses occurred within the first six months as
the stresses began to level out after 140 days.

Table 6 compares measured and predicted losses. The redadastic losses are
underestimated in nearly every instance, with vagylegrees of accuracy for each prediction
method. The AASHTO methods are analogous; thexefimth prediction methods produce
comparable results with similar underestimatiomc& the only properties used in calculations
at this stage are the geometric properties andlt#stic modulus of each material, these results
were expected to be the most accurate.

Results were mixed for the prediction of long-tdosses. The 200KASHTOLRFD refined
method underestimated the prestress losses foeaths by an average of 18%. The PCI
method overestimated for all beams by an averag@a%f. The third edition cAASHTO LRFD
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produced an average overestimation of 10%. Eatteahdividual methods produced mixed

results across the range of fiber stress levels.

Prediction of Camber
The eccentricity of the prestressing typically @ausoncrete girders to deflect upward, an effect
known as camber. At release, two factors influgheedeformation: camber from prestressing
and deflection from dead load. The upward cambertd prestressing was calculated from

Equation 18ising the MOE of concrete and the transformed @ectioment of inertia calculated

at release of prestressing.

At e’

— " ps pt
ps ~
8EciItr

wheref, = the stress in the prestressing immediately aft@sfer |, = the transformed section

moment of inertia at release of prestressing,landhe member length.

In addition, downward deflection due to dead loads calculated using:

_ 5M L2
¢ 48EI,

wherel; = transformed section moment of inertia at longatandMy = member dead load
moment. The sum of these values equals the tefatrdation (camber or displacement) at

release of prestressing.

The long-term deformation must account for the jnes causes of deformation as well as
additional downward deflection due to the lossmafspresswhich uses long term material and
sectional properties, is determined from:
Am:%ﬁm%y
8E.I,
whereE; = modulus of elasticity of concrete at long-term aifigly = total long-term prestress

losses.

The remaining source of deformation was the créepicrete due to the sustained load of

prestressing. Two methods can account for thigrdedtion: an effective elastic modulus can be
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calculated to account for the effects of creem oreep coefficient can be multiplied by the
initial deformation to determine the additionalepedeformation. The prediction of prestress
loss includes the calculation of the creep coddfiti therefore, the additional deformation due to

concrete creep was easily determined using:
Acr :(Aps_Ad }/jb (21)

The total deformation equals the sum of the residlesach deflection equation.

Camber Results

The measured and predicted camber versus timedbr girder is presented kigures 4

through9. The predictions agree considerably with actuahsurements. The use of actual
concrete properties eliminated errors stemming fiorrect material properties assumptions.
The largest differences occurred at early agesyd®ri release and 50 days. Accurate prediction
of camber is essential within this time frame sityg@cal bridge girders are placed on the

structure and composite decks formed and castsaagie.
CONCLUSIONS

The following conclusions can be drawn from thaulssof this research:

1. Prediction of elastic shortening losses for alleavas less accurate than anticipated.
The accuracy was expected to improve because dpeipies used are less variable at
early ages, but the results show otherwise.

2. Prestress loss predictions for HS-SCC girders wothpressive fiber stresses well above
0.6f" vary significantly according to the prediction imets. Older methods developed
for normal strength concrete overestimate prestosss whereas the newer methods
developed for HSC underestimate the losses compameasured values.

3. Accurate prediction of material properties willedt the 200AASHTO LRFDmodel.
Proper measurement and testing of ultimate shrimkaigins and creep coefficients
would improve accuracy.

4, As suggested by data shown on the last linEaipble 5, higher fiber stress levels result in

a larger proportion of the total long-term lossesutting from elastic shortening.
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5. Camber performance for all specimens can be pestligith acceptable accuracy. Early
differences are due to the development of matprigberties over time.

6. As indicated by previous work, increasing the fisegess level to at least 0f£0appears
feasible.

Although the results presented here indicate alithods produce more accurate predictions,
the authors believe that the 200ASHTO LRFDmethod would produce superior results for the
majority of projects because this method uses ingat@quations with fewer assumptions.
However, a database on HS-SCC would facilitate ldpweent of modifiers and further improve
the accuracy of predictions.
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NOTATION
= gross area of section

= area of prestressing steel

= eccentricity of prestressing steel

modulus of elasticity of prestressing strands

modulus of elasticity of concrete at release

= concrete stress at center of gravity of steeh@diately after transfer
= concrete stress at center of gravity of prestrg

= concrete stress at center of gravity of steeltduservice dead loads
= concrete compressive strength at release ofrpssng

= stress in prestressing immediately after tremsf

= height of section

= gross section moment of inertia

= transformed section moment of inertia at longate

= transformed section moment of inertia at release

= effect of concrete strength factor

= humidity factor for creep

= humidity factor for shrinkage

= effect of volume-to-surface area ratio factor

= time development factor

= transformed section coefficient
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lr = transformed section moment of inertia at release
Mg = member dead load moment

RH = relative humidity

V/S = volume-to-surface area ratio

Yo = distance from neutral axis to bottom fiber aftgmn
Acr = camber due to creep.

Aqg = deflection due to member dead load

Apss = deflection due to loss of prestressing

dps = camber due to prestressing

Afocr = prestress loss due to creep of concrete
Afpes = prestress loss due to elastic shortening
Afpr = total long-term prestress losses

Afpsn = prestress loss due to shrinkage of concrete
Esh = concrete shrinkage strain

7 = girder creep coefficient
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Table 1— Mixture Proportions

Mix Constituent Materials Description
Cement 777 lblyd ASTM Type Ill Portland Cement
Coarse Aggregate 889 Ib/yd Crushed Limestone — % inch MAS
Intermediate Aggregate | 460 Ib/yd | Crushed Limestone Chip$sinch MAS
Fine Aggregate 1419 Ib/yd ASTM C 33 - Natural River Sand
HRWR 90 oz/yd ASTM C 494 Type F - Polycarboxylate|
Air Entrainment 12 oz/lyd | ASTM C 260 — Neutralized Vinsol Resin
Water-Cementitious Ratio 0.369 -

Table 2- Beam Cross-Sectional Properties

Note: 1 Ib/yd= 0.5933 kg/m, 1 inch = 25.4 mm, 1 oz/yd 38.69 mL/m

Girder Designation

B-84| B-79| B-75| B-71 | B-68 | B-65

Target Stress Level (% off )

80 | 75| 71| 68| 64| 60

Actual Stress Level (% off )

84 79 75 71 68 65

Gross Area,Aq (in°)

66 69 72 75 78 81

Gross Moment of Inertia, 14 (in“)

855 | 895| 935 975 10141053

Distance from CGC to Top Fiber,y; (in) 4.77| 4.83] 4.8 492 496 5.00
Distance from CGC to Bottom Fiber,y, (in) | 7.23| 7.17| 7.13 7.08 7.04 7.00
Strand Eccentricity, &, (in) 2.73| 2.67] 263 258 254 250

Distance from Top Fiber to CGS,dj, (in)

7.50

Table 3— Fresh Concrete Properties

Note: CGC = center of gravity of concrete, CGS nteeof gravity of steel; 1 in.= 25.4 mm

Fresh Concrete Properties Test Result
Spread (in) 27
Concrete Temperature (°F) 70
Air Content (%) 6.8
Unit Weight (Ib/ft %) 138

Note:1 in.= 25.4 mm, °C = (5/9)(°F-32), 1 |54t 16.02 kg/m

Table 4— Hardened Concrete Properties

Test Age 28 days| 56 days 243 days
Average Compressive Strength (psi) | 9026 9024 8210
Coefficient of Variation 0.80% 1.41% 1.94%
Number of Compression Tests 3 3 6
Average MOE (ksi) 4635 — 4175
Predicted MOE" (ksi) 5082 - 4847
Ratio of Measured to Predicted MOE | 0.912 — 0.861

Note: 1 ksi = 6.89 MPa, 1 — AccordingA&SHTO LRFD 5.4.2.4
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Table 5— Measured versus Predicted Prestress Losses

Average Measured Prestress Loss at CGS (ksi)
Designation 84 79 75 71 68 65

Elastic | 28.2| 32.6f 27.0 26.5 255 216
1 345| 39.3] 330 329 357 284
1,; 7 42.7| 452 41.1 39.3 434 353
5 14 48.3| 51.7| 45.8 452 480 396
= 28 52.8| 56.5| 50.5 495 523 436
s) 56 59.7| 63.7| 56.9 55.2 583 50,3
é 84 63.5| 68.00 61.2 60.2 635 550
© 112 64.8| 69.6) 62.8 61y 658 575
e} 140 65.7| 70.8) 63.7 625 668 575
168 66.3] 711 640 631 668 576
196 66.5| 70.7] 6485 629 674 577
Afpr0s [ Afpes | 2.36 | 2.17| 2.39] 2.37 2.65 2.67

Note: Losses do not include relaxation of steddsil= 6.89 MPa

Table 6 Comparison Between Measured and Predicted Logstsgercent error)

Designaton | 84 | 79| 75| 71| 68| 65
Elastic Losses (ksi)

Measured 28.2 32.6 27.0 26.b 25|5 21.
27.7 | 26.3| 25.1| 239 2249 21.9

AASHTO LRFD ™50 ™ 109% | 796 | -10%| -10% 1%
pC| 29.0 27.3 25.8 24.4 23.2 22.1

3% -16% | -5% -8% -9% 2%

Total Losses at 196 days (ksi)

Measured 66.5 70.7 64.5 62.9 674 57.
AASHTO LRFD| 58.7 56.3 54.2 52.2 50.3 48.6
4" Ed. -12% | -20% | -16%| -179%9 -25% -16%
pC| 88.8 84.0 79.7 75.9 72.4 69.2
33% 19% 24% 21% 7% 20%
AASHTO LRFD| 79.3 75.6 72.3 69.3 66.5 64.0

39Ed 19% 7% 12% 10% -1% 119

Note: Losses do not include relaxation of steddsil= 6.89 MPa
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SYNOPSIS

The design of prestressed concrete members igctedtby the requirement that
the extreme compressive fiber stress at midspaesisehan 60% of the concrete
compressive strength at release of prestressihg.piirported purpose of this
limit is to provide serviceability performance, uplaces unnecessary limits on
the capability of the materials. For this resegnaigram, six prestressed girders
were produced with high-strength self-consolidatingcrete and subjected to
elevated compressive fiber stress levels rangihgden 65% and 84% of initial
concrete compressive strength at release of psssige Part | of this series
analyzed time-dependent prestress losses and céei@vior and compared
these to the results of typical prediction methodbis second part examines the
flexural and shear behavior of the same girdetse résults of structural testing
indicated little reduction in flexural performanckgirders subjected to elevated
stress levels, but further testing of the sheaatieh is needed to reduce
variability in the results. The results reportedehsuggest that an increase in the
allowable compressive stress limit at any locaisofeasible up to at least 70% of

the initial concrete compressive strength at reledgprestressing.

KEYWORDS: self-consolidating concrete, high-strngoncrete, prestressed concrete,

allowable release stresses, prestress transfeylosodf elasticity
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INTRODUCTION

Two goals prompt reconsideration of allowable cogspive stress limits for concrete members
at release of prestressing: to improve safety ioyiehting the need for harping of strands, and to
increase plant productivity by allowing the relea$@restressing at lower concrete strengths.
Part I' of this series evaluated allowable compressivasstlimits and reviewed their

implications for the use of high-strength self-aalidating concrete (HS-SCC) in prestressed
concrete members. These issues have attractaficsighinterest due to their importance for

the prestressed concrete industry. Additional emlknd information on this research program

is presented in Part | of this series.

Concrete Subjected to High Compressive Stresses

For ultimate strength, flexural steel reinforcemisribcated below the neutral axis of the
prestressed member. At release of prestressiag@blied prestressing force compresses the
bottom fiber, resulting in negative bending. Unsdervice loading, the beam is subjected to
positive bending, creating tension on the bottdwerfi If the net result of prestressing and
service loading exceeds the tensile strength ofdnerete, cracks develop. Typically under
service loads, fully prestressed concrete memberdesigned to prevent cracking, which results
in reduced section geometry and can lead to difsapiioblems within the concrete. Therefore,

allowable limits exist for the tension fibers oeptressed concrete members under service loads.

According to research performed by Linfere tensile strength of concrete is reduced after
concrete is subjected to short-term loading in c@sgion above 0i4. These results indicate
that further increasing the fiber stresses abogetirent allowable 0f§ may result in cracking
of prestressed members at reduced levels. ltdeanwhether Liniefswork tested normal

strength or high strength concrete.

Smadi and Slafeperformed an X-ray investigation of high-strengtimcrete (HSC) subjected to
sustained stress levels between 40 and 95% ofatkicompressive strength. They found that
HSC exhibited significantly less microcracking th@rmal strength concretes. When cylinders

were subjected to sustained loading up to 65%tohate strength, HSC had negligible cracking.
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If the sustained stress was increased to 80%, iagakcreased significantly, leading to
nonlinear creep behavior. The majority of crackieipw 80% sustained stress consisted of

bond cracks between mortar and aggregate.

At a specific section at midspan, the bottom fibkea prestressed girder is subjected to the
highest compressive stress at release, and taghedh tension stress under service loading. To
investigate service load performance, Birrchell &tiravestigated the effect of increasing the
allowable compressive fiber stress on the crackioghent. They found that current design
procedures overestimated the cracking load andtrestressing may result in nonlinear
material behavior at service loads. They concthdéincreasing the limit to a maximum of

0.70' may be possible pending full scale testing results

RESEARCH PROGRAM

This research program explored the performanceesitgessed concrete girders subjected to
elevated compressive fiber stresses at releasestressing. It was divided into two phases:
measurement of time-dependant prestress losseguantification of structural performance.
The first phase was discussed in detail in Pait will be summarized as necessary in the
following sections. The second phase includedulakand shear testing of the girders; it is

discussed here in detail.

Six reduced scale prestressed concrete girdersaastavith targeted release stresses between
60% and 80% of the initial concrete compressivengfth. Time-dependant prestress losses were
measured at regular intervals for 196 days, andjitiders were then subjected to structural
testing to failure. Three of the girders were dgestd and tested for flexural behavior; the other

three were designed and tested for shear behavior.

Concrete Materials
This investigation used a typical Missouri Depaming Transportation (MoDOT) approved
HS-SCC mix. The design compressive stresses wise(B5 MPa) at release of prestressing

and 10 ksi (69 MPa) at 28 days. The mix contamedarse aggregate content below that



© 00 N O 0o b WODN PP

W W N N N DN DN NN DN DNDNDMNDNPEP P PP R RPR PR PR
R O © 00 N OO 0o B W N P O ©W 0N O O B W N P O

normally found in most SCC mixes, resulting in dueed modulus of elasticity (MOE). Further

information about the mix design and constituentemals can be found in Part |

Girder Designs

The girders were designed according to the spatifics ofAASHTO LRFD Bridge Design
Specification® (hereafter calledASHTO LRFD, ACI 318-08 Building Code Requirements for
Structural Concret®(hereafter calledCl 318 and thePCI Design HandboolSixth Editior.
Compressive fiber stress limits were disregardiditlaer specifications, including allowable
tension limits, were followed. To simplify fabritwan, all six prestressed girders were cast
simultaneously on the same prestressing bed. protess produced identical prestressing
layouts and jacking levels for every member, préwegrnvariations in fabrication. A typical
cross-section is shown Figure 1, with cross-sectional properties for all girdenswn inTable
1. To achieve higher fiber stresses, the entire@ewidth was reduced in ¥4 in. (6.4 mm)
increments, resulting in a reduced area and moofenertia. This reduction also resulted in
greater strand eccentricity, leading to the higlieesses. As indicated by the test results, the
target compressive strength at release of prestgesss not achieved; therefore, compressive
fiber stresses were higher than anticipated. Tinei¢abel used for each beam in the following
results and discussion corresponds to the actue¢pige of concrete fiber stress. Each girder
was cast to a length of 15 ft (4.57 m) to ensulledfevelopment of prestressing in girders

designed for flexural testing.

The flexural reinforcement was designed using stcampatibility with a linear-elastic analysis.
As the results indicate, a moment-curvature amnalgscounting for non-linear material behavior
is a better predictor of structural performance,tha design used linear-elastic strain
compatibility. The resulting longitudinal reinforoent consisted of six %2 in. (12.7 mm)
diameter, low-relaxation prestressing strands. st&kinds were straight and fully bonded to the
concrete, and all had a manufacturer reported MB®&00 ksi (197,000 MPa) conforming to
ASTM A 416’. The strands were jacked to 75% of the ultimaength by the precaster,
resulting in an initial stress before any loss @25 ksi (1396 MPa). Elongation measurements

taken before and after jacking were used to deteithie initial jacking stress.
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The detailed method of analysis foundA@1 318was used for the shear design due to the
improved accuracy of the results. The detailed @ggr accounts for two types of inclined
cracking that can result in a shear failure: fleshear and web-shear cracking. Flexural-shear
cracking occurs after flexural cracking has taklkate, and can lead to shear-compression failure
if not properly reinforced. A shear-compressiotui@ occurs when the compression area at the
top of the beam, reduced by diagonal tension crask®t sufficient to resist the forces resulting
from flexure. Web-shear cracking initiates in thebwvithout flexural cracking and can occur in
thin webs of highly prestressed beams. For simpbperted beams, web-shear cracking
typically starts below the neutral axis. This tygenclined cracking is less common than

flexural shear cracking. Web-shear cracking ocadrsn the diagonal (principal) tension
stresses reach the tensile strength of the conatéie center of gravity of the section.
Calculations showed that the shear force requoerhtise flexural-shear cracking was lower
than that required to cause web-shear crackingrarsd, therefore, control the design of shear
reinforcement.

Transverse shear reinforcement was designed torewodate the deficiency in shear capacity,
with open-ended U-stirrups (sBegure 1) produced from mild steel that conformed to ASTM A
615 Grade 60. The girders designed for flexural meskiad stirrup spacing, as showrFigure

2, to prevent shear failure. One end of each giddsigned for shear testing contained no shear
reinforcement, whereas the other end containedigiwith different spacing, as shown in
Figure 3. Since this set of girders would be tested iaduced span, additional closely spaced
reinforcement was included at midspan to ensuheréof the ends. The end with no shear
reinforcement was designed to test the contributiozoncrete and prestressing to the shear
performance; the other end tested the additionaribmution of shear reinforcement.

When high levels of prestress are applied to meslberrsting cracks can develop at the ends
due to tensile stresses developed within the mEstinchorage zone. These tensile stresses
develop perpendicular to the prestressing compressices, and when they exceed the tensile
strength of concrete, cracks develdPASHTO LRFMArticle 5.10.10.1 addresses anchorage
zones in pretensioned concrete members. It rexjaimeugh vertical reinforcement in the end
zone to provide resistance of at least 4% of tted fyestressing force at transfer. The factored

bursting resistance of the anchorage zone is etmifrom the following equation:
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R=1fA
wherefs = the steel stress and is not to exceed a maximanking stress of 20 ksi (137 MPa);
andAs = the area of steel to be placed within a distand€4from the end of the member. To
resist these bursting stresses, an additionaligtisias placed at both ends of each girder, as

illustrated inFigures 2 and3.

I nstrumentation

For Part t on prestress losses, concrete surface strainsmeasured using a detachable
mechanical (DEMEC) strain gauge. These straing werasured from stainless steel DEMEC
target points attached to the girders with comnadlscavailable metal/concrete epoxy. The
DEMEC gauge has an 8 in. (200 mm) gauge lengthsacaibrated to measure strain to an

accuracy of 8.01 x 10in./in. (mm/mm).

The location of the target points along the seatiepth is shown ifFigure 4. Placed at

different depths, the points were used to deterrtiaestrain profile under applied loads, which
was then used to calculate the section curvatudteapth to the neutral axis. This calculation
provides a check of the theoretical modeling ofrtteenber under applied loads. During flexural
testing, the loading was stopped at regular intersa that DEMEC measurements could be

taken at each level on the three sets of pointsgaioe length of the beam, indicated-igur e 4.

The load-deformation relationship was measuredgusitoad cell placed under the hydraulic
jack, and linear variable differential transform@r¥DT) located at midspan and at under each
of the applied loads. Concrete surface straitiseatop fiber were measured using 2 in. (50 mm)

long strain gauges, mounted on concrete epoxy.

Flexure Test Setup

To develop a constant moment region, the girderse webjected to four-point loading. The
supports were located 3 in. (75 mm) from each drideomember. The load was applied with a
hydraulic jack located at midspan, and separatedtwo point loads located 12 in. (458 mm)
from midspan by a spreader beam. The flexuralsegsip is shown ifigure5. The load was

applied at an approximate rate of 1000 Ib/sec (kM/Sec). Loading was stopped at 10 kips
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(44.5 kN), 20 kips (89 kN), 22.5 kips (100 kN) aftiexure cracks became visible, and at 30
kips (133.5 kN) to allow for DEMEC measurements argpection of cracks. Loading was then

applied continuously until failure of the girder.

Shear Test Setup

For each of the three girders tested in shearseparate tests were performed. The first test
was performed to determine the concrete and pssstige contribution to the performance, and
the second test examined the shear reinforcemaeitmation to the performance. This test
setup was nearly identical to the flexure setup tibel span length was reduced to 9 ft (2.74 m).
Both shear testing setups are showhRigure 6. For all tests, the load was applied at a rate of
1000 Ib/sec (4.45 kN/sec) until failure. The loaglivas not stopped at intermediate points since

the location of cracking and failure varied for legirder.

EXPERIMENTAL RESULTS

Fresh and Hardened Concr ete Properties

The fresh and hardened concrete properties wersureghaccording to applicable standards and
guidelines. Fresh properties were found to becgtpf SCC used for MoDOT projects.

Concrete compressive strength at release (3 dags)y @88 psi (48.8 MPa). The 28 day
compressive strength was 9026 psi (62.2 MPa) witM@E of 4635 ksi (31940 MPa). The
concrete strength at 243 days was 8210 psi (56.&) Mih an MOE of 4175 ksi (28785 MPa).
Table 2 presents the average, coefficient of variatiowl, mmmber of concrete cylinder tests at

28, 56, and 243 days. Discussion of the variatiofsrdened concrete properties can be found
in Part I

Prestress L oss Behavior

As described in Part,Ithe development of prestress losses over timeused to determine the
effective prestressing force in the strands. Thesges were calculated from three concrete
surface strain measurements at midspan, averaded tenter of gravity of the steel. Thus the

losses were determined from a total of nine measenés. For the purposes of this discussion,
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28
29
30

the total prestress loss measured at test agesvigysioal prediction methods is presented in
Table3".

Predicted Flexural Behavior

For predictions of flexural behavior, several diéiet methods were used to calculate the
expected cracking moment (which would be tied toiseability performance) and the ultimate
capacity. The methods used wereRi@& Design Handbodkstrain compatibility approach, a
layer-by-layer moment curvature analysis similathiat described by Collins and Mitch8lland
the computer program Response-2000he moment-curvature and Response-2000 analyses
were used to predict the entire load-deformatiatony; the PCI method was used only to

determine cracking loads and ultimate capacity.

Accurate determination of the effective prestreg$once is essential to determine the cracking
load of prestressed girders. Since the effectiestpessing force is tied directly to the amount of
prestress loss, accurate determination of thosesosffects the accuracy of the predictions.
Underestimating of the amount of prestress losgases the effective prestressing force,
resulting in a predicted cracking load that is leigthan that of the actual cracking load for the
member. In each of these analyses, thereforeftbetive prestressing force was determined by
two means: first using the predicted prestresebdetermined from the Refined Estimates
Method ofAASHTO LRFDthen with the prestressed losses measured ire Rhaisthis research
program. TheAASHTO LRFCRefined Estimates Method was selected becausedmmonly
used throughout the industry. The effective pessting force has a lesser impact on the ultimate

capacity, because it is determined when the méda.

ThePCI Design Handbodkpredicts the cracking moment using:

P
M _=P.e +LSD+ ero
A

cr eff ~ps

whereM, = the cracking momen®es = the effective prestressing force after lossgss the
strand eccentricity§, = the gross bottom section modulAs= the gross section area, dnd
the modulus of rupture of concrete, which was asslita equal 7.5 times the square root of the

compressive strength of concrete as defined imémelbook. Like the MOE, the modulus of
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rupture is sensitive to the constituent materidlsis value was developed from data on
conventional and high-strength concrete, but wittaalditional data on SCC it is assumed to be

valid. The cracking moment was then converted#clking load using
. 2(M -M,)
a
whereP = the applied loady = applied momenty = the dead load moment, aad the

distance between the support and the concentraded |

The ultimate capacity was calculated using tharstteampatibility method because the
handbook notes that this method is typically ma@@ugate than standard code equations. The
effective strain of the top fiber at failure was@ased to be 0.003 in./in. (mm/mm). This
correlates well with the average strain value 60809 in./in. (mm/mm), measured using two
strain gauges mounted on top of each girder duoading and taken fromable4. The
effective prestress was determined for each indalitayer, and standard principles of
mechanics were used to determine the ultimate mboagacity. Using these values, the

ultimate load was determined from the equation abov

Moment-curvature analysis was chosen to predicaWiehsince it has been widely used to
analyze structures. Moment-curvature analysis pies/a more detailed and accurate prediction
of the deflection and flexural capacity of a meméed explains the behavior of the member in
progressive load stages leading to failure. Thithowdevelops a rational analysis that follows
the behavior of the bonded prestressed concreta tiewaugh the total load range from initial
loading to failure stage. To improve the reslitig, analysis was performed using the layer-by-
layer method, dividing the cross-section into salvkyers. The top fiber strain in the concrete
and the position of the neutral axis are assumedbtain the concrete strain distribution. The
stress-strain profile used for concrete was thatimeiship developed by Thorenfeldt et%l.

while the Modified Ramberg-OsgoBdunction was used for the prestressing. Priaotocrete
cracking, the moment-curvature analysis producggltsesimilar to the behavior predicted by the
PCI Design Handbooknethod since the girders are assumed to remaarliglastic. Post-
cracking response was determined using the layday®r method, and the resultant concrete

stress was found using:
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Cc = z Ati fci
whereA.; = the area of each individual concrete layer fanel the stress at the centroid of that

layer, determined from the calculated strain andréhfeldt's equation. The resultant steel

stress was found using:

Ts = Z 'Abs f pe
whereAys = the area of each layer of tendons &aé the effective prestress after losses.
Therefore, for a given top fiber strain the deiiihte neutral axis can be found when the
resultant concrete and steel stresses are eqghalmdment is found by multiplying each
resultant force with the distance to the neutréd ard adding the results. The corresponding
curvature will equal the strain in the top fibevided by the depth to the neutral axis. Increasing
the assumed top fiber strain results in increasezefresultants and moments, which are used to
develop the moment curvature response. The céécllaoments were translated into load using
the earlier equation. The conjugate beam methadusad with numerical integration to

calculate the girder deflections from the curvawimng the member:

A= (—% Z%xszxl + [—@XZ ;%Xs]sz -

whereA = the midspan displacemerg= the curvature at a specific poigtandAx = the

distance between two points.

The computer program Response-28@@&rforms calculations similar to those involved in
moment-curvature analysis. The analyses produagulg different predictions of elastic
behavior, and the computer program included thecefff tension stiffening in the post-cracking

response.

Flexure Results

In reinforced or prestressed concrete, flexuratksdorm when the tensile stress of the bottom
fiber of the member exceeds the modulus of ruptfitbe concrete. Prior to this point, the
member behaves in a linear-elastic fashion accgriditHooke's Law. Therefore, the cracking
load can be determined from the load-deformatioh when that relationship no longer appears
linear. Figures 7, 8, and9 demonstrate the method used to determine the aippaitexcracking
load for girders B-84, B-75, and B-68. As an al&ive to estimating from the plots, the
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cracking load can also be approximated from trerstneasured using the DEMEC points
mounted on the sides of the girders. Since loadiag stopped at 10 and 20 kips (44.5 and 89
kN), and given that the strain was assumed to hdwesar distribution, the strain at the bottom
fiber can be extrapolated from the measuremensing.those data points, the cracking load
could be estimated by interpolating between 102th&ips (44.5 and 89 kN) until the bottom
fiber strain equaled the strain at the modulusipfure. As a result, the values estimated from
the plots and those determined from the strainilprofere relatively in agreement. The

estimated cracking loads for the three girdershoavn inTable 5.

Table 5 compares cracking loads predicted by the thredadstdescribed above with actual
cracking loads. The effective prestressing for@e & significant impact on the predicted
cracking load, so the predictions were calculatdgiboth predicted prestress losses and
measured prestress loss&sgure 10 presents the data shownTiable 5 as a ratio of the
measured to the predicted cracking load. It shibvasall three methods, using both predicted
and measured losses, underestimated the crackiddlpless than 16%. Such underestimation
results in a conservative prediction of member bigha Birrcher et af. performed a similar
analysis on HSC girders subjected to elevated cesspre fiber stresses at release. They found
the procedure outlined in tiC| Design HandbookndAASHTO LRFD 2005 Interim
Specification¥ for prediction of prestress losses and crackiag$moverestimated the actual
cracking load. Th@Cl Design Handbooknethod overestimated the cracking load by an
average of 10.2%, with a high of 22.5%, andAR&SHTO LRFD 2005 Interim Specifications
overestimated by an average of 4.4%, with a high38b. Since they calculated cracking load
based only on estimated prestress losses, theaagooi the predicted capacity was dependant

on the accuracy of those estimations.

The complete load-deflection relationship for gisiB-84, B-75, and B-68 is shownkingur es

11, 12, and13, respectively. These figures also show the ptedicesponse according to the
moment-curvature analysis and Response-200they demonstrate that the author developed
moment-curvature analysis is a better predictdinefr-elastic behavior, whereas Response-
2000 better predicts inelastic behavior, because tfrevare considers tension stiffening in its

calculations.Table 6 compares predicted and measured ultimate mompatitg, andrigure
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14 plots the ratio of measured to predicted ultincateacity for all three girders. The latter
figure indicates that each method predicts thenalte capacity to within 14%, with the more
advanced analysis improving accuracy. Similahtodracking load, ultimate capacity is also
underestimated by all three prediction methodsliteato conservative predictions. The
difference between ultimate capacity calculatedhfpyedicted losses and from measured losses
demonstrates that variations in the effective pesstng force have a relatively small impact on
predictions of ultimate capacity.

The displacement of members subjected to bendidgpgsndant on the stiffness of the member,
and specifically on the inverse of the stiffne$fie member stiffness is determined from the
MOE of the material and the moment of inertia. c8iall girders were cast simultaneously, the
MOE is assumed to be uniform among them, thus tihedfference is the geometrical
properties of the members. Therefore, normalimat&En permit comparison of the load-
displacement relationship for members of varioassiFigur e 15 presents the load-
displacement relationship for all three girdersmmalized to the stiffness of B-64. It indicates
that the relative flexural behavior of each girtevery similar except for ultimate capacity of
the member, which is tied to the width of the coagsion block.

Predicted Shear Behavior

The behavior of members subjected to shear isswied understood as those subjected to
flexure. The predicted behavior of flexural mensbiedlows conventional principles of material
properties and strain compatibility, whereas sloagacity has traditionally been predicted using

empirical relationships.

Both AASHTO LRFDandACI 318-05use empirical equations to determine the contiobunf
concrete, whether prestressed or non-prestress#t total shear capacity of the member.
Since the shear capacity of concrete is closeatedlto the mix proportions, and especially to
the coarse aggregate content, empirical equatievalaped for normal strength concrete may
not apply to high-strength or self-consolidatingqoe@te. This project determined the shear
capacity using the detailed method outlined@i 318and discussed in tHeCl Design

Handbook. For the girder ends without shear reinforcemirat,expected capacity was
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calculated from the limiting value of web-shear #ledure-shear cracking. For all three girders,
flexure-shear was found to be deficient in an agaroximately 12 in. (30.5 cm) wide next to
the applied concentrated load. For the girder evittsshear stirrups, the smaller shear capacity
was smaller in the same area next to the suppdrit bad a larger value due to the contribution
from shear reinforcement. The contribution frora shear reinforcement was determined
according toACI 318Section 11.5.7.2 which assumes that cracks armaucht 45°.

The computer program Response-28@edicts shear capacity based on the Modified
Compression Field Theory and was used to analyzgitbers with and without shear
reinforcement. The program calculates the capatitsarious sections along the girder length

and determines the minimum load causing failure.

Shear Results

The typical method used to visualize shear behasitire plot of shear force (or stress) versus
shear strain. The shear force was easily detethiinen load tests, since it is equal to the
applied force. The shear strain, however, wass@asily measured since the location of shear
failure (i.e., the point where the shear strain giEsatest) occurred at varying points along the
girders. For simplicity and to maintain uniformiyth the flexural tests, therefore, the shear
behavior was plotted as the relationship betwead (shear) and displacement at the point of

load.

Bursting cracks developed at the ends of the meméducing the shear capacity of some
members. As noted above, the design of prestressatbers must be checked to control high
tensile forces that develop perpendicular to tlestpessing strands and often lead to cracking.
For this set of girders, cracking did not occutansaneously with the release of prestressing,
rather, cracks developed as concrete shrinkageraeg added additional stresses. On seven of
the 12 member ends, these cracks occurred at weleolieprestressing and extended in from the
end between 6 and 18 in. (15 and 46 mm). The aafubese cracks was most likely the
increased level of prestressing applied to achilegdiigh fiber stresses demanded by the
research program. These bursting cracks did floeimce the flexural behavior, but they did

appear to contribute to in the reduction of shagpacity.
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The load displacement relationships, both withartout shear reinforcement, are shown in
Figures 16, 17, and18 for girders B-79, B-72, and B-68, respectively.ebch of these figures,
the point where the relationship is no longer Imggnifies development of shear cracks within
the girders, and the transfer of shear to the wense reinforcement. This point corresponds to a
value slightly larger than the shear capacity ef¢bncrete because some of the shear force is
already transferred to the transverse reinforcenieigure 19 compares the load-displacement
relationship for the ends of the girders withowtathreinforcement, arfeigure 20 compares the
relationship for the ends of the girders with shrearforcement. Both of these figures indicate
little difference in behavior aside from the diffeg amounts of shear reinforcement.

Figures 21 through26 show the crack patterns of each of the failedste$te bursting cracks

are visible and their influence on the failurelod girders is apparent. When the bursting cracks
extended well into the beam, the shearing forceemthem, and failure extended from them. In
members without shear reinforcement, cracks deeeldyeside the support and extended directly
to the applied load, similar to deep beam behawitir a direct compression strut. The cracking
was typically initiated in the web, indicating wehear failure, which does not match the design
calculations. Due to the small inclination (lelsart 16°) of the compression strut and the
reinforcement configuration, a strut-and-tie maakelduced unreliable results. In members with
shear reinforcement, flexure cracks developed, fiofowed by shear cracking through a stirrup,
indicating flexure-shear failure as predicted. Thack inclination on these members was

approximately 45°, as assumed in the design equatio

Table 7 compares measured shear capacity with the prddtiear capacity outlined above for
the ends without shear reinforcemefiable 8 presents a similar comparison for the ends with
reinforcement. Both of these tables indicate sivaiar failure occurred below the predicted shear
capacity in nearly every test. The only undereatiom of capacity occurred using the PCI
Method on B-65, with an error of 11.6%. For theaéning predictions, the error ranged
between 2.4% and 99% overestimation. Test reeepisrted by Naito et af showed similar
behavior in girders produced with SCC and thosdyed with HESC, with actual capacity

exceeding predicted capacity. The results repdréed and the failure patterns shown in
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Figures 21 through26 indicate that, to ensure adequate safety, additiasting is
recommended for girders produced using normal agiteh strength SCC with lower coarse

aggregate contents.

CONCLUSIONS

Numerous factors affect the structural performasfqarestressed concrete members, especially
concrete properties. The conclusions drawn heegefore, are applicable to members produced
at the sponsoring production plant in Missouri.e Tasults of the experimental program
described here, along with the results from PhadeHis program on prestress losses, suggest
the following conclusions:

1. Self-consolidating concrete produced with lowerrseaaggregate contents reduces the
MOE of the concrete. Further investigation is rezkdf the effect of reduced modulus
values on the overall performance of prestressadrete.

2. The methods presented here for predicting the orgdkad are conservative compared
to experimental results. All these methods undenased the cracking load to within
16% of the measured value.

3. These methods also provide conservative predictbtise ultimate capacity of the
section. All underestimated capacity to within 1d#4he actual capacity.

4. Following the change of allowable compressive stegghe ends included &Cl 318 an
increase in the allowable stress limit to at I€a8€f . at any point along the member is
recommended. Increasing the allowable comprediigestress at release of
prestressing to 75% at any point along the membeears feasible when the member is
designed for flexure. Typical prestressed girdeervice have uniformly distributed
dead loads and do not perform in the same wayeatetited specimens which performed
similar to deep beams; therefore the shear periocens less critical.

5. The shear capacity of girders produced using retlncarse aggregate content SCC is
uncertain. Based on the limited results presenésd, their capacity is well below the
capacity predicted using current design equatiénsther testing is needed to ascertain
the impact of low coarse aggregate content ontikarsperformance of SCC girders.

6. End region cracking is of concern due to its impacshear performance. End region

cracking should be studied in full-scale SCC gisderevaluate the need for further
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research, particularly if the use of SCC mixes witiuced aggregate contents is
continued to maintain SCC flowability.
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AX

NOTATION

= distance between support and concentrated load
= gross area of section

= area of each individual concrete layer

= area of each layer of prestressing tendons

= area of mild steel

= prestressing strand eccentricity

modulus of elasticity of prestressing strands

modulus of elasticity of concrete at release

stress at the centroid of concrete layer

effective prestress after losses

modulus of rupture of concrete

applied moment

= cracking moment

= dead load moment

= applied load

= effective prestressing force after losses
= gross bottom section modulus

= midspan displacement

= curvature at a specific point

= distance between two points
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Figure 1 — Typical Cross-Section
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Figure 2 — Shear Stirrup Spacing for Flexural Girders
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Figure 3 — Shear Stirrup Spacing for Shear Girder Tests
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Figure4 — Location of DEMEC Target Points



Hydraulic Ram
Load Cell

6'-3" Spreader Beam

14!_6"
1
2
3 Figure5— Flexure Test Setup
4
5
6
7
8
9
3I_6ll p
9'-0"
Test #1: Shear Capacity of Concrete
3-6" -
gl_oll
10 Test #2: Shear Capacity with Stirrups
11

12 Figure6 — Shear Test Setup




~NOoO Ol WNE

9
10

Load (kips)

0.2 0.3 0.4 0.5 0.6 0.7
Deflection (in.)

Figure 7 — Estimation of Cracking Load from B-84 Load-Dsptment Plot
Note: 1 kip = 4.45 kN, 1 in. = 25.4 mm

Load (kips)

10 I I I I
0.2 0.3 0.4 0.5 0.6 0.7
Deflection (in.)

Figure 8 — Estimate of Cracking Load from B-75 Load-Disgaent Plot
Note: 1 kip = 4.45 kN, 1 in. = 25.4 mm
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Figure 17 — Shear Behavior of B-72
Note: 1 kip = 4.45 kN, 1 in. =25.4 mm
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Table 1 - Beam Cross-Sectional Properties

Girder Designation B-84 | B-79 | B-75 | B-71 | B-68 | B-65
Target StressLevel (% of f ) 80 75 71 68 64 60
Actual StressLevel (% of f'¢) 84 79 75 71 68 65
GrossArea, Aq (in) 66 | 69| 72| 75| 78] 81
Gross Moment of Inertia, I (in?) 855 | 895| 935 975 10141053
Distancefrom CGC to Top Fiber, yi(in) | 4.77| 4.83] 488 492 496 5.00
Distance from CGC to Bottom Fiber, y, (in) | 7.23| 7.17| 7.13 7.08 7.04 7.00
Srand Eccentricity, g (in) 2.73| 2.67] 263 258 254 250
Distance from Top Fiber to CGS, dj, (in) 7.50
Note: CGC = center of gravity of concrete, CGS nteeof gravity of steel; 1 in.= 25.4 mm
Table 2 — Hardened Concrete Properties
Test Age 28 days | 56days | 243 days
Average Compressive Strength (psi) 9026 9024 8210
Coefficient of Variation 0.80% 1.41% 1.94%
Number of Compression Tests 3 3 6
Average M OE (ksi) 4635 — 4175
Predicted MOE" (ksi) 5082 — 4847
Ratio of Measured to Predicted M OE 0.912 — 0.861
Note: 1 ksi = 6.89 MPa, 1 — AccordingA&SHTO LRFD 5.4.2.4
Table 3 — Measured versus Predicted Prestress Losses
Total Losses at 243 days (ksi)
Designation B-84 | B-79 | B-75 | B-71 | B-68 | B-65
Measured 66.5 70.7 645 629 67|14 571.7
AASHTO LRFD | 58.7 | 56.3| 54.2| 522 50.3 48.p
4™ Ed. -12% | -20%| -16% -17% -25% -16%
PC 88.8 | 84.0| 79.7| 759 724 69.
33% | 19% | 24%| 21% 7% 20%
AASHTOLRFD | 79.3 | 75.6| 723] 69.3 66.5 64.0
39 Ed. 19% 7% 12%| 10%| -1% 11%
Note: 1 ksi = 6.89 MPa
Table 4 — Peak Strain Values for Flexure Tests
Designation B-84 B-75 B-68
Top Fiber Strain (x18in/in) | -3640 | -2954| -2614 -3469 -3232 -2630
Average Strain (x1Din/in) -3090




wiN

Table 5 — Comparison of Actual versus Predicted Crackingd_for Flexure Tests

Designation B-84 | B-75 | B-68
Actual Cracking Load (kips) 18.45 19.10 19.42
Predicted Cracking L oad Using Predicted L osses
PCI Design Handbook (kips) 17.20 16.65 18,03
Moment-Curvature Analysis (kips 18.14 18.46 18,76
Response-2000 (kips) 16.6p 17.21 17/61
Predicted Cracking L oad (kips) Using M easur ed L osses

PCI Design Handbook (kips) 16.66 16.85 16,54
Moment-Curvature Analysis (kips 17.3f 1754 17[25
Response-2000 (kips) 1598 16.35 16,20

Note: 1 kip = 4.45 kN

Table 6 — Comparison of Actual versus Predicted Ultimatad.o

Designation B-84 | B-75 | B-68
Actual Failure Load (kips) 3490 36.26 37.95
Predicted Failure L oad Using Predicted L osses

PCI Design Handbook (kips) 31483 32.53 3345
Moment-Curvature Analysis (kips 32.37 33.18 33,98
Response-2000 (kips) 33.86 35.06 36,09

Predicted Failure Load (kips) Using M easured L osses
PCI Design Handbook (kips) 31.10 32.07 3267
Moment-Curvature Analysis (kips 3200 32.94 33,50
Response-2000 (kips) 33.86 34.f2 3555

Note: 1 kip =4.45 kN

Table 7 — Comparison of Actual versus Predicted Shear Ggp@to Stirrups)
Designation B-79 | B-72 | B-65

Shear Failure Load (kips) 11.70 1491 17,89
Predicted Capacity Using Predicted L osses
PCI Design Handbook (kips) 15.76 16.18 16.55
Response-2000 (kips) 23.28 24.p6 25,20
Predicted Capacity Using M easur ed L osses
PCI Design Handbook (kips) 14.48 15.27 15,82

Response-2000 (kips) 21.87 2335 24,23
Note: 1 kip = 4.45 kN
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Table 8 — Comparison of Actual versus Predicted Shear €Ggpestirrups)

Designation B-79 | B-72 | B-65

Shear Failure Load (kips) 23.69 26.82 20,55
Predicted Capacity Using Predicted L osses

PCI Design Handbook (kips) 32.26 28,55 2645

Response-2000 (kips) 31.16 29.p9 28,28
Predicted Capacity Using M easured L 0sses

PCI Design Handbook (kips) 30.98 27.65 2472

Response-2000 (kips) 30.6b 29.f2 28/50

Note: 1 kip = 4.45 kN
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