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Abstract

A prestressed concrete girder camber predigirogram which utilizes a timestep
approach, wasnprovedto a new version includinghodifications,newfeaturesandthefib
Model Code 2010 materigredictionmodel The original version of theoftwarewas developed
by Claire E. Schrantz in 2008 few crucial corrections were includég Brandon R. Johnson
in 2012.

In thenewversion a user is able to obtain predicted strains and stresses at designated
depth defineactual and design compressive streggthport variables from and export output
data to a spreadsheet for further analyiie camber prediction softwairecludes four concrete
modulus of elastity (MOE) development modelsyvo-point MOE model(uses MOE test results
from two ages)AASHTO LRFD, ACI 209R92, andfib MC 2010.Creep ad shrinkage
predictionmodels include AASHTO LRFD, ACI 209B2, andfib MC 2010.

Experimental data @erecollected from four previous research projects at Auburn
University. This partothest udy was used to verify inhe appli
time-dependent straigurvature and deflection. Measurements of strain and camber values
were obtained from fulscale prestressed girders constructed whhatedconcretgVC) or self
consolidating concretgSCC) Camber and strain measuremeritsineteen AASHTO B154

girders, fourteen AASHTO BT2 girdersand six AASHTO Type | girders were collected.



Measured camber data from twelve 15 in. dedge@ms were also used in this study.
Compressive strength of the concrete mixtures a@a38varied between 630@nd13,600 psi.

Time-dependent properties and deflections were predicted by thsingew version of
thecamber prediction softwar&he wo-point MOE modelin combination withvarious creep
andshrinkage prediction models welsoserfor predictions Predictionsvere compared with the
collected data from the fifty one girdersewaluatehe accuracy of thereep and shrinkage
prediction models

The comparison of timdependent responses showed tdasmbergrowth, which is
affected by creeps overestimate for high-strergth girderson averagandinclude both over
and underpredictions for moderagigength girdersACl 209 predicts repmost accurately for
high-strength girders, anASHTO LRFD predicts creep most accuratély moderatestrength
girders.Shrinkagepredictions which hae aneffect on prestress lossese overestimatetbr

high-strength girders angiave mixed distribution of estimations fmoderatestrength girders.
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Chapter 1 Introduction
1.1 Background

Time-dependent defmationsof prestressed girders dependeomide variety of factors.
Material and section properties of a prestressed girder, curing cosditibially applied
prestressing force, and environmental conditions are imposgetars. Engineers are likely to
consevatively estimatesome of the important elements such as concrete strength, modulus of
elasticity, and prestress losses in order to satisfy availablereqdieemerg and stay othe safe
side.

Some of the currentrediction modelslo notcoverhigh-strength concrete; however, it is
commonly used in thprecasplants producing prestressed girdétgh-strength girders tend to
haveagreatemrmodulus of elasticityhanthe moderatestrength girdersHigh-strength girders
may exhibit less creepnd shrinkge deformatiors as well For design purposet)e actual
strengthof concretds assumedo be equal to the specified strengilhis conservative practice
can result in overestimated camber when actual strengths are greater than specified.

The predictionof time-dependent deflectioten be especially importamturing the
planning of constructiortJnderestimating cambeanay result inadjusting the decformsduring
constructiorto providethe required deck elevatianSverestimating camber caasult in a
bridge that sagander superimposed dead Iagacth as the loads duette deck andhebarrier

rails. Both casegan bring aboutonstruction delays anthexpected cost.



A time-step approach can be implementedsbmatethe camber along witthe prestress
loss With thismethod deformationdor each time ineement and each specified crgsstion
are determinedrhetime-stepmethodcan also be usdd analyze strain and stredsvelopment
on agirder crossection over timencluding realistic material properties camprove the
accuracy opredictions ocamberand prestress loss
1.2 Research Objectives

The objectives of this research projace provided below

1 Enhancement othe performanceand the usefriendlinessof earlier camber
predictionsoftwaredeveloped in Visual Basic

1 Implementation ofib Model Code 201@nto thecamber prediction application

1 Evaluation otthe performance of AASHTO LRFD 281 ACI 209 andfib Model
Code 200 by comparing them witpreviously obtained test measurements

1 Recommendations tgelect a material prediction modé&ir predicting time
dependent deformations

1.3 Scope and Approach

Improvements were made to the previous camber prediction software. The source code of
the software was rearrangeadmpletelyto add new prediction models and to import the internal
data from and export them to a spreadsheet.

For thedata collectionfour previousresearch projeciacluding a total of fiftyone
prestresgirderswere investigatedhe Hillabee Creek Bridge Projedthhe AASHTO Type |
Project, the HiglPerformance Concrete Project, and tiBems Project. They were also
referenceds Project, 2, 3, and 4, respectivelyrhis part ofthe study was used to verify the

appl i cat i otopvescttenegepehdent stragycurvature, and deflectisn



In the camber prediction softwarbetchoserconcreteMOE developmeninodel was
two-point MOE model The material prediction models for creep and shrinkage of coneeete
composedf AASHTO LRFD 2014, ACI 209, andib Model Code 2010 Projects 1, 2, and 3
were analyzed for bottorflangestrain, midspan curvature, and midspan camber, bjgdrb
was analyzed only for midspan camber.

1.4 Organization of Thesis

Chapter 2 reviewthe timedependent deformatioms a prestressed girderhe time
dependent deflection methodse discussed brigfl andthe incremental timstep method is
explained in detailAlso, the parametersfluencing the timedependent deflectiorae
explained

Chapter Dutlinesthealgorithm ofthe camber prediction softwaréhe modifications
madeto the previous versions are also explain@dcussion®f thenew features and prediction
modelsof the software are presented. The maput schema and the outgagic are discussed
in this chapter.

Chapter 4s a presentation of thexgerimental datérom the four prestressed girder
projects Temperature correcns for internal strain and camber atgodiscussed. Selected
input variables for the use of the predictions are presented.

Chapter 5 includes the analysedoftomflangestrains, midspan curvatures and camber
deflections. Cambas obtained directlyand loss of prestress force is represented by bettom
flange strains. Predicted botteftange strains, curvatures and cambers are compared to actual
responses of the four projects. The results are evaluated statistically to make suggestions for
selecting anaterial prediction model.

Chapter gresents a summaof the study along with conclusioasd recommendations



Chapter 2 Literature Review

2.1 Introduction

The purpose of this chapter is to review tinge-dependent eformationf a prestressed
girder and to present the state of the art. This chaptendegh the discussion of whimne-
dependent deflections are and how they can be predicted. The next section continues with the
discussion of the efeents influencing the timdependent deflections.
2.2 Time-Dependent Deflection

2.2.10verview

Camber is a timelependent deflection in the upward direction. Figufied?splays the

camber displacement obtained with superposition.

Dead Load Only Prestressing Tendons Only Total Behavior

Dse-lf-we-ight /—T\

A—— v — L), VA

Ocamber

oself—we-ight-l— Gprestress

Figure 2-1: Superpostion of Displacementsdue to SelfWeight and Prestressing Force
Selfweight of the concrete causes a beam sagging downwaedectentric prestress
forcesresult in bending in the upward direction. The superposition of these deflections gives the

total response. If it is in the upward direction, then it is called camber.



Camber is the favorable outcome of the effective prestressingdpptied eccentrically
The effective prestress is the residual amount after prestress losses. Rgiem@nstratethe
key factors affecting the prestress losses and the relation between them. The losses can be event
dependenand broken into two partgistantaneougshortterm) andtime-dependenflong-term).

This also explais why the cambedoes not remain constambder the same loading.

Instantaneous Time-dependent
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Figure 2-2: lllustration of Prestress Losses for Prestressed Concrete (Adapted from
Naaman [2004])

Initial cambe® shortterm deflectiod resultsas soon as the prestressé@dnds are
released. The sherérm defleabn can be daulated by using lineaglastic properties and one of
the beam deflection methodSambergrowthfollows a timedependent trend becausetioé
maturing concrete propertie)e timedependentleformations of concrete (creep and

shrinkage), and thiessof prestres$orce (steel relaxation)



2.2.2Methods to Predict Time Dependent Deflections

The timedependent deflections can $teidied in two main parteamely, the shoiterm
and the longerm deflections. The shetgérm deflectior(initial camber)can be estimatedith
classical methods assumiligear-elastic behavior of material. H@wer, the longerm
deflections (camber growtimecessitate complex calculations due to the-tiey@endent
behavior Moreover, estimating lonterm performance req@sadditional parameters such as
aging material progrties, timing of prestregents andmorepropertiesddepend on the chosen
creep and shrinkage mod&itallings and Eskildsen 2001)

The methods for calculating the letgym deflections are divided into five more
categories by Stallings andidgsen (2001). ACI 4355 (1995 sunmarizes the available
time-dependent prediction methods, althotigdy ultimately focus oestimatingcambe.
Furthertime-dependentleformationsuch adottomflangestrain anccurvature are also needed
to conparethem with thecollected lab and field data.

The first method is the incremental tirséep method which is the primary focus of this
thesis. This rathod isoutlinedby Naaman (2004). The initial strain distributions, curvatures, and
prestressing force are required to be calculated @Girstep, shrinkageand steel relaxation are
calculated for each timstep.Later, the incremental prestress lossesomputed for each tirae
stepwhile equilibrium is satisfiedTheyare repeated for each cressction and foeach time
interval. Integratingurvaturesover a girder lengtban finally give thecamber development
This method is implemented for thissearch studyandit is discussed further in tHellowing
subsectior{fNaaman 2004)

The £cond method is the PCI multiplier method which estimates thetéwng

deflections umg eventspecific coefficients. lwasfirst developed by Martin (1977). Concrete



strength at transfer is assumed to be 70% of th#a®&trengthand modulus of elasticity
(MOE) at transfer is assumed to be 85% of the final MSort-term deflectionsire obtained
by conventionakngineerig mechanicsThen they are multipliedvith the multipliersgivenin
Table 21. The multiplies for the camber at erectioapresengirder age betweed0 to 60 days
(Martin 1977) Further, this method is used in A€l DesignrHandbook(2010)

Table 2-1: Long-Term Multipliers ( Adapted from Martin [1977])

Without With
Composite Composite
Topping Topping

At erection:

(1) Deflection (downward) componeiapply to
the elastic deflection due to the membeight 1.85 1.85
at release of prestress.

(2) Camber (upward) compondnapply to the
elastic camber due to prestress at the time of 1.80 1.80
release of prestress.

Final:
3) Deflection (downward) componeinapply to
3 ] ( ] ) P PRy 2.70 2.40
deflectioncalculated in (1) above.
4) Camber (upward) componénapply to
(4) (up _) p pply 9 45 220
camber calculated in (2) above.
5) Deflection (downward) apply to elastic
®) } ( ) ) apply 3.00 3.00
deflection due to supémposed dead loads only.
(6) Deflection (downwardi apply to elastic 230

deflection caused by the composite topping.

The approximate timstep is the third method to calculate camber growth. Deflections
affected by creepsglf-weight andsuperimposed dead loddre summed up witteflections due
to live load Longterm creep coefficient iequired for theeomputationgACI Committee 435
1995)

The fourth method igheaxial strain and awature method which usesacked section

propertiedor instant@eous and longerm deflections. Change in deflection is calculated with



strain slope, i.ecurvature.For this method, determination of prestress losses is not required but
it usesanaging coefficient that adjusts tor each time interval under consi@tion(AClI
Committee 435 1995)

The last method is the prestress loss method. It assumes that sustathkxhdespes not
impose cracking; thereforepn-cracked section is used to find the effects of creep, shrinkage
andrelaxation. This method provides stsdoss coefficientdue tocreep,shrinkage and
relaxation Multiplication factors are apied to the deflections due faitial prestress, member
selfweight, supeimposed dead loadnd tme-dependent prestrekssessimilar tothe PCI

multiplier method AClI Committee 435 1995)

2.2.3 Incremental TimeStep Method
2.2.3.1 Background

An incremental timestep method provides the logic to calculate tolependent
deflections of a prestssedgirder. For the purpose of the data comparison, this method is further
modified to output other elemerdkng with the cambeatevelopment

Shortterm values such as initial strain, curvature, stre@sd cambearecalculated in the
beginning.Then,aging concrete material propies (such as concreOE), time-dependent
deformationgsuch asreep and shrinkage concretg, and losses due to steel relaxatmoe
computedor each crossection and each time interval

Incremental gain and curvate relationsareformulated in a way so that thegn
include the effects of thadividual deformatiors at each timstepwhile satisfying equilibrium
Linear stresstrain relationshipcan be usetb obtain incremental stressbst accompany these

incremental strains and curvaturlext, total values are computed by adding itheremental



values to the total amount from one previous step. The next step repeaindpeocedurdout
with the updated timeependent material properties.
2.2.3.2Principles of Time-Step Method
The overall algorithm is grounded in three principles as stated by Johnson (Z26&2).
first principle is that plane cross section remains plane and perpendicular to the longitudinal
axis. Figure 2.3 shows the infinitesihedement of a beam deformed according to the principle
Apl ane section r emai n sthechlalatiervoincreméntal ssamgta i nci p |

di stance 06y06 fnmewralaxishsedestribedByuation 81i n a

Neutral Axis

— o ———

Figure 2-3: Principleof APl ane Section Remains Pl

y- V- Y% ® Equation 21
where, y- = incremental sain at the centroid of a crosection
Y% =incremenal curvature of a crosection
@ = distarce from the centroid of a crossction

The fcond principle ishatstrain change on eoncretesection isequal tothe sum of the

stressdependent stragandthe stressndependent strains such as creep, shrinkage, and thermal



strains. Thenonlinear material behaviors such as cracking of coraatl yielding of

reinforcement steel are not included. Thimgiple is formulated agivenin Equation 22.

WwQ .
W o W j W j W ;i Equation 22
where, (S = change irstrain on a crossection of aconcretesection

wWQ =change irstress due to theesultant force on eoncretesection

0O = modulus of elasticity of concrete

w i = change in concrete strain due to creep

w i = change in concrete strain due to shrinkage
w 5 = change in concretrain due to temperature

The tird principle is the equilibrium oépplied forces rad moments.Figure 24 shows
the strain (stresdependentand stress diagrams of a pressed concrete sectiamder sel
weight and prestrestorces Total change in nonal force ona crosssection is equal tohe

change in axiastresses intgrated over the crosectionwithin a timestep.

fs:EsEs S
prmm— e s tress dueto
A, ) E E L prestress
force

SO [ESRUURUIRI ISR | WU IR R Neutral Axis

y y

—[—sc(y) —I— fo(y)=Eceec(y)
Ap
Ha = e e o o= o= =
I P \ fo=Epgp
Prestressed Strain Diagram

. Stress Diagram
Concrete Section (Stress-Dependent) =

Figure 2-4: Strain and Stress Diagramof a Prestressed Concrete

Incremental forces on the concrete section, the prestressed strands, and the reinforcing

bars are formulated together as given in EquatiBnthe internal stresses over the concrete

10



sectionalsoresult in bending moment. Moment and axial force equilibmaust be satisfied for
each time step as given in Equatied.2The equilibrium relationships below are adapted from

Schrantz6és research (2002) .

30 £4000] 3'Q0 3D Equation 23
Equation 24
30 3w 'Q 3'Qw 0 3" 0o
where, 3'Q =incrementathange in concretgress
0 = crosssectional area of concrete
3Q =03 3'(; =incremental change in stress in a prestressed steel layer

'O = modulus of elasticity of prestressing steel
3- =incremental change in strain in a prestressed steel layer
3"}, = incremental change in prestsekie to relaxation
0 = crosssectimal area of a prestressed layer
3'Q ='03- =incremental change in stress in a pwastressed steel layer
'O = modulus of elasticity of neprestressed reinforcing steel

3- = incremental change in strain iman-prestressed steel layer

0 = crosssectional ara of anon-prestresseckeinforcing steel layer
30 = incremental change &xial force
30 =incremental change in bendingpment

11



2.2.3.3 Assumptions

The new features are added within the camber prediction software satisfying the original

assumptions listed below:

T

The geometry of long and slender beam is assumed for the girders analymed in
application. It ensures that the principles in Section 2.2.3.2 can be incorporated.
Linear-elastic materiastress response assumedor stressdependent strain®lon-linear
behavior such as cracking of concrete or yielding of steel is not incllidedresearch
study intends to investigate the tidependent deflections until the erection of a girder.
This assumption is reasonable since the prestressed girders @esigoed to crack
under service loads

Selfweight of a girder is uniformly distruted over its length. Unit weight of the plain
concrete is increased with an amount of 5 pcf in ordercladethe approximateveight

of steelreinforcements recommended in AASHTO LRED

The girders are assumed to be sirglypported. Thiassumption is made according to
the storing conditions in the prestressed plants and permits performing determinate
structural analysis.

Perfect bonding betweeagrinforcementind concretes assumed. It allows the derivation
of some ompatibility equations

Effect of steel transfdengthis assumed to be limited to the end segment of each group
of bonded strands in the discretized girder.

Girders are assumed to be symmetric about the midspan.

12



2.3 Factors AffectingTime-Dependent Deformatiors

2.3.1 Qverview

Aging concrete properties amcreasingrestressorcesare thereasondehindthe
time-dependent trendf the deformationsThe bonds holding the cement and aggregates tend to
strengthenas concrete matures. This characteristic signifieqpertance of concrete strength
and modulus of elasticity development for the tidependent deflections.

Similarly, losses in prestressed straddse the timedependent trendrhe amount of
prestress losses gives the difference betwatal jacking $ress and theng-termeffective
prestress. Prestress losses can be @epdmnlent such as elastic shortenengd timedependent
such aghose due tprestressing steel relaxation, creep, and shrinkagere 25 demonstrates

the losses during the sereilife of a prestressed girder.

Stress in
strands
Jacking
/ Anchorage .
. Relaxation and
A :Eseatmg loss i temperature losses
B [™—— ~Creep, shrinkage
C Elastic shortening and relaxation Elastic gain
D f F H I due to live load
fr—] -1
. E G
Elastic gain Elastic gain I K
due to deck placement due to SIDL
Strand  Prestress Deck Superimposed Live load Time
tensioning transfer placement dead load

Figure 2-5: Stressvs. Time in a Prestressed Concrete GirderTiadros et al 2003)
This study focuses exclusively on the losses up to the deck plademdittated as
erection of girderg the study. The losses fraaoint B to E are explained in the coming

subsetions. In the figure, losses due to shrinkage marked as if they start only after prestress

13



transfer (Point D); nevertheless, autogenous shrintafpgmationscan develop before the
prestress transfer dapdng on the construction practice.

2.3.2 Concrete Strength

Concrete strength depends on type of cenvesiierto-cementitious material ratio,
admixtures, quality of aggregatmdduration and type of curing. It is a tindependent material
property and liable to increase rapidly at early ages and gradually at later ages.ig¥sing h
strength concrets a usual practicr prestressed girdesincethey are able tquickly reach
the satisfactory strength level required for the release of strands.

ACI Committee 3631997) stated that the tirdependent behavior of higdirength
concrete needs to be distinguished from the behavior of natnealgth concrete. Actually,
high-strengthconcrete has greater rate of strength development at early ages, ahdhsvo o
reasons were explained4) an increase in the internal curing temperature in the concrete
cylinders due to a higher heat of hydration &)dshorter distance between hgtéd particles in
high-strength concrete due to lewwvaterc e ment r at i 00.

Furthermore, error in camber prediction escalates when the actual concrete strength
values start to differ considerably from the specitledign strength | n f act , c®d Nei | |
(2012) made a recommendation to Minnesota Department of Transportation (MNDOT) with
regard to the design strengths at release. They monitored fourteen girders in order to understand
the overestimated camber problems for the bridge girders in Minn&betasuggested that the
concrete strength at releaégd should be multiplied by an overstrength factor of 1.15 since the
fabrication plants intend texceedhe design strengtland they want to make the precasting

beds ready for the next productiongasckly as possible.

14



Similarly, Hofrichter (2014) studie@pproximately 1900 girdgaroduction cyclesor
Alabama bridge girdersver the last 6 yearghis study intended to minimize the chances of
camber prediction errors for construction stage anddmameers during the design phase.
Hofrichter determinethat the pecified strengths alone amet goodpredictas of average
concrete strength; accordingly, reeommendethe relationship ifequation 25 for the use of

Alabama Department of Transportet (ALDOT).

X0 TEME ATt ™OEQ x nmol

Qo T neGE AxrEOEQ onoop  Fduaton25
where, "Q = expectd concrete strength at releaségpsi]
Q = specified concrete strength at releemsppsi]

Lastly, material testing in the United States is carried out according to ARadilard
C39(2009) The 6 in. by 12 in. cylinderarecured under standard laboratory conditions and
tested at a specified rate of loading without shock. This stamdesdsedto carry out the

material testing in this research.
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2.3.3ConcreteModulus of Elasticity

2.3.3.1 Background

Concrete modulus of elasticity (MOHgscribes a portion diie stresstrain relationship.

Concrete MOE depends on the type of cemgatercementitious materials ratiouring

methods, unit weight of concrete and type of aggregate. MOE is linked directly with the time

dependent deflection calculatiogignifying its importance This section introduces stressain

curves and the strgth-based MOE prediction models.

Figure 26 depicts some of the techniques to determine concrete MOE fromsitiaens

curve.The initial tangent modulus can be obtained by taking the tangent at the origin. The secant

modulus can be determiney bonnecting the origin with a point on the curve.

ASTM

Tangent
modulus
{origin} A1

Uniaxial stress

0.40 f 0

I
// Unloading

s
¥
rl
£ /
- 0

~q—Secant modulus
{Typical for any point)

{-Tension)
Permanent

Total
o}

| .
i < I Elastic -

-
£y Uniaxial strain

(Compression—»-)

Figure 2-6: Obtaining Modulus of Elasticity from Stress Strain Curve of Concrete
(Adapted from Naaman[2004)

16



ASTM StandardC469(2002)declares that the cylinders should be loaded 4®% of
the ultimate load (shown in the figure) and tested twice (at least) after an initial loadTtycle.
ambient temperature and humidity should be kept constant during tHeigete governing
material testing method in the UaBidnecessitates irg) the testing machirde capable of
applying a load at the required rate and of the magrotuhela standardized compressometer to
test the standardized cylinders. The MOE data in this research were obtained based on this
method.

The initial portion of s&ssstrain curve is somewhat linear, and concrete deformations
are recoverable. If the applied stress increases beyond the linear part, concrete behaves non
linearly and experiences permanent deformations due to microcracking. Concretstistness
trendsdepend on the age of concr@éi&aaman 2004)

Material prediction models such as AASHTAFD 2014 ACI 209, andib MC 2010
offer the mathematical relatiodsstrengthbased approael® to obtain MOE developmenthe
MOE development caalsobe obtained by fitting the measured M@Bwo agesnto a

mathematical modél referred aswo-pointapproach. The latter is used fbrsthesis research

Moreover recent research studies showed that actual EDEbeconsiderablygreater
thanthe codecalculatedMOE to take account of the local construction practi€é Ne i | | and
French (2012) evaluated the historical data and thgoomg MnDOT practice to estimate.E
The researchevealedhat theMOE at transfer should be multiplied by a factor of Xdr5

estimating the 28lay MOE.

Likewise,Hofrichter(2014) suggested mdaid MOE functions as shown lBquations
26and27i n order to take account oHisstdywashdsddOT o6 s

on the analyzed historical data from the plants whenajority of ALDOT girdersareproduced

17



Op ocoUL] & G Equation 26

Op coVL] & Q Equation 27
where, O = static modulus of elasticity of trencrete at release or @8ys in psi
0 = aggregate stiffness factor
=112
0 = time-dependency factor to account for age of predictions

= 1.04when predicting release modulus of elasti¢ioy Equation 26)
= 0.96when predicting 2&lay moduls of elasticity(for Equation 26)
= 1.02when predicting release modulus of elasti¢ioy Equation 27)
= 0.99when predicting 2&lay modulus of elasticitffor Equation 27)
1 = fresh concret@nit weightat placement ifipcf]
"G = expecteccompressive strength of the concrete at the time for which
modulus is predicteih [psi]
", = measuredompressive strength of the concrete at the timevfich

modulus is predicteth [psi]

18



2.33.2 ACI 209 MOE Prediction Model
The ACl 209 MOEpredictionmodelis given in Table . Equations :B and 29 show
the formulated expression for strength and time developkatcoefficients imMable 22 are
the coefficients and they are not valid for concrete with Type Il and V cemefadrdslends of
portland cemendnd pozzolanic material8St e a mo  <takenitonmgaadcelerated curing,
and fAmoi st 0 c-accelenatgd curingicteleratad curimgns the type of curing in
which curing temperature is elevated above noroehg temperatureue to the exposure of

sun, the tarfenclosureor the externahpplication of stearor heat.

Table 2-2: The » and 51 Coefficients

Curin Cement Recommended in Used in this
. eg T ACI 209 (2008) research
yp yp U b V] b
Moist | 4.0 0.85 4.0 0.857
Moist 1] 2.3 0.2 2.3 0.918
Steam I 1.0 0.% 1.0 0.967
Steam 1 0.7 0.98 0.7 0.975

The Ucoefficients are obtained froACI 209 (2008), but thé coefficients used in this
research are different than ACI 209 because of the inconsistencyday22rength. The nefw

coefficients are derived from Equatiordy equating the 28ay concrete strength.

2.3.3.3AASHTO LRFD MOE Prediction Model
AASHTO LRFD 2014uses a similar model with AQQ09 to estimate the 28y
modulus of elasticityEquation 210 in Table 26 describes the formulation. Developmewer

time is neither specified nor referrdatectly in the specification.
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2.3.34 fib Model Code2010 MOE Prediction Model
The characteristic strength values of different concrete grades are given in-Bable 2
Coefficientsthatdepend on type of cement and aggrega¢eprovided in Tables-2 and 25,
respectivelyThe cement types according to EBI7A1 (2011) are explained #ppendix +2. fib
Model Code 201MOE model is given in EquationsPla, 211h and 212 inTable 26.
Equation 211b should be used when mean compressive strength is avadilHi#ewise,

Equation 211a should be used.

Table 23: Characteristic Strength Values in [MPa] (Adapted from Model Codg201Q)

C(grrl;:éeete C12 | c20 | c30| c40| c50 | c60 | c70 | €80 | €90 | €100 | C110 | C120
0 12 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90 | 100 | 110 | 120
"Qr 15 | 25 | 37 | 50 | 60 | 75 | 85 | 95 | 105 | 115 | 130 | 140

Table 2-4: Type of Aggregates (Adapted from Model Cod§201Q)

Types of Aggregate U
Basalt, dense limestone aggregates 1.2
Quartzite aggregates 1.0
Limestone aggregates 0.9
Sandstone aggregates 0.7

Table 2-5: Type of Cement (Adapted from Model Codg2010)

"Q (MPa) Strength Class of Cement S
325N 0.38
O 60 325R,425N 0.25
425R,525N,525R 0.20
> 60 All classes 0.20
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Table 2-6: Modulus of Elasticity Prediction Models UsingStrength-Based Approach

ACI 209 AASHTO LRFD fib Model Code 2010
c 8 . o . ,_ e I T T
s 0 Q0 Q 0 océtmimd ® "Q o 0] %p—ﬂzg o0 0| —
©
o Equation 28 Equation 210 Equation 211a and 211b
- o}
S §o) — 0 _ 0o 1 o 80
c | T o Not Available
(o
L Equation 29 Equation 212
> 8
8 {6 qaip <Y
@ o}
=
|_

Equation 213

Explanation of the Variables

10 = modulus of elasticity at a time, t
9 0 = unit weight of concrete in [pcf]

1 "Q = compressive strength of
concrete in [psi] at a time, t

1Q =33

1 "Q =28day specified concrete
compressive strength in [psi]

|1 andf = constants given ifable 22

1O = modulus of elasticity of
concrete in [ksi]

9 0 =correction factor for
source of aggregate

0 =
in [kef]

unit weight of concretg

21

1 'O =modulus of elasticity in [MP&jt 28dayconcrete age
1 YQ=8MPa0 =21.5¢10° MPa
1 "Q = characteristic strength in [MPa} listed inTable 23

1 = constant depends on ttype of aggregate as tabulated
in Table 24

1 "Q = mean compressive strength in [MR&P8-dayage
measured on cylinders 150/300 reatisfyinglSO 19203

1 6= concrete age in [days] taking into account of temperat
duringcuring aggiven below

0rp B30Qwip @uv where,

Y30 temperature in [°C] during the time periad days
1 i = coefficient depends on the strengldiss of cement as

tabulated inrable2-5




2.3.4 Relaxation of Prestressed Strands

Relaxation of prestressed strands occurs due to applied sustained load over a long period
of time. Prestressed strands tend to lose prestressed forces gradually under an applied sustained
load over a long period of time. Steel relaxation is function of duration of prestressing load,
initial prestressing force, yield strength of strands and type of strands.

Naaman (2004) stated that the relaxation losses of prestressing steels can béenégligib
stresses are smaller than half of ultimate strength. Also, he points out that the actual relaxation
loss will be smaller than the pure relaxation since creep and shrinkage will also act to decrease
prestress amount.

Stressrelieved strands and lerelaxation strands are the two types of strands included in
the relaxation loss calculations. In order to appdycalculations compatibdwith the timestep
method,Equatiors 2-14 and 215 are modified from Magura et §1962).Equation 214 is used
to calculate the relation prior to release, arthuation 215 is usedo calculate the incremental

relaxation oer a period of time

. . | ToC Q :
(033 Q —_— — T® v Equation 214
V) Q
o N | ToC 1 ToC Q _
YO, Q 5 o T® UL Equation 215
where, Q = jacking stress in [Kksi]
0 =the time between prestress transfer and jacking in [days]
0 = 10 (stresgelieved); 45 (lowrelaxation)
Q = initial stress in prestressing reinforcement in [ksi] at thervegg of

time interval
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Q = yield strength of the prestressing reinforcement in [ksi]
o] = time at the beginning of interval in [days] (relative to jacking)

0 = time at the end of interval in [days]

2.3.5 Elastic Shortening

Elastic shortening lo§san instantaneous evénhappens once prestressed strands are

released om prestressed concrete girder. Transfer of prestressed force makes eaieftiars

and concrete girder compress until anildgium is reachedvith the tension in the prestressing

steel Perfectbonding between strands and concrete body is assumed to calculate elastic

shortening. Transformeskection properties are useohd Equation 24 is derivedo be

compatible with timestep method by Schrantz (2012).

where,

3 O 3- 3% W Equation 216
0O = modulus of elasticity of prestressing steel isi[k
y = distance in [in.] from centroid to the layer considered (downwgrd
3- —— =change in strain at the centroidtbé cross section

R
0 BO - j 0 = axial load on cross section due to prestress

transfer in [kips]

-k " = strain at prestressing steel level

immediately before prestress transfer

3% ————— =change in crossectional curvature in [1/in.]
h

0 BO wr =momenton cross section due to prestress transfer in

[Kip-in.]
Ms = moment due to selkeight (kip*in)
23



2.3.6Creep

Creep isii t hirme-dependentstrain in excessf elastic strain induced in concrete
subjected to gustaineds t r e s s 0 ( Nlaigaranction2Buatdon and magnitude of the
applied load the mixure propations, the relative humiditytype ofthe aggregateage ofthe
concree at the time of loading, and the geometry of the member. Ultimate coeéfcientis
the maximunpossiblevalue which may be attainétheoretically at infinitive)

The creep prediction models according to ACI 209, AASHTO LRFDi 20 fib MC
2010 argabulated in Table-Z. The ACI 209 ceep prediction model, given Equations 217
and 218, can be utilized for normadnd lightweight concrete with Type | or Type Il cement.
The concrete should also be ste@ammoistcured.

Accelerated curing ithe type of curing in which curing temperature is elevatsul/e
normalcuring temperature due to the exposure of sun, tarp/enclosure, or the external application
of steam or heat. @cretewith nonaccelerated curing is free of external heating effeas an
does not experien@s muchtemperature increases withaccelerated curingd. h e r e fteamb e , A s
curingis taken to meanaccelerated curing a noibto ciirimg implies noraccelerated curing

AASHTO LRFD 2014 providedin Equations 219 and 220, has beersuggestinghe
samecreepmodelsinceAASHTO LRFD 2005.The creep model isased on NCHRP 496
Report (2003)n which age at loading is expressed in days of accelerated clinegge at
loading t;, needs to be divided by 7 days if raccelerateguredconcrete is sed. The concrete
maturity, t, isthe chronologicahgerelative totheageatloading;in other wordsit does not
include any curingype corrections.

Thefib MC 2010 creep model is given in Equatiorn8and 222. The type of cement

accading to theEuropean construction practice gieenin Appendix I.
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Table 2-7: Creep Prediction Models

AASHTO LRFD 2014

fib Model Code 2010

slump correction factor

ACI 209
g fo®y I oo pald2 Qo B « 110
S
5 the ultimate shrinkage coefficieBguation 217 | the creep coefficierEquation 219 notional creep coefficierEquation 221
F G 6.6 P T TV 9 o8 U cj(i) o p Y@ nm ov?® ou?d
o P PP Bwn T W p L) ~ P B 0 0
volumeto-surface ratio correction factor volumeto-surface ratio factor
f T8 T Jfor_ ot . . P @
P& X @ % Tor - Q. pd @ I TD e —
r p8t 11 for_ 1™ Q
relative humidity correction factor humidity factor for creep coefficient depends on the strength
p& VO 8 HQ®E Qi ®o6i1 QY . v . p
F \ 8 AN M N A Y ey Q ” TO —‘8
pP 0o Q0o Qwaoi QY p Q ™ 0
% loading age correction factor
o
‘g applicable, fitheloading agesre later than 7 concrete strength factor coefficient depends on the loading age
L days for moistcuredconcrete ofater than 43
days for steartured concrete.
- g (0] , 9 8
P P p T S "
r Y 18imngrt
ou ®
Po T
fine aggregate correction factor
[ =0.82 + 0.067 0 O0j Y p MQWwWI
h

age of concrete at loading
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Table 2-7: (Continued) Creep Prediction Models

ACI 209 AASHTO LRFD 2014 fib Model Code 2010

1 A@g8 @ 18t whpst it TTMMT
%) (o] 30Q UV ——o——
g h » @& C X 0°Y30
©
- air content correction factor adjusted age of concrete at loading in [days]
5
g + 0° [ — : 6 o °
S pTt O3B pp TQ 0O oo I o 0
>
[}
a
()
E time development functionEquation 218 | time development factdtquation 220 development of creep with tintequation 222

Explanation of the Variables

1 6 = ageat loadingin [days]

1 _ = % relative humidity

1 &f"Y= volume to surface ratio in [in.]
1 =% ratio of fine aggregate to total
aggregate by weight

i =slumpin]Jin.]

91 = air content in [%)]

1 6= time after loading in [days]

1 0 = age of concrete at time of load
application in [days]

1 & "Y= volumeto-surface ratio in [in.]
1 'O= % relative humidity

1°Q = specified compressive streng
of concrete at time of prestressing in
[ksi]. If concrete age at time of initial
ng
may be taken as 0.BENj

| oadi i's unkngw
ksih [

1 6= maturity of concrete in [days];
relative to time of loading for creep

calculations

26

1Q
[MPa]="Q + 8 MPa

= mean compressive strength at 28 days

1 RO= relative humidity in [%]
1 "Q= notational size of member in [Mm}=—

1 0 = ace of concrete at loading in [days]
it = age of concrete in [days]

11 = coefficient depends on the type of cemen

ph QT @0
| = mh QET @Y @O
ph "Q¢i @Y @i @'Y

1 30 = number of days where a temp. T exists
17Y30 =temperature in [°C] during the time

periodz0




2.3.7Shrinkage

Autogenous andlrying shrinkageare the time-dependentrolume reduction of concrete
due tothe changes in the moisture contéying shrinkageoccurs due tohe evaporated excess
water after the end of curingAutogenous shrinkage occurs due to the hydration of cement.
Shrinkage is affected by aggregate typge at drying admixtures,waterto-cement ratio,
volumeto-surface ratioamount of reinforcement, and ambient conditidsiimate shrinkage is
the maxmum possible shrinkage strajAClI Committee209199).

The ACIl 209, AASHTO LRFD 204 andfib MC 2010 shrinkagerediction models are
given inTable 28. The ACI 209 shrinkageprediction model igjiven inEquations 223 and 2
24. One of the timedevelopment functions is given for concrete with 7 days of noaistg
(non-accelerated curing), and the other tidevdopment function igrovided for 13 days of
steamcuring (accelerated curing).

The AASHTO LRFD 204 shrinkage model, shown in Equation22 and 226 in Table
2-8, hasnot changed sicthe AASHTO LRFDX2005The shrinkage should be increased by 20
percentif concrete is exposed to drying before five days of cuiihg. 5day curing is for non
accelerated curingrhel7-hour (5/7 day) curing is thestimated approximatmount if it is
accelerated curing (Schrantz 2012).

Thefib MC 2010shrinkagemodelis given in Eqations 227, 228, and 229 inTable 2
8. The explanations and the required coefficients are also provided in the table. Thh streng

class of European cememnequired for the coefficientss provided in Appendix I.
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ACI 209

AASHTO LRFD 2014

Table 2-8: Shrinkage Prediction Models

fib Model Code 2010

- noOm yppm

- - 6 -

cement content correction factor

-5 rrrrrrr xwmpm
£
- ultimate shrinkag&quation 223 strain due to shrinkageéquation 225 total shrinkage or swelling straiigjuation 227
p& TBrpAQéi T _ YT . ) , . .
o8t ™ighQé Py _ pm Q p8u O, A -0 Q 1 o
humidity correction factor volumeto-surface ratio factor autogenous shrinkage
) . . Qfpm °
Aob = Q g BT pO© - g =
r PRA D DTS G, COUTX Tat p «Q ¢ ompn PN
V/S ratio correction factor humidity factor for shrinkage notional autogenous shrinkage
o JE TU T PIT - Y . - L
r O(Qan&)nnﬁtnrc e - 0 - Q 1 YQ o o
w| fine aggregate percentage correctig . .
S concrete strength factor drying shrinkage
‘% factor
L = - =
i T L T TT @Y 2 p& W - Q cecmpplm A@H Q p T

[ =T w T8I Tip

slump correction factor

notional drying shrinkage coefficient

Shrinkage shouldbe increased by 20
percent, ifconcrete is exposed to dryin
before 5 days of curing have elapsed

—x

[ T@UL T8Iy

air content correction factor

htmtb 2( wwbf
™ 02 ( wwbf

the coefficient taking into account of ambient RH

p® Lp
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Table 2-8: (Continued) ShrinkagePrediction Models

Equation 224

Equation 226

ACI 209 AASHTO LRFD 2014 fib Model Code 2010
8
. ou
% [ mprmaduo  p& TG — P8t
2 Q
Q
AN initial moist curing correction factor
(formulated usingrable 2.5.3n ACI 209
o0 ‘ I o p AoDmUO
. . - 0
€ — - 7 h XQ®bdw@ia¢ Twd i — , , .
g 5 , N @p TQ © time function forautogenous shrinkage
g. — - POOQOAEITOQ 0 Qzoxdo i Equation 228
2 . 8
8 Lo 0O O
. f 0 O - —
g time development time development factor mMtcQ o0 o
=

time-development function for drying shrinkage
Equation 229

Explanation of the Variables

1 _ = % relative humidity

1 wI"Y= volume to surface ratio in [in.]
11 =% ratio of fine aggregate to total
aggregate by weight

11 ® = cement content in [Ibs/§d

i =slumpin [in]

Tl
1 0 =time after the end of the initial wet

= % air content

curing (days)

1 &y “Y= volumeto-surface ratio in
[in.]

9 "O= relative humidity (%)

1°Q = specified compressive
strength of concrete at time of
prestressing in [ksi]. If concrete
age at time of initial loading is
unknown at gneaygi
be taken as 0.8QNp [Ksi].

1 6= maturity ofconcrete in
[days]; relative to end of curing fo

creep calculations

29

1°Q = mean compressive strength at 28 days in [M
="Q + 8 MPa
1 h R = coefficient dependent on the type d
cement
strength class of cemer‘ | ‘ | ‘ |
325N 800 | 3 0.013
325R,425N 700 | 4 0.012
425R,525N,525R| 600| 6 0.012

1 RO= relative humidity of the ambient atmosphere i
[%0]
1 "Q = notational size of member in [Mm}=

1 6 = concrete age at the beginning of drying in [day
9t = concrete age in [days]




Chapter 3 Computer Program Development
3.1Introduction

Thefirst versionof thecamber predictioprogramwas developd by Schrantz (2008).
Specific steps included the assemblagthetntire timedeflection algorithnwith the numerical
time-step approachsingVisual Basic (VB) programming language. Furthesr workincluded
design of thaiserinterfacedo enter the required values atareportthe outputdata The second
version ofthe software wadevelopedy Johnson (2012) after includiagfewcrucial
correctionsin this research studgthird version of the camber software is developed and later
used for data analysis.

Theinput processvith the previous camber software were tio@suming owing to the
fact that it was not able to import from or export to a spreadsheet file. A user was required to
enter all input variables separately and record the output data one atla twheition some
existingtime-dependent concrefgediction models lthbecomeobsolete since theriginal
version.Thus,new prediction models have been added. The new version of the application also
comes with several modifications and nieaturedo enhance the user experience.

The new camber software offers dM®E developmenmodelbased on measured MOE
Two-PointMOE, and four different strengtbased MOE development models, ACI 209 Normal,
ACI 209 Backcalculatdjb MC 2010 NormalWeight and fib MC 2010 Backcalculate.

Available concretecreep and shrinkage models are AASHOIRFD 2014, ACI 209 andfib MC

2010.
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This chaptecontinueswith the presentation dhe methodology including the logic of
the timedependent dermation computationand the modifications mad® the previous
versions. The discussisabout the new features and prediction modetspresented in Section
3.3. LaterSection 3.4 concludes the chapter by presenting the current input schema and the
output structure.
3.2Methodology

This section is composed of two main pafsstly, adiscussion of the algorithm for
time-dependent deflections included which was initially assembled by Schrantz (20N®xt,
anexplanation of the modifications made on the earlier verssopiesented

3.21 Algorithm for Time-Dependent Deflections

The derived equations in this section are based on theftimg@mental assumption&
pl ane sect i otnelinearsastic stessipaln dahaviofer stressnduced strains,
andequilibrium. They are combindd construct the key relationship necessitated for the time
step method. Discussion of these assumptions is giv@eation 2.2.3.

Figures 31 and 32 illustrate the algorithm to calculate the thahependent deflections.
The calculations are divided into five main groups:ifit)al calculations (2) calculations for
each ime step andcrosssection (3) updatedstrains andstressesand(4) incremental antbtal
camber In addition to showing the algorithrthe reservedariable names used in the software
are also providetb bettercomparethe figures presented Bection 3.4.3. The notation used in
Figures 3-1 and 32 is explained inAppendix A.Derivatiors of the equations adkscussed by

Schrantz (2012).
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Calculating Time- Description of the steps and the reserved
Dependent Deflections variable names in the software

i. Calculate moment for each cross section due to self-weight:

() Mg array(1,j
Initial Calculations g_array(1j)

ii.  Create time arrays: time_array(i), age_array(i),jack time_array(i),
shrink_time_array(i)

iii. Obtain concrete modulus of elasticity (MOE) development for each
time step: Econ_array(i)

iv. Foreach cross-section, compute initial strain at the centroid of
transformed section and initial curvature (including steel relaxation up
to prestress transfer and elastic shortening):
delta_ecen_initial array(1.,j), delta_phi_initial array(1,j)

A B No,ini
Ecen,initial - E A
c,inifitr,ini

Mg — Mo in;
Adinitial = =

Ec,ini‘rtr,ini

) — For each time interval, i

Calculations for Each —— Foreach cross-sec‘tion:j
Time Step and Cross
Section i. Calculate the time-dependent losses (including relaxation losses of

prestressing steel and losses due to creep and shrinkage of concrete):
Incremental Relaxation array(k,j, i),

Incremental Unrestrained Shrinkage Strain_array(1,j, i),
Incremental Unrestrained Creep Strain_array(1,j, i),
Incremental Unrestrained Creep Curvature array(l,j, i)

ii. Calculate incremental strain:
Incremental Strain_ Centroid array(1,j, i)

iii. Determine incremental curvature:
Incremental Curvature array(1,j, i)

iv. Compute incremental strains at different layers:

Ae.= Aggon + AQy

AESZ Agcen + A¢ys As
Aep= Aepen + ADY,

Fig.A: Strain Profile ofa
Concrete Section

Figure 3-1: Methodology of Time-Deflection Calculation® Part 1
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Calculating Time-

Description of the steps and the reserved

Dependent Deflections variable names in the software
v. Calculate incremental stresses at different layers:
Afc = Ec [AEC - AEC,CT - Agc,sh]
Af, = E Agg
Af, = E, Agp + Afy g
(3) vi. Compute total strains and stresses:
Updated Strains and Total ebottom_array(l,j, i), Total efop array(1,j, i),
Stresses Total fbottom array(l,j, i), Total ftop array(l,j,i),
Total fr array(k.j, i), Total fp array(k,j, i)
Ec = Eci—q + Agg
Eg = Egi-1 + A&
Ep = Epi1 T+ Ag,
fc = fc,i—l + Afc
fs = fs,i—l + Afs
fp = fp,i—l + Af'p
— Next cross-section, j+1
Y vii. Compute incremental and total camber:
4) Total Camber Calc(i)

Incremental and
Total Camber (Using
Moment-Area
Method)

A

Next Step with the
Updated Material
Properties

L 1

Ax
Aca‘mber = Z?

SUMcambe'r' = SUMcamber,i—l + Aca.‘nf:,.bez'r'

2
Exjﬂ

L 2 1
Ag; (E_Exj _Exj+1)+A¢j+1 (E—ng -

1
d"I-\\-l

Midspan

C.G.

e

Kigg
o

Figure 3-2: Methodology of Time-Deflection Calculation® Part 2

— Next time interval, i+1

Curvature
Diagram

Fig.B: Moment-Area Method
(Adapted from Scrantz [2012])
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(2) Initial Calculations

Bending noment due to the selfeight isneededo compute the elastic shortening of the
concrete. In th camber software, uniteight of the plain concrete is distributed uniformly over
the girder length with an additional amoun&gbcf to account for thesinforcementvithin a
girder.

A time array is usetb providea mutualchronological time irall of the subroutines.

Step sizes are based @nonlinear function tbettercharacterize theapidly changingarlier
behavior.The time arrays used in the computeftware are also discussed in Section 3.4.1.

Modulus of elasticity (MOE) development is essential to obtain the trend of the material
properties. MOE development can be formulated accorditigetwo-point approach othe
codebased approaches suchfiadViC 2010 and ACI 209. MOE influences the ralatstiffness
of the steel and concrete materials; thusridwesformeesectionpropertiecchange slightlyat
evay time-step. Mn-cracked section properties algoassumed.

The incremental step approach necessitates a starting point to constructythéenahe
nextstage and this is the reason behind the calculating the initial curvature éatistriain. The
parameters istep 1 should be considered separately from the remainder since the initial
calculations are not based on the incrementaloggpr rather they are total values.

(2) Calculatios for Each Time Step and Crdsction

This stedaunches the loop for the time incremental calculations at eachsectssn.

The steel relaxation, unrestrained creep and shrint@f@emationsaretime-depandent changes
incorporated in the algorithm. The prestressed gircenginreinforcement steel (prestressed
and nonprestressedestraining free deformations due to creep and shrinKdggrefore, he

unrestrainederm is used to emphasize the differenc
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Creep deformationsyhich vary linearly over the cross sectioreed to be functioned in
terms of curvature and strain unlike therestraineghrinkage deformation. Thearestrained
shrinkage deformations are assumed to be constantr@vgirtler defh. Unrestrainedreep and
shrinkage deformations can be modeled as described in AASIRFD 2014, ACI 209 andfib
MC 2010.

The incremental strain and curvature functioosibining individual timedependent
deformationsare given in Equations B and 32. Theyare derived directly from Equationsl?
2-2, 23, and 24 given in Section 2.2.3.Derivations of the equations were explained by
Schrantz (2012)The notation can be found in Appendix A

o 0 . o Y% &€ BO pwp & BO [0
Y- 6—}’- A Y- i 5

% BY G0 5 Equation 31

y%o y%oﬁ P

iO)
Y- 5 Y-5 & BOpwp & BOjwf
O Equation 32
%é BYQir6 fop
[O)
where, Y- = incremental strain at the centroid of the transformed section

Y%, = incremental curvature
Y% =i ncr ement al curvature due to unrest:
Y- s =incremeneatrained cr etelgeest rtoli el

transformed section
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Y- =increment al unrestrainedceshtri okdgef
t ter ansf ormed section
YO =i ncrement ak riens agagees ltianksue to rel axa
0 = each | ayer opr esteseseasdedeionf moae me
After determining incremental strain and curvatimefemental strains at different layers
are obtained witthe assumption of the perfdmndng between the steel andrcrete At the
samedepth the same amount ahcrementasktrainis obtainedor all constituengd concrete
block and steel layer3he embedded Figure A Kigure 31 illustrates the position of strain
values and the sign convention used indambersoftware.
Theory of the lineaelastic stresstrain behavior provides the necessary relationship to
calculate stresses over the girder depth. The incremental concrete stress excludes the
unrestrained creep and shrinkage deformatsimsethe strains dut creep and shrinkagko
not induce stress (see EquatieB)2Theincremental relaxation logs accountedor finding the
incrementaktress at the prestressing steel layers.
3) Updated Strains and Stresses
After computing incremental strains and stresesy aresummed up withotal values
from the previous timestep. Initial strains and curvaturigem Step (1)arethe beginning poirst
4) Incremental and Total Camber
Camberis calculated by using the momeaatea method. In order to representsterage
conditions of the plangirdersare assumed to beraynetrical and simphsupportedvith a
uniformly distributed selveight. The camber trend is only influenced by the incremental
curvatures. The embedded Figure Brigure 32 displaygheimplementation omomentarea

method.
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3.2.2Modifications Made to Previous Versions
This section presents tifige major modificationavithin thecamberprediction software:
1 Rdocation ofinput variables in a module,
1 Improvement of source codertonimize errors,
1 Improvement of combdbox controls,
1 Inclusionof calculate button, and
1 Separation of creep and shrinkage models in a new subroutine
Someof the modificationsareaimed afiixing the errorsOther modificationsvere added
to promote thaiserfriendly interface.
3.2.2.1Relocation of Input Variables in aNew Module
In the previous versiord the camber softwayeariables werspecific to avlicrosoft
Windows form wherghey werantroduced. In other words, variables were not sharedatitér
modulesand functions (subroutined)herefore, all of the inpwtariablesare moved t@ mutual
moduleto globalize them. lalsobecomes useful to transfifreminto a spreadsheet file
3.2.2.2Improvement of Source Code to Minimize Errors
User imputs were nopreviouslyexamined to detect irrational values; indeed, the earlier
versions of application allowed passing to the next forms without inforasagsabout possible
exceptions Inputting letters or unreasonable numerical valwasvery likely to causegroblems.
In order to prevent jif-statements are includedjtestify thatuserinput variablesare
reasonablein addition,all of the inputs ararrangedo pass through an algorithm called
ATryéCat c Eroors bré referdedsas excepts in theNET FrameworkIf an exception

is caught duringrmexecution, the blocks perform the final code instead of stoppihgthe new
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version, the final code is written a way to informuses aboutthe type ofexceptionsand ask
themto verify theinput

3.2.2.3Improvement of Combo-Box Controls

A combabox control allows users to selestitem from aprovidedlist. Later,a

numerical value is assignadthe internal subroutindsased orthe label otthe chosen itemif
the labelis modified ®mehow by a usethe assignestaluecanbe zeroln order to avoid
modifications to item names and to ensure inputtingzeyo variables hie drop-downstyles are
changed Neverthelesssome of the dregown styles ar&ept sameo allow customvalues For
example, a user can defiaeustom coefficientather tharchoosingone of thecement typs
given infib MC 201Q

3.2.2.4Inclusion of Calculate Button

In the previousversiors, the correspondedubroutines were called at each time when an

outputform was loadedror instance, an output forravealingtotal curvaturs used to call the
subroutines calculating incremental curvatubes it did notcall the subroutines computirige
camberdevelopmentOne of the conditions to pernakporting the otput datavasto haveall of
them computedConsequently, all of the subroutines and functions are organizedquencen
anewform, and the process is launched by clickingdhleulatebutton. After using this button,
therestartbutton appears on tteame form. It allows users to perform a new analybite
erasingall of the variables in the memoryrherestart buttons adled to avoid adding up results
in the followingattemps, which was the case in the earlier version

3.2.2.5Separation of Creep and Shrinkage Models

The creep and shrinkage models were computed in the lengthy subroutine called

Aiti me _interval _| oo psobroutihdortheaeep amdshrihkadge onodels im ¢ k
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the previous versiorA subroutine includinghe calculations othemare createdo add ando
update recent creep and shrinkage modéis.new subroutine labeled as
fiCreep_Shrinkage_TimeAary safculatethe incremental creep coefficients and shrinkage
strains according to the chosen model includibd/iC 2010. Also, nevereep and shrinkage

models can be added in this subroutinutoreversions

3.3 New Features

In this section, new featuresldedn thecamber predictiosoftware are explaine@his
sectionstarts with the discussion of the implentedfour new MOE development models:
i ncl ud i-PoigtM@ETDswelopment Modéldib MC 2010 NormalwWe i g dfilt MiC,2010
Backcalaodd ALt e @ 09 B aNeX, thairhptemdnadidn efGhefio MC 2010
creep and shrinkage modslexplainedAlso, the discussion of the established communication

with a spreadsheet file made The last subsection explains the uncategorized new features.

3.31 New Modulus ofElasticity Development Models
3.31.1 Two-Point MOE DevelopmentModel Based on Measured MOE

The collected data from the previous research projects include thecamtosdte
modulus of elasticityMOE) at transfer and at 2Bays. It uses a modified version of thiene
developmentunctionasgiven infib MC 201Q The coefficient(s), which dependsmothe
strength class of cemem backcalculate@y utilizing the supplied transfer ar8-day MOE.
Two-point MOE developmentodelbased on measured MOE (tygoint MOE model)s
illustrated in Figure 3. In the earlier vision of the softwardhetwo-pointapproach was
derived from the Model Code (MC) 199thdtime developmenéquationwas identicato the

current onebut age of concrete at prestress transfer, , did not include the maturity. In

the newversion, a user can specify the concrete age with matusigg curingemperature).
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Figure 3-3: lllustration of Two-Point MOE Model

Derivation of themodifiedfunctioncan be seen beloquatiors 3-3 and 34 are

obtained fronMC 2010.

O 0 0 Oy Equation 3-3
0 Qwn p %Lp Equation 34
where, [0 J) = modulus of elasticity at an age@ih [days]
0 = function to describe the development with time
Op = modulus of elasticity at an age of 28 days
o] = age of concrete in [days]
After insertingthe givenMOE at transferO o , and 28days, Oy, , into Equation 33, it
gives
O o T 0 Oy Equation 35
Replacing 0o with the expression given iBquation 34 andrearranging=quation 3

5, the following functionis obtained.
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0 o s Cy

Equation 36

Eliminating theexponential ternafter takingthenatural logarithm oboth sides gives

. .00 cy
IIT I TQwn p F—
. .00 c Y
¢ |1 Or [ p 5
O NN
[ N op P C |
h
0 ch

Equation 37

Equation 38

Equation 39

The constant value, ds obtained for the convenienogimplementingthe modein the

software Thei term,coefficient which depends on the strength class of cefnisensertednto

Equation 24 as:

o190 — v

e On C Y
ro Qwﬂq o P Y
' P 3 S '

Vs i

Equation 310

Thesquare root obothsidesis taken as shown in Equatioril® and it is simplified in Equation

3-12.
1 0 0 (W%
' | T— Iy
7 . .P Op Y
o] Qw - .
T lnm_ G P o I'P
' P 3 L '
w o
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I’H I+ _ I’F
N SN O q Y _
T 0 QW — p - . Equation 312
L o v
v p bC_UJ U’
Vs i

The constant paih Equation 312 is replaced with “ in order to obtain the growth portion of

the MOEdevelopmentmodel given in Equation-3.

6 Qi p %Lp Equation 313

Figure 34 shows he routinecreatedor thetwo-point MOE development modeThe

constant value, sinEquation313i s represented with fs _ st

routine Al s o, s Q)& Eqation@idlabaletia sb ibet a_ E(i ) 0.

s_stiffness = CSnd(Log(Eci_supp / Ec28_supp)) / (1 - (((28) / (AdjustedAge)) ©
0.5)))

'‘AdjustedAge is equal to t_transfer.
'‘Note: Log is the reserved name for natural base logarithmic function (In) in VB.

For i=1 To Timelntervals
beta_E (i) = CSndExp(s_stiffness * (1 - ((28 I age_array(i)) ~ 0.5))))

‘age_array() is the concrete age (days) relative to the casting. It includes the
maturity.

Econcrete_array(i) = Ec28 supp * beta_E(i)
Next

Ec_initial = Eci_sup p
Ec28 = Ec28_supp

'‘Eci_supp is the supplied initial concrete modulus of elasticity.
'Ec28_supp is the supplied initial concrete modulus of elasticity at 28 - day.
'CSng is used to convert expression to a single type.

Figure 3-4: Routine for Two-Point MOE Development
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3.31.2fib Model Code 2010 MOE Model

Cement type, aggregatepty, and 28lay concrete strength aneeded to compute MOE

development according fdo MC 2010(for normatweightconcretd. The provided strength

typed design or actudl is also requiredThe programmingcodeimplemening the newMOE

modelis shown in Figure-5.

The codes, not shown in the figure, assign a numerical value for the coefficients based on

the cement and aggregate typésment types afesstedasi 4 2 . 5 R,5 25 5.R®HN, i3 2. 5R,
42 . 5N0 an dhe viaBable ramMids _ fisiudedin the VB routine to save the associated
coefficient.Similarly, aggregate types are grouped fioirc at egor i es: fAbasal t,

l i mestoneo, fAquartzited, VBl vmestabheo| abrtedsa

the coefficienbased onthe selected aggregate type. Alternatively, both ottwsdficientscan be

submitted numerically by a user.

If StrengthType = "Actual" Then

Ec28 = CSnd(21.5* 10" 3 *alpha_e _fib* n_E_fib * (fc28_MOE / 145.0377 / 10)
A (1/3))* 145.0377 / 1000) 'in ksi

Elself StrengthType = "Specified"  Then

Ec28 = CSng(21.5* 10~ 3 * alpha_e_fib * n_E_fib * ((fc28_MOE / 145.0377 + 8)

/10)~ (1/3)) * 145.0377 / 1000) 'in ksi

End If

'n_ E_fib is a coefficient depend on oven - dry density of lightweight concrete. It
is taken as 1.0 for normal - weight concrete. 'l MPa = 145.0377 psi

For i=1 To Timelntervals

"Timelntervals is the number of times segments
beta_cc(i) = CSndExp(s_fib * (1 - Sqrt(28 / age_array(i)))))

‘age_array() is the concrete age (days) relative to the casting. It includes the
maturity.
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Econcrete_array(i) = CcsngSart(beta_cc(i)) * (Ec28)) 'in ksi
Next
Ec_initial = CSndSqrt(beta_cc(1)) * (Ec28)) 'in ksi

"beta_cc(1l) is associated with the value at transfer
'CSng is used to convert an expression to a single type.

Figure 3-5: Routine for fib Model Code2010 (NormalWeight) MOE Development

3.31.3 Backcalculatedfib Model Code 2010Model

The difference betwedhebackcalculated anegularfio MC 2010 is the way to obtain
the coefficient depends dhe strength class, s. This coefficient is acquired by making use of two
compressivestrength points in thébackcalculatedversion; while, i is picked from the
tabulated list in the normaVeight version.

A user is directed to provide aggregate type, concrete strengths at transfedaysl 28
after transfefor the backcalculatefibo MC 2010MOE model Additionally, a user is asked to
chooseone of the strength typé@sspecifieddesign or expectedctuad sincefib MC 2010
amplifies the specifiedesign value by offsetting. it

Derivation of the coefficient anthetime-development function is explained in the

following equations. Development of strength with time is describ&t MC 2010as:

Qo T o0 Q Equation 314
N Cy :
0 Qor p = Equation 315
where, "Q 0 = mean compressive strength at an ageif [days]
I o = function todescribe the development with time
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= mean compressive strength at an age of 28 days

"0
= age of concrete in [days] (taking into account temperature during

0
curing)
i = coefficient which depends on the strength class of cement
Insertingthe suppled strength valuest prestress transfer = in (taking into account

temperature during curing)to Equation 315 gives
Equation 316

O o I o 0O
Inserting the expression providediqguation 315 and earranging=quation 316 give
iT‘O ° I TQor c v Equation 317
0 wn p 5 quatio
;-0 0 Gy .
| ] o
O [ p 5 Equation 318
Solving Equation 3.8 for the s term
i T!O 0 LA
l O Equation 319
¢y
P 0

Rewriting Equation 3.4 with the expression derived in Equatioii3give

%

I:P‘ 0O o !
I'H IT ¢ qur

I 0 Q(bf;,} P = . Equation 320
| O 1lr
Uy p bc—w |~’y
w

The constant part iBquation 320 is replaced with to obtain timedevelopment function.

0 Qwn p %LIJ Equation 321
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Thestermi s represented with 0 applicdatiind selectedt h e

portion ofthe coddor the backcalculatefib MC 2010MOE modelis shown inFigure 36.

If StrengthType = "Actual" Then

Ec28 = CSnd(21.5* 10~ 3 * alpha_e_fib * n_E_fib * (fc28_MOE / 145.0377 / 10) »
(1/3)) *145.0377 / 1000) 'in ksi

Elself StrengthType = "Specified"  Then

Ec28 = CSnq(21.5* 10~ 3 * alpha_e_fib * n_E_fib * ((fc28_MOE / 145.0377 + 8) /

10) A (1/3)) * 145.0377 / 1000) 'in ksi
'n_E_fib is a coefficient depending on oven - dry density of lightweight concrete.
Itis taken as 1.0 for normal - weight concrete.

"alpha_e_fib s a coefficient of aggregate type.
'l MPa = 145.0377 psi
End If
If StrengthType = "Actual" Then
s_fib= CSnd(Log(fci_MOE / fc28_MOE)) / (1 - (28 / AdjustedAge) * 0.5))

Elself StrengthType = "Specified”  Then

s fib= CSnd(Log((fci_ MOE [/145.0377 + 8)/ (fc28_MOE / 145.0377 + 8))) / (1 - (28
/ AdjustedAge) " 0.5))

'‘AdjustedAge is equal to t_transfer.
End If

For i=1 To Timelntervals

beta_cc(i) = CSndExp(s_fib * (1 - Sqgrt(28 / age_array(i)))))
'age_array() is the concrete age (days) relative to the casting. It includes the
maturity.
Econcrete_array(i) = CSndSqrt(beta_cc(i)) * (Ec28)) 'in ksi
Next
Ec_initial = CSndSqrt(beta_cc(1)) * (Ec28)) 'in ksi,

"beta_cc(1) is associated with the value at transfer

'fci_MOE is the supplied initial concrete strength.

'fc28 MOE is the supplied concrete strength at 28 - day.
'CSng is used to convert expression to a single type.

Figure 3-6: Routine for Backcalculatedfib MC 2010 MOE Development Model
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3.31.4BackcalculatedACI 209 MOE Model
The backcalculated ACI MOE Modetilizes strength values at transfer aB days to
fit the MOE timedevelopment curve as given in ACl 209R. Theparameters) and b
backcalculated by usinge strengthvalues ACI 209R-92 describes the timdevelopment of

compressive strength as:

Qe |T—(‘) "Qe Equation 323
where, Qe = compressive strength at an ag@® of [days]
o] = age of concrete since the casting in [days]
| B = parameterslepend on the type of cemeamtdcuring

Using the equilibrium at t = 28ays and solving o mivelihe following expression
| Y p I Equation 3-24
The expression of is insertednto Equation 323 as:
0 )
- "Re
CYi quwi o

Using the suppliedtrength value at t =itia (age ofconcrete at prestress transfgine

Equation 325

0 :
"Qe i "Qe Equation 3-26
Wil cuyrl o

The following expressions shawarrangedequation3-26to solvefori .

-
CYo Q Equation 327

Yo
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Moreover the same growth methodatsoutilized for AASHTOLRFD 2014 MOE
Model since itdoes nosuggest or specify any time growth equations. ACI IAQE
developments simply multiplied bythe K, factorat all agesFigure 37 supplies the routine for

the backcalculated ACI 209 MOE development.

beta_ MOE_AA =CSnd(AdjustedAge * (fc28_MOE / fci_ MOE) - 28)/ (AdjustedAge - 28))

'‘AdjustedAge is equal to t_initial.
alpha_MOE_AA =CSnd28 * (1 - beta_MOE_AA))

For i=1 To Timelntervals

fconcrete_array(i) = Max((age_array(i) / (alpha_MOE_AA + (beta_ MOE_AA *
age_array(i)))) * fc28_MOE, fci_MOE) 'in psi

‘age_array () is the concrete age (days) relative to the casting.
pfconcrete_array(i) is capped with fci_ MOE for the compatibility reasons.

Econcrete_array(i) = CSng33 * K1_MOE_AA * ((wc_MOE) ~ 1.5) * ((fconcrete_array(i))
~ 0.5) / 1000) 'in ksi

" K1_MOE_A4s the correction for the source of aggregate and specific to AASHTO
LRFD 2014 model. For ACI 209, it is equal to 1.00
Next i
Ec_initial = CSnd33 * KI_MOE_AA * ((wc_MOE) ~ 1.5) * ((fci_MOE) ~ 0.5) / 1000)
in ksi
Ec28 = CSnd33 * K1_MOE_AA *(( wc_MOE) ~ 1.5) * ((fc28_MOE) ~ 0.5) / 1000) 'in ksi

'fci_MOE is the supplied initial concrete strength.
'fc28 MOE is the supplied concrete strength at 28 - day
'CSng is used to convert expression to a single type.

Figure 3-7: Routine for BackcalculatedACI 209 MOE Development Model
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3.31.5Sanple Output for MOE Development Models

A sample case is used to show she f t wapabdity sfcomputingMOE development
The output of the casting grotip(SCC)from the Hillabee Creek Bridgadject is ploted in
Figure 38. Thissulsection is nointendedio compare the varioldOE developmentnodels.

The MOE andstrength developmewan be seethe figure ACI 209 andib MC 2010
employ the strengtbased approacfihe regularMOE models us¢he actual strength at 28ays
and the coefficientjghatare suggestefdr the use witltherelevantmodel On the othehand,
backcalculated models uee actual strengths at transfer and atdags. The coefficients are
backcalculated accordingly.

The MOE valueat transfershown ag$=0in the figure is usedo predict the deformations
such as strain, curvature, and camber at tranBferefore, the accuracy of the material
prediction models at transfer depends onitiiteal MOE.

Backcalculated and gelar models intersect at 28 days relative to the concrete casting.
This pant is expressed with the labafifi 2d8ys-T r a n s f dor ACi 20%and with the label
of i 2d8ysEqv Ag &ibMG 02010. ATransferTimeo is the chr
tempe at ure effects. | n ¢he mdturitp of concrete agewfAoneréte r epr e
includingthe temperature effects totransfej. The models intersecting at these specific points
support the initial assumptions.

The regular and backcalculated MC 2010 model compute significantly larger MOE than
theother strengtibased models since thenstanthatdepend®n the type of aggregafe ) is
taken as 1.2The discrepancy between the regular and backcalculated smegebthe
differencebetweerthe backcalculatedoefficients(or parametersand thesuggested coefficients

(or parameters)
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Figure 3-8: Sample Output for Strength and MOE DevelopmentModels
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3.32 NewCreep and Shrinkage Model

The implementation of thido MC 2010creep and shrinkage models for normalight
concrete isonsideredn this sectionTable 31 providesthe required parameterspoedictcreep
and shrinkage behavior.

Table 3-1: Required Variables for MC 2010 Creep and Shrinkage Model

Used Variable Is it required for
In fib o Definition ]
? 2
Mc 2010 MVB application Creep? | Shrinkage~
oo fem_fib_Crsh mean compressive strength at the age of
days in [psi]
T age_array() age of concrete in [days]

relative humidity of the ambient

<| < |<]| <
<| < |<]| <

RH RH environment in [%]
H h_fib_CrSh notional size of membeén [in] (= 2AJ/u)
age of concrete at loading in [days],
to creep_AdjustedAge including temperature adjustment and the Y N
effect of type of cement
(t-ty) shrink_time_array() | duration of drying in [days] N Y
CementType_fib_CrSh strength class afement N Y
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3.3.2.1fib Model Code2010Creep Model
The MC 2010 creep modahd the notationsed in this sectioareprovided inTable 2
7 in Section Z3.6.Implementation of th&1C 2010creep model in the VB source code is
achieved in three steps. Inthe firststhen ot i onal cr e,éespgalcalaieglfifai ci ent |,
function ofthemean compressive strengtherelative humidity notional size of membeand
theage of concretat loading The formulations shown inEquation 328, andFigure 39 further
explains the implementation

3 31 Q1o Equation 328

pb30AD tsk # dgithd ApticAaDdEeep coef part
phi_RH_fib= CSnd(1+((1 - RH/100)/(0.1*( h_fib_CrSh*25.4) "~ (1/3)) *
((35/ (fcm_fib_CrSh / 145.0377)) ~ 0.7)) * ((35 / (fcm_fib_CrSh / 145.0377)) »
0.2))
beta_fcm_fib =  CSnd16.8 / ((fcm_fib_CrSh / 145.0377) ~ 0.5))
beta_to_fib = CSnd1/ (0.1 + creep_AdjustedAge ~ 0.2))

notional_creep_co = phi_RH_fib * beta_fcm_fib * beta_to_fib

"The units are converted to Sl system. 1 in = 25.4mm, 1 psi = 1/145.0377 MPa

Figure 3-9: Routine for fib MC 2010 Creep Modeld Step 1

In the second stefhetime-d e vel opment of (i), i ealulatedieef f i ci en
functionis given in Equation 29.The term] , is a function of notional size of member,

relative humidity, and mean compressive strength.

- o O Equation 3-29
R )
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The third and last stepvhich is shown in Equation-30, includesobtaining the creep
coefficient fromthe notional creep coefficient and the thhevelopment. The VB code for the
second anthird step can béundin Figure 310. The incrementatreep coefficient,

fidelta_beta_c(§, iscalculated for each time step

3® 371 oD Equation 3-30

For i=1 To Timelntervals
'Step 2: Development of creep with time
beta h fib= CSndMin(1.5* h_fib_CrSh *254*(1+(1.2*RH/100)"18) +
250 * ((35/ (fcm_fib_CrSh / 145.0377)) ~ 0.5), 1500 * (35 / (fcm_fib_CrSh/
145.0377)) ~ 0.5))

"The units are converted to Sl system. 1 in = 25.4mm, 1 psi = 1/145.0377 MPa

beta_c_begin(i) = csndMax((age_array( i - 1) - AdjustedAge)/ (beta h fib +
(age_array(i - 1) - creep_AdjustedAge)), 0) ~ 0.3)

beta_c_end(i) = CSndMax((age_array(i) - AdjustedAge) / (beta_h_fib +
(age_array(i) - creep_AdjustedAge)), 0) ~ 0.3)

delta_beta_c(i) = beta_c _end(i) - beta _c _begin(i)

'Step 3: Total creep coefficient
Ultimate_Creep_Coefficient = notional_creep_co
Incremental_Creep_Coefficient_array(i) = notional_creep_co * delta_beta_c(i)

Total_Creep_Coefficient = Total_Creep_Coefficient +
Incremental_Creep_Coeff icient_array(i)

Next i

Figure 3-10: Routine for fibo MC 2010 Creep Moddd Steps & 3
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3.3.2.2fib Model Code 2010Shrinkage Model

The explanatiof theMC 2010shrinkage modednd the notation used in this subsection
are provided in Table-8 in Section 2.3.71t calculates the autogenoasd dryingshrinkage
separately unlike the AASHTO LRFand ACI 209 shrinkage modelghe MC 2010 shrinkage
model ismade compatible for the tirstep approach in three stepbe first step covers the
calculationof autogenous shrinkagsrain c.{t), provided in Equation-31. The term,
R "Q , depends on thstrength class of cemeamnd the mean copressive strengtffhe
term 0, is the timedevelopment function. Figure BL shows the routine fde first step of

thefib MC 2010shrinkagemodel.

R O R Q1 0 Equation 331

For i=1 To Timelntervals
'Step 1 : Notional autogenous shrinkage coefficient and incremental time function

epsilon_cas0 fib = csndg(( - alpha_as_fib * ((( fcm_fib_CrSh/145.0377)/10) / (6
+ (fcm_fib_CrSh / 145.0377) / 10)) ~ 2.5) * 10 ~ - 6))
‘alpha _as _fib is the coefficient depend on the strength class of cement
"The units are converted to Sl system. 1 in = 25.4mm, 1 psi = 1/145.0377 MPa
beta_as_fib_  begin(i) = CSndl - Exp(-0.2* Sgrt(age_array(i - 1)
beta_as_fib_end(i) = CSndl - Exp(-0.2 * Sgrt(age_array(i))))

beta_as_fib_delta(i) = beta_as_fib_end(i) - beta_as_fib_begin(i)
Next i

Figure 3-11: Routine for fibo MC 2010 Shrinkage Modeld Stepl
Inthe secondstep dr yi ng s hr ddbtd & gxecutédand the funoction,is U
given in Equation 32 The termpR "Q , depends on the strength class of cementlaad
mean corpressive strength; the term, Y0, is a function othe relative humiditythe
strength class of cement, ai@ mean copressive strengtithe term{ O O , is the time

development function for the drying shrinkage.

A

R @ r Q1 Yg 060 Equation 3-32
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The tot al s kyt.tj), is kbtamed atthe thisteprit is th&summation of the
autogenous shrinkage and the drying shrinkage@sdedin Equation 333. Figure 312 shows

the routinefor the second and third steps

R @M r O rR @ Equation 3-33

For i=1 To Timelntervals
'Step 2
‘Notional drying shrinkage coefficient, RH coefficient and incremental time function

epsilon_cds0_fib = CSnd((220 + 110 * alpha_ds1_fib) * Exp( - alpha_ds2_fib *
(fcem_fib_CrSh  /145.0377))) * 10~ -6)

‘alpha _ds1_fib and alpha _ds2_fib are the coefficients depending on the strength
class of cement
beta_sl1 fib=  CSnd Math.Min((35 / (fcm_fib_CrSh / 145.0377)) ~ 0.1, 1))

If RH>=40 And RH <99 * beta_s1_fib Then
beta_ RH_fib= CSnd-155*(1 - (RH/100)"3))
Elself RH>=99 * beta_sl1 fib Then
beta_RH_fib =0.25

End If

beta_ds_fib_begin(i) = CSndMax((shrink_time_array(i - 1)/(0.035* (h_fib_CrSh *
25.4) ~ 2 + shrink_time_array(i - 1))),0)70.5)

beta_ds_fib_end(i) = CSndMax((shrink_time_array(i) / (0.035 * (h_fib_CrSh * 25.4) »

2 + shrink_time_array(i))), 0) ~ 0.5)
"The units are converted to Sl system. 1 in = 25.4mm, 1 psi = 1/145.0377 MPa

beta_ds_fib_delta(i) = beta_ds_fib_end(i) - beta_ds_f ib_begin(i)

'Step 3 : Total and incremental shrinkage strain
For j=1 To NumberCS

‘NumberCS is auser -specified value defining number of cross sections for the analysis.

Incremental_Unrestrained_Shrinkage_Strain_array (1, ], i) = epsilon_cas0_fib *
beta_as_fib_delta(i) + epsilon_cds0_fib * beta_RH_fib * beta_ds_fib_delta(i)

'First term represents the autogenous shrinkage and the second part represents the
drying shrinkage.

Next j
Next i

Figure 3-12: Routine for fib MC 2010 Shrinkage Modeld Steps 2& 3
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3.3.2.3SampleOutput for Creep and Shrinkage Prediction Models

The casting group L (VC) from the Hillabee Creek Brifggject is analyzed to show the
extent ofthes o f t wapbiityy §he AASHTO LRFD, ACI 209, and MC 201Qreep and
shrinkage models are graphedrigure 312. Additionally, theautogenas and drying partsf
fib MC 2010 arencluded in the figure.

The creep coefficients at transfer are zero owing to the fact that creep develops once the
prestess transfer occurs. Growing trend of crisegonsistent with the creep definitidrihe
continuous timedependent deformation under the sustained load.

The AASHTO LRFD and ACI 209shrinkage modelstart to developleformationavhen
theconcretebegins tadry. Similarly,the drying component dib MC 2010develops with the
start of drying Nonethelessthe autogenous part b MC 2010growsoncethe concretehas
reached settingCasting group L (VC) started drying about 8 hours before the prestress transfer.
This delayexplains the reason whige shrinkage strain inotzero at prestress transfer.

Moreover.fib MC 2010 has relatively high¢otal shrinkage strain at transferalto the
autogenous component.

MC 2010estimatsthelargestcreep and shrinkage amountdle earlyages The
predicted strain and camber with MC 2010 are found to be the largest for timiset period as

well becausereep and shrinkaggeformationgovern the timedependent behavior
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3.33 Importing from and Exporting to a Spreadsheet File

The computer software is now able to import input values from a spreadsheet fibe and
export data to a spreadsheet. In the earlier versions, users were forced to enter input values one
by one and to record output data by hand for each analysis. In additisoftthare was not able
to keep aecord of the analysis.

Enabling the communation with a spreadsheet file has improved the performance of the
software while minimizing the total analysis duration. The source code of the software is entirely
rearranged to enable data transmission between the software and a Microsd2 E@el
spreadshediile. The Excel *X$6l ea*nddxdtéae made wse of, pwing to the
fact that they are widely used.

Exporting the input data gives the opportunity for verifying inputs and keeping a record
of an analyzed project. Similarlymporting the input data allows users to analyze a girder
repeatedly with different prediction models. Furthermore, exporting the output data enables users
to have all of the calculated data saved as an Excel spreadsheet;avhiater be used for
plottingand @mparison purposes. The feature of importing from and exporting to a spreadsheet

file is explained in detail in Appendix J.
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3.3.4 MiscellaneousFeatures
This subsection introducegveral mordéeatures
1 Benchmark poinfor making the predicted stins compatible with the measured
strains,
1 Equivalent effective prestress
1 Userdefined layerso obtain strain development,
1 Definition of actual andlesign strengths
1 Modification of predicted creep coefficient and shrinkage strain
1 Project nameand
1 Othe uncategorized features
The rew features arprovided toadvancethe capability of thasoftwarealong with
enhancinghe useexperience.
3.3.4.1Benchmark Point
This feature is solely for researchéResearchergsea reference data poifar
establishment of measured deformatiofise related times referred abenchmark point.
Further, it is used to eliminate tdeveloped shrinkage strgmnior to a usesspecified time point
andto make thepredicted strainsompatible with theneasured valkes In the new version, a
user is asked to pinpoittie benchmark poinand later thelwinkage strairprior to the
benchmarlkpoint is reported in thepreadshedile.
Shrinkage development of a prestressed gigdpartially illustrated irFigure 314. The
AASHTO LRFD and ACI 209models start talevelop &rinkage strain following taending of

curing The elements of thidko MC 2010shrinkagemodel use distinct inception points
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Autogenousshrinkagestarts to developree the fresh concrete is casdwever, thelrying

portion of shrinkagstarts to grow after the curing.

Casting of End of Prestress
fresh concrete curing transfer
X X
| Il
| I
¢ . 4
Curing period t_measurement,

a user-input

I
I
parameter in [hrs], :

X X X X
Benchmark 15t strain 2nd strain 3rd strain
reading data data data

(Initial data)

@ e ==X

Shrinkage development of AASHTO 2012 and ACI 209 and the
drying part of fib MC 2010

A J

Development of autogenous shrinkage of fib MC 2010

Figure 3-14: lllustration of the Benchmark Reading

The benchmark reading represents the initially recorded strainTdetdrst, secondand
third strain data are obtained bytdractingthe benchmark valud-or that reason, the computer
software is programmed #sxcount foithe shrinkage straiprior to the benchmark poi.
Shrinkage is the major tirrdependent loss at this time period.

Analyses of thegirders in theHillabee Creek Bridg@rojectand the AASHTO Type |
Project indicateghatthe developedshrinkageat the benchmark poican besignificant This

valueis between3 5 ¢ B 0a nedib ME @a0d0Omodel, and iteachesasmuchas-1 0 ¢ U

AASHTO LRFD and ACI D9 models

3.3.4.2Equivalent Effective Prestress Values
The a@uivalenteffective prestress aluesare obtained fosimplified reportingourposes.

The goal is to report a value of effective prestrggshat is responsible of all of the main
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prestressing steefhe computer softwareses thelayer approacior defining theprestressing
strand layoutA layer is a set of strand located at the same -@@stsonal depth and a layer
group is a subset of a layer having same charactesstitsasiebonded length or draping
location(Schrantz 2012)

A user is allowed to define up to plestressing stedyer grou, andstress valuesf
each layer group are outputted individually. A routineddedo represent the individual layer
groups a®nre equivalentsteellayer. Figure 315 illustratesthe terminologyEquations 334, 3-

35, and 336 provide the functions used for this purpose.

Centroid of the transformed
—— e e e e T N e e e e e e —
section
epeJeqv
fpe,eq‘u * Ap,tot """""""""""""""""""""""""""""""""""""""""""""""" e —
Freceees
Figure 3-15: Equivalent Effective Prestress and Eccentricity
& F BU & BO“F‘QF‘(*)F‘ Equation 334
B"O Bo Qp
0 B On BO i Qh Equation 335
(o] Bo j
Q W W Equation 3-36
where, W j =distance to equivalent effective prestress layer from exthatem
fiber at a crossection
0  =moment due to effectiverestress of a prestress layer
'O = effective prestress force at a prestress layer
0 ; =total area of strands in a prestressing steel layer
W =distance from eacprestressing lar to the extreme bottom fiber
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"Qr =effecive prestress amount in a layer

Qi =equivalenteffecive prestress amount at a crgsstion
0 ; =total prestessing area in a crosection
W = distance from centid of the segbn to the extreme bottom fiber

Q = eccentricity of the equiVant effective prestress layers

The equivalent effective prestress and eccentricity can be used to verify the internal time
step calculations artd compare them withtber camber methods. Some of the existing methods
are explained in Section 2.2.2. In the camber softvife, avgmidpsan(@and
fifpe_avgsupport(@are the reserved array names for the equivalent effective prestress at
midspan and support®ep_avgmidpsai)o a nd f e p _ a arg thargsenaed arrdyingmas
for the eccentricity at midspan and supports.

Also, the prestressing steel layers with an effective prestress larger than 100 ksi are

considered for the calculatiorsorder to eliminatéightly stressed strands on the top flange.

3.3.4.3User-Defined Layers to Obtain Strain Development
The earlier versions of the software were not able to provide output data allowing a direct
comparison with the collected strain data. Strain values were availdilat the predetermined
girder locations such asdividual steel layerandthetop, bottomand centroid of a girder. The
new version brings the option to enter additional strain gage locationsekparted outpuile,
themidspanstrain developmascan be obtainedThe arrayjiTotal_estraingages_array(1, j, i,

m)o, kees the values at all crosgctions and it can be used for future research studies.
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3.3.4.4Definition of Design andActual Strength Values

A user is asked to specify both actaatl design concrete strengthghe new version.
One of the reasons is to satisfy the compatibility among the existing models. To illdigtrate,
MC 2010 uses an equation to offset the speciiesign type of strength differently from the
other models. Another reason is to prevent users finenconfusiorwhen they advance to the
selection of a prediction model. For this purpose, both of the actual and design strengths are
provided as an availabdlption at later steps of inputting.

If the actual strength values are not available, specified design strength values can be
inputted as the expected actual strength. If the expected overstrength factors are known for the
specific project, the expectedtual strength values can be obtained by inputting the overstrength

factors as guided by tleamber prediction software

3.3.4.5 Modification of Predicted Creep Coefficient and Shrinkage Strain

In the new version, predicted creep coefficient and shgalstrain can be adjusted
separatelyith userdefined aictors The userdefinedfactors for creep and shrinkage are
directly multipliedby the predicted creep coefficient and shrinkage stFanfib Model Code
2010, the autogenous and drying shrinkageglictionscan bemultiplied by separatdactors.

This feature allowa user to change the cedased factors (for example, the AASHTO
LRFD shrinkage model suggests to increase predicted shrinkage strain with 20% if concrete is
exposed to moist curingde than 5 days.Also, a user caenter various factors arnavestigate
the sensitivity of creep and shrinkage predictions on-tiefgendent responses such as strains,
curvatures, and cambets.this manner, creep and shrinkage can be modified basetbamk

properties of local concrete mixturésgure K-22 shows a screenshot this feature.
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3.3.46 Project Name
Assigning a project name has bepirite usefulto keep track of thetudiedanalysis. A
project name is entered at the beginning of
time and date becomes the project name. Later on, the computer software uses the project name

to label the exported spreadsheet files.

3.3.47 Other Improvements
In additon to thesesix featurespther changes are also made. In the previous version, the
output was limitedo 40 crosssections and 40 timatervals. These limits are eliminated in the
spreadsheet versiofhe minimum interval aount for them is kept the same as 1.
Another feature added is &dlow users defimg design and actudif known) unit weight
of plain concreteThe design value is used to calculate the moment due to theesght, and
the actuakelfweightmay beused for the MOE prediction modelherefore, a user is given an

option to enter distinct unit weight only for the use oéintal sedweight calculations.
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3.4 Current Algorithm

In this section, the current algorithm is discussElde timerelated variblesare
clarified. Later, the input variables and schema are explained. The last section explains and maps
the subroutines and the key output arrays. This sealsoaims at guidingesearchert add

new features ailo modify the existing camber softwe

3.4.1Time-RelatedVariables

Schrantz (2012), first developer of the software, derived a nonlinear time function to
implement the timestep approactShe utilized the strength development function of the CEB 90
model. The @ame timedevelopment model issed infib MC 2010. Thus, the function from
Schrantz~6és wor k i s difiegiidnelthcanbé seah inEquatibr3FsThene mo

variablesused in the time arragre useispedfied.

8t T ho Qo
0 QWX i ®o . ., . o P Q . Egn. 3-37
w a — rrr=arr=-a N | R O Sy
v FQT[E&, "Y"QO(QanQluu)ouC
where 0 W @ "Y'Qa Q = total analysigength after prestress transfiefdays]

“Y'Qa Q'0¢ 0 Qi © nudnker of timantervals to be used in the analysis

Initial value ofdime_arrayis forced to be equal to zero in the new version for the data
comparison reasons. Neither the created time functions nor the output data were initially aligned
to the exact prestress tramstime in the previous versions. Table23describes the deviation of

the initial time points from the prestress transfer time.
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Table 3-2: Comparison of Initial Time Values

. MaxTime | time_array(l) | time_array(1)
Timelntervals

(days) (days) (old) (days) (new)

40 120 0.32 0.00

180 0.48 0.00

240 0.63 0.00

300 0.79 0.00

360 0.95 0.00

Table 33 demonstrates how the timelated arrays amefinedand when they are used.
In Figure 316, time-related variable and array names are shown. The straightdpresent the
chronological age. Theurvedlines show the concrete age including the maturity at transfer.
The variables are usérput parameters; whereas, the arrays are used foutiees.

Table 3-3: Time Array Functions Used in the Software

time_array() Equation 337
Used when calculatin¢ the ime-developmentrendsnot covered below
age_array() =time_array( }+ AdjustedAge
the drength development of AASHTORFD 2014, ACI 209 and

Used when calculating fib MC 2010

the MOE devebpment of AASHTOLRFD 2014, ACI 209,fib MC
2010 andtwo-point models
autogenous shrinkage partfts MC 2010
jack_time_array() =time_array( }+ TransferTimet JackingTime
Used when calculatin¢ the pestress relaxation loss
shrink_time_array() =time_array( }+ TransferTime (SteamPeriod or MoistPeriod)
Used when calculatin¢ the $irinkage strain development of AASHTMRFD, ACI 209
the dying shrinkage part dib MC 2010
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. Jacking of the Casting of'the End of the Prestress End ofthe
Event Names: . .
strands fresh concrete curing transfer analysis
X X X X X
I I I ) -
/ : JackingTime : MoistPeriod : :'
1 E OR i | I
I I SteamPeriod | | MaxTime
I I 1 4 -
Reserved variable 1 1 TransferTime J'-
names in the : Ib | 1
software 1
/o : : AdjustedAge * '
| 0\/1\_/;
K I I I |
I I | i
I I | i
I I | i
/ : : : ' time array(i)
I I I I : . i
! V\/Il el >
Reserved array : : : " -
names in the i . . .
I 1 I ' - :
software , l . shrink time array(i) .
[ [ | | !
| | | i jack time array(i)
L 1 [ =
\ 1 1 | i
| I I ' . .
' ' 1 X X X X

i : Timelntervals

* Curved lines represent the concrete maturity (equivalent age) incorporating the temperature up to the transfer.

Figure 3-16: ReservedTime-Related Variable and Array Names
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3.42 Input Variables and Schema
The rew version of the software introduces two options for entering the vavidgleen
t he O wpgtian & sakebted user is required to continue with thirtekliffierentuserguided
forms. A user cafind the explanations for each inpugtlue.Second pt i on s t he O6i my
spreadsheet 0. For this pur pose, andthewariables needs
have to occupyhe certain cells. Ainputtemplate can bproducedafter using théwizardd
option. Similarly, a formatted templateincluded inFigure 35 in Appendix J. Both of the
choices are demonstratedrigures 3-17 and 318.
All of the required variables and their explanatioas also be seen in the figur&ame
of the properties can be defined more thanwasg. For examle, expected actuabocrete
strength values can be entetsdhand oicomputedusingthe expected overstrength factors.
Also, the required variables for the MOE development depend on the selected model. Likewise,
each creep and shrinkage model requiegmeate input. These variations are represented with

capital letters followinghe numbers.
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‘Importing a Spreadsheet’ Option

User-Input Variables

Explanation

0
Welcome

“Wizard’ Option
1
4

1
Cross-Sectional
Properties—1

Y
2
Cross-Sectional
Properties—2

A 4

3
Concrete

Compressive
Strength

4
Concrete MOE
Development

\ 4
5

Prestressing
Steel Propertics

h 4
6

Prestressing
Steel Layout

(1) ProjectName
(2) Cross-Section Type

(1) fci

(2) fc28

(3) wc

(4A) OSi, 0828

(4B) fci_actual,

fci28 actual, we_actual
(1A) Eci_supp, Ec28 supp
(1B) StrengthType,
CementTypeACl,
CuringType, K1_MOE_AA
(1C) StrengthType,

K1 MOE AA

(1D) StrengthType,
AggregateTypefib,
CementTypefib

(1E) StrengthType,
AggregateType

(1) Ep

(2) fou

3) foy

(1) npl,np2 , ... np30

(2) Apl, Ap2, ... Ap30
(3) ypl_mid, ... yp30_mid
@ fp 1,1p) 2, ... fpj 30

(5)DL1,DL2, ... DL30
(6) GT1, GT2, ... GT30
(7) STL, ST2, ... ST30

Select the way to make input:
“Wizard’ or
‘Importing a Spreadsheet’

(1) Name of the project that will be
presented in the output.

(2) Choose user-defined or one of the
standard cross section

(1) Gross cross-sectional area in [in.2]
(2) Gross moment of inertia in [in.4]
(3) Centroid of the concrete only
section (from bottom) in [in.]

(4) Depth of the girder in [in.]

(5) Length of the girder in [in.]

(1) & (2) Specified comp. strength at
initial prestress and at 28 days in [psi]
(3) Unit weight of plain concrete in
[pef] (used for dead load calculations)
(4A) Expected overstrength factors
(4B) Expected actual values.

(1A) Stiffness-based model: MOE of
concrete girder at initial p.s. transfer
and 28 days in [ksi]

StrengthType: Define whether to use
specified oractual strength.

(1B)ACI 209: K1 MOE_AA is 1.00
for ACT 209 model.

(1C) ACI 209 backcalculate

(1D) fib MC 2010

(1E) fib MC 2010 backcalculate

(1) MOE of prestressing steel in [ksi]
(2) Ultimate strength of prestressing
steel in [ksi]

(3) Yield strength of p.s.in [ksi]

(1) Number of strands in a layer group
(2) Cr.-sec. area of a strand in [in.2]
(3) Distance to centroid of a ps. layer
(from bottom ) at the midspan in [in.]
(4) Jacking stress in [ksi]

(5) Layer group detail length in [in.]
(6) Type of p.s. layout

(7) Type of strands

Note: The capital letters adjacent to the numbers represent the
available choices and one of the letters must be selected to advance.

Figure 3-17: Input Schemad Steps 16
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If a ‘draped’ layer is defined.

User-Input Variables

Explanation

7
Draped Strands

(1) ypl_end, ... yp30_end

; (1) NumberSteelLayers
8 (2) Es
Reinforcing (3) nrl.... nr5
Steel P 4) yrl,... yr5
=T (5) Arl,... Ar5

A 4

(1A) TransferTime, RH, VS

(1B) TransferTime, RH,

0 VS, FA, AirContent, Slump,
Creep and
Shrinkaee CementContent
£ (1C) TransferTime, RH,
h_fib_CrSh, StrengthType,
CementType fib CrSh
v [ (1) JackingTime
10 (2A) MoistPeriod
Jﬁcking, Cunng (ZB) SteamPeriod
and Maturity (34) CureTemp
(3B)EqvAge
(30) “‘Neglect’
Y
11 (1) NumberStrainGages
Location of (2) v_strainloc( )
VWSGs
v (1) NumberCS
12 (2) MaxTime
Analysis (3) Timelntervals
Intervals

______

(1) Distance to centroid of a draped.
layer (from bottom ) at the ends in [in.]
(1) Number of reinforcing steel layers
(2) MOE of reinforcing steel in [ksi]
(3) Number of r/f bars in a steel layer
(4) Distance to centroid of a r/f steel
layer (from bottom) in [in.]

(5) Cr.-sect. area of a r/f bar in [in.2]

TransferTime: Age of concrete at
loading (w/o maturity) in [hrs]

RH: Relative humidity of ambient [%o]
VS: Volume to surface ratio in [in.]
(1A) AASHTO 2012

(1B) ACI 209: Air content needs to
be in [%6]. Slump must be in [in.].
Cement content must be in [pey].

(1C) fib MC 2010 : Notional size of
member (h_fib) must be in [in.].

(1) Time of jacking in [hrs]

(2A) & (2B) Moist curing should be in
[days] and the steam should be in [hrs]
(3A) Average curing temperature in
[C] or [F]

(3B) Equivalent age of concrete at
transfer in [days] or [hours]

(3C) Neglecting maturity effects

(1) Number of additional layers on a
cross section to observe strain behavior
(2) Location of a layer in [in.]

(1) Cross section divisions along half
of the girder length

(2) Max time for camber analysis in
[days]

(3) Number of time intervals

Note: The capital letters adjacent to the numbers represent the
available choices and one of the letters must be selected to advance.

4
13 . .
, Launching the Time-step
Importing or w - .
' =, Calculate Button calculations
Saving Project
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The new version offers eight MOE development models and five creep and shrinkage
models (if the variations such as ligheightconcreteand backcalculated versipare
considered separately). This research study investitieg®8OE developmentodel based on
measured MOETwo-Point MOE Model Four strengttbased MOE development modale
includedof future studiesACI 209 Normal, ACI 209 Backcalculateh MC 2010 Normal
Weightandfib MC 2010 Backcalculate. The creep and shrinkageéatsaused inhis research
areAASHTO LRFD 2014, ACI 209, andfib MC 2010 NormalwWeight.Figure3-18 shows the
userguided form fothe MOE development models. All of the usguwided forms can be found

in Appendix K.

Camber Prediction _{olx

Concre  's Modulus of Elasticity Development: Page 4 outof 17

4. Select one of the following model types for the concrete's modulus of elasticity dewvelopment with time.
Flease provide or confirm the parameters required for the selected code model.

— Select One of the Prediction Approaches
Predict modulus of elasticity development using

" Supplied stiffness values ll

' Specified strength values ll

' Expected actual strength values LI

~ Strength-Based Models
' AASHTO LRFD (2006+)  ACI 208 ll

¢ NCHRFP Repart 436 7
& fib Model Code 2010 2]
i fib ModelCode 2010

™ Backealculate the Coeflicient Requiting Cement Type _7|

™ Lightweight Aggregate Cancrete? ﬂ
Aggregate Type ISeIed One j LI
Cement Type ISeIel:t One j LI

Enter

Compressive Strength of Concrete at 28 days (fck or fem) I 35000 (psi) Ll

Back

Fl

Figure 3-19: User-Guided Input Form for MOE Dev elopment Models
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3.43 Subroutinesand Output Data

In this chapter, created subroutines are introducedin@al subroutine runs the code
held within it and reveals viamus looped arrays at the end. Subroutaresused to divide the
lengthy routines into manageable parts. The sequence of the subroutines is important due to the
tied relationships.

The arrays are generated by the loops represented with the indicesim.Khe ketter i
representghe loopfor the time intervaltheletter j is for the crossection.The letter k is for
each prestresgy or reinforcing steel layer; tHetter m indicates a loop for usgput strain gage
locations.A user can input up to thirty prestressed steel layersrdiméorcing steel layers, and
six midspan strain gage layers. The illustration in Figu?® 8xplains the idea of the indices j, k

and m. The index i is explained in Section 3.4.1.

-
zl
L
A reinforcing steel laver, k % - er "
. 2. [Ver, . ew} -

el | m e = e = AT -t s el
agles oy o
~ n € Jzes)
k=1 =1 x;&/‘-‘ﬂﬂ /,‘5’?’ g
B __ _ Aprestressingsteel layer, k| | 111_ L 57
j=NumberCS =3 =2 5=l

Figure 3-20: lllustration of the Indices j, k, and m

The indices detenine the size ahdimension of the arrays. For instance
fiTotal_fbottom_array(1,j,0is a 3D array with a size of [1+4[j+1]X[i+1]. Ones are added
since the first element of the VB arrays is indexed by subscript of zero. For this array, initial
dimensia with a size of [1+1] is not actively usdulit it is kept the same way with the earlier
versions for the compatibilityThis array loops through every crassction j and every time

interval i.
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The subroutines and the important output variables arertgmated in Figures-31 and
3-22. Output variables are demonstrated in order to explain the available output data and to help
debugging the software. They can be used to modify the exported data for the future studies.
Methods to modify them are explainedSection J.3.3 in Appendix J. The logic of the ime

dependent defmationss explained in Section 3.2.1.
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Created Subroutines Key Output Variables Explanation

(1) yp_array(k, j) (1) Distance from each prestressing steel

1 @) M array(1, j) layer to thF: ex.trer.ne bottom fiber at each
GArrays . . cross-section in [in.] o
(3) time_array(i) (2) Moment due to self-weight in [kft]
(4) age_array(i) (3) & (4) & (5) & (6) Nonlinear time
(5) jack_time_array(i) arrays in [days]
(6) shrink time array(i) (7) MOE at initial p.s. transfer and at 28

days in [ksi]. Initial value is used to
calculate the initial strain and camber. The
28-day value is only reported.

(8) Comp. strength development in [psi]

(7) Ec_initial, Ec28
(8) fconcrete _array(i)
(9) Econ_array(i)

(10) Acon_array(1,j,i) (9) MOE development in [ksi]
(10) Net concrete area without steel layers
in [in.2]
2 The coefficients required for creep and shrinkage calculations are made
K_Calcs as stated in ACI 209 and AASHTO 2012.
(1) Atr_initial array(1, j) 6} d& ) l& (13) Uhser.-sp.p[ialied v?lues gre
3 (2) ytr initial_array(1, ) used to calculate the initial transforme
e . : properties at each cross section j.
Tran_initial array (3) Itr_initial array(1, j) (1) Cross-sectional area in [in.’]
(2) Distance from centroid of the section to
the extreme bottom fiber [in.]
(3) Moment of inertia in [in.%]
v (1) fpbt_array(k, j) (1) & (2) & (3) & (4) The arrays are

(2) delta_ecen_initial array(1, j)| created for each cross section j and they do
4 (3) delta_phi_initial array(1, j) | not include any shrinkage losses.
PrestressTransfer (4) fpt_array(k, j) (1) Stress in each prestressing steel layer

(k) immediately before the transfer in [ksi]
(2) Initial strain at the centroid immediately
before the prestress transfer

(3) Initial curvature immediately before the
transfer in [1/in.]

(4) Stress in each prestressing steel layer k
immediately after the transfer in [ksi]

A (1) initial fc_array(1, j) (1) & (2) & (3) The arrays are used to
5 (2) initial fc_array(2, j) calculate initial concrete stresses just after
Initial Strain_Stress (3) initial fcen array(1, j) the transfer for each cross section j. They
array are the starting points of the time-step

approach. They include p.s. steel relaxation
up to the transfer and elastic shortening.

(1) At the extreme bottom fiber in [ksi]

(2) At the extreme top fiber in [ksi]

(3) At the centroid of the trans. sect. in [ksi]

Note: The value(s) in the parenthesis represents the loop(s) that the array goes
through. Max ‘i‘ is ‘Timelntervals’, max ‘j’ is ‘NumberCS’, and max ‘k’ is
‘NumberLayerGroups’ or ‘NumberSteelLayers’. The array dimensions and
sizes depend on the employed variables.

Figure 3-21: Sequence of Subroutines and Key Output Variablés Part 1
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Key Output Variables Explanation

7
NetConcreteProp

A 4

8
Creep_Shrinkage
TimeArrays

A 4

9
time_interval loop

A 4

10
Initial Camber Calc

r

11
Total Camber array

(1) Atr_array(1, j.i) (1) & (2) & (3) Time development of the
(2) ytr_array(1, j.i) cross-sectional properties is obtained at
(3) Itr_array(1, j.i) each cross section j and at each time

interval 1. It is a function of the concrete
MOE development.

(1) Cross-sectional area in [in.2]

(2) Distance from centroid of the section to
the extreme bottom fiber in [in.]

(3) Moment of inertia in [in.%]

(1) yc_net_initial array(1,j) (1) & (2) Distance from centroid of the net
(2) yc_net_array(1,j,i) concrete section to the extreme bottom fiber
at each cross-section in [in.]

(1) At prestress transfer

(2) At each time interval (i)

Similar array names are used for the different creep and shrinkage models.
(1) Ultimate Creep Coefficient
(2) Incremental Creep Coefficient_array(i)
(3) Incremental Unrestrained Shrinkage Strain array(l, j, 1)
(2) & (3) Creep coefficients are determined at each time interval; in contrast,
shrinkage strains are calculated for each cross section at each time interval.

(4) Ultimate Shrinkage Strain
(5) Strain_t_measurement
Developed shrinkage strain up to a user-defined benchmark point.

The arrays below are in a time-loop represented by ‘i°. The arrays with the
letters “j°, ‘k’, or ‘m’ are further executed for each cross section, each steel
layer, or each user-defined strain location, respectively. Curvatures are in
[1/in.], stress values are in [ksi], and distances are in [in.].

(1) Incremental Relaxation array(k, j, i): Prestress relaxation losses
(2) Incremental Unrestrained Creep_Strain_array(1, j, i)
(3) Incremental Unrestrained Creep Curvature array(1, j. i)

(4) Incremental Curvature_array(1, j, i), Total Curvature array(l, j, 1)
(5) Incremental Strain_Centroid_array(1, j, i), Total ecen array(l, j.1i)

(6) Total _ebottom_array(1, j, i), Total _etop array(1, j, i): Strains at bot. and top
(7) Total _estraingages array(1, j. i, m): Strains at additional layers

(8) Total fcen array(1, j, i): Concrete stress at centroid of the trans. section
(9) Total fbottom_array(1, j, i), Total _ftop array(1, j, i): Concrete stresses
(10) Total_fr array(k, j, i), Total fp array(k, j, i): R/fand p.s. steel stresses

(11) ep_avgmidpsan(i), ep_avgsupport(i): Equivalent eccentricity of ps. layers
(12) fpe_avgmidpsan(i), fpe avgsupport(i): Equivalent effective prestress

(1) Initial camber value at midspan just
after p.s. transfer in [in.]. It does not
include any shrinkage or creep losses.

(1) Camber development—utilizing p.s. steel
relaxation, elastic shortening of conc., creep
and shrinkage losses—at midspan in [in.]

(1) Total Camber_ Calc(i)

Figure 3-22: Sequence of Subroutines and Key Output Variablés Part 2
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Chapter 4 Experimental Methods

4.1 Introduction

Four research projects including a total of fiftye girdersre investigated for the time
dependent deformationshe data are obtained from the four prestressed girder research studies:
the Hillabee Creek Bridge Project, the AASHTO Type | Project, the Alabama HPC Project, and
the T-Beam Projed@ they arereferenceds Projects 1, 2, 3, and 4, respectivEsmperature
corrections for internal strain and camber are discu3$eh, €lected input a&riables for the use
of the predictions are also presentElis part ofthe studyis used togather data to run the
camber prediction software predicttime-dependentesponses such as bottdlengestrain,

midspancurvature, ananidspan camber.
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4.2 Data Gathering

4.2.1 Project 1: The HillabeeCreek Bridge Project

4.2.1.10verview

The purpose of the Hillabee Creek Bridge Project was to compare the performance of
precasprestressed bridge girders cast with vibrated concrete (VC) ancbsslblidated
concrete (SCC) mixtures. The girders studied in this research were designed and fabricated for
anactual bridgeconstructedn State Route 22 over Hillabee Creek in Tallapagsunty,
Alabama. The fabrication of these girders wasipleted in the fall of 2010 at Hanson Pipe and
Precast in Pelham, Alabama. Johnson (2@&Riledthe experimental method to obtain strain
and camber readings up to the erection of the bridgergirde

Half of the specimens were cast with sgdhsolidated concrete (SC@nd other half
werecastwith vibrated concrete (VC). All twerdgight bulltee girders in this project were
produced with a Islegree skew enabling the proper alignment of tidgbr

The identification of the specimens was made as shown in Figlr€dncrete type
CVC ismentionedas the vibrated concrete (VC) in this research. Specimen design, material
properties, strain measurement and camber measuraneegxplained by sumarizing

Johnsonés thesis (2012).

Girder Number

Sa-inch (Corresponds to numbering scheme
72-inch Girder Height ﬁ associated with bridge erection plans)

54-10C-A

c(cve) | t Girder End — A (MarkEnd)

Concrete Type
5 (s€C) B (Non-Mark End)

Figure 4-1: Hillabee Creek Bridge- Girder Identification Scheme (Dunham 2011)

77



4.2.1.2Specimen Design

TheBT-54 girders are 97 ft. 10 in. long atiee BT-72 girders are 134 ft. 2 in. long.
Figure B1in AppendixB shows the crossectional dimensions e BT-54 and BTF72
sections.

TheBT-54 girders are designed with semgine, Grade 270, lowelaxation, 4nch
diameter strands with a jacking stresg @f 202.5 ksi.The same strand arrangement is used for
all of theBT-54 girdersThe BT-72 girders wes designed with sevenire, Grade 270, low
relaxation,% n c h fosepseedi a@li amet er strands withofa jacki
theBT-72 girders have the same strand arrangement. Furthés4 Bid BT-72 girders have a
two-point draping configuration. In order to debmsuinestrands, they were encased in plastic
casing and sealed with tape. In addition to the fully prestressed stran8i4, &0 BF72 girders
have seveiwire, Grade 270, low relaxation,-iéch diameter strands with a jacking stress of
32.7 ksi in the top flangdrigure B2 in Appendix B shows the strand profile for the-BZ and
BT-72 girders. Figure 8 shows the steel arrangement for the®gircers at midspan and
girder endsFigure B4 illustrates the steel arrangement for the BIgirders.

Stirrups botobm steel confinement bars {iars), straight bars {8ars), and ‘bars were
the four bar shapes used for the-B4 and BF72 girders. Figure & depicts the mild steel
configuration forthe BT-54 and BF72 girders.

4.2.1.3Material Properties

Mixturedesighs used for VC and SCC concrete can be seen in Tabl&ybe Il
portland cement and slag cement were used for the both concrete mksuaesoarse
aggregate, #61rhestonewas used for the VC mixture; whereas, #78 limestone was used for the

SCC mixtue. Moreover, the SCC mixture had higher stmtbtal aggregate ratio than VC
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mixture. The type and amount of admixtures were also different. Aenamining admixture

(Darex AEA EH), a higlrange watereducing admixture (ADVA Cast 575), a viscosity

modifying admixture (VMar 3), and a hydratieatabilizing mixture (Recover) were used as

chemical admixtures.

Table 4-1: Project 16 Summary of Concrete Mixture (Johnson 2012)

BT-54 BT-72
Item scc__cvc | scc cve
Water Content (pcy) 266 238 265 234
CementContent (pcy) 758 696 760 708
GGBF Slag Content (pcy) 134 124 135 125
w/cm 0.30 0.29 0.30 0.28
SSD Coarse Agg. #78 (pcy) 1528 0 1550 0
SSD Coarse Agg. #67 (pcy) 0 1923 0 1950
SSD Fine Agg. (pcy) 1384 1163 1370 1179
s/agg (by weight) 0.48 0.38 0.47 0.38
Air -Entraining Admixture (oz/cy) 0.3 0.3 0.2 0.2
HRWR Admixture (0z/cy) 11 8 11 7
Viscosity-Modifying Admixture (oz/cy) 2 0 4 0
Hydration -Stabilizing Admixture (oz/cy) 2 1 2 1
Total Air Content (%)* 4.1 4.2 4 3.2

*Average of air content wadetermined from fresh concrete test results.

Table B1 in Appendix B reveals the fresh concrete properties tested by the Auburn

University researchers:ifch by 12inch concrete cylinders wemolded and acceleratedred

under the curing tarwith the grders They were tested in conformity with ASTM C 39 (2005)

and ASTM C 469 (2002) in order to determine the concrete strength and the modulus of

elasticity, respectively. The hardened concrete properties are given in Table 4

For BT-54s, thehalf-inch dameter strands with an area of 0.153 if@ were provided

by StrandTech Martin, Inc. from Summerville, South Carolina. Tiadf-i n ¢ h

Aspecial o

strand$ with an area of 0.167 ff@ used for the B72 girders, were provided by American

Spring Wire from HoustgnTexas. Modulus of elasticity (MOE) of the prestressing tendons was
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28,600 ksi. Grade 60 rebar was in conformity vAiiTM A615 and used as a npnestressed
reinforcing steel. MOE of the reinforcing steel was 29,000 ksi.

Table 4-2: Project 10 Hardened Concrete Properties(Johnson 2012)

Release 28 Days
casingGowp | (15 0l 4 | 68 0
A (SCC) 24 9010 6200 | 10240 6400
B (CVC) 23 8790 7100 | 10590 7400
C (SCO) 24 8680 6300 | 10800 6600
D (CVC) 24 7860 6700 | 9670 6900
E (SCC) 24 7940 6100 | 10180 6200
E (CVC) 25 8760 6400 | 10360 6800

Specified

BT 54 . 5200 - 6000 -
F (SCC) 24 8120 5800 | 10490 6300
G (CVC) 23 8290 6700 | 10770 7000
H (SCC) 19 7860 5900 | 10770 6400
I (CVC) 22 8770 7100 | 10850 7300
J(Sco) 22 8220 5800 | 10550 6400
K (CVC) 20 8320 6800 | 11050 7700
L (SCC) 19 6930 5700 | 10070 6000
L (CVC) 20 7710 6600 | 10510 6900

Specified
Brors . 5800 - 8000 .

4.2.1.4Strain Measurement
Before concrete was cast, the vibratimge strain gauges (VWSGSs) werestalled
within the girder sections for the purpose of obtaining internal strain and temperature trends. The
Geokon, Inc. VCE4200 VWSGs were used, and the gauge drawiimgisded in Figure B in
Appendix B. In addition to the recorded strains,eéh#eddedhermistormeasureshe
temperature datavhich are usedor temperature corrections later. Figur& Blemonstrates the
plan of instrumented V\BGs. An illustration of the installed gauge in the bottom flacege be

seen inFigure 42.
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Figur 4-2: Gagelocated in the Bottom Flange(Johnson 2012
Figure 43 givesthe configuration of the Data Acquisition System (DAS) used in this

research. DAS was designed to be a stdode system and composed of two multiplexers, a

battery system, and a CR1000 datakrgd he collected strain data for all of the girders are

summarized imMable 43 and 44.

Multiplexer 2
=
=
:
=
Multiplexer 1
CR100 Battery

Figure 4-3: Configuration of the VWSG Data Acquisition System(Johnson 2012
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4.2.1.5Camber Measurement

Surveying anditensionedwire system were the two metf®used in this research
project to record cambeFhe ensioneewired system was used for one girder in each casting
group with an exception. Both of the girders in the casting group-ESShd 548C, were
measured withhetensionwired systemThe reg of the recordings were completed wilie
surveying method. For the surveying method, readings were taken at 9 inches from each end,
midspan, and 1/6and 5/8' of span locations. For the tensiongite system, the value on the
ruler was recorded to threearest 0.01 in. while the cylindrical-p@und weight wasehsioning
the steel wire as depicted in Figurd ACamber readings were made immediately after sunrise
in order to prevent the deflections due to daily temperature gtadites length of theata

availability was included imable 43 and 44.

End of Beam End of Beam

e

\ \ /=
/

Scale and Mirror

l 0

\ Dead End Bolt Live End Roller .
|I II.'
\ Ij

Center of Bearing Hanging Weight
[approx. 30 Ibs)
Figure 4-4: Schema of the TensionedlVire System(Johnson 2012
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Table 4-3: Project 1 (BT-54)0 Summary of Collected Data

Length of Meas.

Project | Girder | Casting MOE @ (ksi)at  Maturity Temp  Girder q VWSG Locations (inf*
Name | Type Group Calc?® cCorr.?®  Name (day)

Transfer 28-day ) B Camber Strain  #1 #2 #3 #4

Y 54-2S 219 219 6.0 N/A NA NA

A(SCC)® 6200 6400  (Using Y 54-5S 219 219 6.0 195 375 520

& 54-59 54-6S 219 219 6.0 195 375 52.0

e Y 54-9C 217 217 6.0 195 375 52.0

2o B (vC)® 7100 7400  (Using Y 54-10C 217 217 6.0 195 375 52.0

Lo 54-9C) 54-13C 217 217 6.0 N/A N/A NA

g S D Y 54-1S 212 212 60 NA NA NA

o ¢ K| C(Sce) 6300 6600  (Using Y 54-3S 212 212 6.0 N/A NA NA

8= 54-4S) 54.4S 212 212 60 195 375 520

< g Y 54-11C 211 211 6.0 195 375 520

I% D (VC) 6700 6900  (Using Y 54-12C 211 211 6.0 N/A NA NA

= 54-11C) 54-14C 211 N/A N/A NA NA NA

E (SCC) 6100 6200 Y Y 54-7S 205 205 6.0 195 375 52.0

E (VC) 6400 6800 Y Y 54-8C 205 205 6.0 195 375 52.0

@ MOE stands for modulus of elasticity of concrete. Presented values are obtained frontekeethbylinder samples.
@ Maturity is calculated witthetemperature data obtained frahe strain gages

® Temperature valudsom four strain gageare used to apply temperature correction for strains and cambers. Girders having one g
correctedwith thegirderhaving four gages frorthe same casting group.

@ \YWSG stands for vitating-wire strain gage. Distance is from the bottonthef girder
® sCC stands for setfonsolidated concrete mix. VC stands for vibrated concrete mix.
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Table 4-4: Project 1 (BT-72)0 Summary of Collected Data

Length of Meas.

Project| Girder| Casting ~ MOE®(ks)at Maturity Temp  Girder q VWSG Locations (inf*
Name | Type Group Calc?® corr.?®  Name (day)
Transfer 28-day h v Camber Strain #1 #2 #3 #4
Y (Using 72-1S 196 196 88 NA NA NA
F Y
(SCC) 5800 6300 457g 7275 106 196 88 240 510 700
= Y (Using 72-8C 192 192 88 240 5.0 700
.2 G (Vo) 6700 7000 73800 Y 7214c 192 192 88 NA NA  NA
[@) M B
T O Y (Using 72-3S 191 191 88 N/A N/A N/A
53 H(SCC) 5900 6400 254 Y 704s 191 191 88 240 510 700
x S
$S | o Y (Using 72-10C 189 189 88 240 5.0 700
O " ~-
So | & H(vC) 7100 7300 25000 Y 7213C 189 189 88 NA NA NA
o @ 3
o2 Y (Using 7225 185 185 88 NA NA NA
4 Y
8o J(SCC) 9800 6400 755 7255 185 185 88 240 510 700
o Y (Using 72-11C 184 184 88 NA NA NA
o K (VC) 6800 7700 251c) Y 7210C 184 184 88 240 510 70.09
L(SCC) 5700 6000 Y Y 7265 182 182 88 240 510 70.0
L (VO) 6600 6900 Y Y  729C 182 182 88 240 5.0 700

@ MOE stands for modulus of elasticity of concrete. Presented values are obtained frontebtethbylinder samples.
@ Maturity is calculated with the temperature data obtained fhenstrain gages.

® Temperature valuesom four strain gageare used to apply temperature correction for strains and car@irtsts having one gage are
corrected with the girder having four gages frilvasame casting group.

@ \YWSG stands for vibratingire strain gage. Distance is from the bottonthef girder.

® gCC stands for setfonsolidated concrete mix. VC stands for vibrated concrete mix.

©) Strain data othegauge 4 are only available up to 7 days.
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4.2.2 Project 2: AASHTO Type |

4.2.2.10verview

Auburn University Highway Research Center (AUHRC) investigated the effects-of self
consolidating concrete (SCC) in precpststressed concrete bridge girders. This research
project was carried out by Boeh@008)and funded by Alabama Dagment of Transportation
(ALDOT). Within the scope of this project, six ftdtale AASHTO Type | girders were
monitored for strain and camber development by Schrantz (2012) and subjected to transfer
length and flexural testing at the end by Boehm (2088)rantz (2012) developed a camber
applicatior® utilizing thetime-step approadh and analyzed the timgependent deformations of
the girders up to the casting of concrete decks.

Two VC girders and four SCC girders were cast in May 2007 at Hanson PipesaadtPr
in Pelham, Alabama. After testing the girders for the initial transfer length, all of the girders were
transported to the Auburn University Structural Research Laboratory. aatasfin-place
concrete deck wgsdaced on each girder

Figure 45 describes the identification of the specimens. STD is referred as vibrated
concrete (VC) in this study. The 2fy strength level of moderate strength concrete was
determined t@ange fron6600 psi to 9800 psi.he high strength concrete girdattained a
strength value between 180 and 1500 psi at 8 days. The difference betwe@irders 1 and
2 in a same group was the shear reinforcement patterns. In the following subsections, specimen
design, material properties, strain measurenaa canber measurement are discussed. The
research conducted by Boehm (2008) and Schrantz (2012) are suethimatize next

subsectionsTable 49 gives the summary of collected data acquired from this research study.
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S(GGBF Slag)} SCM ’
Girder No. < 5
gé%} Concrete Type 3

SCC-HS-1E

M {Moderate) J L . E (East End)
H (High) } Strength Girder End {W (West End)

Figure 4-5: Project 28 Girder Identificatio n Scheme (Boehm 2008
4.2.2.2Specimen Design
Eachof the AASHTO Type | girders were 40long and designed with eight prestressing
strands. Crossectional dimensions are provided in Figuré @ Appendix C. Seven wire,
Grade 270, lowelaxation,%4n.ispeci al 6 di ameter strands were
and fully bonded. Six of the strands located in the bottom flange were jacked with an amount of
202.5 ksi Two of the strands in the top flange were jacked with an amount of 30.5 ksi. Shear
reinforcement was included along the girder lengtid confining steel reinforcement was
placed at the girder endsigure G2 illustrates the steel arrangement. Figur@ €emonstrates
the mild steel spacing.
4.2.2.3Material Properties
Three mixuredesgns were used for AASHTO Type | girdevghichwere batched at
Hanson Pipe & Recast Table 45 provides the mixture constituents, watement ratios, sand
aggregas ratios, and air contenflable G1 in Appendix C contains the fresh concrete
properties
Compressive strengths of concrete were tested wiitistf6by 12-inch concrete cylinders.

Table G2 presents the concrete strength at various ages and under different curing conditions.
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Table 46 provides the initial concrete propesdifrom the matcleured samples, and the -2&y
properties from the cylinders conformity withthe ASTM Standards.

Table 4-5: Project 20 Concrete Mixtures (Adapted from Boehm[200§)

Mixture Units Mixtures
Constituents (peryd® | STD-M  SCC-MS SCC-HS
Water gal 324 34.2 31.2
Cement (Type IlI) b 640 553 650
GGBF Slag (Grade 100) Ib 0 237 279
Water/Cement n/a 0.42 0.36 0.28
# 78 Crushed Limestone Ib 2034 1608 1601
Red Bluff Sand Ib 1110 1317 1267
Sand/Aggregate n/a 0.37 0.47 0.46
Air-Entraining Admixture fl oz 0.6 0.6 0.6
HRWR Admixture fl oz 19.2 51.0 93.0
Viscosity-Modifying Admixture fl oz 0 16.0 0
Retarding Admixture (Delvo) fl oz 19.2 24.0 28.0
Air (%)* n/a 3.2 2.8 15
*Average of air content was determined from fresh concrete test resul

Table 4-6: Project 20 Hardened ConcreteProperties (Adapted from Boehm [2008]

Release 28 Days
Girder ID Age (hrs)  f dpsi) E.i (ksi) f'¢.28(PSi) Ec 25 (Ksi)
STD-M-1 18 4780 5700 6600 6750
STD-M-2 18 4780 5700 7200 7300
SCC-MS-1 18 5540 5250 9780 7400
SCC-MS-2 18 5540 5250 9790 7500
SCC-HS-1 18 10430 7000 13160 8600
SCC-HS-2 18 10430 7000 13580 8300

The lowrelaxation, Grade 270, sevanire, %2i nc h fA s p edwithdn@areassof r and s
0.164 in’d weresupplied by American Spring Wire Corporation in Houston, Texas. In order to
remove surface debris, the strands were wiped with a cotton cloth before prestressing. MOE of
the prestressing steel was 28,900 ksi. ASTM A615 Grade 60 reinforcing bars weas tised
mild steel reinforcement. MOE of the nprestressing steel was 29,000 ksi.
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4.2.2.4Strain Measurement
The vibratingwire strain gauges (VWSGsa)ereGeokon, Inc. VCE420Q Theywere
installed in order to obtain the strain development and the asstd¢emperature values. Later,
the readings were acquired wit ltdatalaeuis€@ienmp b el |
system.The table at the end of the following sectsarmmarizes the availability of collected
strain data from this research study.
4.2.2.5Camber Measurement
The camber readings of the prestressing girders were made with the surveyor's method
and the tensiomwire system (0.04nch-precision steel rule). The survey wdme at 2 inches
from each en@nd every quarter length (imcling the midspa). The table at the end of the next

sectionpresents the availability @bllected camber data
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4.2.3 Project 3:HPC BT-54

4.2.3.10verview

The aim of the HPC B'b4 project was to quantify the accuracy of available prediction
methods focamber and prestress losses in high performance concrete (HPC) girders. Five
AASHTO BT-54 girders investigated in this reseavatre designed and cast Bent 5 and Bent
6 of the Uphapee Creek HPC Showcase Bridge in Macon County, Alabamas®ieaher 2
were cast in December "181998; Girder 3 and 4 were cast in Januaft; 2899. Girder 5 was
cast in February'3 1999. All of the fabricatiowascompleted irfSherman Prestressed Concrete
in Pelham, Alabamarhey were monitored for strain and camtéevelopment.

Specimen design, material properties, strain measurement and camber measurement are
summarized in the following subsections according to the studies completed by Glover and
Stallings (2000), Stallings and Eskildsen (2001), and Stallings (0813).

4.2.3.2Specimen Design

The span length of five Bb4 girders is 112 feet 4 inches between the centers of simple
neoprene bearing pads. Figurelln Appendix Dprovidesthe crosssectional view of the
girders.

Fully prestressed strands are sewere, Grade 270, lowelaxation, 0.6 in. diameter with
a specified jacking stresf,j of 202.5 ksi18 of them are straight and fully bonddd) of them
are debonded at 48 in. from the erfidéstrands are draped at 120 in. from the midspan. Lightly
predressed strands are sewsine, Grade 270, lowelaxation, 0.5 in. diameter with a specified
jacking stress of 50 ksi. They are straight, fully bonded and located in the top flange. FRyure D
illustrates the profile of prestressed beams and FigtBelBnonstrates the steel and strand

arrangement at midspan and girder ends.
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4.2.3.3Material Properties

Table 47 lists the concrete minre design correspomd) to the saturatedurfacedry

(SSD)condition The girders were fabricated with eighteen pours.gt63hed limestone was

used as a coarse aggregate for the first twelve castings, and #7 crushed limestone was used for

the last six pours.

Table 4-7: Project 30 Concrete Mixtures (Adapted from Stallings et al [2003])

Mixture Mixtures
Constituents HPC BT-54-1, 2, 3,4,and 5

Water 237 Iblyd®

Cement (Type Ill) 752 Iblyd

Type C Fly Ash 132 Iblyd?
Water/Cement 0.30

#67 or #7 Crushed Limestone 1843 Ib/yd®

#89 Natural Sand 383 Iblyd®

#100 Natural Sand 733Iblyd®
Sand/Aggregate N/A

Superplasticizers
(MB Rheobuild® 1000)

Retarde(MB Delvo®)
Air Entrainment(MB Micro Air®)
Air (%)*

*Average of aircontent was determined from fresh concrete test results

14 oz per 10@b of cementitious material

1.4 oz per 100b of cementitious material
0.44 oz per 10 of cementitious materig
4.2

Hardened concte properties were tested wdkinch by 8inch concrete cylinders. They

werematchcured until the prestress transfer and they were stored outside the production yard

nearby the B154 girders. Compressive strengthsdetermined according to AASHTO T 22

(1997)

fStandar d

Speci fication f

or

Compressiv

Modulus of elasticity values were obtained adatg to ASTM C 469 (1996)Table 48 gives

the hardened concrete properties. The measurements from the concrete cylinders do not include

any corrections taking aount of the cylinder siz8.ables D1 and D2 reveal the hardened

concrete properties.
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Table 4-8: Project 30 Hardened Concrete Properties (Adapted from Stallings etal. [2003)

Number of Coefficient of
Property Specimens Range Mean variation (%)
fefatta2 0 ) h 36 804010 9810 8540 6.4
(psi)
f'c.28 (PSi) 36 8440 to 11060 9920 7.6
Ecia Ec2g(Ksi) 32 4300 to 7100 5740 11.7

Fully prestressed strands with 0.6 in. diameter have a-sez$®nal area of 0.217%n
Lightly prestressed strands with 0.5 in. diameter have a-sgms®nal area of 0.153%inMOE
of the strands were reported as 27,500 ksi.
4.2.3.4Strain Measurement
Geolon's Model 4911 Vibrating Wire Rebar Strain Meter was used to measure the
internal strainsThe strain data were collected with the Campbell Scientific's CRTI%.
availability of collected strain data obtained from thsearch study can be foundTiable 47.
4.2.3.5Camber Measurement
The surveyoros |l evel with the carpenteros
on the girders. The measurements were made to the néariesth. The camber measurements
had been made at various timesha tlay in the first 100 days. Later, researchers tried to

minimizethe temperature effects by measuring the readings in the early morning.
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Table 4-9: Projects 2 and & Summary of Collected Data

Project | Type Girder MOE @ (ksi)at  Maturity Temp  Length of Meas. (day, VWSG Locations (inf®
Name | of Mix | Name®™  Transfer 28day Calc.?¥  Corr.?® Camber  Strain  #1 #2 #3
- é ye® | STOM-1 5700 6750 Y Y 110 110 33 119 244
S © 5 STD-M-2 5700 7300 y® Y 110 110 33 124 235
0238 SCGMS-1 5250 7400 Y Y 160 160 3.3 128 243
25 | oo | SCOMS-2 5250 7500 Y Y 167 167 3.3 129 241
%3 ° SCGHS1 7000 8600 Y Y 214 214 30 129 243
2 o SCGHS2 7000 8300 Y Y 214 214 34 130 241
<28 Girder 1 353 311 65 513 N/A
D=3 Girder 2 353 311 65 513 N/A
o 23 VC | Girder 3 5740® Y®© NEY 300 270 65 513 N/A
2B Girder 4 300 270 65 513 N/A
e Girder 5 292 264 65 513 N/A

WM and H standor moderate and high strength, respectively. S stands for GGBF Slag used in the mix.

@) MOE stands for modulus of elasticity of concrete. Presented values are obtained frontebthbylinder samples.

® Maturity is calculated by using the temperature data of relevant strain gages.

® Temperature valudsom three strain gageare used to apply temperature correction for strains and cambers.

® \VWSG stands for vibratingvire strain gage. Distance iofn the bottom ofhe girder.

© sCC stands for setfonsolidated concrete mix. VC stands for vibrated concrete mix.

) Early age temperature data of SMD1 are also used to calculate the maturity of SWE2.

® 32 MOE values at various ages from release tdé@6were averaged.

©) Maturity calculations arearried out by using the represative temperature values of Pour #10 from the same project.
19 Temperature correctiomamot beapplied since temperake values at the reading tirae not available.
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4.2.4Project 4: T-Beams
4.2.4.10verview
Alabama Department of Transportation (ALDOT) sponsored research to investigate the
bond behavioof prestressed strands in SCC girders. Sixtebrdms were fabricated in the
Auburn University Structural Engineering Laboratory. They were monitored for camber
development in addition to the actual transfer length testing. The girders were four d#itszent
and |l abeled with AA0o, ABo0o, ACO0, and nDO. Al s
four different mixturesandgirders with16 different combinations were obtained. One VC
mixture and three SCC mixtures were used. FigeBedépicts tk girder identification. Three
girdesr epresent @a8owi ahdinA€0 will be considered w
Levy (2007) explained the design and fabrication of experimental specimergrand
research was summarized in the followingsdtions; namely, specimen design, material

properties, strain measurement and camber measurement.

M (Moderate A (23-07)
H (High) Concrete Strength B(16°4”)

Specimen Length C (130"
D (9!_3!!)
5CC
sTD ¢ Concrete Mixture

SCC MA- BE

E (East End)
Specmlen E',ncl{W (West End)

A(Fly Ash)
S(GGBF Slag) SCM

Figure 4-6: Project 40 Girder Identification Scheme (Levy 2007
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4.2.4.2Specimen Design

The sizes of the girders can also be found in FigtBeFgure E1 in Appendix E shows
the dimensions of the cresgction and the arrangement of steeBélams were designed with
sevenwire, Grade 270, lowelaxation,’4 n. fAspecial 0 strands with a
The strands were straight and fully dengd and cleaned with a cotton rag to eliminate the
surface debris. Longitudinal and transvaree-prestresseceinforcementonsisted of3 steel
reinforcingbars. Longitudinal bars were designed as compression reinforcermstirtugs were
used to preide shear reinforcement. The stirrup spacing of the beams can be seen in Fgure E

4.2.4.3Material Properties

Table 410 shows the four different concrete mixtures used in the research project. The
coarse aggregate type was #78 dolomitic limestonethenfine aggregatype wasatural river
sand.Table E1 tabulates the fresh concrete properties.

Table 411 illustrates the hardened concrete properties. The properties were obtained
from the 4inch by 8inch cylinders. They were agured and stored ithe same conditions as the
actual beams. Each property is the average of the testedctfimders. AdditionallyTable E2
presents further hardened properties. The strength tests were performed in accordance with
AASHTO T22(1997)and ASTM C39 (1998)T'he MOE of concrete was obtained according to
ASTM C469 (1998)

Half-i nch fAspeci al osedidnal areadis0.16¥%add aMOE valaesos
28,900 ksi. The strands were transported from American Spring Wire Corporation in Houston,
Texas. The & bars were ASTM A615 Grade 60 reinforcement, and they had a MOE value of

29,000 Ksi.
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Table 4-10: Project 40 Concrete Mixture Proportions (Adapted from Levy [2007)

Mixture
Mixture Constituents
STD-M  SCCMA  SCCMS  SCCHS
Water (pcy) 270 270 270 260
Cement (pcy) 640 525 375 650
Fly Ash (pcy) 0 225 0 0
GGBF Slag (pcy) 0 0 375 279
w/cm 0.40 0.36 0.36 0.28
Coarse Agg. (pcy) 1964 1607 1613 1544
Fine Agg. (pcy) 1114 1316 1323 1265
s/agg 0.37 0.46 0.46 0.46
Air -Entraining Admixture (oz/cwt) 0.33 0.00 0.00 0.00
Mid -Range Water Reducing Admixture(oz/cwt) 4.0 4.0 6.0 6.0
High-Range Water Reducing Admixture(oz/cwt) 3.5 4.0 4.5 5.0
Viscosity-Modifying Admixture (oz/cwt) 0.0 2.0 2.0 2.0
Air (%) 11.0 2.0 5.0 3.0

Table 4-11: Project 40 Hardened Concrete PropertiegAdapted from Levy [2007])

Release 28 Days

Girder ID Age (hrs) f Apsi) Ei (ksi) f'¢.28(PsSi) Ec 25 (Ksi)
STD-M -

A B C 72 5000 4900 6320 5150
SCC-MA -

AB.C 30 5500 4900 8540 5400
SCC-MS-

A B C 72 5300 4950 9170 6950
SCC-HS-

A B C 30 9990 6050 13380 7050
4.2.4.4Camber Measurement

The surveyordés |l evel and a rod

camber development ofBeams. The girders had been stored in the lab; therefore, the

wi t h

temperature corrections were not neededhle 412 summarizes the availability oftda
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Table 4-12: Project 40 Summary of Collected Data

Project Name T{ﬁ'e of Girdeg)Name MOE @ (ksi) at Matur’i)t(g) Tem%)Corr.? Length of Meas. (déy)
IX Transfer 28day  Calc. Camber Strain
STD-M-A Y N 90
s vC® | STD-M-B 5000 6320 Y N 90
2 STD-M-C Y N 90
5 SCCMA-A Y N 201
oS SCGMA-B 4900 5400 Y N 201
% @ SCGMA-C Y N 201 A
D5 SCGMS-A Y N 56
= i scc® | SCGMS-B 4950 6150 Y N 56
9 SCGMS-C Y N 56
'(’_—T) SCCGHSA Y N 15
=~ SCGHSB 6050 7050 Y N 15
SCGHSC Y N 15

MM and H stand for moderate and high strength, respectively. The following letters A and S stand for Fly Ash, and GGB
respectively. Last letters, A, B and C represent the length of girders. (A =276 in, B = 196 in., ©.F 156

@ MOE stands for modulus of elasticity of concrete. Presented values are obtained frortekeethbylinder samples.

® Maturity is calculated by using the thermocouples embedded at the strand depth.

“® Temperature profiles were not available at the time of camber measurement. Also, temperature corrediaves anay
insignificant influence othe results sincthe T-Beam girders were stored indoor.

® scC stands for setfonsolidated concrete mix. VC stands for vibrated concrete mix.
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4.3 Temperature Correctionsfor Internal Strain and Camber

4.3.1Overview

The prestressed girders stored outside were direxgigsed to sunlight, wind, ather
environmental effects. It was likely that the outside prestressed girders encountered a non
uniform temperature distribution over a girder depth when researchersttaiokand camber
readings.

The software predicting the tirdependent deflections is developed with an assumption
that temperature remaingsiform. For the purpose of comparing predictions and the actual data,
raw strain and camber readings are adjusted relative to a uniform internal temperatu@ of 20
(68 F).

The temperature values at the time of recording were obtain€drom the thermists
embedded into the strain gages. The temperature histories were available for the Hillabee Creek
Bridge Project and the AASHTO Type | girders. Strain and camberctioms are made by
using simplifiedcrosssections. Figur®4-7 and 48 show the simplied cross sections and the
assumed thermal gradients for the Hillabee Creek Bridge Project. Similarly, FiQultastrates
thesimplified cross sectioffor the AASHTO Type | girders. Thamplified dimensionsvere
chosen to be as close as thesssedional area, centrojcand moment of inertiaf original
section Also, the temperature gradients were assumed to be constant on the flanges and linear on

the web.
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Figure 4-7: Project 18 Simplified BT-54 for Temperature Correction
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Figure 4-8: Project 10 Simplified BT-72 for Temperature Correction
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Figure 4-9: Project 20 Simplified Section for Temperature Correction

Equations 41 and 42 show the relationship to obtain the strain and curvature changes

due to varying temperature on a girder deptheare | ast i ¢ mat er i al behavi o

remains planebé6, and equilibrium were the assu

the equations can be found i nmadeosbnresnodifiéagonsr e s e a

toJ o h n s othod. Keskeq2014) also measured the CTE values of the SCC and VC girders
and the findings are listed in Tablel8d along with the employed CTE valu€slE for the
saturated condition was in in accordance with AASHTO T 336.

6 "YOY'YQd
Oox

S Equation 41
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6 "YO3'Y& Qb

_ Equation 42
(@)

3%

where, 3-  =the strain change at the centroid of the cross section due to temperature
change in§ U]
3%  =change in curvature of a concrete cross section due to temperature
changes otthe cross section irg [{ih.]
6 YO=coefficient of thermal expansion of

Y'Y =temperature gradient of the cross section from 20°C in [°C]

e = simplifiedcrosssectional area in [fi
O = simplified crosssectional moment of inga with respect to the centroid
in [in."]

Table 4-13: Coefficients of Thermal Expansion (CTE)

MeasuredKeske 2014) Used in this
Concrete Dry Saturated research
e0/ ., 0/ |0/, U0/ eU/., U/
SCC Girder 13.3 7.4 9.4 5.2 12.5 7.0
VC Girder 12.2 6.8 9.2 5.1 115 6.4

4.3.2 Adjustment of Recorded Internal Strains

The internal strain readings are corrected in two steps. First, temperature change within
the VWSG member is considered since the steel wire encounters tempedegtemeent
expansioror contradbn. It is expressed iBquation 43. The given coefficient of thermal
expansion (CTE) value for VWSGs was supplied by the producer. Second, raw strain values are
corrected to eliminate the effectmdnlineartemperaturalistributionover the oncrete cross
section Equation 44 takes account of the thermal effects of the strain gauges and concrete cross

section. Figure 40 shows an example of gected set of internal strains.
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- h - Y 0°"YO Equation 43

where, - =recorded strain corrected for gauge temperatune [ £ U]
- =recordedraw strainn [ ¢ U]
Y =gauge temperature relative to 20AC

& "YO = coefficient of thermal expansion forthe VWSGh [ ¢ U/ A C]
=12.2 ¢GUAAF)6. 8
- - v Y s Y% o Equation 44
where, - = corrected strain taking account of the thermal effects of strain gauges

and concrete crossection
3- j =the strain change at the centroid of the cross section due to temperature
changen[e U] ( ¢Eguat®m4l)i n
3% =change in curvature of a concrete cregstion due to temperature
change on the cross sectiongn{In.] (given inEquation 42)

@ = distance from the centroid to theder depth wherstrain reading is

made in [in.] (+, downward)
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Figure 4-10: Adjusted Strains for 72-10C

4.3.3 Adjustment of Measured Camber Values

For the purpose of adjusting the camber readthgs)ontlinear temperature profilwas
assumed constaatong the girder lengthnd that the beam smply supported. Camber
measurements are adjusted witlo corrections as shown Eguation 45 using aprocedure like
that described by Johnson (2012he baseline correctioniiscludedbecause temperature
gradient was significant at the time of initial camber reading. Another correction was to include
the temperature gradient effect for each cambeiingaBligure 411 shows asample camber

dataadjusted according to the equation below
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3 3 3 8 3 3 Equation 45

where, 3 = adjusted camber in [in.]
3 =recorded camber without any thermal adjustments in [in.]
3 8 =—" = correction for the baseline reading
3%op; = change in baseline curvature due to initial temperature gradient

in[e U/ (given ihEquation 42)
> i = ——— = correction for each camber reading in [in.]

3%o = change in curvature due to temperature gradient id [ (given ]

in Equation 42)

0 = length of the girder in [in.]

3.0
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Figure 4-11: Adjusted Cambers for Casting Groupl
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4.4 Selected nput Variables
The scope of this research involves the comparison of the prediction models. AASHTO

LRFD 2014, ACI 209 andib MC 2010 are compared with the collected data from four different
projects as well as each other. The ingariables used for thgirders in Projects 2 andate

listed inTable F1 in Appendix F. The full list of input parameters for thelers in Projects 1

and 3are given inTable F2. The adjusted slump values are explained by Schrantz (2012) and
JohnsonZ012). The benchmark reading represents the elapsed time from the prestress transfer to
the benchmark reading for strain predictions.

Curing type is selected ascelerated curinfpr Projects 1, 2, and 3. Project 4 is
investigated for both accelerateddamnaccelerated curing properties. Accelerated curing
indicatesthat curing temperature is elevated above noouahg temperaturdue to the
exposure of sun, tharpenclosureor the external application of steanheat. Concrete with
nonacceleratd curingdoes not have any exterredatingeffects and does nekperiences
much temperature increaseveith accelerated curqn. 1 St e aswakendouneann g
accel erated cur i ndgatenarracceldiateddudng.0 cur i ng i

The prediction moels were formulated with different variablesd they were based on
the common construction practice of the specific country or refjmhlC 2010 was established
explicitly for the European construction practicecontrast AASHTO LRFD and ACI209
were modeled according to theS. practice.The European and ASTM standards differ from
each other in terms of the cement classifications, the requirements, and the material testing
methods. Therefore, these standards do not offer direct equivdleatsenent types are
discussean detailin Appendix I.

Theinvestigated researgirojects were carried out according to goerningu.S.
standards. All of the cement types in these projects were Typadlthey had high early
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strength for the purpose of gteessing applicatiolherefore f 42 . 5 R, 52.5 N, 5.

selected as the strength class of cement fongbeofthefib MC 2010model The aggregate

types used for this research were #67 and#78 limestone, and theayre assumed tmatchwith

thetypeof fAbasalt, dense | imestone aggregateso.
The equivalent age cal@tlons are carried out accordingdquation 46 as given irfib

MC 2010 Equivalent ages aresed only for théib MC 2010 prediction model. Ehearlyage

temperature profilef thegirders in Project 1s provided inFigures B-8i B-20 in Appendix B.

The temperature profile for girdeirs Project 2 iplotted in Figure €. The early age

temperature profile fohe girders in Project i3 obtained fromPour #10 given in Figure 4.

Strengthmaturity curves for thgirders in Project 4re provided in Figures-g, E-4, E-5, and

E-6.

- . T

O 30Qwp & C X 0°Y30 Equation 46
where, Y30 =temperature in [°C] during the time periad in [dayd
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Chapter 5 Results and Discussion
5.1 Introduction

Camber deflectionand effective prestress forcae thebasicdesigncritical aspecs
related taime-dependentleformationsCambemeasurements are obtained directly,lbas of
prestress force is representgdbottomflange strais. Curvature measuremerdgs midsparare
alsoobtained since camber predictions are made according to the maraanhethod.

In this chapterbottomflangestrains, curvaturesind camberarepredicted with the new
version of the amber prediction softwar&@he used concretd OE development model was
two-point MOEdevelopmentodelbased on measured MOE (agoint MOE model) The
material prediction models for creep and shrinkage of concrete were composed of AASHTO
LRFD 20#4, ACI 209, and fib Model Code 2010°hey arecompared t@ctual responses tie
Hillabee Creek BridgéProject 1) AASHTO Type | (Project 2) HPC(Project 3) and FBeam
(Project 4)girders.Then the resultare discussed toighlight the key points

Furtherdiscussions about data collectiars maden Sedcion 4.2.Datausedfor plotting
the graphs in this chaptean be found in Appendices H andA3so, the graphsised in this

chapter are scaled differently for each case

5.2 StatisticalEvaluation of the Error between Predicted and Measured Values
Unbiased estimate of the standard deviation ofrdetibnal errors (UEStDev) isused to
evaluate the error between the predicted and measured Valtles unbiased casagraple

standard deviatiors dividedby 641 6 idnsotfeané t o cal cul ate t

107

he

a)



al. 2005).For this research, UBtDev is used as a waywaluatehe predicted strains,
curvaturesand cambers. Additionallyhe average of the fractional errors is utilized to suppo
theunbiased estimatesdevaluatethe distribution of prediction€Equation 51 shows the
function forUE-StDev Equation 52 shows how te@alculate the fractiongrowtherror, which

represents the error of predictigrowthrelative tomeasuredrowth.

Y : P 5 3 Equation 51
where, Y = unbiased estimate of the standard deviation of the fractional error
€ = number of data points
3 = fractional error of thé" data point
s B 0 Equation 52
where, W = strain curvatureor camber at the time considered
W = strain, curvatureor camber at the initial time considered

Selecting the ést prediction according tdE-StDev eliminates the negative sign
Understanohg whether tle cased regularlyover or underpredictedecomes impossihl@able
5-1 demonstrates three different cagease 1 overpredicts all of the responses such as strain,
curvature or camber.Case 2 overpredictthem o averagewhile, Case underpredicts entirely
All of the cases produce the same amounirdfiased estimates despite the-noiformity. To
avoidthe confusionthe average of the fractional erraggssalso considered.

Table 5-1: Comparison of Cases with Different Fractional Error Distribution

Fractional Error UE- Average
Data#l Data#2 Data#3 Data#4 Data#5 StDev
Casel 0.02 0.05 0.05 0.25 0.25 0.18 0.12
Case 2 -0.15 -0.10 0.00 0.20 0.25 0.18 0.04
Case 3 -0.25 -0.25 -0.05 -0.05 -0.02 0.18 -0.12
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5.3 Project 1: The Hillabee Creek BridgeGirders

5.3.1 Total Creep Coefficient and Total Shrinkage Strain

The creep and shrinkage values are the key elements determining the ptedested
dependent deformation€urvature and cambgrowthsignificantly depenslon creepin
contraststraingrowthdepend on both shrinkage and creep.

Figure 5.1 demonstrates the total creep coefficient and total shrinkag€rsbtaultimate
creep coefficient and shrinkage strgang¢dicted up to the erection. The erection sifee the
Hillabee Creek Bridge Projeatebetween 182 days and 219 days.

The estimated creep coefficients fall between 0.86 and 1.10. ACI 209 pthdi&tast
ultimate creep coefficient for most of the cases; in contiiad¥)C 2010 estimates tHargest
creep omaverage. Further, the predicted creep coefficients for the SCC and VC girders are very
close.

The shrinkage strains are predicted to beiwitd 4 0 ¢-8 3 a nTadlib MC 2010
modelcalculates the autogenous and drying shrinkage separately unlike the ACI 209 and
AASHTO LRFD 204 models.The total shrinkage strains reported on the figure exclude the
shrinkage prior to the benchmark readamglshowthe values used for the tirrgependent
calculationsThe shrinkage strain predictions with MC 2010 rafigm-3 6 e-%)4 tpsodto
the benchmark reading=or the other two model#hey aredetermined to be less thah ¢ U .

fib MC 2010 pedicts theeastshrinkage in magnitudend it does not refleetsharp
differencefor the SCC and VC girder$he ACI 209 and AASHTQRFD shrinkage predictions
for the SCC girders turn out to be larger in magnitude thaartés for thé/C girders.
Additionally, ACI 209 predicts largershrinkage straithan AASHTOLRFD when it comes to

the SCC girders.
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Figure 5-1: Total Creep and Shrinkage Predictions for Each Casting Grou@ Project 1
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5.3.2Bottom-Flange Strain Analyses

(1 of 3 BT-54 Girders) Project 1

Seven BF54 girders were castith self-consolidating concret¢SCC) andseven BT154
girders were castith vibrated concrete (VCYhebottomflange gageGage l1waslocated in
the flange at 6.0 in. from bottom of the girder.

Bottomflange strains are obtained to represent the prestress loss. Thgretrim
depends on shrinkage aneep Figures 5.2 and 5.8emonstrat¢he trend of measured and
predicted internal strains at immediately aftansfer, at 5@lays,and at erection. &ta used for
these graphs can be foundTiable G2 in Appendix G.

Thepointsnearesto the origin illustrate the values just after transfer. All of the5&T
values representing the strains immediately after transfer fall very close to the equallty line.
transferthe SCC girders are predicted better than the VC girders.

On the other hand, internal strains are overpredicted at later ages. Most of the predictions
arebeyondthe +20% error line Predictions for the VC girdeeseslightly better thathe SCC
girders.fib MC 2010 predict bottomflangestrains a little bettethan other modelat 56 days; in

contrast, AASHTO LRFD predicts them slightly better at erection
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(2 of 3 BT-72 Girder® Project 1

Seven SCCrad seven VC Bi72 girders were analyzed for the bottflange strain
located at 8.8 in.Trends of strain predictions can be seen in Figures 5.4 and’ Be&whole data
set isprovidedin Table G2.

The internal strains immediately after trangfezpredictedbetterthan the ones dhe
later agesThe initial strains of the&SCC girdersare predicted a little better than tiW€ girders.

At 56-dayand erection, the estimated internal strainaezpredictedThey fallnearthe
+20% error line Predictions for th& C girders ardetter than the ones for SGtnilar to the
initial strains Also, thethree prediction modelgvealsimilar estimationgor the bottoraflange

strain
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(3 of 3 Statistical Evaluation dError for Predicted Bottorfrlange Straind Projectl

The AASHTO LRFD shrinkage model states to increase the shrinkage strain 20%
when concrete is exposed to drying before five days ofacoelerated curing.he 17hour (5/7
day) curin@ the girders in Project 1 are cured less than 17 hours uhld§ects 2, 3, andd4is
the estimated approximate amount if it is exposed to accelerated asmxglained in Section
2.3.7. The analyses performed using the 20% increase in shrinkage strain predictions are labeled
as AASHTO LRFD +20 in this thesis.

Thecalculations for theinbiased estimate of the standard deviation of the prediction
errors (UEStDev) can be found iSection 5.2. Fjure5.6 summarizes the anaggsof AASHTO
LRFD, AASHTO LRFD +20,ACI 209, and MC 201(Data used for these graphs carfdaend
in Table H1 in Appendix H. Values closer to zero maanre accurate predictions

Straingrowthis obtained by subtracting ttsrainsat transferfrom thestrainsat later
ages Seven data points are used for this calculation except for el BT. The BF54 VC

girders have six data points. Erecttonesfor these girdersangefrom 184 days to 219 days.

o

100% error at transfer represents a strainvelé&eb out 465 ¢ U; \ateiages , 100 %

represents a valugf about265¢ U .

At transfe, the strains are mostly underpredictedcdntrast, the straigrowth
predictions arall overestimated at later agd$e bottomflangestrairs give an idea abouhe
prestress lo€s since the prestress strandsconcentrated at the bottom flange.

The straiis are evaluateih four groups (i) different prediction models are comparéd
comparison of AASHTO LRFD andASHTO LRFD +20is made(iii) theBT-54 and BF72

girdersarecompared to each other, and)(ike comparison of the SCC and \gEdersis made
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Unbiased Estimate of Standard Deviation
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116




I.  Comparison of AASHTQRFD, ACI 209 andib MC 2010
Only growtherrors are considered since thigial predictionsare same&o matter what

the prediction model igib MC 2010 estimates the stragnowthto 56-daywith the least error
possiblydue to the eliminated autogenous shrinkage up to the benchmark réea8igiTO
LRFD generally besestimateghe straingrowthto erectionthan AASHTOLRFD.

ii.  Comparison ofAASHTO LRFD andAASHTO LRFD +20
AASHTO LRFD +20 includes the 20% increase in the shrinkage siradictions

AASHTO LRFD estimates the botteffangestrains more accurateliroject 1 is the only
project checked for this increagene curing duratios of theseyirders wergecordedoelow 17
hours and theymayhave notbbeenaccurateAll in all, the 20% increase in shrinkage strain
predictions is not reasonable for th&tomflangestrain predictions

iii.  Comparison of B354 and BF72 girders
The creep and shringa predictionsvere somewhat sami@r the BT-54 and BTF72

girders; thg, the effect of the geometry on the tiohependent behaviaan be seen explicitly
Both of the BT-54 and BF72 girders are estimated accuratelytransferFor the BF54 girders,
theerror in straigrowthincreasesvith ageunlike the BF72 girders. Theredicted strains for
the BT-54 girders are slightlpetter at 56 days; whil¢ghepredictionsfor the BT-72 girders are
fairly better at erection.

iv.  Comparison othe SCC and VC girdes
Initial strainsfor the SCC girders are slightly better thandtrainfor the VC girders. At

56 days, straigrowthof the VC girderss predicted a little bibetter At erection, both othe
SCC and VC girders have teamefractional error sincéhe predicted creep and shrinkage were
sameIn terms of he bottomflangestrain® and the prestress lossése SCC and VC girders

behave more or less similarly.
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5.3.3Curvature Analyses

(1 of 3 BT-54 Girder® Project 1

Curvature readings were possibde the our SCC and the four VC girders. The gauges
were locatedt 6.0 in.and at52 in.from the bottom.

Comparison of midspan curvature is made since camber predictions utilize the moment
area method. Curvatuggowthdepends largely on credpigures5-7 and5-8 demonstrate the
predictedand measuredhidspan curvatuseat immediately after transfer, at-6@y after
transfer and at erectioriThe data used for the grapdn® given inTable G3 in Appendix G.

The nitial curvaturepredictionsare mostlyoverpredicted, and fall within the2®% error
line. The VC girders seem to predict the initial curvature slightly better than the SCC girders.
Thelong-termpredictionsremain mostly within the20% error lines, and they are
generally overestimatedh&VC girders are predicted more accuratdlgnthe SCCgirdersat
later agesfib MC 2010 seems to predictirvaturedess accuratelfhan AASHTOLRFD and
ACI 209.The total values can be misleading to compare the prediction nsdaedshe initial

erras arereflected intheerrorsatlater ages.
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(2 of 3 BT-72 Girder® Project 1

The curvature calculations were possibletha four SCC andhefour VC BT-72
girders The curvature values are calculated by usingffyes at 8.8 in. and @ in. from the
bottom.However the girded 72-12C, a VC girder in the casting grou@khas the strain
readingsavailable aB.8 in. ancat51.0in..

The arvature predictionare plotted in Figures-8 and 510. The nitial curvaturesare
ovempredicted.The predictions for the VC girders seem to be more reliable and they fall mostly
within the+20% error lins.

At the later ages, the VC girders remain withint28% error linesthe SCC girders
have curvature predictions fallinigyondthe +20% error line. The initial errors are obviously
reflected inthe longterm predictionsThe ACI 209 prediction model giveslittle moreaccurate

results for the SCC girders; however, it is hard to draw a conclusion for the VC girders.
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(3 of 3) Statistical Evaluation of the Error for the Predicted Curvafufeoject 1

Figure5.10illustrates the evaluated analyses for the bottflamge strainsThe scale is
different than the scale used for the strain analyses. The datlupéatting canbe found in
Table H2 in Appendix HFour data points are used fsach calculation.

The initial predictions are all overpredicted. Tgrewthvalues are composed dfet
under and overestimations.rOaverage, the Bb4 girders are overpredicted, and the BT
girders are underpredicted.

100% error for the BB4 girders represents a curvature amount of 6:321i@. at
transfer; whereas, the 100% error represents a curvature value of 317xi16or thegrowth
For the SCC B72 girders, it is about 3.3xFa/in. for the initial curvature and tlggowth, and
it climbs up to 4.0x18 1/in. for the VC BTF72 girders.

The comparisons are investigated in three main categ@jiddferent prediabn models
are compared to each oth@n AASHTO LRFD and AASHTO LRFD +20 are comparéiii)
comparison oBT-54 ard BT-72 girders is made, and Jithe SCC and VC girdeeze

compared.
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Unbiased Estimate of Standard Deviation
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123




I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

The initial values are predicted with the same amotiatrorfor the different prediction
models The unbiased estimates show that the prediction models estimate the cign@iiine
somewhat similar. On the other hand, the arithmetical average of the errors reveal that ACI 209
is the best model for the overpredicted-B4 girders, andib MC 2010 gives the most precise
predictions for the underpredicted B2 girders. This conclusms consistent with theank of
predictediotal creep coditients: ACI 209 estimates the least creep for the underpredicted BT
54 girders and MQ010 estimates the greatest creep for the overpredictetRBjirders.

il Comparison ofAASHTO LRFD and AASHTQLRFD +20

AASHTO LRFD +20 includes the 20% increase in the shrinkage strain predictions. It
estimates the curvatugeowthof the overpredicted Bb54 girderanore accuratelyAASHTO
LRFD estimates the curvature growth of thederpredicted B172 girders moe accurately.

iii. Comparison of B354 and BTF72

At transferthe BT-54 girders are better predicted thhaBT-72 girders At later ages,
the BT-72 girders are predicted a little better than theS&Tgirders The errors in the
predictions of the B34 girdersincreaseat erection; however, the errors for the-BJ girders
decreasen average. Having the namiform distribution of estimations complicates the
comparison of the B'b4 and BTF72 girders.

iii. Comparison of girders with SCC and VC mixes

For the overpredicted Bb4 girders, the VC girders are predicted slightly better than the
SCC girders. However, the SCC girders have more accurate estimations for the underpredicted
BT-72 girders. Drawing a conclusion for the SCC and VC girders can beadiisl) due to the

nonuniform distribution.
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5.3.4 CamberAnalyses

(1 of 3 BT-54 Girder® Project 1

Midspan cambers are analyzed for $eeenSCC and the seven VBT-54 girdersas
shown inFigures 511 and 5.12.They include the camber predictions just after transfer, at 56
days, and at erectioriThe BT-54 girders were 1174 inches in length.

The nitial predictionsare mostly overestimated. They depend on the modulus of
elasticity; estimations are calculated sarly regardless of the prediction model. The §irders
arepredictedmore accuratelyhan the SCC girders. The modulus of elastifotytheVC girders
was 8%greaterthan theSCC girders

At later ages, the predictions are all overestimafanbergrowthdepends largely on
creep.Most of the SCC girders and half of the VC girders have predictions falipgndthe
+20% error line. Among the prediction models, ACI 209 predicts the least cambéh il
2010 estimates thgreatestamberHoweve, deciding the accuracy of the prediction models
can be misleading by looking at the tatambers. Thus, the camlmggowthwill be considered

for the statistical evaation in the last subsection.
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(2 of 3 BT-72 Girder® Project 1

SevenSCC and seven VBT-72 girdersare analyzed for camber. The predicted and
measured cambers are plotted in Fig&:&8 and 514. Theyconsist of the midspan cambers
immediately after transfer, at $ys, and at erectionThe length of the B172 girders was 1620
inches.

The initial camber predictions are overestimated and not based on the selected prediction
model since they depend dretelastic properties. The VC girders have more accurate
estimations than the SCC girdeffie modulus of elasticitgf the VC girder was 1% lessthan
the MOE of theVC girders.

The predictions at later ages are also overestimated. The VC girders &tegmneubre
accurately than the SCC girders. The ACI 209 camber predictions are the least in amount; while,
thefib MC 2010 camber predictions are the greatest. The accuracy of the prediction models will

be discussed in the following subsection by evalgdtie cambegrowth
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(3 of 3 Statistical Evaluation of the Error for Predicted CamidPsoject 1

Theunbiasedestimates plotted in Figuel5 areevaluated to quantify the errarsthe
camber predictionsThe graph is scaled differently from the earlier evaluations. Cagnbetth
wasdetermined by subtracting the initedmberfrom the cambey atlater agesSix points are
used for thecalculatiors, anderection date for these girdezgtendsrom 184 days to 219 days.
Data used for these graphs can be fanritable H3 in AppendixH.

At transfer and erection, the camber predictions are entirely overestil/Aates days,
thegrowthpredictions are overestimated average. 100% error for the B8 girders
represents a camber error of 0.90 in. at transfer; whereas, the 100% error represents a camber of
0.35 in. for thegrowthpredictions. For the B2 girdes, it is about 1.26 in. at transfer, and it is
0.89in. for thegrowthestimations.

On the other hand, Johnson (2012) identified that angakue to temperature gradient
and existing holdlown points are thpotentialreasons behind the errors. He stated that the
cracking occurred after the formwork removal may not have been accounted accurately even
though the temperature corrections were appMdsb, he observed that the haldwn points
may havdimited the girdes to move upwardt transfer The hold dowrpoints can be seen in
Figure B2 in Appendix B.

The results are discussediaur aspects(i) different prediction models are compared to
each other(ii) AASHTO LRFD and AASHTO LRFD +20 are compared to eadtent(iii) the
differences between the B34 and BF72 girders are contrasted, and)(tie comparison of the

SCC and VC girderarecompleted
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I. Comparison of AASHTO LRFPACI 209 andib MC 2010

The initialcambers are naontrolledby the chosen prediction moddélst basedn the
elastic propertiesThe same initial predictions are obtained for méthods At 56 days,
AASHTO LRFDandACI 209 better predict the cambgrowthfor the BT-54 girdershanfib
MC 2010. AASHTO LRFD and MC2010 better estimate the Sty growthfor the BT-72
girders than ACI 209At erection, ACI209 reveals thbestcamber estimation®\ASHTO
LRFD predictions are better than MXD10. The predictiomodelswith theleast and greatest
creep predictions estimate the least and greatest cgndveth in the same order.

il Comparison of AASHTO LRFD and AASHTO LRFD +20

AASHTO LRFD +20 includes the 20% increase in the shrinkage strain predictions and
estimats the cambegrowthwith a little more accuracy than AASHTO LRFD.

iii. Comparison of B354 and BTF72 girders

At transfer, both B354 andBT-72 girders are predicted with the same accurélog
errors in the B154 girderancreasegradually at later ages unéikhe BF72 girders. At later
ages BT-72is estimated remarkably better than-B4.

iv. Comparison of girders with SCC and VC mixes

At transfer, VCis predictedmore preciselyhanSCC which is largely related with the
initial MOE. At later agesthe VC predictions are better than the SCC girders. Additionally, the
growtherrors in the SCC Bb4 girders are considerably large probably due to the camber

reading errors.
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5.4 Project 2: AASHTO Type |

5.4.1 Total Creep Coefficient and Total Shrinkagétrain

Creep and shrinkage deformations are the main reésothe rising or falling trends of
the timedependent responses. Strain predictions at later ages are under control of the estimated
shrinkage and creephe longterm curvature and camber iesitions significantly rely on the
creep deformation.

For the AASHTO Type | girders, the total creep coefficient and total shrinkage strain are
predicted up to the erection and plottedrigure 516. The erection dayisr STD-M, SCGMS,
and SCCHS are 10, 167 and 214, respectively.

The estimated total creep coefficient earbetween 0.76 and 1.22. Thast ultimate
creep coefficients for STIM and SCGMS are obtained with the ACI 209 model; whereas,
AASHTO LRFD reveals the highst creep for them. YeBRASHTO LRFD predicts the highest
creep predictions for the higgtrength girders. The AASHTORFD andfib MC 2010
predictions drop for the SCHBS girders even though tlamalysisdurationis greater.

The shrinkage strains are predicted within the rangg & 0 ¢-8 0 & MleMC
2010shrinkagemodel excludes shrinkagpeior to thebenchmarkpoint calculatedo be between
-26¢ @nd-57¢ LFor other predictions modeisjs not greatethan-5 ¢ @sprovided in Table
G-1in Appendix G.

Thefib MC 2010 and ACI 209 strain predictions tend to elevate in magnitude as the
concrete strength increases; while, the AASHIRF-D predictions droggonsiderabyf for the
SCGHS girders. AASHTQLRFD estimates the highest shrinkaagaount for STBM and SCC
MS, andfib MC 2010 predictshe keast shrinkage in magnitudACl 209 predicts the largest

shrinkage for the SGEIS girders.
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5.4.2Bottom-Flange Strain Analyses

(1 of 49 STD-M Girders

Two moderatestrengthType | girders were proded withthe VC mixtures Bottom
VWSG, Gage 1, was located in the flange at 3.3 in. from bottom of the gMder.the recorded
strain valuesverecorrected to account for the temperature gradient

Figure 517 represents the trend of measured and predbmi#dmflange straisat
immediately after transfer, at 56 dagad at 110 dayg.he pointclosest to the origin illustrate
the values just after transfer. Initial values are estimatgsiian the measurezhes and they fall
very close to the20% error line.

At later ages, AASHTQRFD predictsthe shrinkageery close to the equality lingb
MC 2010 seems to predict better th@l 209. Predictions at later ages fall mostly within the
+20% error line.

(2 of 4) SCCGMS Girders

Two moderatestrength Type | girders were cast with the SCCtuanes GGBF slagvas
alsouseddifferentthanthe STDM girders Bottom VWSG, Gage 1, was located in the flange at
3.3 in. from bottom of the girder.

Figure 518 shows themeasured versywedicted internal strains. Initial values are
predicted very close to the equality litd.later agesfib MC 2010 and ACI 209 predithe
bottomflangestrains more accuratelfhe AASHTO LRFD predictiondall abovethe +20%

error line.
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(3 of 4 SCCGHS Girders

Two highstrength Type | girders were cast with the SCCtunes Bottom VWSG,
Gage 1, was located in the flange34i in. for the first girder and at 3.4 in. for the second
Figure 519 represents the strain predictions and readihgamediately after transfer, at
56 days, at 110 dayand at 214 days after transfe
The nitial predictionsare estimated accurately. Nonethel#ss,bottoraflangestrains
are overpredictedt later agesand fallbeyondthe 20% error linefib MC 2010seems to be the

best model for the longerm strains.
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(4 of 4) Statistical Evaluation of Error for Predicted Bottéilange Straind Project 2

Figure 5.® demonstrates the unbiased estimates of the standard deviation of the
fractional errors. Data usedrfthe graph can be found Trable H1. Growthvalues are obtained
by subtracting thetrainsattransfer from the straireg later ages.

Two data points were available for the calculationsusutgmore data points may have
beenmore reasonable. Ydtyo data pointdave small varianceAt the same time, thenbiased
estimationsare greater than the averaged errors.

The recorded strain valuesereonly available up to 56 days for tI®CGMS girders.
100% error for STEM and SCGMS represents a straualueofabout 265 ¢ U;
error for SCGHS represents avalaéa bout 185 ¢ U.

At transfer, the strains are mostly underpredicted. The gframthfor STD-M and
SCCGMS cannot be classified as over underpredicted-or that reasonthe averagef the
fractional erroraill bediscussedThe straingrowthof the SCGHS girders, on the other hand,
is overpredicted.

The errors are contrasted with each other indategories(i) comparisorof AASHTO

LRFD, ACI 209 andib MC 2010is made and(ii) the STD-M, SCGMS and SCEHS girders

are compared to each other.
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I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

fib MC 2010 estimatetheinitial strains slightly better due théexcluded autogenous
shrinkageprior to the benchmark reading. At later ages,ittegular data sets such as pvend
underpredictions requiromparing the arithmetical average of the fractional erfidrs.
arithmeticalaverages reveal thtite straingrowthis overpredicted, aniib MC 201®
predicting the least shrinkageeveals ginificantly better estimations.

il Comparison of STEM, SCGMS and SCEHS girders

At transfer, strain values of th8B-M girders have the wargstimationgossiblydue to
the errors involved in the modulus of elasticity itegt STD-M generally underpredicts the initial
strain unlike the other two girder sets.

At later agesthe SCGHS girders have the least accurate predictions whichlare a
overprediceéd. The accuracyf the STD-M and SCCMS girders is somewhat similaand it is
hard to draw a conclusion whether they are -oveunderpredictedven by comparing the

average errors
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5.4.3 Curvature Analyses

(1 of 49 STD-M Girders

The recoded curvature values were obtained by using the top and bottomajdiges
two STD-M girders.Figure 521 demonstratethe predicted and measureternal strains at
immediately after transfer, at 56 dagad at 110 dayafter transfer

The curvatureare estimateceks than the measured ones and none of the predidtions
notfall underthe-20% error line At later agesfib MC 2010and AASHTOLRFD seem to
predictthe curvaturebetter tharACI 209. Also, the initial errors areeflected inthe predctions
at later ages.
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(2 of 9 SCCMS Girders

The top and bottom strains are used to calculate the recorded curvatyuwes 522
illustratesthe trend othemeasurd versus predied curvatures

Initial values are mdicted within the £20% error line. At later ages, the predictions are
underpredicted mosthand they are not as go as the ones at transfAASHTO LRFDJ
predicting the greatest cregpeveals the most accurastimations for th& CGMS girders
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(3 of 4 SCCGHS Girders

Figure 523 shows the predicted versus measured curvatures just after transfer, at 56
days, 110 daysand 214 days after transfer.

Thepoints closest to the origin illustrate the values predictedediatelyafter transfer.
The nitial predictions are overpredicted and placed close to the +20% error line. THerong

estimations are overpredicted fapst oftherime, but they remain close to the equality line.
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(4 of 4) Statistical Evaluation of the Error for Predicted CurvatdirBsoject 2

The unbiased estimatase plotted irFigure 5.2. The scale of the graph is different than
the one for the unbiased estimate of strain in Section 24ta.useddr the graph can be found
in Table H2 in Appendix H Thegrowthis calculatedoy subtracting the values transfer from
the oresat later ages. 100% error for STW, SCCMS, and SCEHS represents an average
curvature amount of 10.4x£/in., 7.8x1¢ 1/in., and 4.5x181/in., respectively.

For the STD-M girders, the initiaturvatureandthe curvaturggrowthare underpredicted
The initial values of th&CGMS girders are overprediadeon average, and thgrowth
curvatures are underpredicted. The initial values of the-BS@irders are overpredicted, and it
is hard to classify thgrowthvalues of the SCEIS girders.

The compason of the curvature predictions is discussed in two asg@atemparison
of AASHTO LRFD, ACI 209 andfib MC 2010 is made, and (ii) tf€TD-M, SCGMS, and

SCGHS girders areompared

143



Unbiased Estimate of Standard Deviation

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

0 AASHTO LRFBACI 209e@ MC 201(
X
A
o
%) X
1)
o]
(&)
o <]
o
R o X
e X
@ (¢
STD-M STD-M STD-M SCC-MS SCC-MS SCC-HS SCC-HS SCC-HS SCC-HS
At transfer Growth Growth At transfer Growth At transfer Growth Growth Growth
to 56-day to 110-day to 56-day to 56-day to 110-day to erection

Figure 5-24: Fractional Errors 8 Midspan Curvaturesd Project 2

144




I. Comparison of AASHTQRFD, ACI 209 andfib MC 2010

The transfer values are predicted with the same accuracy regardless of the prediction
model since the initighredictionsare tied up with the elastic properties. For the $1and
SCGMS grders, thegrowthvalues are constantly underpredicted. The best predictions for them
are obtained with the AASHTORFD model having the highest creep predictions. It proves that
the curvature predictions are governed by creep.

On the other hand, the uabed estimates of the S@4{S girders can be misleading since
they include underpredictions and overpredictions. As a result, the average of fractional errors is
evaluategdand the ACI 209 prediction model is the most accuraidelfor the SCCHS girders.

il Comparison of STEM, SCGMS and SCEHS girders

SCCMS girders are best predicted at transfer. At later ages, the best predicted girder
group is the SCES girders, ad the second one is SEMS. The SCCHS girder$ having
underpredictions andverpredictions unlike STIM and SCEMSJ are bettepredictedthan

other two girder types
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5.4.4 Camber Analyses

(1 of 49 STD-M Girders

Time-dependent camber analyses are carried out for the cammiveesliately after
transfer, at 56 dayand at 110 dayafter transferThe plot of the predictions and measurements
for two STDM girders can be seen kigure 525. The STBM girders were 48nch long.

The nitial cambers are predicted with an error less than 20%. They are estimatdtewith t
same amount regardless of the prediction model. At later ages, most of the camber predictions
remain within the £20% error line. AASHTCRFD and MC2010 are estimated close to the

equality line more times than ACI 209. All in all, the camber predict@ave a mixed

distribution.
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(2 of 9 SCCMS Girders

For the two 48anch long STDM girders, the predicted and measured cambers are

shown inFigure 526. The plot includes the cambersnediately after transfer, at 56 days10

days and 167 days

long-term predictions. At transfer, one of the girder sets falls close to the +20% error line and

another on falls close to the equality line; additionally, thend remains theame for the long

Overestimations are observed for all of thiial camber predictionand most of the

term predictionsThis means that thgrowthis predicted moraccuratelythan the errors

indicated in the plot. The ACI 2G&ndfib MC 2010 predictions are closer tioe equality than

the AASHTOLRFD predictions.
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(3 of 4 SCCGHS Girders

The camber predictions of the two SEIS girders are compared to the measurements in
Figure 527. The plot includes the cambarsmediatey after transfer, at 56 days10 daysand
214 daysThe SCCHS girders were 48bhch long.

The initial and longermcambers are completely overpredicted. Most of the predictions
arebeyondthe +20% error line. At later age®|C 2010 predicts the least camber; whereas, ACI

209 estimates the largestmber.
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(4 of 4) Statistical Evaluation of the Error for Predicted CamidPsoject 2

Unbiased estimatgdotted in Figure 828 show the fractional error in camber
predictions. The akais provided inTable H3 in Appendix H The figure shown below is scaled
differently than theelated figures in the previoggctions.

Thegrowthprediction is the difference between the ldagn andhe initial camber.

Two camber datavas available fothe unbiased calculationsonsequenyl, theerrors plotted
below are much greater thre average of errord00% error for STEM, SCCGMS, and SCE
HS represents an average camber of 0.28 in., 0.19 in., and 0.08 in., respectively. Also, the
measurement errors for the shepian girders cangificantly affect the results since the
precision of camber measurements was 0.01 in.

TheSTD-M girders are underpredicted at transfer, and Hasyea mixed distributionof
predictionsat later ages TheSCGMS girders are overpredicted entireytransfer, and the
growthis mostly underpredicted. The SE&S girders are all overpredicted at transfer aind
later ages.

The camber predictions are evaluated in two categdijesomparisorof AASHTO
LRFD, ACI 209 andib MC 2010 is made, and (ii) tH€TD-M, SCGMS and SCEHS girders

arecompared
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Unbiased Estimate of Standard Deviation
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Figure 5-28: Fractional Errors 8 Midspan Cambersd Project 2




I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

The same predictions are obtainattransferegardless of the prediction model$ie
growthof theSTD-M, SCGMS, and SCEHS girderds predicted most accurately bByC 2010.

ACI 2099 estimating the least creg@pnderpredicts cambgrowthfor the STDM
girders and becomes the least accurate mbdelSCCHS, ACI 2099 estimating theyreatest
cree@ overpredictsnidspan cambeand becomes the least accurate madekell As a result,
the accuracy of the modatsdetermined by the creep predictions and distribution of camber
predictions.

il Comparison of STEM, SCGMS and SCEHS girders

Accordng to the fractional errors, the ST and SCCGMS girders are better predicted
than SCCHS at erection and later ages. However, the related errors for thélS@@dictions

are better than SCWNIS.
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5.5 Project 3: HPC BT-54

5.5.1 Total Creep Coefficiat and Total Shrinkage Strain

The longterm predictions such as strain, curvatared camber depend on the predicted
creep and shrinkage deformations. For the HPE&SBgirders, the total creep coefficient ahd
total shrinkage strainpto 180 daysre plotted irFigure 529.

The estimated total creep coefficieahges from 0.88 th.04. ACI 209 estimates the
leastcreep; in contrastib MC 2010 predictshe most Furthermore, this trend onsistentvith
the findings of the Hillabee Creek Briel@rojead composed of BT54 and BTF72 girders
The shrinkage strains are predicted within the rang23fe @nd-2 85 e U. The

shrinkage straiprior to the benchmark readings aadculatecas0  £fikMC 2010 estimates

thegreatesshrinkage strain imagnitudeand AASHTOLRFD reveals thdeast.
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Figure 5-29: Total Creep and Shrinkage Prediction§ Project 3
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5.5.2Bottom-Flange Strain Analyses

Five VC BT-54 girders were monitored for the strain developmBottomflange gages
werelocated in the flange at%in. from bottom of the girdeTemperature corrections
accounting for the thermal gradiemtsrenot applieddue to the lack alemperaturelata.

Figure 5.8 shows the trend of theredictedand measurethternal strains at day,56
days and 180 days after transfer. Although the girders wersitoredalmost for a year, the
180-day strain was chosen to be compatible with other projects.

The strains at 1 day fall within the £20% error lines. AASHIRFD and ACI 209
underpredict the-tlay strains; whereaBb MC 2010 mostly overpredicts them with thest
accuracyAt later ages, most of the predictions are overpredictedeandinwithin the 20%
error line. AASHTOLRFD and ACI 209 predict thstraingrowth closeto the equality line.
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Statistical Evaluation dError for Predicted Bottorflange Straind Project 3

The unbiased estimates of the standard deviation of the fractional eerdhssrated in
Figure 5.31Data points can be found Trable H1. Growthis obtained by subtracting the strains
at later agefrom the ones at 1 day.

Five data points are used to evaluate the strain trend. 100% error feddlgesttain
represents@a al ue of 905 &g U; whyrewthat6 dayshrtia8hdags r or f or
represenstrainso f 220 eU, and 480 e¢U, respeandi vely. TI
overpredictions; while, the stragrowths are all overpredicted.

The errors aranalyzed in two categorie§) the comparison of AASHTO LRFEDACI
209 andib MC 2010 is madeand (ii)theHPC girders are compared to the BT-54 girders

analyzedn the Hillabee Creek Bridge Projg&roject 1)
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I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

The overpredianhg fib MC 2010modelestimates the-tlay strain better than the
underprediaghg AASHTO LRFD and ACI 209 modeldib MC 2010reveals the best predictions
at later ages. The second best model is ACI 26, thegrowthis obtained relative to the- 1
day (after the transferpadings. AASHTO LRFD develops about k50kss bottorrflange
strain at 1 day than MC 2018s a resulthe accuracy ahe models at later agasaybe
misrepresented.

il Comparison otheVVC BT-54 girders irProject 1 and Project 3

TheVC BT-54 girdersin Project 3had been produced 11 years before the VE&SBT
girders in Project 1. In order to carry out tlnee-dependent analysithe similar inputsfor
concrete properties and time of evantse enteredoutthe total prestressing force and its layout
were themajor differenceThe girdersn Project 3had70% (1845 kips / 1115 kipanore
prestresimg forcethan the girders in Project RAlso, thegrowthof Project 3s obtained relative
to the Xday readingsrélative totransfer).

Thegrowthto 56-dayof the Project 1s better predicted in terms of fractional and
average errors. However, tgpowthto erection of Project 1 is predicted less accurately than
growthto erectiorof Project 3. In addition, the models revealing the most and least accurate
predictions for Project 1 are not consistent with the models in Project 3. The discrepaincies

stran growthcan be explained kiyeinitial measuremenised to calculate thgrowth
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5.5.3 Curvature Analyses

The curvature analyses werarried out fothe fourBT-54 girdersBottomand top

gauges were located@b in.and 51.3 in., respectiveligure 5.2 shows the trend of the

measured and predicted internal strains at 1 day, 5§ dagll80 days after transfeFhe 180

daycurvaturewas chosen mainly toe consistentvith other projects.

Thecurvatures &1 day fall within the +20% error lise AASHTOLRFD and ACI 209

underpredict the-tlay curvaturesAt later agesthe predictions arenostly overpredicted and

they remain close to the equality line.
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Statistical Evaluatiownf the Error for Predicted Curvatufe®roject 3

Figure 5.3 shows theinbiased estimates of the standard deviation of the fractional
errors The graph is scaled differently than the relevant strain graphyrolaghvalues are
determined byubtracting thd-day curvatures from the lortgrm curvatures

100% error for the -Hay curvaturerepresents a value &6.8x10° 1/in.; while, 100%
error for thegrowthrepresersta curvature amourtf 4.5x10° 1/in.. The1-day curvatures are
mostly underpredicted, drthe longterm curvatures are mostly overpredicted.

The errors ardiscussed in two categorigg: the comparison of AASHTO LREDACI
209 andfib MC 2010is discussed first, and (iihe Project 3girders areontrasted to the VC
BT-54 girders in Project.1
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I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

The HPC girders have undemd overpredictions; as a result, the average of the
fractional errors are additionallpusidered. At dday,fib MC 2010supplies the best unbiased
and average estimatiarit later ages, ACI 209 arfib MC 2010 better predict the curvatures in
terms of the unbiased estimates. In addition, the comparison of the average fractional errors
showsthat ACI 209 is the best moddlhe growth is obtainedby using thel-day readings
(relative totransfer)and the prediction models do not develop same amount of curvature at 1
day. Consequentjythe accuracy of the models at later ages beayisrepreseted.

il Comparison ofthe VCBT-54 girders irProject 1 and Proje&

The prestressing layout isemajor difference between the BB girders analyzed in
different projects. Both of the girders are overpredictedverage at transfer and later ages. At
transfer, the fractional and actual errors are very close to each other.

At later agesthegirdersin Project 3reveal more accurate predictions in accordance to
the unbiased fractional errors. Nevertheless, the actual errors chalengenclusion and show
that the predictions fdProject lare more accurate.

Also, the curvaturgrowthd depends largely on creep predictiénis predicted more
accurately than the stragmowthd depends on shrinkage and creep predicfionsProjectsl
and3.

In addition, the models revealing the most and least accurate predictions for Project 1 are
not consistent with the models in Project 3.istdan be explained by the initial measurement

used for thegrowth
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5.5.4 CamberAnalyses

The girdersn Project 3werestudied for the camber predictiongransfer 56 days, and
180 days from transfer. Figure3 shows the predicted and measured cambers. The measured
cambers do not include the corrections accounting of the thermal gradient.

Thecambes & 1 dayare predicted very precisely except for one girder/Agdater ages,
most of the girders are overpredictéthe greatestamber predictions welgbtained byMC
2010, and the least predictions wetgtained by ACI 209The same trend is obtead in
curvature predictions as well since curvature and camber predictions depend on creep
predictions Also, the cambers for theroject 3 girderslevelop up to about 5.0 inches; whereas,

the cambers for theelatedProject 1girders werenot greatethan 3.0 inches.
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Statistical Evaluation of the Error for Predicted CamddPsoject 3

Theunbiased estimated the fractionakrrors arelotted inFigure 5.5%. The figure is
scaled differetly than the previous graphs. The cam@p@wthis the difference between long
term cambers and cambextstransfer

100% error for theamberat transfeis equal tcacamber erroof 3.3 inches; in contrast
100% error for theambergrowthis equal taa camber error of 1.1 inches. The cambers at
transferand 56 days are mostly overpredict&de 180day cambers are entirely overpredicted.

Thecomparisongreinvestigated in two aspect$) different prediction models are
compared to each other, and (i Project 3girders areontrasted to the VC Bb4 girders in
theProject 1
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I. Comparison of AASHTO LRFPACI 209 andib MC 2010

The initial predictions are predicted witlhe same accuracy no matter what the prediction
model is due to the dependency on elastic properties. At later ages, ACI 209 reveds the be
camber estimations; whered4C 2010 reveals the least accurdtas in line with the creep
predictions. Also, the error escalates as the duration of camber analysis increases.

il Comparison ofhe VCBT-54 girders irProject 1 and Project 3

TheProject 3girders were designed with 70% more prestressing force, andahate
properties were quite similar with the Hillabee Creek Bridge girders. The measured aamber
erectionwas about 5.0 inches for tReoject 3girders, and about 2.5 inches for thmject 2
girders.

Both of the girders are mostly overpredicted at fierend later ages. At transfer, the
Project 3girders are better predicted possibly duéh®accuracy of the recorded MOE.

Similarly, thegrowthpredictions for thd’roject 3girders are more accurate.
Also, the models revealing the most and least accurate camber predictions for Project 1

are consistent with the models in Project 3.
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5.6 Project 4: T-Beams

5.6.1 Total Creep Coefficient and Total Shrinkage Strain

Twelve T-Beams are studied for the camdewelopment. The strain and the curvature
estimations are not investigated because stvegéne notmeasuredThe camber analyses are
performed for the girders with a span length of 276, 196, and 156 jacitethey are repeated
for each of the four casiy groups.

Long-term responsesuch as strain, curvature, and candreisubstantiallyinfluenced by
the predicted creep and shrinkage deformatidatal creep coefficient and total stitrage
strains are graphed Kigure 536. The STDM, SCGMA, SCGMS, and SCGHS girders are
analyzed up to 90, 200, 56 and 14 days, respectively.

The analyses with the accelerated and-accelerateduring properties areompleted
for thecomparison reasons. Maturity values eB&ams are obtaed from the strengtmatuity
curves given in Figas E3, E4, E5 and E6 in Appendix E. The girders are all assumed to be
acceleratedatured accordingly. Tie analyses withon-accelerated curing properties are provided
for the comparison reasons.

The estimated total creep coeféints vary from 0.42 to 2.03. The large variability is due
to the duration of thanalyse performed The AASHTOLRFD creep predictions with
accelerateduring propertiesireremarkably less than the ones with the-acnelerated. On the
other hand, the &I 209 predictions with the accelerdt®uring properties are slightyreater

than its predictiongvith the noraccelerated.
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For the STBDM girders,fib MC 2010 predicts thiargest creep coefficient; in contrast,
AASHTO LRFD has theéas creep estimation. For the SEMA and SCCMS girders,
AASHTO LRFD reveals thdarges creep coefficient while ACI 209 creep estimations are the
lead. Further, ACI 209 gives tharges creepprediction for theSCGHS girders; while,
AASHTO LRFD predicts the least creep coefficient for them
The shrinkage strain predictions vary from05 &% 2t « 0. The strain a
accelerated curing are found todmnsiderablyess than the osewith nonraccelerateduring
The shrinkage strains up to the benchmark readingsoaiacludedor T-BeamsAASHTO
LRFD estimates the largeshrinkage strain in magnitude for ST, SCGMA, and SCCMS;
whereasfib MC 2010 predicts thieag. Furthernore,fib MC 2010 estimates ¢hgreatest

shrinkage strain in ngaitudefor SCGHS; while,ACI 209 gives thdeast
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5.6.2Camber Analyses

(1 of 5 STD-M Girders

Camber analyses for three different girder sizes are plotted in FigiteThe graph
compaes the predictions to the measurements immediately after transfer, at 14 days, 56 days and
90 daysatfter transferThe span length of the A, B, and C girders were 276, 196, and 156 inches,
respectively.

The nitial cambers are underpredicted. At lateeggoal cambersre undgoredictedon
averagey AASHTO LRFDunlike ACI 209 andib MC 2010. The prediction models are

examined better in the subsection about the statistical evaluation.
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(2 of 9 SCCMA Girders

The camber analyses for S@QA girders are illustrated ikigure 538. It includes the
cambersmmediately aer transfer, at 56 daysQ @lays and 200 days after transfer
The nitial cambers for SCBIA-B are best predicted. At later age®st of the

predictions are overpredicted. The ACI 209 estimations are very close to the equality line.
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(3 of 9 SCCMS Girders

Figure 539 shows the camber analyses for the 3C&girders just after transfer, at 14
days, and 56 days after transfer.

At transfer, the predictions fall within tR£20% error lines. The error elevates at later
ages. The camber development frondags to 56 days is not as much as the predicted amounts.
At later ages, most of the camber predictions remain within the £20% er®mi@e2010
reveals the largest camber predictions; in contrast, AASHRED reveals the least camber

predictions. It ionsistent with the creemefficientpredictions.
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(3 of 4) SCGHS Girders

The camber estimations and measurements for theFE&E@irders are plotted in Figure
5-40. The comparisonf@ambers can be seenmediately after transfemndat 14 daysafter
transfer The nitial cambers are not predicted very accurately. At 14 days, the prediction for the
shortest span fallseyondthe +2@% error lines. The measurement error can be an idsuéhese

girders due to the precision of the method to read cambers.
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(4 of 4) Statistical Evaluation of the Error for Predicted CambyePsoject 4

Theunbiased estimatgdotted inFigure5-41 show the fractional errors in camber
predictions. In spite of the different span lengths, three girders for each casting group are
evaluated together since the similar creep and shrinkage predictions are made for them. The span
lenghs for the A, B, and C girders were 276, 196, and 156 inches, respectively.

The figure is scaled differently than the previous graphs. The cajrethis
determined by taking the difference between the-kemngn cambers and the initial camheildhe
analyses with the neaccelerated properties are also included for comparison purposes.

100% error for theamber at transfer represents a camber eff@r18 inches; in
contrast 100% error for theamber at later agées equal to a camber error of 0.1Zhes. The
slight camber amounts shed the lights on the possible measurement errors since the precision of
test methods was not any better than 0.01 inches.

STD-M, SCGMS, and SCEHS wnderpredict the initial cambenaverage; while, SGC
MA overpredict tlem. At later ages, thgrowthis overpredicted except for the-tidy
predictions of the moderattrength girders.

Theresultsarestudied in three group§) different prediction models are compared to
each other, (ii) the casting groups are contrastedth othemnd (iii) thecomparison of the

analyses with accelerated and ramtelerated properties is made
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I. Comparison of AASHTQRFD, ACI 209 andib MC 2010

Initial predictions depend on the elastic properties and therefore free frohmotenc
creep and shrinkageediction model. AASHTO LRF@stimates the cambgrowth most
accurately for STEM; in contrast, ACI 209 reveals the most accugatevthfor SCGMA and
SCC-MS. MC 2010, on the other hand, predicts the cangsewthleast accurately for STIM,
SCCGMA, and SCGMS. The data for the SCBS cambers were available up to 14 days, and
AASHTO LRFD reveals the best predictions at that age.

il Comparison of STEM, SCGMA, SCGMS, and SCEHS

At transfer, the predictiofer SCGMS are best estimated among the four casting
groups, which can be related to the initial MOE. At later ages, theNd&Girders have the
most accurate predictions; conversely, the M Qirders lavethe least accurate predictions o
average. Also, the accuracy of the camber measurements may have influenced the overall trend.

iii. Comparison ofhe prediction modelwith accelerated and neaccelerated properties

AASHTO LRFD with the accelerated curirgyoperties predicts the cambers more
accuratey than AASHTOLRFD with the noraccelerated properties. ACI 209 with the
accelerated curing shows slightly less accuracy than ACI 209 with thecoeterated curing.
AASHTO LRFD is more sensitive to theuring properties than ACI 209 as also observed in the
creep predictions in Figure36.

Although special effort had not been applied to accelerate the curing, the strength
maturity curvesndicatethat T-Beams weracceleratedured The hydration preess must have

elevated the internal temperature to the sufficient level.
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5.7 Discussion of Results
5.71 Bottom-Flange Strain Analyses
5.71.1 Overview
The strain analysesere completed for the bottom flange in order to have a better idea
about the pretress losses and the thidependent deflection$he bottoraflange strains are the
best indicators of the prestress losses dimeeentroid of the fully prestressed strands is located
within the bottom flange. The stragmowthis caused by the timg@ependent deflections such as
shrinkage and creep. Accuracy of the shrinkage and creep predictions can be investigated better
after analyzing the curvature and camber.
5.71.2 Bottom-Flange Strain Readingsat Midspan
Table 52 shows arithmetical averagetbe recorded bottofflange strains. In Projects 1
and 2, the strain reading&ere corrected to take account of thermal gradients. The concrete age
atgrowthis the least age among the different girdersagroup. Approximate prestress losses
can be foundby multiplying the strain amount with thMOE of prestressing steel. To illustrate, a
strain of-100¢ s equal to a prestress loss of 2.9 ksi for strands WIDE of 29,000 ksi.

Table 5-2: Average of Initial and Growth Strain Readings

. Age at Bottom-Flange Strain
Project #and Growth (<10°in./in.)
Identification d

(days) | iniial  Growth  Ratio
SCC 205 -437 -287 66%

BT-54
1 VC 205 -439 -279 64%
SCC 182 -489 -374 76%

BT-72
VvC 182 -463 -338 73%
STD-M VC 110 -256 -408 159%
2 | SCGMS sCC 160 -222 -399 180%
SCGHS SCC 214 -167 -196 117%
3 BT-54 VC 180 -879 -519 59%
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In Section 2.3, the factors affecting the tiependent deflections are explained.
Accordingly, initial readings depend on the elastic properties sueloasof concrete and
prestress layoutn Project 2SCGHS hathe least initiaktrain readings despite the similar
prestress force and its layout, and this is corresponded kQIteof concreteat transferAlso,
total prestress force explains the difference in the initial strains between the-8&€ @iders in
Projects 1 and 3.

Moreover, the straigrowthis driven majorly by creep and shrinkage as explained in
Section 2.3. Creemd shrinkage depend on several factors such as concrete mixture, ambient
conditions, and curing type. BA2 develops greater stragnowththan BT54 in Project 1
possibly due to the effect of creep curvature. Similarly, the modstraegth girders in Bject 2
developgreaterstraingrowththan the related highktrength girders because of the different
concrete mixture. All in all, the strain readings shown in Talf2eabe consistent with the
expectations, and it can also give a preliminary idea about the range of strains and prestress
losses.

5.71.3 Bottom-Flange Strain Predictions at Midspan

Bottomflange strain predictions for Projects 1, 2, and 3 are briefly discussed in this
section. The strain analyses are investigated thoroughly in Sections 5.3.2, 5.4.2, and 5.5.2. The
initial stran predictions are more accurate thandgh@wth predictions. MC 2010 reveals the
samebottomflangestrainsat transfewith other two prediction modeishen the shrinkage up to
the benchmark point is excluded.

Table 53 tabulates the best models accogdio the unbiased estimates at erection. It
also provides the prediction trend and the unbiased estimates of strain errors. The moderate

strength girders angredictedmore accurately than the higltrength girdersThe moderate
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strength girders have tlwembination of overand underpredictions; however, the higghength

girders are generally overpredictedhelcurrent shrinkage and creep modelsaaceiratdor the

moderatestrengthgirders, but theynaynotbeas good aestimating the higistrengthgirders.

Table 53: Summary of Strain Growth at Erection

Project # and Prediction Best Modelwrt UE-StDev  UE-StDev
Identification Trend* UE-StDev (%) (e0)
BT-54 SCC @] AASHTO LRFD 92 260
1 VC 0 AASHTO LRFD 96 262
BT.72 SCC @] MC 2010 65 234
VC @) AASHTO LRFD 66 215
STD-M VC M MC 2010 12 51
2| SCCGMS | SCC M ACI 209 6 23
SCGHS | SCC O] AASHTO LRFD 76 147
3 BT-54 VvC o MC 2010 23 105
* 606, O6M6, and 6UO6 stand for overpre

trends are for the entire prediction set at erection.

In Projecs 1 and 2 AASHTO LRFD usuallygives the most accurate predictions for the

high-strength girderdhowever, the lgh-strength girders in Projectaéde predicted most

accurately byMC 2010.

For the overpredicted cases, the best predictions are obtained by the model predicting the

least shrinkage except for Project 3. Tnewthis calculated with respeto the tday stran in

Project 3.

The Project 3 girders having greater prestress force are predicted more accurately than

the Project 1 girdersThe VC girders are predictedlittle better than the SCC girders in Project

1, yet fractional errors for V@nd SCC are considerably large. The BT girders are predicted

more accurately than the B34 girders BT-54 and BF72 haveoverprediceéd bottoraflange

strains andilmostthe same creep coefficient and shrinkagtimatestrain despite the geometry

difference
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The strain analysesay haveerrors rooted in the input variables and the strain readings.
The input parameters such as slump, air content, concrete strength, or MOEnzantlb@ate
Samples used for material testing might not reprabentotal girder behavior well enough due
to the probable imperfections. MC 2010 may have been implemented incorrectly since it was
functioned according to the European Standahdsddition to the input variablessadings
obtained from the strain gagenaybe erroneousrlhe strain gages may have been dislocated or

even damaged while tleencrete was being poured.
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5.72 Curvature Analyses
5.72.1 Overview
Curvature is analyzed to understand the effects of creep predigtioragily at midspan.
Initial andgrowthcurvatures can be studied separately. The initial values primarily depend on
MOE of a girder and arrangement of prestressing strands; whilgrdineh estimations depend
significantly on creep curvature. Creep curvatumeiermined by multiying creep coefficient
andinitial curvature Contrary to strairgrowth, curvaturegrowthdepends on initial curvature.
Besides, understanding thereaturegrowth can untangle the interaction of creep and shrinkage
for strain growth.
5.72.2 Midspan Curvature Readings
As the distance between theaingages increas¢he curvature readys become less
sensitive tahe likelihood of dislocation ajages Therefore, the curvature readings are obtained
by taking the topand bottordflange strains and dividg them with the vertical distance.
Arithmetic average of the curvature readingspovidedin Section 57.3.2.
5.72.3 Midspan Curvature Predictions
Midspan curvature predictions for Projects 1, 2, and 3 are discussed in depth in Sections
5.3.3, 5.4.3, and 5.5.3, respectively. Thevaturepredictions at transfer are same regardless of
the chosen prediction moddlhey are more accurate than grewth predictions except for the
SCC BT-72 girders. The neaniformity is caused by the casting group J having the least initial
reading.
The best prediction models are listed in accordance to the fractional errors in-fable 5

The curvature predictions ftilhe moderatatrength girders are mostly underpredicted. AASHTO
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LRFD predicts the curvaturgrowthbest; on the other hand, ACI 209 estimates it least
accurately. For the underpredicted estimates, éserodel also predicts the grea@sep.

Table 54: Summary of the Curvature Growth at Erection

Project # and Prediction | Best Modelwrt  UE-StDev  UE-StDev
Identification Trend* UE-StDev (%) (x10%in.)
SCC M ACI 209 16 06
BT-54
VC @] AASHTO LRFD 16 06
1 AASHTO LRFD
_ SCC M & MC 2010 10 0.3
VG M AASHTO LRFD 19 08
& MC 2010 '
STD-M VC ) AASHTO LRFD 32 3.2
2 | SCGMS | scCC U AASHTO LRFD 26 2.2
SCCGHS | sCC M ACI 209 24 13
3 BT-54 VC M MC 2010 12 0.8
* 606, O6M6, and O6UDB stand for overpre

trends are for the entire prediction set at erection.

For the highstrength girders, the predictions have a mixed distribution. This is the reason
why the curvature predictions are more accurate than the relevant strain predictions.

The curvatures at later ages are influenced by the interaction of creafuceiand
moment of inertia. The B-54 girders are overpredicted average, but the BT2 girders are
underpredictedmaverage.

For the highstrength girders, the curvatugeowthis estimated more accurately than the
straingrowth Still, there an be errors originated in the input variables and the strain readings as

explained in Section 5.Z.3.
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5.73 Camber Analyses
5.73.1 Overview
The cambepredictions are based on ti@mentareamethod as explained in Section
3.2.1. Initial camber predidns are determined by the elastic properties. Cagrorth on the
other hand, depends on creep predictions similar to the curgswéh Howevercurvature is
analyzedseparately because camber analysis is the summation of the varying curvatures (not
only midspan curvature) along the length of a girder.
5.73.2 Midspan CamberReadings
Arithmetical averages of the midspan curvature and camber readingewacedin
Table 55. The initial curvatures and cambers were measured just after transferdbr the
projects Also, it includes the least concrete age among the girders within the same group.

Table 5-5: Average of Initial and Growth Measurements

Project #and (?r%?/v?rﬁ Curvature (x10° 1/in.) | Midspan Camber (in.)
dentification (days) | Initial  Growth Ratio | Initial  Growth Ratio
SCC 205 -6.9 -4.0 58% | 1.09 0.59 54%
VvC 205 -6.6 -4.0 61% | 1.02 0.66 65%
SCC 182 -4.4 -3.1 70% 1.42 0.95 67%
vC 182 -4.5 -3.3 2% 1.32 0.88 67%
STD-M VvC 110 -10.7 -10.0  94% | 0.27 0.26 96%
2| SCGMS | sCC 160 -8.0 -11.3  142% | 0.24 0.21 88%
SCGHS | SCC 214 -5.4 -5.2 95% | 0.15 0.10 67%
3| BT-54 vC 180 -15.8 -6.0 38% | 2.89 1.34 46%

BT-54

BT-72

Initial curvature and camber deflections depend largely on the elastic properties such as
MOE of concrete, girder length, and eccentrically applied prestress horeeoject 1, B¥72
exhibits less initial curvature than Edé4; conversly, the initial camber of B-I72 is greater than
the initial readings of B®H4. High-strength girders demonstrate gre€E than the moderate
strength girders; thus, the higkrength girders have less curvature and camber in Project 2.
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Different initial values between the VC B34 girders in Projects 1 and 3 can be explained by
the total prestress force.

Curvature and cambgrowthdepends largely on the cresquced curvature. The larger
the initial curvature is, the larger the craeduced curvaturbecomed assuming the same
creep deflections. Consequently, the curvature and cagnbethreadings are grounded on the
initial readings, and it clarifies why tlggowthfollows asimilar trend with the initial readings.

Besides, curvature readings areéedmined from the strain readings; camber readings
were mostly obtained with the surveyords meth
the performance of different testing methods.

5.73.3 Midspan CamberPredictions

Midspan camber predictionsrfProjects 1, 2, 3, and 4 are reporiedetail in Sections
5.3.4,5.4.4,5.5.4, and 5.6.2, respectively. The initial camber predictions are generally more
accurate than thgrowth predictions, and they do not differ with the selected prediction model.

Initial errors may have been minimized if the following possibilities had been precluded.
Recorded MOE mawpot represent actual girddsecause oimperfectionsexistingin them and
curingtechniques applied ®amplesAlso, temperature gradient emanafeain the cement
hydrationquestions accuracy of the readinglke holddown locations (existing only for
Projects 1 and 3phay haveaestrairedthe upward movemeiind affected initial readings

Fractional errors for all of the girders can be found in Tab&in Appendix H. The
cambers were measured with a precision of 1/16 in. for Project 3 and with a precision of 0.01 in.
for Projects 1 and 2. The camber measurements of Project 4 were actitbMech e s ur veyor 6

method.
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Table 56 presents the best mosgelccording to the fractional errors at erection. It also
provides the prediction trend and related camber errors. TheHS3girders in Project 4 are not
tabulated since the camber readings were available up to 15 days.

Table 56: Summary of the Camber Growth at Erection

Proje_c_t # _and Prediction | Best Modelwrt SLtJDEr;v UE-_StDev

Identification Trend* UE-StDev (in.)
(%)

BT-54 SCC o ACI 209 109 034
1 VC 0] ACI 209 62 0.2
BT.72 SCC 0] ACI 209 19 0.16
VC @] ACI 209 16 0.13
STD-M VC M MC 2010 11 0.03
2 | SCGMS | sCC M MC 2010 9 0.02
SCGHS | SCC o MC 2010 47 0.4
3| BT-54 VC o ACI 209 15 0.19
STD-M VC o AASHTO LRFD 30 0.4
4 SCGMA | SCC o ACI 209 17 0.03
SCGMS | SCC o ACI 209 62 0.06
SCGHS | SCC N/A N/A N/A N/A

* 606, 6M6, and O6UO6 stand for over

respectively. The trends are for the entire prediction set at erection.

The moderatestrength girders angredictedsignificantly better than the higstrength
girders The VC girders are better predicted than the SCC girdersther words,hecreep
models predicthe moderatetrengthgirdersand the VC girders better than the hgghength
girders and the SCC girdefsor the moderatetrength girderst is hard todraw a conclusion
about the most accurate model. The ksgfiength girders in Projects 1 and 3 are best predicted
by ACI 209. The BT-72 girders are predicted more accurately than th&8girders as
observed in strain and curvature predictions.

For theprediction models helargerthe creep coefficienis estimated, thgreater the
camber is predicted at midspan. Therefore, the model predicting the least creep coefficient

reveals the most accurate estimations for the overpredicted cases.
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The camber amgses can include measurement errors and errors in the input parameters.
For instance, the camber errors are less than 0.05 in. for Project 2, but the precision of the
surveyorodos method to measure camber was O0.01
dependent analysis may not be accurate. Material testing method might not represent girder
properties well due to the imperfections. Also, the MC 2010 prediction model may not have been

implemented accurately because it was based on the European cmmspacttice.
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5.74 Creep andShrinkage Predictions

Strain, curvature, and cambgnmowthare grounded orreep and shrinkage predictions.
Straingrowthis influencedconsiderablyby two elementsshrinkage and creephe leading
element for straigrowthvaries with the depth of a girder. The curvature and cagroevths,
on the other hand, depend largely on creep. This sesttiobmarize€reep and shrinkage
predictionsandties them up with bottorflange strain, curvaturand camber prediction$he
high-strength girders in Project 4 are not considered sincenbeyanalyzed up to 14 days.

The summary of the creep and shrinkage predictions can be seen in Flgidaéto
the variety of values, the models predicting the least and greatestoreshrinkage are
indicated Theentiredatasetcan be seeim Table D1 in Appendix D.

Table 5-7: Least and Greatest Creep and Shrinkage Predictions at Erection

Creep Coefficient Shrinkage Strain (Magnitude)
The Least The Greatest The Least The Greatest
MC 201(&
1)
sccé ACI 209 MC 2010 AASHTO LRED ACI 209
High- 2) MC 2010 &
strength | SCC? | AASHTO LRFD ACI 209 AASHTO LRFD ACI 209
) MC 2010&
VC ACI 209 MC 2010 AASHTO LRED ACI 209
Moderate- | SCC ACI 209 AASHTO LRFD MC 2010 AASHTO LRFD
Strength |y, ACI 209 MC 2010 MC 2010 AASHTO LRFD

W28-day strengthof the highstrength girders in Projext and 3 rangérom 9670 to 11050 psi.
@28-day strengthof the highstrength girders in Proje2tarel 3160and 13580 psi.

The highstrength girders iRrojects 1 and 3 attained a compressive strength of about
2000 psi less than the girders in Project ihfluencesthe creep and shrinkage predictions.
Further, theoredictions for thdigh-strength girders with SCC and \d® not differ from each
otherin Projects 1 and 3. However, the modesgttength VCand SCQyirdershave

inconsistency probably due to the unusalatontent(11%) in Project 4
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Moreover,excludedshrinkage up to the benchmasdading is57 microstraingat the
mostfor MC 2010 It affects the strain predictions Rrojects 1 and.3Theshrinkage readings
may have been more accuratbehchmark readirggveretakenimmediately aftecast of fresh
concrete Autogenous shrinkage starts to develop prior to cast of fresh caoncrete

Thelargerthecreep coefficienis estimated, thgreater theurvature and cambgrowth
is predicted at midspan. Similarly, the less the shrinkage strain is predicted, the less the bottom
flange strairgrowthis predicted. Thereforgmodel with the last creep coefficier{or
shrinkage strainpecomes the most accurate model for the overpredictedtures andambers
(or overpredictedottomflange strains)indeed, ACI 209 predicts the most accurate curvature
and cambegrowthfor the overpredictetligh-strength gders in Projects 1 and 3. Similarly,
AASHTO LRFD andVIC 2010 estimate bottorflange shrinkage straimsore accuratelyor

them.
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5.7.5 Suggestions foBelectinga Material Prediction Model

In this section, the suggestions are made accotditige fractional errors of thgrowth

predictionsas providedn Table 58. The highstrength TBeams are not included in the analysis

because they wernly analyzed up to 14 days. Strgrowthdepends on shrinkage and creep,

yetcurvature and cambegrowth depend largely on creep.

Table 5-8: Fractional Errors at Erection

Strain Growth Curvature Growth Camber Growth
AASHTO ACI MC | AASHTO ACI MC | AASHTO ACI MC
LRFD 209 2010| LRFD 209 2010 | LRFD 209 2010
_ scc? 078 0.96 0.84 0.19 0.14 0.25 0.84 075 0.97
Srr'egng'th sca? 076 149 091| 031 024 032| 051 064 047
vcW 0.69 0.76 0.75 0.17 0.18 0.19 0.41 0.38 0.50
Moderate- SCC 0.31 0.07 0.15 0.26 0.56 0.40 0.58 0.35 0.55
Strength VC 0.35 0.27 0.12 0.32 0.70 0.35 0.22 0.51 0.46
T-Beams (Acelerated N/A N/A  N/A N/A N/A  N/A 0.55 0.44 0.60
T-Beams (NorAcc.) N/A N/A  N/A N/A N/A  N/A 0.91 0.40 0.60

W28 day strengthof the highstrength girders in Projext and 3 rangérom 9670 to 11050 psi.
@28-day strengthof the highstrength girders in Proje2tare13160and 13580 psi.

The moderatestrength girders are predicted more accurately thahigestrength

girderswith an exception of the curvatugeowth AASHTO LRFD 20% predicts creep more

accurately with the acceleratedring propertiegn T-Beams andthe ACI 209creep predictions

are somewhat similar for both accelerated andatmelerated curing properties.

ACI 209 gives the best creep estimation for the {sigbngth girders Projects 1 and 3

based on the curvature and camipewth For thehigh-strength giders in Project 2Zhe creep is

predicted most accurately by ACI 209 based on the curvgtaveth

Thecreep predictions for théC moderatestrength girderareobtained most accurately

by AASHTO LRFD based on the curvature and camipewth For the S€ moderatestrength

girders, AASHTO LRFD givesthe most accuratereep predictions based oarvaturegrowth
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Moreover, AASHTO LRFD predicts straigrowthwith the greatest accuracy in Projects
1 and 3 unlike curvature and camigeowth (i.e.,creep).t shows thatAASHTO LRFD predicts
shrinkage deformations most accurat®gsed on this reasoning, AASHT®FD also
estimates shrinkage most accuratelythe high-strength SCC girders in Project 2.

fib MC 2010 estimates shrinkage with the greatest acctoatlge moderatstrength VC
girders.ACI 209 reveals the best shrinkage predictions for the modstrategth SCC girders.

In Table 59, the summary AAASHTO LRFDandAASHTO LRFD+20are provided.
AASHTO LRFD +20includes the 20% increase in the shrggatrain. AASHTO LRFD
estimates the bottorAflangestraingrowthmore accuratelybut the curvature and camlggowth

less accuratelyProject 1 is the only pypect checked for this increase.

Table 5-9: Comparison of AASHTO LRFD models

Fractional Errors at Erection
Strain Growth Curvature Growth Camber Growth
AASHTO LRFD AASHTO LRFD AASHTO LRFD
Standard  +20 Standard +20 Standard +20
) SCC 0.78 0.2 0.19 0.16 0.84 0.81
Project1 | v 0.76 0.94 0.17 017 0.51 0.44

Last but not leasKeske (2014) suggested the prediction adjustments for each prediction
model tabulated in Table®. They are recommendaspeciallyfor predicting the time
dependent deformations in prestressed girders produced in Alabgusdion 53 shows the
calculation ofthe besffit adjusted prediction of the creep coefficient or shrinkage stVaifisted

(Keske 2014)
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Table 5-10: Recommended Creep and Shrinkage Prediction Adjustmentsactors, Aa.
(Adapted from Keske[2014)

Reference
Material | Prediction Type
AASHTO LRFD ACI 209 MC 2010
1.2 1.1 1.2
SCC C.reep
Shrinkage 1.0 0.8 0.8
Creep 1.1 1.0 1.0
VC .
Shrinkage 0.8 0.7 0.6
Note: 1.0 = no change recommended
@ 0 W Equation 53

where, A

= predicted creep coefficient or shrinkage strain

=the prediction adjustment
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Chapter 6 Summary and Conclusions

6.1 Summary

Predicting ime-dependent deflections in prestressed concrete gislienportant to
avoidadditionalcoss related tamisaligreddeck formsor excessive deck concrete quantity
Underestimahg camber mayesult in @justing the design of deck at the time of construgtion
on the other hanaverestimahg cambemay result in a bridge sagging under supposed
dead loadIn order to estimateme-dependent deflectionsamber prediction software was
developedvith the time-step approach

The first version of the camber softwaneascreatedoy Schrantz 2008 and revised by
JohnsonZ012. Within the scope of thithesisresearchthe source code of the applicatioras
updated and expandédladdrecentmaterial prediton models anachewuserfriendly features.

The rew version includes ortevo-point concrete modulus of elasticity (MOE) model
based on measured MOE (tpoint MOE modeland tiree strengtbbased MOE models
AASHTO LRFD, ACI 209R92, andfib Model Code MC) 2010.The existingcreep and
shrinkagemodebk wereupdated to includéhese three prediction modeklso, new version can
saveinput and output datasa spreadsheandimport input variables from a spreadshewtich
allowsusers tacollectdata infairly short time

Experimental datavereobtainedfrom four previougprestressed girdgrojects the

Hillabee Creek Bridg@roject, theAASHTO Type IProject, theHPCProject, and the -Beam
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Projec® theyarereferenceds Projects 1, 2, 3, and 4, respady. The girders were produced
either with vibrated concrete (VC) or with setbnsolidating concrete (SCC).

Thecollecteddatacomprisecamber and strain measurements of ninetee»8girders,
fourteen BF72 girders and six Type | girdefBhe camber data divelve 15inch-deep FBeams
werealsoincluded in the analyse¥he actual8-daycompressive strength of tlggrdersranges
from 6300 to 1300 psi.

Time-dependentesponses such as strain, curvature, and cavdserpredicted with
various creep and shrinkage modelg samewo-point MOE model In order to evaluate the
accuracy of the models, theyxere compared witthe recorded responses of fitye girders.

6.2 Conclusions

The followingconclusions werdrawn for thenitial predctions ofbottomflangestrain,
midspan curvature, and midspan camber

i Initial bottom-flange strairpredictionscan be influenced by autogenous shrinkage
dependhg on construction practicén fact, autogenoushrinkage up to the benchmagading
waspredicted as much a§7x10° in./in. with MC 2010.

1 For the highstrength girderghe bottomflangestrains are mostly underpredicted
attransfer while the midspan curvatures and cambers are generally overpredicted.

1 For the moderatstrength girders, thaitial bottomflange strains, midspan

curvaturesand cambers are underpredictedawerage.
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The following conclusions were drawn for tewth predictions of bottorflangestrain,
midspan curvature, and midspan cambers:

1 For the highstrength girdes, the bottomflangestraingrowthand the camber
growthare mostly overedicted however, the midspan curvatigewthincludes both over
and underpredictions.

1 For the moderatstrength girderghe bottomflangestraingrowthand the camber
growthconsst of over and underestimations, and the midspan curvamawthis frequently
underpredicted.

i Thelargerthecreep coefficients estimated, thgreater the curvature and camber
growth arepredicted at midspaior AASHTO LRFD, ACI 209, and MC 2010 within the same
girder group Similarly, the greater the shrinkage strain is predicted, the greater the bottom
flange straimgrowthis predicted.

1 Thecreep coefficients faBCC and VC arestimatedrery closeto eachotherby
AASHTO LRFD, ACI 209, and MC 2010.

1 The AASHTO LRFD andMC 2010 shrinkage predictions dot reflectasharp
differencefor SCC and VCHowever, he ACI 209 shrinkage predictions fBCCaregreater in
magnitud¢g than VCsince the ACI 209 shrinkagprediction model is a function of slump

1 Thecurvaturegrowthof BT-54 is overpredcted o average, but the curvature
growthof BT-72 isunderpredictedmaveragalespite thesame amount giredictedcreep
coefficients

1 For the highstrength girders, curvatuggowthis esimated more accurately than
strainand cambegrowth Cambergrowthis estimatedvith agreateraccuracythan strain

growth
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1 For the highstrength girders with SCC and VECI 209 gives the best creep
estimationbased on curvatuigrowth

1 For the highstrength girders with SCC and VC, AASHT®FD gives the best
shrinkage predictions based on bottlamgestraingrowth

1 For the moderatstrength girders with SCC and VEBASHTO LRFD gives the
most accura creep predictionsased on curvatuggowth

1 Based on bottorflangestraingrowth, the most accurate shrinkage predictions are
obtainedfor the moderatstrength girders with SCRy ACI 209and with VCby MC 2010

i AASHTO LRFD predicts creep more accutgt@hen employing the accelerated
curing time, and the ACI 209 creep predictions are somewhat similar regardless of the
accelerated and neaccelerated curing time.

1 AASHTO LRFD estimates the botteffangestraingrowthmuchmore accurately
than AASHTO LRFD with20% increase in the shrinkage strdire to thecuring(accelerated)

durationbut the curvature and camber growathittle bitless accurately.
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6.3 Recommendations for Future Study

The following recommendatioraseoffered for the future study

1 The relationship$for expected concrete strength and MS)ggested by
Hofrichter (2014) can be implemented in the camber software. The relationship for expected
concrete strength &tansferis explained in Equation-2 in Section 2.3.2. The modified MOE
functions are provided in Equations2and 27 in Section 2.3.3.

1 The creep and shrinkagejustment factors recommended by Keske (2014)
should be used to predict the responses such assstramatures, and cambers. The adjustment
factors are given in Table B in Section 5.7.5.

i The @amber software shoulte edited taeveal thepredictions at usedefined
times; thereforecomparisorof predictions andecordedesponsesan bequicker.

1 The camber softwarghouldbe modified in a way temploydifferent creep and
shrinkage modelat the same timd& his modification can decrease the duration of multiple
analyses.

1 Thefib MC 2010 coefficientswhichdepend on aggregate and cement tgpe
based on the Eupean construction practiceqivalentcoefficientsfor US construction practice
should be investigatedrther.

1 The existing output VS forms developed by SchrantzZpéhouldbe changed in
a way to provide results in data tabldmjg, a useis able to copy and paste additionatput

datanot included in an exported spreadsheet
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Appendix A Notation

area of concrete

total area of strands in a prestressing steel layer

total area of steel bars irr@inforcing steel layer

area of transformed cross section

area of transformed cross section at time of initial prestress
modulus of elasticity of concrete (tirtependent)

modulus of elasticity of concrete at time of initial prestres
modulus of elasticity of prestressing steel

transformed moment of inertia

transformed moment of inertia at time of initial prestress
time interval

cross section

layer of prestressing/reinforcing steel

moment due teelfweight only

moment due to effective prestress force immediately after transfer
effective prestress force immediately after transfer

modular ratio with respect to prestressing steel

modular ratio with respect to reinforcisteel
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Pf

distance from the centroid of transformed section (positive = downward)
distance from a prestressing steel layer to the centroid of transformed section
distance from a reinforcing steel layer to the centroid of transformed section
distance from each prestressing steel layer to the centroid of transformed secti
distance from each reinforcing steel layer to the centroid of transformed sectiol
incremental change in prestress in each layer

incremental unrestiaed creep strain in concrete at centroid of transformed sect

incremental unrestrained shrinkage strain in concrete at centroid of transforme

section

incremental strain at the centroid of the transformed section
incrementakurvature due to unrestrained creep

incremental curvature

total strain on a concrete section for each cross section (j) in each time interval
total strain on each steel layer for each cross section (j) in each time interval (i}

total strain on each prestress strand for each cross section (j) in each time intel

incremental stress on a concrete section
incremental stress on a reinforcing steel layer

incremental stress on a prestressing steel layer
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Appendix B Project 1
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Figure B-1: Cross Section of B¥54 and BT-72 Girder (Adapted from Johnson[2013)
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Table B-1: Fresh Concrete Properties (Johnson 2012)

Casting | Sample Ur_nt Slump | Slump Flow Air T50
Group No. | Weight | Ty (in.) %) | (sec) | VS
' (Ib/ft*) ' ' '
1 149.1 - 28.0 3.3 - 15
A 2 - - 27.5 4.4 - 1.0
3 - - 26.0 4.5 - 1.0
1 152.3 9.00 - 3.9 - -
B 2 153.2 10.00 - 4.0 - -
3 - 8.75 - 4.0 - -
1 - - 27.0 2.6 7 1.0
C 2 - - 26.0 3.0 6 1.0
3 - - 27.0 4.6 8 1.0
1 - 8.50 - 4.2 - -
D 2 - 9.00 - 4.5 - -
3 - 8.75 - 4.4 - -
1 - - 26.0 55 7 15
E (SCC) 2 - - 26.0 4.2 8 15
1 - 9.00 - 4.5 - -
ECVC) | ! 8.75 ! 3.9 ! !
1 150.1 - 25.0 3.7 10 0.0
F 2 - - 23.0 4.5 10 0.0
3 - - 24.0 3.8 11 0.0
1 - 8.50 - 4.0 - -
G 2 - 9.00 - 4.3 - -
3 - 8.75 - 3.5 - -
1 - - 26.0 3.3 8 1.0
H 2 - - 26.0 4.3 9 0.0
3 - - 23.0 4.8 14 0.0
1 - 9.00 - 3.1 - -
I 2 - 9.00 - 2.5 - -
3 - 9.25 - 3.1 - -
1 149.8 - 22.5 4.2 9 1.0
J 2 - - 24.0 3.7 10 1.0
3 - - 22.0 3.8 15 1.0
1 153.4 8.50 - 3.6 - -
K 2 - 9.00 - 3.1 - -
3 - 9.00 - 3.5 - -
1 148.1 - 26.0 3.8 7 1.0
L (SCC) 2 - - 28.0 3.7 5 15
1 153.3 9.00 - 2.2 - -
L (CVC) 2 - 8.25 - 3.2 - -
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Figure B-6: Drawing of VCE-4200 Vibrating Wire Strain Gauge (Geokon 2010)
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Figure B-7: Summary of the Instrumented VWSGs (Johnson 2012)

204



80

LIS NJ

70

¢SY

60
¥3 50
\

'O 40

~ 30

20

80

LIS NJ

70

¢SY

60

N ]
4

O
> 40

50

30

20

— 54-5S Gauge 1
===-54-5S5 Gauge 2|
= = 54-5S Gauge 3
e 54-5S Gauge 4

10 _. 15
Time (hours)

20

Figure B-8: Early-Age Concrete Temperatures for Casting Group A

25

e 54-9C Gauge ]
===-54-9C Gauge 2]
= = 54-9C Gauge 1
e 54-9C Gauge 4

5 10
Time (hours)

15

20

Figure B-9: Early-Age Concrete Temperatures for Casting Group B

205

25



@
o

A

~
o

A

¢ SYLISNJI (

(o2}
o

80

LIS NJ

70

60

50

20

— 54-4S Gauge 1
===-54-4S Gauge 2|
= = 54-4S Gauge
e 54-4S Gauge 4

10 Time (hours)15

20 25

Figure B-10: Early-Age Concrete Temperatures for Casting Group C

—54-11C Gauge
===-54-11C Gauge
= = 54-11C Gauge
= 54-11C Gauge

5 0O 1 =

0_. 15
Time (hours)

20 25

Figure B-11: Early-Age Concrete Temperatures for Casting Group D

206



l.j

80

A

70

A

¢ SY LIS NI

20

80

A

70

A

¢ SY LIS NI

S

— 54-7S Gauge 1
===-54-7S Gauge 2|
- = 54-7S Gauge J
e 54-7S Gauge 4

0_. 15
Time (hours)

20 25

Figure B-12: Early-Age Concrete Temperatures for Casting Group E (SCC)

-

~

— 54-8C Gauge ]
===-54-8C Gauge 2]
= = 54-8C Gauge
- 54-8C Gauge 4

10 Time (hours)15

20 25

Figure B-13: Early-Age Concrete Temperatures for Castingsroup E (VC)

207



80

LIS NJ

70

20

80

LIS NJ

70

60

"2 50

20

—72-7S Gauge 1
===-72-7S Gauge 2|
- = 72-7S Gauge J
—2-7S Gauge 4

10 _ 15
Time (hours)

20 25

Figure B-14: Early-Age Concrete Temperatures for Casting Group F

—72-8C Gauge ]
===-72-8C Gauge 2|
- = 72-8C Gauge
— 12-8C Gauge 4

10 _ 15
Time (hours)

20 25

Figure B-15: Early-Age Concrete Temperatures for Casting Group G

208



80

LIS NJ

70

¢SY

60

“3 50

N — 72-4S Gauge ]
~ 30 = ==-72-4S Gauge 2|
- = 72-4S Gauge J
—12-4S Gauge 4
20 4 4 4 4

20 25

10 _ 15
Time (hours)
Figure B-16: Early-Age Concrete Temperatures for Casting Group H

—72-10C Gauge [l
===-72-10C Gauge P
= = 72-10C Gauge 3
= 72-10C Gauge 4|
20 . . . .

10 _ 15 20 25
Time (hours)
Figure B-17: Early-Age Concrete Temperatures for Casting Group |

209



80

LIS NJ

70

20

—72-5S Gauge 1
-==-72-55 Gauge 2|
- = 72-5S Gauge J
—— 12-5S Gauge 4

80

10 _ 15
Time (hours)

20 25

Figure B-18: Early-Age Concrete Temperatures for Casting Group J

LIS NJ

70

¢SY

60

“3 50

—72-12C Gauge
-==-72-12C Gauge
- = 72-12C Gauge

il
P
3
— 12-12C Gauge 4|

10 _ 15
Time (hours)

20 25

Figure B-19: Early-Age Concrete Temperatures for Casting Group K

210



LIS NJ

¢SY

LIS NJ

¢SY

80

70

60

50

20

80

70

20

f—--‘s~ 3 -~
Seo N
/ ~\\\
\‘\
—72-6S Gauge 1
. = ===-72-6S Gauge 2.
- = 72-6S Gauge J
— 12-6S Gauge 4
0 5 20

10 _ 15
Time (hours)
Figure B-20: Early-Age Concrete Temperatures for Casting Group E (SCC)

25

72-9C Gauge ]

===-72-9C Gauge 4
= = 72-9C Gauge

e 12-9C Gauge 4

10 _ 15 20
Time (hours)

Figure B-21: Early-Age Concrete Temperatures for Casting Group E (VC)

211

25



Appendix C Project 2
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Table C-1: Summary of Fresh Concrete Properties (Boehm 2008)

MIXTURES
PRSEEE?IES STD-M SCC-MS SCCHS
-1 -2 -1 -2 -1 -2
Slump Flow {in.) 675 6.5 26 25 27.75 28 2825
Unit Weight (Ib/f") | Unknown | Unknown 148.5 1503 1536 153.2
Air (%) 34 3 3.8 1.8 1.5 1.5
WSl — — 1.5 1 1
T-50 [=ec.) — —_ 45 31 Unknown 5
J-ring (im.) — — 2625 286 28 2625
L-Box (HyHz) — — 0.67 0.86 0.5 Unkmown
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Table C-2: Summary of Hardened Concrete Property Testing Results (Boehm 2008)

HARDENED MIXTURES
PROPERTIES STD-M-1 STD-M-2 SCC-MS-1 SCC-MS-2 $CC-HS-1 SCC-HS-2
Compressive Strength r“. E. f°. E°. f‘°. Ec_ f'c_ Ec. fc. E°_ f°. E°_
(psi) (ksi) (psi) (ksi) (psi) (ksi) (psi) (ksi) (psi) (ksi) (psi) (ksi)
Transfer 4990 6050 4860 5550 5110 5200 4500 4950 | 10190 6750 | 10720 7150
7 5790 5900 | 5740 6050 | 7110 6100 | 7210 5850 | 11710 7350 — —
Air Cured 28 6330 6350 | 6120 5800 | 8390 6450 | 8530 6350 | 12200 7500 | 12030 7550
91 6610 6050 | 6370 6050 | 8840 5900 | 9110 6200 | 12340 7900 — —
Post-Test | 6720 6150 | 6540 5800 | 8850 5850 | 9160 5900 | 13080 7100 | 12810 7200
Match Cured | Transfer | 4780 5700 — — 5540 5250 — — 10430 7000 — —
ASTM 6x12 28 6600 6750 7200 7300 9780 7400 9790 7500 | 13160 8600 | 13580 8300

CIP Deck WestEnd | 5720 4950 5370 53560 5480 5350 5080 5300 3720 4100 | 4820 4550
(Post-Test) EastEnd | 5630 5000 5410 5150 5270 5400 5210 5150 3800 3900 | 4680 4450

Modulus of Rupture fr (psi) fr (psi) fr (psi) fe (psi) fr (psi) f (psi)
Air-Cured Post-Test 900 — — 840 — — 940 — —
ASTM Post-Test 1110 — — 1420 — — 1980 — —
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Appendix D Project 3
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Figure D-2: Profile and Hold-Down of Draped Strands for the HPC BF54 Girders (Stallings etal. 2003)
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Table D-1: HPC BT540 Compressive Strength Test Results (Glover and Stallings 2000)

Compressive Strength {psi) *
Pour Felease

Number® | Time | Release | 28-Day 56-Day Core?
1 24 hrs 8030 9390 10110 g9730
2 42 hrs 8080 8440 9610 8200
3 19 hrs 8240 10240 10720 -
4 22 hrs 8080 o750 9470 92450
5 20.5 hrs B300 10060 10360 -
6 22 hrs 8120 9210 8440 9720
7 5 days 8160 8540 8600 84950
8 21.5hrs 8830 10000 10180 -
g 20.5hrs 8040 9710 9550 8450
10 19.5 hrs 8480 9830 9570 10030
11 20 hrs 8080 10030 9710 -
12 45 hrs 8360 8950 8820 . 9530
13 21 hrs 89130 10820 10320 -
14 21 hrs 8680 10250 8980 -
15 19 hrs 8370 11060 11320 -
16 20 hrs 8340 10260 10540 -
17 20 hrs 9450 10800 11380 -
18 22 hrs 9810 10660 11600 -

1. Refer to Appendix A.5 for individual cylinder test results.

2. Average of 2 —4 x 8 in. Sure Cure™ cylinders tested on sulfur caps.

3. No. 67 limestone used in pours 1 through 12, No. 7 limestene used in
pours 13 through 18,

4. Core testing was conducted if the required 28-day strength was not

achieved. 4 cores were cut according to AASHTO T 24. Core
strengths were based on the best 3 out of 4 cores tested dry on sulfur
caps without the AASHTO (/D) ratio reduction factor applied.
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Table D-2: HPC BT540 Modulus of Elasticity Test Results (Glover and Stallings 2000)

Modulus of Elasticity (psi)'

FPour Curing

Number | Method® | Release 7-Day 28-Day 56-Day
1 (1) 5,900,000 | 6,600,000 | 6,000,000 | 5,900,000
3 1 - - - 5,000,000
4 (1) - - - 4,300,000
4 (3) - - - 8,150,000
5 (1) - - - 4,400,000
6 (1) - - - 5,350,000
8 (1) - - 5 600,000 | 5,600,000
9 (2) 5,400,000 | 5,600,000 | 5,450,000 | 5,900,000
10 (N - - 5,300,000 | 5,400,000
10 (3) - - 5,500,000 | 5,050,000
13 (1) - - 5,200,000 | 6,000,000
14 (1) - - - 5,800,000
15 (1) 5,250,000 : 5,800,000 | 5,300,000
16 0 - - 6,300,000 | 5,800,000
17 (1) 5,300,000 - 7,100,000 | 7,000,000
18 (1) - - 6,500,000 | 6,900,000

1. Results are for one cylinder test performed at Auburn University.
2. {1)-4x8in. Sure Cure™ cylinders cured on the casting yard,

{2) - 4 x 8 in. Sure Cure™ cylinders cured indoors.

{3) - 4 x 8 in. standard plastic molded cylinders cured under the tarp

and cured on the casting yard.
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Appendix E Project 4
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Table E-1: Summary of Fresh Concrete Properties (Levy 2007)

FRESH PROPERTIES MIX TURES
STD-M SCC-MA SCC-MS SCC-HS

Slump Flow (in.) 0.5 29 28.5 26
Unit Weight (Ib/ft) 142.2 151.8 148.4 155.2
Air (%) 11.0 2.0 5.0 3.0

VSI - 1.0 1.0 1.0

T-50 (sec.) - 2.47 1.54 375

J-ring (Difference in in.) - 1.5 2 2.5
L-Box (HyH,) - 0.84 0.92 0.63

Temperature (°F) 82 62 80 05

Table E-2: Summary of Hardened Concrete Property Testing Results (Levy 2007)

MIXTU

PROPERTY —cp M SCC—M));,H‘( ™ P'{s]fzzslcf-ms SCC-HS
flei (psi) 5000 5500 5300 9990
E.i(ksi) 4900 4900 4950 6050
Foasusmap(ps) | 5990 8840 0640 13150
Fleasuac) (psi) 6320 8540 9170 13380
E 25 (ksi) 5150 5400 6950 7050

Fnzsac(psi) 560 760 840 830
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Figure E-3: Strength-Maturity Relationship Curve for STD -M (Levy 2007)
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Concrete Compressive Strength (psi)
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Figure E-5: Strength-Maturity Relationship Curve for SCC-MS (Levy 2007)
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Appendix F Camber Prediction Softwared Input Parameters
Table F-1: (1/4) AASHTO Type | and T-Beams Property and Event Summary(Adapted from Schrantz[2012)

Gross CrossSectional Properties

Hardened ConcreteProperties

Beam ID _Ag _I?1 Yo _h _L \_//S N_otior_wal f G ECE f c.28 EC’2-3

(in%) (in®) (in)) (in)) (in)) (in)) Size (in.) (psi) (ksi) (psi) (ksi)

_ STD-M-1 276 22750 12.59 28 480 3.07 6.57 4780 5700 6600 6750
§,&\ STD-M-2 276 22750 12.59 28 480 3.07 6.57 4780 5700 7200 7300
*5*8 SCCMS-1 276 22750 12.59 28 480 3.07 6.57 5540 5250 9780 7400
Eg SCCMS-2 276 22750 12.59 28 480 3.07 6.57 5540 5250 9790 7500
2" SCCGHS1 276 22750 12.59 28 480 3.07 6.57 10430 7000 13160 8600
< SCGHS2 276 22750 12.59 28 480 3.07 6.57 10430 7000 13580 8300
STD-M-A 144 2943 9.75 15 276 1.85 4.24 5000 4900 6320 5150
STD-M-B 144 2943 9.75 15 196 1.85 4.24 5000 4900 6320 5150
STD-M-C 144 2943 9.75 15 156 1.85 4.24 5000 4900 6320 5150
STD-M-D 144 2943 9.75 15 116 1.85 4.24 5000 4900 6320 5150
SCCMA-A 144 2943 9.75 15 276 1.85 4.24 5500 4900 8540 5400

f_r? SCGMA-B 144 2943 9.75 15 196 1.85 4.24 5500 4900 8540 5400
.é SCGMA-C 144 2943 9.75 15 156 1.85 4.24 5500 4900 8540 5400
g: SCGMA-D 144 2943 9.75 15 116 1.85 4.24 5500 4900 8540 5400
g SCGMS-A 144 2943 9.75 15 276 1.85 4.24 5300 4950 9170 6950
‘%s SCGMS-B 144 2943 9.75 15 196 1.85 4.24 5300 4950 9170 6950
- SCCMS-C 144 2943 9.75 15 156 1.85 4.24 5300 4950 9170 6950
SCGMS-D 144 2943 9.75 15 116 1.85 4.24 5300 4950 9170 6950
SCGHS-A 144 2943 9.75 15 276 1.85 4.24 9990 6050 13380 7050
SCGHS-B 144 2943 9.75 15 196 1.85 4.24 9990 6050 13380 7050
SCGHS-C 144 2943 9.75 15 156 1.85 4.24 9990 6050 13380 7050
SCGHSD 144 2943 9.75 15 116 1.85 4.24 9990 6050 13380 7050
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Table F-1: (2/4) AASHTO Type | and T-Beams® Property and Event Summary(Adapted from Schrantz[2012)

Fresh Properties Mix Cement Ambient
. Adj. Actual Coarse
Beam 1D | (o) St | S wey | 29929 | ooy | voe | a6y | o | 0@ | 0% | oe
(in.) (in.) ate
_ STD-M-1 34 1.0 6.8 148.0 © 35.3 Il 640 75 | 28900 | 270 243
§F\T STD-M-2 3.0 1.0 6.5 148.0 5 35.3 i 640 75 28900 | 270 243
gg SCCMS-1 | 3.8 0.0 26.3 | 1485 é 45.0 11 790 75 | 28900 | 270 243
Eg SCGMS-2 1.8 0.0 27.8 150.3 O—l; 45.0 1 790 75 28900 | 270 243
g" SCGHS1 15 0.0 28.0 | 153.6 vy 44.2 11 929 75 | 28900 | 270 243
SCGHS2 15 0.0 28.3 153.2 44.2 1 929 75 28900 | 270 243
STD-M-A 11.0 1.0 9.5 142.2 46.0 11 640 55 | 28900 | 270 243 29000
STD-M-B 11.0 1.0 9.5 142.2 46.0 1 640 55 28900 | 270 243 29000
STD-M-C | 11.0 1.0 9.5 142.2 46.0 11 640 55 | 28900 | 270 243 29000
STD-M-D 11.0 1.0 9.5 142.2 46.0 11 640 55 | 28900 | 270 243 29000
SCCGMA-A | 2.0 0.0 29.0 | 1518 46.0 11 750 55 | 28900 | 270 243 29000
?‘g SCGMA-B | 2.0 0.0 29.0 151.8 o 46.0 11 750 55 | 28900 | 270 243 29000
_% SCCGMA-C | 2.0 0.0 29.0 | 1518 é 46.0 11 750 55 | 28900 | 270 243 29000
a | SCGMA-D | 20 0.0 29.0 151.8 g 46.0 11 750 55 | 28900 | 270 243 29000
% SCCMS-A | 5.0 0.0 285 | 148.4 'O—l; 46.0 11 750 55 | 28900 | 270 243 29000
2 SCCGMS-B | 5.0 0.0 28.5 148.4 vy 46.0 11 750 55 | 28900 | 270 243 29000
- SCCMS-C | 5.0 0.0 285 | 1484 46.0 11 750 55 | 28900 | 270 243 29000
SCCGMS-D | 5.0 0.0 28.5 148.4 46.0 11 750 55 | 28900 | 270 243 29000
SCGHSA 3.0 0.0 26.0 | 155.2 46.0 11 929 55 | 28900 | 270 243 29000
SCGHSB 3.0 0.0 26.0 155.2 46.0 11 929 55 | 28900 | 270 243 29000
SCGHSC | 3.0 0.0 26.0 | 155.2 46.0 11 929 55 | 28900 | 270 243 29000
SCGHSD 3.0 0.0 26.0 155.2 46.0 i 929 55 28900 | 270 243 29000
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Table F-1: (3/4) AASHTO Type | and T-Beams Property and Event Summary(Adapted from Schrantz[2012)

Time of Events Analysis Intervals
eamip | J2ckno | Transter | S | EUGCY | Pcading | Longin | NmEer | qime | Number
(M/S) (days) (hrs) (hrs) (days)
_ STD-M-1 6 21 S 3.50 0.1 18 40 110 40
§&\ STD-M-2 6 21 S 3.50 0.1 18 40 110 40
'5 g SCCMS-1 6 23 S 2.79 0.2 18 40 160 40
e g SCGMS-2 6 23 S 3.16 0.2 18 40 167 40
g — SCGHS1 6 22 S 3.75 0.2 18 40 214 40
SCGHS2 6 22 S 4.23 0.2 18 40 214 40
STD-M-A 96 72 S/M 6.0 66 40 120 40
STD-M-B 96 72 S/M 5 40 6.0 66 40 120 40
STD-M-C 96 72 S/IM 6.0 66 40 120 40
STD-M-D 96 72 SIM 6.0 66 40 120 40
SCCMA-A 24 30 S/IM 6.0 24 40 201 40
g\ SCCGMA-B 24 30 SIM 192 6.0 24 40 201 40
_% SCCGMA-C 24 30 S/IM 6.0 24 40 201 40
g.t SCGMA-D 24 30 S/IM 6.0 24 40 201 40
2 SCCMS-A 96 72 S/IM 6.0 66 40 120 40
f% SCCGMS-B 96 72 SIM 4.08 6.0 66 40 120 40
- SCCMS-C 96 72 S/M 6.0 66 40 120 40
SCGMS-D 96 72 SIM 6.0 66 40 120 40
SCGHSA 192 30 S/IM 6.0 24 40 120 40
SCGHSB 192 30 S/M 6.0 24 40 120 40
SCGHS-C 192 30 S/IM 4.25 6.0 24 40 120 40
SCGHSD 192 30 S/IM 6.0 24 40 120 40
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Table F-1: (4/4) AASHTO Type | and T-Beams® Property and Event Summary (Adapted from Schrantz2012)

Prestressing Steel Layout Reinforcing Steel Layout
Distance .
Distance .
Nominal | Jacking a Detail | at Girder Distance
Layer | Group # of Strand . Midspan : Steel | # of | Bar from
Beam ID Diameter | Stress . Length | Ends (in.) ;
Group | Type | Strands Type . . (in.) : Layer | Bars | Size| Bottom
(@in.) (ksi) (from (in.) (from (in.)
bot.) bot.)
_ | stoma Fully 12
g | STDM-2 1 | Bonded,| 6 Low- | Oversized) 5, g 3 0 3
>N Straiaht relaxation| (0.164
gg SCGMS-1 raig in%)
=S| SCGMS-2 1/2" ) ) i i
5T Fully Low- Oversized
< ] SCGHS1 2 Bonded, 2 laxai 0.164 30.5 25 0 25
< Straiaht relaxation (..
SCCGHS-2 g |n2)
STD-M-A 212.4
STD-M-B 205.0
STD-M-C 205.0
STD-M-D 212.4
.| SCGMA-A 202.2
= | SCCMA-B 198.0
5 | SCGMA-C 1/ 198.0
X Fully .
a | SCGMA-D Low- | Oversized| 202.2
g SCGMS-A 1 ztt)rg(ijger?t, 2 relaxation| (0.164 214.5 2 0 2 1 4 #3 13.25
P2
g | scoms-B in%) 210.3
> | scoms-c 2103
SCGMS-D 214.5
SCGHSA 213.7
SCGHSB 213.7
SCGHS-C 213.7
SCGHSD 213.7
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Table F-2: (1/5) The Hillabee Creek Bridge Project and HPC BT-548 Property and Event Summary

Gross CrossSectional Properties

Hardened Concrete Properties

Casting | Girder Aq lq Vb h L VIS | Notional f'ei Eqi f'c28 Ecos
ID ID (in®) (in*) (in) (in) (in) (in) | Size(in.) (psi) | (ksi) (psi) (ksi)
5425,
A(SCC) | 5455, | 659 | 268077 | 2763 | 54 | 1174 | 301 | 6.02 | 9010 | 6200| 10240 | 6400
5465
54.9C,
B(CVC) | 5410C, | 659 | 268077 | 27.63 | 54 | 1174 | 3.01| 602 | 8790 | 7100| 10590 | 7400
54-13C
a3 54-1S,
5 | c(sco)|s43s, | 659 | 268077 | 27.63 | 54 | 1174 | 301 | 602 | 8680 | 6300| 10800 | 6600
o 5445
c 5411C,
g D(CVC) | 5412C. | 659 | 268077 | 2763 | 54 | 1174 | 301 | 6.02 | 7860 | 6700| 9670 | 6900
5 5414C
a E(SCC) | 547S | 659 | 268077 | 27.63 | 54 | 1174 | 301 | 6.02 | 7940 | 6100| 10180 | 6200
o E(CVC) | 548C | 659 | 268077 | 27.63 | 54 | 1174 | 3.01 | 6.02 | 8760 | 6400| 10360 | 6800
g F(SCC) ;g%g 767 | 545894 | 36.60 | 72 | 1620 | 301 | 6.02 | 8120 | 5800| 10490 | 6300
(O]
S Geve) | 12%% | 767 | s4sso4 | 3660 | 72 | 1620 | 301 | 602 | 8290 | 6700| 10770 | 7000
O !
(0]
g H(SCC) ;gzg 767 | 545894 | 36.60 | 72 | 1620 | 3.01 | 6.02 | 7860 | 5900 | 10770 | 6400
Iy 72-10C
o | icvo) | 767 | 545804 | 3660 | 72 | 1620 | 3.01| 6.02 | 8770 | 7100| 10850 | 7300
2 & 72-13C
J(SCC) ;ggg 767 | 545894 | 36.60 | 72 | 1620 | 3.01 | 6.02 | 8220 | 5800| 10550 | 6400
K(CVC) ;ggg 767 | 545894 | 3660 | 72 | 1620 | 3.01 | 6.02 | 8320 | 6800| 11050 | 7700
L(SCC) | 726S | 767 | 545894 | 36.60 | 72 | 1620 | 301 | 6.02 | 6930 | 5700| 10070 | 6000
L(CVC) | 72-0C | 767 | 545894 | 36.60 | 72 | 1620 | 3.01 | 6.02 | 7710 | 6600 | 10510 | 6900
g
O®
- BT-1 thru 5 659 | 268077 | 27.63 | 54 | 1362 | 3.01 | 6.02 | 8540 | 5740| 9920 | 5740
= m
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The Hillabee Creek Bridge Project(Project 1)

HPC
(Pr.3)

BT-54

BT-72

BT-54

Table F-2: (2/5) The Hillabee Creek Bridge Project and HPC BT540 Property and Event Summary

Fresh Properties Mix Cement Ambient
Casting | Girder Air S'?L?rjn éfjlr;al W, Coarse FA Tvpe Content | RH E, fou foy Es
ID ID (%) - P - Pl (och) | Aggregate | (%) | 'YP (cy) | @) | (ksi) | (ksi) | (ksi) | (ksi)

D(CVC)
E(CVC)
G(CVC)

I(CVC)

K(CVC)

54-9C,
54-10C,
54-13C

54-11C,
54-12C,
54-14C

54-8C

72-8C,
72-14C

72-11C,
72-12C

0.5

0.5

0.5

0.5

0.5

150.0

150.0

150.0

72-10C,
72-13C

150.0

153.4

Limestone

#67 38

#67 38

#67

#67

Limestone

#67

| 38 | m | 833 | 70 |28900] 270 | 243 | - |
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The Hillabee Creek Bridge Project(Project 1)

BT-54

BT-72

Table F-2: (3/5) The Hillabee Creek Bridge Project and HPC BT540 Property and Event Summary

Time of Events Analysis Intervals
Casting Girder | Jacking | Transfer Curing E_qv Benchr_nark Curing Number Max Number
D D (hrs) (hrs) Type Adj Age Reading Length of CS Time of Tl
M/S days hrs hrs days

54-9C,

54-10C, 23.8 22.8 S 4.38 12 40 217 40
54-13C

54-11C,

54-12C, 26.8 22.0 S 3.33 12 40 211 40
54-14C

Cccvo [seac | mr | sz | s | as | oo | 1 | w0 | s | a0

G(CVC)

I(CVC)

K(CVC)

72-8C,

72.14C 72.7 22.3 S 3.29 1.0 12 40 192 40
72-10C,

72.13C 22.8 21.9 S 3.34 0.7 14 40 189 40

72-11C,

79.12C 22.3 19.9 S 2.95 0.9 13 40 184 40

Lvo |moc | ae | s | s | eer | o1 | 2 | w0 | w | |
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Table F-2: (4/5) The Hillabee Creek Bridge Project and HPC BT548 Property and Event Summary

Prestressing Steel Layout

Dist i Detail Dist t Reinforcing
Layer Group # of Strand | Nominal Jacking Jistance a etal _bistance a Steel
Group Type Strands | Type | Diameter | Stress (ksi) Midspan (in.) | Length | Girder Ends (in.) Layout
(from bot.) (in.) (from bot.)
Fully Bonded,
1 Straight 8 25 0 25 -
Fully Bonded,
2 Straight 8 4.5 0 45 -
c
3 | FullyBonded,) ¢ 9 6.5 0 6.5 i
< Straight g 12 202.5
= W Fully Bonded, K )
8 = I Straight 2 g (0.153in% 8.5 0 8.5 i
g 5 Debonded 2 S 2.5 120 2.5 -
?6,’ 6 Debonded 2 4.5 120 4.5 -
'% 7 Draped 8 7.5 192 39.5 -
a Fully Bonded, )
@ 8 Straight 4 32.7 52.0 0 52.0
2 Fully Bonded,
E 1 Straight 6 2.5 0 2.5 -
o 2 Debonded 4 2.5 120 2.5 -
O
2 3 | FulyBonded,| g 45 0 45 .
0] Straight c
3 4 Debonded 2 2 12" 4.5 120 45 -
= o g Oversized|  202.5
5 | 5 | FullyBonded,) g 8 | (0.167in% 6.5 0 6.5 -
< 5 Straight o ' ' '
Fully Bonded, 2
6 Straight 2 8.5 0 8.5 -
7 Draped 8 17.5 258 57.5 -
8 Draped 10 8.5 270 48.5 -
Fully Bonded, 1/2"
9 Straight 4 (0.153iM) 32.7 70.0 0 70.0 -
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Table F-2: (5/5) The Hillabee Creek Bridge Project and HPC B1548 Property and Event Summary

Prestressing Steel Layout

In

. Distance
Distance
Jacki at Detail G'adt Reinforcing
Layer Group #of | Strand | Nominal acking | \jidspan ctal iraer Steel
. Stress . Length Ends L
Group Type Strands | Type | Diameter . (in.) . . ayout
(ksi) (from (in.) (in.)
bot.) (from
' bot.)
Fully Bonded,
1 Straight 6 25 0 25 -
2 Debonded 4 25 48 25 -
Fully Bonded,
3 Straight 6 4.5 0 4.5 -
4 Debonded 4 4.5 48 4.5 -
Fully Bonded,
_ 5 Straight 4 6.5 0 6.5 -
S| 6 Debonded 2 6.5 48 6.5 -
8 5 0.6"
S| 7 Fully Bonded, 2 = 0217 | 2025 85 0 8.5 -
o Straight 3 in?)
S| 8 Draped 2 2 4.5 120 38.5 -
|_
Bl o Draped 2 g 6.5 120 | 405 -
O
% 10 Draped 2 8.5 120 42.5 -
11 Draped 2 10.5 120 44.5 -
12 Draped 2 12,5 120 46.5 -
13 Draped 2 14.5 120 48.5 -
14 Draped 2 16.5 120 50.5 -
1/2"
Fully Bonded,
15 Straight 4 ((').%53 50.0 52 0 0 -
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Appendix G Measuredand PredictedData

Table G-1: (1/2) Predicted Total Creep Coefficient and Shrinkage Strain

Time Total Creep Coefficient Total Shrinkage Strain Shrigii%ﬁgﬁ:%igg?ﬂg’ the
Casting Group TrAafrt;l[er AASHTO MC | AASHTO MC | AASHTO MC
(days) | LRFD  AC1209 5010 | LrrD  AC1209 5010 | wrED ACT209 5010
A 219 0909 0898 1001 | -229 330 -245 5 3 54
B 217 0924 0911 0991 | -232 281 -246 5 3 52
3 C 217 0930 0896 0987 | -235 327 -248 5 3 50
3 D 211 1.006  0.906  1.093 | -253 280  -254 4 2 43
| E(sCO) 205 0988 0888  1.032 | -250 327 247 5 3 .47
2| Evo 205 0914 1018 1018 | -231 277 -246 6 3 48
x F 196 0964 0879 0998 | -244 317 243 2 3 47
5 G 192 0954 0891 0981 | -240 275 242 5 2 47
3 H 191 1011 0875 0973 | -251 317 241 3 2 .47
< | 189 0915 0889 0970 | -230 272 242 4 2 46
T J 185 0956 0870 0974 | -242 314 239 3 2 47
= K 184 0959  0.884 0962 | -239 272 242 3 2 43
L(SCC) 182 1106  0.867 1062 | -274 313 -248 3 2 36
L(VC) 182 1.013 0883  1.010 | -252 269 244 3 2 41
STDM-1 110 1220 0784 1194 | -300 199 -190 0 0 26
3| STDM=2 110 1220 0784 1111 | -300 198 -189 0 0 28
>| scoms1 160 1185  0.802 0964 | -295 263 -216 0 0 35
O | scoms-2 167 1195  0.809 0961 | -297 262 -216 0 0 38
é SCGHS1 214 0777 0844 0785 | -192 286 224 0 0 53
< | sccHs2 214 0777 0844 0756 | -192 286 221 0 0 57
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Table G-1: (2/2) Predicted Total Creep Coefficient and Shrinkage Strain

Time Total Creep Coefficient Total Shrinkage Strain Shrigl(;%irigin;er;ﬂirfg the
Casting Group Trgfrtger
(days) | AASHTO aciong MO | ARSHTO aciage & | ARSHTO acizoe M
HPC BT-54 180 0940 0883  1.043 | -236 276 285 0 0 0
Girders
STDM-A 90
STDM-B 90 1.292 1549 1576 -409 -354 346 0 0 0
STDM-C 90
SCGMA-A 200
. | scoma-B 200 1615 1270 1576 -460 414 405 0 0 0
E | scoma-c 200
:5_"5 SCGMS-A 56
SCCMS-B 56 1047 0856  1.008 -332 273 272 0 0 0
SCGMS-C 56
SCGHSA 14
SCGHSB 14 0423 0558  0.476 121 -105 -159 0 0 0
SCGHS-C 14
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TableG-2: (1/4) Measured vs. Predicted
Casting Girder Temp.StCrgirrr].SMeas. Prediction Models
Group D Initial C?G Erection Initial 56 Erection
ay day
54-2S -419  -610 -680 AASHTO LRFD 427  -827 -943
A 545S  -467 -735 -754 | ACI 209 427  -845  -1033
54-6S -437  -630 -703 fib MC 2010 429 811 -991
h 549C  -405 -650 -674 | AASHTO LRFD 374 -755 -869
B B 5410C -419 -620  -651 | ACI209 374 745 911
§ 5413C -437 -705 -731 | fib MC 2010 376 -734 -904
9 54-1S -437  -665 -725 AASHTO LRFD 417 -821 -943
%_’ C 54-3S -440  -645 -709 ACI 209 -417  -831 -1017
2 544S  -405  -650 -716 | fib MC 2010 420  -800 975
% 5411C -467 -715 -770 | AASHTO LRFD 396 -811 -949
8 D 54-12C -468 -720 -764 | ACI 209 396 -778 944
é 54-14C -- - -- fib MC 2010 -399  -797 -979
= AASHTOLRFD  -432  -858 -996
T lE(sco)| 547 451 715  -780 | ACI209 432 -852  -1035
= fib MC 2010 435 835  -1011
AASHTOLRFD  -412  -809 -926
E (VC) | 548C -440  -660 -719 ACI 209 -412 -829 -1003
fib MC 2010 -414  -803  -975
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Table G-2: (2/4) Measured vs. Predicted StrainsX ¥ at Gauge 1

Casting | Girder Temp. Corr. Meas. Strains Prediction Models
Group ID Initial 56day  Erection Initial ~ 56-day  Erection
AASHTO
F | 721s 495 820 939 | prp 491 -934  -1071
72-7S -517 -800 -932 ACI 209 -491 -927 -1107
MC 2010  .494 -911 -1084
AASHTO
G 72-8C -452 -700 -807 || RED -426 ~ -838 -961
72-14C -458 -730 -839 ACI 209 -425 -816 -974
MC 2010 -428 -815 -974
AASHTO
N H 72-3S -502 -710 -863 LRFD 484 940 1082
E 72-4S -473 -660 -793 ACI 209 -484 -1008 -1094
2 MC 2010  .486 -896 -1063
o AASHTO
q') - - - -
E | 72-10C 472 690 799 LRFD 405 799 908
o 72-13C -489 -740 -859 [ ACI 209 -405 -786 -939
E MC 2010 -409 -784 -938
@ AASHTO
3 J 72-2S -466 -670 -831 LRFD -489 934 1064
g 72-5S -469 -665 -803 | ACI 209 -489 926 1099
% MC 2010 -492 -907 -1071
= AASHTO
T - - - -
L K 72-11C 469 685 794 LRFD 492 -838 -959
e
— 72-12C -460 -665 -765 ACI 209 -422 -812 -966
MC 2010 -425 -811 -965
AASHTO
L LRFD -500 -995 -1160
(scc)| 726s -503 -765 -884 | ACI 209 -500 -939 -1110
MC 2010  .503 -953 -1125
AASHTO
L LRFD -432 -867 -1001
(VC) 72-9C -445 -650 -746 ACI 209 -432 -823 -976
MC 2010 -435 -838 -995
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TableG-2.(3/ 4) Measured vs. Predicted Strai
Temp. Corr. Meas. Strains Prediction Models
Girder 1D Initial 56 110 Erection Initial 56 110 Erection
day day day day
AASHTO LRFD -201 -601 -706 -
STDM-1 | -250 -585 -641 -- ACI 209 -201  -465 -533 --
fib MC 2010 -203  -515 -593 -
AASHTO LRFD -201 -602 -707 --
STD-M-2 -262 -625 -687 -- ACI 209 -201 -465 -533 --
) fibo MC 2010 -203 -503 -578 --
S AASHTO LRFD -217 -593 -686  -728
1_5 SCGMS-1 | -227 -540 -600 -626 | ACI 209 -217 -511 -587 -626
g fibo MC 2010 -221 -499 -566 -606
2 AASHTO LRFD -215 -590  -- -
O lscoms2| 217 520 - ~ | Aci 209 216 -507 - .
0 fib MC 2010 220 494 - -
< AASHTO LRFD -165 -409 -444 -465
SCGHS1 | -164 -340 -370 -369 ACI 209 -164 -433 -507 -567
fib MC 2010 -169 -388 -441 -495
AASHTO LRFD -162 -405 -440 -461
SCGHS2 | -169 -340 -365 -357 | ACI 209 -162  -430 -503 -563
fib MC 2010 -167 -379 -431 -484
TableG-2:(4 4) Measured vs. Predicted Strai
) Measured Cambers Prediction Models
Girder ID
l-day 56-day 180day l-day 56-day 180-day
Girder1 | -910  -1110 -1355 | AASHTO LRFD 766 -1280 -1428
E Girder2 | -943  -1170 -1480 | ACI 209 -806 -1251 -1435
8 Girder3 | -866  -1110 -1430 | fib MC 2010 920 -1322 -1520
Q | Girder4 | -869  -1130 -1440
Girder5 | -806  -1015 -1285
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Table G-3: (1/4) Measured vs. Predicted Midspan Curvaturesx10%in.)

Casting Girder ID Temp.sggir:].SMeas. Prediction Models
Group Initial d56 Erection Initial 56 Erection
ay day

— 54.2S - - - AASHTO LRFD -7.70 -11.27 -12.23
% A 54-5S -7.43 -12.10 -12.12 | ACI 209 -7.70 -11.09 -12.09
q%)’ 54-6S -6.81 -9.95 -10.57 | fib MC 2010 -7.70 -11.60 -12.85
8 54-9C -5.69 -9.70 -9.55 | AASHTO LRFD -6.70 -9.93 -10.83
.?) B 5410C -6.29 -9.40 -9.73 | ACI 209 -6.70 -9.85 -10.81
2 54-13C - - - fib MC 2010 -6.69 -10.16 -11.27
g, 54-1S - - - AASHTO LRFD -7.50 -11.06 -12.06
& C 54-3S - - - ACI 209 -7.50 -10.85 -11.83
% 54-4S -6.31 -9.65 -10.19 | fib MC 2010 -7.50 -11.28 -12.48
g 54-11C  -7.46 -11.55 -12.11 | AASHTO LRFD -7.15 -10.76 -11.87
g D 54-12C - - - ACI 209 -7.15 -10.47 -11.46
E 54-14C - - - fio MC 2010 -7.15 -11.20 -12.47
§ AASHTO LRFD -7.78 -1154 -12.66
G | E(scc)| 547S -7.07 -10.35 -10.77 | ACI 209 -7.78 -11.17 -12.12
§ fib MC 2010 -7.78 -11.84 -13.08
% AASHTO LRFD -7.38 -10.84 -11.79
@ E (VC) 54-8C -6.96 -10.40 -11.01 | ACI 209 -7.38 -11.24 -12.37
= fio MC 2010 -7.38 -11.25 -12.45
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Table G-3: (2/4) Measured vs. Predicted Midspan Curvature$x10°%in.)

Casting Girder Temp. Corr. Meas. Strains Prediction Models
Group ID Initial 56-day  Erection Initial  56-day Erection
F 72-1S -5.18 -7.50 -8.11 %@(S-FI?TO -5.85 -8.23 -8.88
72-7S ACI 209 585 -8.03  -857
fib MC 2010 -5.84 -8.42 -9.14
G | 728c 397 740  -6.74 %g(SJS'TO 502 715 771
< 72-14C ACI 209 502 -7.06  -7.58
% fibMC 2010 -5.01 -7.30  -7.92
o AASHTO
= . . . .
8 H 72-3S '05(+) 5.77 8.25 8.93
g 72-4S -3.31 -6.15 -6.15 ACI 209 -5.77 -8.74 -8.47
ﬁ fib MC 2010 -5.77  -8.28 -8.96
N | 72-10C -4.71 -7.40 -7.63 %é(S_S'TO -4.81 -6.83 -7.33
o
o 72-13C ACI| 209 -4.81 -6.79 -7.29
D
.g-’_J‘ fib MC 2010 -4.80 -7.00 -7.60
S AASHTO
% J 72-2S '05(+) -5.82 -8.22 -8.85
g 7255 -431 -7.40 731 | Acl 209 582 -8.02  -855
2 fibMC 2010 -5.81 -8.37  -9.06
()]
5] AASHTO
g K 72-11C '05(+) -4.98 -7.18 -7.75
g 72-12C -5.05 -9.25 -9.27 ACI 209 -4.98 -7.05 -7.58
% fib MC 2010 -4.98 -7.25  -7.87
< AASHTO
. -6.00 -8.70 -9.48
= L 05(+)
(scc) | 726s 477 -8.30 831 | Acl 209 600 -822 -874
fibo MC 2010 -6.00 -8.83 -9.57
,’32(55”0 509 733  -7.95
LVC) | 729c  -4.40 -7.60 754 | ACl 209 5090 -7.14  -7.64
fib MC 2010 -5.09 -7.48 -8.10
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Table G-3: (3/4) Measured vs. Predicted Midspan Curvaturesx10%in.)

Measured Strains Prediction Models
Girder ID Initial 56-day %ﬁdc; Erection Initial 56-day 110day Erection
AASHTO
STD. LRED -7.79 -13.96 -15.53 --

M-1 -10.40 -21.10 -20.81 -- ACI 209 -7.79 -12.08 -12.83 --
MC 2010 -7.78 -14.39 -15.58 --

AASHTO
<TD. g 779 1401 -15.59 -
M-2 | -1001 -2020 -2048 - |ACI200 -7.79 -1211 -12.87 -
. MC 2010 -7.78 -13.95 -15.06 -
2 AASHTO
g sco e 839 -1446 -1591  -16.56
©|wms1| -868 -1690 -1895 -19.98 |ACI209 -839 -12.77 -1353 -13.93
3 MC 2010 -8.39 -13.64 -1459 -15.14
> AASHTO
o | sco e 833 -14.34 - -
T |ms2| 727 1345 - - |Aci200 833 -1266 - -
g MC 2010 -8.32 -13.46  -- -
AASHTO
sce e 624 -955 -1002  -10.30

HS1 -5.29 -8.75 -9.85 -10.92 | ACI 209 -6.24 -951 -10.08 -10.59
MC 2010 -6.23 -9.24 -9.78 -10.32

AASHTO
sce RFD 625 956 -10.02 -10.30

HS-2 -5.55 -8.20 -8.95 -10.24 | ACI 209 -6.25 -952 -10.09 -10.59
MC 2010 -6.24 -9.14 -9.66 -10.18

Table G-3: (4/4) Measured vs. Predicted Curvaturesx10%in.)

Girder ID Temp. Corr. Meas. Cambers Prediction Models
l-day 56-day 180day 1-day b56-day 180day
S Girder1 | -15.24 -18.70 -21.05 AASHTO LRFD -13.9 -19.2 -20.6
i Girder2 | -17.57 -21.10 -23.85 ACI 209 -14.6 -18.8 -20.1
m Girder 3| -15.25 -19.00 -21.95 fib MC 2010 -15.6  -19.7 -21.3
S | Girder4| -15.14 -1870  -20.30
T | Girders - - -
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Table G-4: (1/6) Measured vs. Predicted Midspan Cambers (in.)

Casting Girder | Temp. Corr. Meas. Cambers Prediction Models
Group ID Initial  56-day Initial ~ 56-day
AASHTO
5425 | 1.37 1.91 2.05 RED 137  2.05 2.23
A 5455 | 1.10 1.26 1.35 ACI 209 137  2.00 2.19
546S | 1.49 1.91 1.91 fibMC 2010  1.37  2.09 2.32
AASHTO
. 549C | 099 164 1.68 LRED 120 181 1.98
o B 5410C | 0.92  1.32 1.24 ACI 209 120 1.78 1.96
g 5413C | 096 1.77 1.71 fibMC 2010 120  1.84 2.04
3 AASHTO
g 541S | 092 152 1.57 RED 134 201 2.20
o c 543S | 1.04 1.39 1.48 ACI 209 134  1.96 2.15
)
Z:; 544S | 071  1.46 1.61 fibMC 2010  1.34  2.04 2.26
3 5411C | 1.09 1.73 188 | AASHTO 128 196 217
& LRFD
© D 5412C | 1.21 178 1.94 ACI 209 128  1.89 2.07
% 5414C | 1.06  1.69 1.77 fibMC 2010  1.28  2.02 2.26
= AASHTO
T
T RFD 139  2.10 2.32
e
| E(SCO)| 5475 | 097 172 1.80 ACI 209 139  2.02 2.20
fibMC 2010  1.39  2.14 2.37
AASHTO
RED 132 1.97 2.16
ENVC) | s48c | 094 154 1.60 ACI 209 132  2.03 2.25
fibMC 2010  1.32  2.03 2.26
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Table G-4: (2/6) Measured vs. Predicted Midspan Cambers (in.)

Casting Girder | Temp. Corr. Meas. Cambers Prediction Models
Group ID Inital ~ 56-day  Erection Initial ~ 56-day  Erection
AASHTO
F 72-1S 1.52 2.50 2.55 LRED 1.94 2.81 3.05
72-7S 1.43 2.15 2.17 ACI 209 1.94 2.71 2.92
MC 2010 1.94 2.84 3.11
AASHTO
G 72-8C 1.38 2.15 2.09 LRED 1.67 2.44 2.66
72-14C| 1.35 2.16 2.15 ACI 209 1.67 2.39 2.58
MC 2010 1.67 2.47 2.70
AASHTO
N H 72-3S 1.67 2.47 2.50 LRED 1.92 2.81 3.07
E 72-4S 1.42 2.31 2.22 ACI 209 1.92 2.95 2.88
- MC2010 191 279  3.04
(&)
o} ] AASHTO
E | 72-10C| 1.24 2.09 2.09 LRED 1.60 2.33 2.52
o 72-13C| 1.14 2.11 2.00 ACI 209 1.60 2.29 2.48
2 MC 2010 1.60 2.37 2.58
o
~ AASHTO
g J 72-2S 1.17 2.29 2.31 LRED 1.93 2.81 3.04
g 72-5S 1.17 2.20 2.14 ACI 209 1.93 2.71 2.90
% MC 2010 1.93 2.83 3.08
% K 72-11C| 1.53 2.43 2.37 AASHTO 1.66 2.45 2.67
z LRFD
lE 72-12C| 1.37 2.45 2.45 ACI 209 1.66 2.38 2.58
MC 2010 1.66 2.45 2.68
AASHTO
. LRED 1.99 2.97 3.27
(Sco) 72-6S 1.59 2.76 2.72 ACI 209 1.99 2.77 2.96
MC 2010 1.99 2.98 3.25
AASHTO
LRED 1.69 251 2.74
LVC) | 729c | 123 241 228 |ACI209 169 242 2.60
MC 2010 1.69 2.53 2.76
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Table G-4: (3/6) Measured vs. Predicted Midspan Cambers (in.)

Girder ID

Temp. Corr. Meas. Cambers
56- 110

Prediction Models
56- 110

Initial day day Erection Initial day day Erection
AASHTO
RED 025 045 050 -
STDM-1 | 931 058 0.59 - ACI 209 025 039 0.41 -
fib MC 2010 025 046 0.50 -
AASHTO
'RED 025 045 050 -
STDM-2 1 923 045 047 - ACI 209 025 039 0.41 -
fib MC 2010  0.25 0.45 0.49 -
o AASHTO
o 027 047 051  0.54
B | scoms- LRFD
o 1 026 044 0.47  0.48 | ACI209 027 041 044 045
Q fib MC 2010 027 044 0.47  0.49
>
2 AASHTO
027 046 051 053
O | scoms- LRFD
T > 021 036 039 041 |ACI209 027 041 043 045
3 fibMC2010 027 043 047  0.48
AASHTO
RED 020 031 032 0.33
SCCHS1| 017 023 025 029 |Aci209 020 031 033 0.34
fib MC 2010 020 0.30 0.32  0.34
AASHTO
RED 020 031 032 033
SCCHS2| 012 016 018 021 |AcI209 020 031 033 034
fib MC 2010 020 0.30 031  0.33
Table G-4: (4/6) Measured vs. Predicted Midspan Cambers (in.)
Girder ID Measured Cambers Prediction Models
Transfer 56-day 180-day Transfer 56-day 180day
< [ Girder1| 290 3.89 418 | AASHTO LRFD 2.85 4.07 4.38
> | Girder2 | 353 4.91 467 | ACI 209 2.85 3.08 4.27
@© | Girder3 | 278 3.89 4.05 | fib MC 2010 2.83 4.17 452
S | Girdera| 263 4.02 4.08
T | Girder5s 2.63 3.96 4.19
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Table G-4: (5/6) Measured vs. Predicted Midspan Cambers (in.)

Measured Cambers Prediction Models
Girder ID nital 14 56 90 200 nital 14 56 90 200
day day day day day day day day
AASHTO
'RED 0.27 038 051 056 -
STDM-A | 034 046 057 059 -- |ACI209 0.27 047 058 062 -
MC 2010 027 049 059 063 -
AASHTO
'RFD 015 022 029 031 -
STDM-B | 020 0.24 033 033 -- |ACI209 015 026 0.33 035 --
= MC 2010 0.15 0.28 0.33 035 --
c
£ AASHTO
3 ' RFD 010 0.14 019 021 -
3| STDM-C | 010 014 016 018 - |ACI209 010 017 022 023 -
©
o MC 2010 0.10 0.18 0.22 023 -
[}
Q
g PASITO 027 039 052 057 062
® | SCGMA-
E A 0.30 045 050 052 054|ACI209 027 041 048 051 0.55
(]
@ MC 2010 027 0.45 053 057 0.62
|_
fQESTO 015 022 030 032 0.35
SCGMA-
B 016 026 029 030 0.31|ACI209 015 023 027 0.29 0.31
MC 2010 0.15 0.26 0.30 0.32 0.35
fQESTO 010 014 020 021 023
SCGMA-
C 0.08 0.15 0.17 0.17 0.20|ACI209 0.10 0.15 0.18 0.19 0.21
MC 2010 0.10 0.17 020 021 0.23
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Table G-4: (6/6) Measured vs. Predicted Midspan Cambers (in.)

Measured Cambers Prediction Models
GirderID | ... =~ 14 56 90 200 nitieg 14 56 90 200
day day day day day day day day
AASHTO
sco LRFD 0.27 0.37 050 -- -
MS-A | 029 041 042 - -- | ACI 209 0.27 0.39 047 -- --
MC 2010 0.27 043 050 -- --
AASHTO
sco LRFD 0.15 0.21 0.28 -- -
MsB | 017 024 024 - -- | ACI 209 0.15 0.22 0.26 -- --
= MC2010 0.15 0.24 028 - -
5 AASHTO
S | sco 'RED 010 0.14 018 - -
ot g
£ |mMsc| 010 014 015 - -- | ACI 209 0.10 0.14 0.17 -- --
% MC 2010 0.10 0.16 0.18 -- --
8 AASHTO
%E{ SCG LRED 022 030 -- -- --
E|HsAa | 024 031 -~ - -~ |ACI209 022 033 - - -
‘51.5 MC 2010 0.22 0.31 -- -- --
|_
AASHTO
sco LRFD 0.12 0.17 - -- --
HSB | 016 020 - - -- | ACI 209 0.12 0.19 - -- --
MC 2010 0.12 0.18 -- -- --
AASHTO
SCG LRED 0.08 0.11 -- -- -
Hsc | 007 010 -- - -- | ACI 209 0.08 0.12 -- -- --
MC 2010 0.08 0.12 -- -- --
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Appendix H Fractional Errors

Table H-1: Bottom-Flange Straind Unbiased Estimates of the Standard Deviation

Bottom-Flange Strains (FractionalError )

Casting Type Age # of AASHTO LRFD
Data _Standard | 120 ACI 209 MC 2010
At transfer 7 0.05 0.05 0.05 0.05
~ | BT-54SCC | Growth | To56day 7 0.91 1.06 0.97 0.81
S | (Gage at 6.20" from
E‘ transfer | TO erection 7 0.92 1.08 1.21 1.05
o At transfer 7 0.13 0.13 0.13 0.13
(@]
T | BT-54VC Growth | To56-day 7 0.75 0.90 0.71 0.67
m | (Gage at 6.20" from
x transfer | TO erection 7 0.96 1.13 1.10 1.09
]
o At transfer 7 0.04 0.04 0.04 0.04
¢ | BT-72SCC | Growth | To56-day 7 1.14 1.29 1.24 0.96
o | (Gage at 8.80" from
%‘ transfer | Toerection | 7 0.69 0.81 0.73 0.65
Q@ At transfer 7 0.11 0.11 0.11 0.11
= | BT-72VC Growth | To56-day 7 0.90 1.05 0.78 0.77
(Gage at 8.80" from
transfer | TO erection 7 0.66 0.80 0.68 0.68
AASHTO LRFD ACI 209 MC 2010
STDi M At transfer 2 0.31 0.31 0.29
(VC) Growth | To 56-day 2 0.22 0.34 0.19
" from
» | (Gage at 3.25 ;
3 (Gag transfer | Toerection | 2 0.35 0.27 0.12
-5 At transfer 2 0.04 0.04 0.03
é— SCC-MS Growth | To56-day 2 0.31 0.07 0.15
> (Gage at 3.25" from Toll0day | O N/A N/A N/A
o transfer | 1o erection | 0 N/A N/A N/A
5 At transfer 2 0.04 0.04 0.03
< SCC-HS
< ., Growth | To56-day 2 0.57 0.77 0.34
(One at 3.00",
other at 3.38") from To 110day 2 0.55 0.99 0.48
transfer | 1qerection | 2 0.76 1.49 0.91
o | BTs4-vC At 1 day 5 0.15 0.11 0.08
% (Gage at 6.50 Growth To 56-day 5 1.45 1.10 0.89
in) from1day | To180day | 5 0.35 0.28 0.23
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Table H-2: Midspan Curvatured Unbiased Esimate of the Standard Deviation

Casting Midspan Curvature (Fractional Error )
Age
’ e L
At transfer 4 0.15 0.15 0.15 0.15
g BSTC'5C4 Growth | To56-day 019 018  0.17 0.23
£ from transfer| To erection 4 0.27 0.24 0.16 0.37
L At transfer 4 0.11 0.11 0.11 0.11
T | BT-54
5 VG Growth To 56-day 4 0.12 0.13 0.18 0.13
x from transfer| To erection 4 0.16 0.13 0.18 0.28
g At transfer 4 050 050 050 0.50
8 BSTC'7CZ Growth | To56-day 4 018 020 028 0.18
S from transfer| To erection 4 0.10 0.07 0.5 0.11
< At transfer 4 018 018 0.8 0.18
= B\T/gz Growth | To56-day 4 040 042 045 0.37
from transfer| To erection 4 0.20 0.22 0.26 0.19
AASHTO LRFD  ACI209  MC 2010
At transfer 2 0.38 0.38 0.38
S(TV%;V' Growth | To56-day 2 0.57 0.83 0.55
2 from transfer| To erection 2 0.32 0.70 0.35
% At transfer 2 0.15 0.15 0.15
— | scc- Srowth To 56-day 2 0.26 0.56 0.40
e| wms | POV | Tolloday | O N/A N/A N/A
s rom transfer _
0 To erection 0 N/A N/A N/A
% At transfer 2 0.22 0.22 0.22
HS Growth | 19 110day 2 0.20 0.20 0.22
from transfer
To erection 2 0.31 0.24 0.32
At 1 day 4 0.15 0.10 0.07
O -
o BI2% | Growth | ToS6day 4 0.56 0.20 0.15
from 1-day | To 180-day 4 0.20 0.14 0.12
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Table H-3: (1/2) Camberd UnbiasedEstimate of the Standard Deviation

Midspan Camber (Fractional Error)
Casting Type Age
o ’ para [ Standard [ 30| AC1 209 | MC 2010
At transfer 7 0.48 0.48 0.48 0.47
S | BT-54SCC Growth  Tob56-day 7 1.40 1.36 1.27 1.53
E from transfer To erection 7 1.19 1.15 1.09 1.39
g At transfer 7 0.27 0.27 0.27 0.27
-g BT-54 VC Growth  To56day 7 0.26 0.25 0.24 0.32
x from transfer To erection 7 0.65 0.62 0.62 0.77
5 At transfer 7 046 046 046 046
é BT-72 SCC Growth  To 56day 7 0.17 0.17 0.27 0.17
< from transfer To erection 7 0.33 0.30 0.19 0.34
E At transfer 7 0.30 0.30 0.30 0.30
E | BT-72VC Growth  To56day 7 0.21 0.22 0.27 0.19
fromtransfer To erection 7 0.21 0.19 0.16 0.26
AASHTO LRFD  ACI 209 MC 2010
At transfer 2 0.20 0.20 0.20
STDi M (VC) Growth  To56day 2 0.28 0.61 0.23
< fromtransfer To erection 2 0.13 0.53 0.11
< At transfer 2 0.28 0.28 0.28
%._ SCC-MS Growth To 56-day 2 0.32 0.21 0.11
> from transfer To 110day 2 0.39 0.21 0.10
e) To erection 2 0.41 0.18 0.09
% At transfer 2 0.68 068 068
} SCC- HS Growth To 56day 2 2.02 1.98 1.63
from transfer To 11Gday 2 1.26 1.31 1.04
To erection 2 0.51 0.64 0.47
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Table H-3: (2/2) Camberd UnbiasedEstimate of the Standard Deviation

Midspan Camber (Fractional Error )

Casting Type Age # of AASHTO .
Data | RED ACI 209 | fib MC 2010
o At 1 day 5 0.11 0.11 0.11
o BT-54 VC Growth | To 56day 5 0.19 0.16 0.30
fromtransfer | To 180day 5 0.32 0.23 0.49
At transfer 3 0.21 0.21 0.21
STD- M To 14day 3 0.29 1.34 1.63
Growth
(Acc.) To 56day 3 0.47 0.86 0.90
from transfer
To 90-day 3 0.30 0.62 0.65
At transfer 3 0.21 0.21 0.21
STD-M To 14day 3 0.60 1.27 1.63
(Non-Acc.) Growth | 14 56 day 3 0.82 0.81 0.90
from transfer
To 90day 3 0.65 0.56 0.65
At transfer 3 0.22 0.22 0.22
To 14day 3 0.41 0.28 0.22
S(igéc'\;'A Growth | To 56day 3 0.24 0.11 0.31
from transfer | To 90-day 3 0.32 0.11 0.33
To 200day 3 0.41 0.17 0.40
g At transfer 3 0.22 0.22 0.22
S To 14day 3 0.23 0.37 0.22
o SCC-MA
[ (Non-Acc.) Growth To 56day 3 0.58 0.17 0.31
from transfer| To 90-day 3 0.69 0.16 0.33
To 200day 3 0.78 0.18 0.40
At transfer 3 0.12 0.12 0.12
S%ACC'C'\;'S Growth | To 14day 3 0.16 0.05 0.38
fromtransfer| To 56day 3 0.97 0.62 0.94
At transfer 3 0.12 0.12 0.12
(‘T‘\I%ﬁA'\C"f) Growth | To 14day 3 0.12 0.05 0.38
fromtransfer| To 56.day 3 1.51 0.56 0.94
A f 24 24 24
SCC-HS 5 thttranser 3 0 0 0
(Acc.) row To 14day 3 0.21 0.63 0.34
from transfer
At transfer 3 0.24 0.24 0.24
SCC-HS Growth
(Non Acc.) rowth | To 14day 3 0.56 0.43 0.34
from transfer
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Appendix | CementTypes
l.1 Overview

The purpose of this section is to present the available cement types in line with the
governing European and S.standards. Cement type is a key factor to determine the concrete
properties and the tirndependent deflections. In fact, the Europeanldu&imaterial prediction
modelssuch as stiffness, creep and shrinkagebased on cement type.

In the following sections, two cement types are introduced, namely, the British
implementation of European Standard (BS EN)-12011 and the American SocietyTésting
and Materials (ASTM) C150/C150i12. Some of the physical and chemical properties of
various cement types are also presented.

The European and ASTM standards differ from each other in terms of the cement
classifications, the requirements, andriegerial testing methods. Further, these starsdéod
not offer direct equivalence
[.2 European Cement Types

The European Standard, EN 1972011), gives the specifications of the cement types
including the proportions of the constituents, the requergsiof their mechanical, physical,
chemical and durability properties. Bsh implementation of EN 19X is called as the British
Standard and identical to other European Stand&@$N 1971 2011)

EN1971(201)def i nes the cement as fda hydraulic

inorganic material which, when mixed with water, forms a paste which sets and hardens by
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means of hydration reaction and processes and which, after hardening, retains its strength and

steb i | i

ty even

under

water o.

Cement types satistyg the requirements of EN 197are named as CEM. They are

divided into five main groups as listed below.

- CEM : Portland cement

-  CEMII : Portlandcomposite cement

-  CEM Il : Blast furnace cement

- CEM IV : Pazolanic cement

- CEMV : Composite cement

Mechanical and physical requirements of three standard strelagtes are provided in

Table F1. Strength classes of these cement types are further dinidetiree categories based

on their early compressivet r engt hs.

ot her

hand,

l etter

Letter

6LO

ndi

strength. Compressive strength is determined in conformity with ENL1Bftial stting time

and soundness (expansion) asted in accordance to EN 196BS EN 1971 2011).

Table I-1: Mechanical and Physical RequirementsAdapted from BS EN 1971 [2011)

cates

Early strength Standard strength Initial

Strength Settin Soundness

s 2D 7D 28 days gl

MPa | psi | MPa| psi | MPa| psi | MPa | psi minutes | mm | in

325LW i 012 017
325N i 016 023|032 047|052 061 075
325R 010 014 i
425L@ i 016 023
425N 010 014 i 042 061|062 076 060 | 0O1000.
425R 020 029 i
525LP 010 O14 i
525N 020 029 i 052 076 i i 045
525R 030 043 |
Note: The values in the US customary units may not be exact equivalents. Three significant figures ar
while converting them.
@ strength clasis only defined for CEM Ill cements
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Chemical properties of common twerdggven cement types are tabulated in Tal2e |
Loss on ignition, insoluble residue, sulfate content, and chloride content are determined
according to EN 192. However the pozzolanicity test is carried out in confotynwith EN
196-:5. More explanations abouté main constituents cae found in EN 1971 (2011)
The representation of the cement types is required to follow the similar designation with
the examples presented below.
- Example 1: Portland cement, conforgito EN 1971, of strength class 32.5 with
ordinary early strength should be designated by :
Portland cement EN 1977 CEM | 32,5 N
- Example 2: Portlandlag cement, conforming to EN 197 containing between 6% and
20% by mass of blastrnace slag (Sand of strength class 42.5 with high early strength
should be designated by :
Portlandslag cement EN 1977 CEM II/A-S42,5R
- Example 3: Portlandly ash cement, conforming to EN 197 containing between 6%
and 20% by mass of siliceous fly ash (V)rbgss and of strength class 52.5 with high
early strength should be designated by :

Portlandslag cement EN 1971 CEM II/A-V 52,5 R
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Table I-2: Chemical Properties of Common Cements in EN 1971:2011 Adapted from BS EN 1971 [2011])

Composition [percentage by mas®’

. Main constituents Minor
Main Notatmr:jof the 27 Blast- Sili Pozzolana Fly ash B additi
types products Clinker | furnac rica natural . calcareo urnt Limestone onal
(types of common cement) fume | natural : siliceous shale .
e slag calcined us consti
K S D® P Q v W T L LL tuents
CIIEM Egﬁf:td CEM I i%éo T ) T ) T ) T T T Oto5
CEM II/A-S 80t094 | 6to 20 T T ) T ) T T T Oto5
Portland 2110
slag cemen{ CEM II/B-S 651to0 79 35 ) T ) T ) T T T Oto5
Portland 610
silica fume | CEM IlI/A-D 90 to 94 T 10 T T T T T T T Oto5
cement
Portland CEM II/A-P 80 to 94 | | 6 to 20 | | | | I | Oto5
pozzolana CEM 1I/B-P 65 to 79 .|. _|_ 21 Eo 35 i .|. _|_ .|. i .|. 0to5
cement CEMII/A-Q | 80to 94 i i i 6 to 20 i i I i i 0to5
CEMII/B-Q | 651079 T ) T 21to 35 I ) T I T Oto5
Portland CEM II/A-V 80 to 94 T ) I ) 6 to 20 ) T T T Oto5
CEM ﬂ;g ;‘h” CEMI/B-V | 65t079] i i i i 211035 i i i i 0105
I cement CEMII/A-W | 80 to 94 i i i i i 6 to 20 I i i Oto5
CEM II/B-W | 65to 79 T T i T T 21to 35 T i T Oto5
Portland CEM II/A-T 80 to 94 ) ) I I ) ) 6 to 20 I T Oto5
ggméz]a'e CEMI/B-T | 65t079| i i i i i i Z;Sto i i | 0to5
CEM II/A-L 80to 94 ) T ) T ) T ) 6 to 20 ) Oto5
Portland CEM II/B-L 65to 79 T ) T ) T T T 21to 35 T Oto5
limestone | CEM II/A-LL | 80 to 94 T ) T ) T ) T T 6t020| O0to5
cement | cemMB-LL | 65t079| i i i i i i i i 2é5t° 0to5
Portland CEM II/A-M 80 to 88 <710 S I I T I W 2 (o YW O W I > 2 O O R R OB (o
ggmgﬁfssl)te CEM II/B-M 65to 79 <T i N T I T N I I 0 A (1Y 1 VW Y Y 1> Y A I I AR O 8 (o )1+
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Table 1-2: (Continued) Chemical Properties of Common Cements in EN 1971:2011 @Adapted from BS EN 1971 [2011])

Notation of the 27

Composition [percentage by mas®’

Main constituents

Main products Blast- . Pozzolana Fly ash Minor
types (types of common Clinker | furnace Silica natural Burnt Limestone additional
cement) slag fume | natural calcined siliceous | calcareous| shale constituents

K S D® P Q Y, w T L LL
CEM | Blastt CEMIII/A | 35t0 64| 36t0 65| i T T T i i T i Oto5
astiurnace CEMIII/B | 20to 34| 66t0 80| i T T T | | T | Oto5

11 cement - " " - " " - "
CEMIII/C | 5t019 | 81to 95 I i I i i | i | Oto5
CEM | Pozzolanic | CEM IV/A | 65 to 89 T S I U I A ¢ o) Y I I I A i i i Oto5
v cement® CEMIV/B | 45to0 64 ) ST T T T 7 736k0BS T 7T 17T 17737 11 T ) T Oto5
CEM | Pozzolanic | CEMV/A | 40to 64| 18 to 30 T <7 7T 72A8to301 7 T3 1 T T T T 0to5
V cement® CEM V/B 20to0 38| 31to 49 ) <T 7T 7T31t049 T 7 ¥ 1 T T ) T Oto5

@ The values in the table refer to the sum of the main and minor additional constituents.

@The proportion of silica fume is limited to 10 %.

®n Portlandcomposite cements CEM II#M and CEM 1I/B-M, in pozzolaniccements CEM IV/A and CEM IV/B and in composite cements CEM V/A
CEM V/B the main constituents other than clinker shall be declared by designation of the cement
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1.3 ASTM Portland Cement Types
ASTM Standard C219 (A®) definescementitious materid s fAan 1 nor gani c m
mixture of inorganic materials that sets and develops strength by chemical reaction with water by
formation of hydrates and that i1s capable of
defnedd fia hydraulic cement produced by pul veri z
crystalline hydraulic calcium silicates, and usually containing one or more of the following:
water, calcium sulfate, up to 5 % | i mestone,
Moreover, ASTM Standard C15@®012) explains thespecifications of théen portland
cement typedlt also covers the allowable ingredients, the requirements of chemical
compositionsphysicalpropertiestesting methodsl'en typeof portland cement in ASTM C150

are listed below.

Type | : General use cement which does not satisfy the special properties for any other

type

- Type IA : Air-entraining cement having the similar uses with Type |

- Type Il : General use cement with moderate sulfate resistance

- Type lIA : Air-entraining cement having the similar uses with Type Il

- Type lI(MH) : General use cement with moderate heat of hydration and moderate sulfate
resistance

- Type lI(MH)A : Air-entraining cement having the similar uses with Type II(MH)

- Type lll : High early sength cement

- Type llIA : Air-entraining cement having the similar uses with Type Il

- Type IV : Low heat of hydration cement

- Type V : High sulfate resistance cement
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The physical requirements of ten portlar®inent types are tabulated in Tab® Five
different physical and mechanical properties can be seen and each property is determined by
using a different test method. Strength tests are carried out according to the Test Method
C109/C109M. Time of settgis determined by Gillmore Needles as described in the Test
Method C266. Autoclave expansion is determined in accordance with the Test Method C151; on
the other hand, air content of mortar is determined in compliance with the Test Method C185.
Finally, fineness is determined by an air permeability test according to the Test Method C204
(ASTM Standard C150 2012)

In Table 4, the chemical requirements can be seen. The testing methods are also noted
in this table. For the purpose of delivery in packadescement should follow@ertain set of
rules. Thelabei Por t | and Cement o, the type of cement,
and the mass of the cement in the package are required to be printed on each package. Also, the
wo r d se nitari arihould megnarked for the related cement typ&TM Standard C150

2012)

259



Table I-3: Standard Physical Requirements (Adapted from ASTM Standard C150/C150M2013)

Compressive Strengt? Air Fineness
Time of Autoclave content (specific
Cement 1D 3D 7D 28 days setting® | Expansion of suF;face)
Type mortar ©
MPa | psi MPa psi MPa psi MPa | psi minutes % volume,% m?/kg
| i 012. 0174 019.027 i i 001|026 i
1A ) 010. 0145 016.023 T 01 002|026 )

Il I 010. 0145 017.024 T ) 01026 )
A I 0s8. 0116 014.020 I 01 002|026 )
H(MH) i 010, 014%|01%. 024 i , . . i 01]020 04 9

- T — n , 5 A - 041037 00. 8 (— N ~ _ 3
H(MH)A [ 08®Cc 011%| 014 020 [ 0102|026 04 8¢
1l 012 017] 024. 0348 ) T ) 01 T
A 010 014 019. 0276 ) T 01 02 T
\Y, i i 07. 010|017 024 i 01/026 043
\Y% i 08. 0116 015.021{021 030 i 001|026 i

M The strength at any specifiedttage shall be not less than that attained at any previous specified age.

@The time of setting is that described as initial setting time in Vicat test in C191.

® Ccompliance with the requirements of this specification does not necessarily thastine desired air content will be obtained in concrete.
®Maximum fineness limits do not apply if the sum of C3S + 4.75C3A is less than or equal to 90.

®When the optional heat of hydration gpges.7 days is specified i

260



Table I-4: Standard Composition Requirements (Adapted from ASTM Standard C150/C150M [2012])

Cement Type landIA | | | ®And ”(I'I\?SL)‘Z”(’ ancli”III A \Y Vv Appkﬁ:ﬁ:g dTeSt
Aluminum oxide (AbOs), % i 06. 0 06. 0 i i i c114
Ferric oxide (FgDs), % i 06 Yo 06 D i 06. 5 i C114
Magnesium oxide (MgO), % 06 . ( 06. 0 06. 0 06 C g O6 C114
Sulfur trioxide (SQ), @, %
A)LD i sWBeb 03. ( 03.0 03.0 03. 02.9 02 C114
A,? i sWmene|l 03. 8 X © X ® 04 X ® X ®
Loss on ignition, % 03. ( 03.0 03.0 03 02.49 03 C114
Insoluble residue, % 00. 7 00.75 00.75% 00 00. 7/ OO C114
Tricalcium silicate (GS)™, % i i i i 038® i
Dicalcium silicate (GS),“, % i i i i 049 i
Tricalcium aluminate (60),“, % i 08 08 015 o oY Calculated
Sum of GS + 4.75GAG, ©, % i i 01 " i i i according to
Tetracalcium aluminoferrite plus twic_e the Aé??/le)égi (;J;r d
trica ‘ C150/C150M-12
(CAF +AR(C i i i i i 029
AF oF), & o
appl i

W The limit does not apply when tiselfate resistance limit ifiable 4 of ASTM Standard C150/C1508R is specified

@The limit does not apply vem the heat of hydration iFable 4 of ASTM Standard C150/C1508R is specified
Oltis permitted texceed the values in the table for;®0ntentas stated iTable 1 of ASTM Standard C150/C1504P

|t is required to calculate according to the Annex Al of ASTM Standard C150/C150M

® These limits are not applicable.

©The limit is consistent with a Test Method C1864&% heat of hydration limit of 335 kJ/kg (80 cal/g).

(MAdditionally, 7-day heat of hydration testing by Test Method C186 is required to be done at least once every six months. Such testibg shal
used for acceptance or rejection of the cement, but results shall be reported for informational purposes.
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Appendix J Feature of Exporting to andImporting from a Spreadsheet File
J.1 Fundamental Logic

The computer software is now able to import input values from a spreadsheet file and to
export data to a spreadsheet. The source code of the software is entirely rearranged to enable data
transmisn between the software and a Microsoft EX26IL0) spreadsheet file. The Excel file
extensions, A%*. x| &iguredlnedplaifis-the xldvedopedl fundanmeetal logice d .
to enable the data transfer between a spreadsheet file and Visual Ejssoffware. It also

demonstrates the required objects and the relationship between them.

1 . =
TR
User Interface 2 S Data g%
e = Q
< g2 Containers g g <> SpreaFlsheet
M « A B8 File
]
A user executes the Visual Basic Data tables are OLE DB establishes Data transmission is
connection with an codes enable to used to hold the connection with made from an Excel
outside object. transfer the data. the data . an outside object. spreadsheet.

Figure J-1: Required Visual Basic Objects to Transmit Data

The user interface is the ussntrolled area; i.e., windows forms. A user needs to
proceed along sevdrmrms and enter each of the required variables such as concrete properties

or time of prestressing events.
Clicking thespecifiedbutton,then, initiates the communicatioand eacluserinput data

(or output data) begins to occupy a specific cell dhta table. Storing the data in data tables
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makes the programming much easier and more efficient. This connection is provided by a
lengthy block ofthe VB coding explainedn the coming subsection.

Following thedatatransmission to data table, the databe connectiois used to
establisithe interaction between the VB software and the Excel spreadsheet. It is important to
note that both of these environments are alien to each other by default and they require special
components to recognize each other.

For this specific case, components of Microsoft Object Linking and Embedding,
Database (OLE DBpre utilized. OLE DB is an application programming interface (API)
facilitating to access data which is stored in a variety of sources. Nonetheless, theese Isve
to be compatible witthe OLE DB provider. Some types of the sources can be Microsoft Access
databases or Microsoft Excel spreadsheets. Besides, the API supplies a group of Component
Object Model (COM}based interfaces. COM is used to implemdaects created in different
environmentgStephens 2012)

A successful attemmianprovide the communication with the software and an Excel
spreadsheet; as a result, a user will be able totheadata aa spreadsheet filend savehem as

a spreadsheet file.

J.2 Implementation of Fundamental Logic inComputer Software
Spreadsheet type is chosen to be compatible with Microsoft Excel (2010). Also, a
Microsoft Access Database (2010) file is connected to the software asahas#aobjeciThe

logic for data transmission mapped irFigure J2.
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Spreadsheet #1
Import- 1
Imported Input File
ser Modified
© ) —
i N Ml R
Save - 2 '
1
Data
Table #2

Spreadsheet #2

Saved Input File
(Software QOutput)

Spreadsheet #3

-~

——

Exported Output File
(Software QOutput)

Data
Table #1

‘________-_

VS8 Input Forms

User-inputs are
available to

This step is active
when the wizard input
option is selected.

VS8 Data Grid #1

use in the

routines. 7

VB Coding #1

Inputvariables are shown on
the form for double-check.

Clicking the “Calculate Button””
launches the time-step calculations.

V8 Output Forms

e

VS8 Data Grid #2

Output data are q
ready to be
presented. -
i This step is similar to the
. VB Coding #2 earlier versions. It prints ail
Export- 1 | datapoints individually.
___________________ Data N
Export- 2 Table #3

All of the output data shown
on the form can be copiedio
use outside of the software.

Figure J-2: Mapping of Data Transmission From/To a Spreadsheet File
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The objects placed on the right hand side of the figure are the windows forms visible to
users. Ysual Studio (VS) Input and Output Forms were existed in the previous versions;
whereas, VS Data Grid #1 and #2 are created in the new version in order to allow users to
navigate data easily and copy them out. The-8Bte@ calculations are carried outveeén VB
Coding #1 and #2 as explained in Section 3.2.1.

The Import 1 and 2 paths portray the process for importing the input data. The procedure
to save the input data is depicted with the Save 1, 2 and 3 paths. Exporting output data is
illustrated with tle Export 1 and 2 paths. They are discussed further in the following subsections.

The comBysteneData.OléDb i s I mported in the beginn
order to provide the parameters for the connection between the VB software and the Microsoft
products. The reference calléedVi cr os of t . Of fig atseadded ih terconputdE x c e | 0
software to allav interoperability with the COM object (OLE DB).

The Excel files need to be organized in a certain way before imported. First, the column
names such as AC010 and AC020 have to be prin
has to occupy the predemined cell. For instance, total cresectional area of the girder, Ag,
has to be inputted in the cell locatedontle5ow and t he col umn AC020.
has to be fASheetl10. The styl e andefirsothreeat of t
conditions are satisfied. However, merging the cells of the spreadsheet file may not be allowed.

The computer software exports the data occupying the similar cells for importing purposes. As a
result of that, a sample input Excel file candtxained after the first input attempt with the

wizard option.
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J.3.1 Importing Input Variables from a Spreadsheet File (Import 1 and 2)

The path Import 1 represents how an Excel spreadsheet file is connected to a Data Table
object. The partial coding itk can be seen iRigure 33. The connection is provided with an
OleDbConnection objecthe OleDbDataAdapter object is used to access the data and return
them as commanded. Structured Query language (SQL) is used in the software as a programming

languagdor the database management.

connection =  New OleDbConnection ("Provider=Microsoft. ACE.OLEDB.12.0;Data Source="
& Path & ";Extended Properties=Excel 12.0" )

' The line above defines the type of source that will be used in the connection.
Path is the location of the user - selected Excel file.

connection.Open()

command.Connection = connection
' command is defined as an OleDbConnection object.

command.CommandType =CommandTyp@ext
‘Commandype is defined in a certain way to make it understand t he SQL query
below.

command.CommandText = ("SELECT * from [Sheetl$]" )
"Itis a SQL query commanding to select all of data from the Sheet #1.

dapter.SelectCommand = command
' dapter is a OleDbDataAdapter object and it will transfer data from a connection
to a DataTable.

dapter.Fill(va)
' va is a DataTable object and it is filled by the dapter in accordance with the
defined SQL query.

connection.Close()
connection =  Nothing

Figure J-3: The PathImport 1
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The path Import 2 shows the established binding process. A variable is picked up from a
cell of data table and saved as an internal vari#tikerepeated for each variablehe

illustration of the code block can be seen in Figude J

NumberG = Clint (datainput.Rows(32)(4))

'NumberCS is one of the input variables and datainput is the DataTable filled
xEOE OEA AAOA &EOI 1T OEA w@AAl OPOAAAOCEAAOL =511
the earlier block.) In this case, NumberCS is equated to the intege r value placed

onthe32 ™ rowand4 ™ column.

MaxTime = Cint (datainput.Rows(33)(4))
Timelntervals = Cint (datainput.Rows(34)(4))
NumberLayerGroups = Cint (datainput.Rows(35)(4))

' These steps are  repeate d for all of the input variables.

Figure J-4: The PathImport 2
It is important to note that the variables are corresponded with a predetermined cell, and
this necessitates providing input variables in an organized fashion. First, the column names such
as NC010 and nCO02o0 filstaoweSecorm, edck inpptrvariable bagtoi n t h e
occupy the predetermined cell. Third, the she
the text are not important. A sample input Excel file can be obtained after the first input attempt

with the wizad option. A template input spreadsheet can be seen in Figure J

267



| A | =] | C | u] | E | 7 | G| H | | | J K | L | il | il 8] | PO
1 CO1 coz Co3 Cog Cos CO6 CoO7  C03 Co3 C10 C1l Ciz C13 Cid C15
2 |FORM1-ProjectName FORM13 Reinforcing Steel Layout FORMG-12 Prestressing Steel Layout
3 |LIVC)-BT72 E=(k=i) 23000 | GT_anay | npz_anay ST_aray Ap_arraylin’e fpi_arraylksil wp_mid_arraulin]” OL_arraylinl® up_end_araulin]
4 |FORM3 MumberSteelLayers 0 1 o] 5 0 0.167 202.5 2.5 0 2.5
5 |Aglin©z] TET nrs_array P.r_array[in"z yr_array(in] | 2 1 q ] 0167 2025 25 120 25
B |lglind) 545534 1 0 a ] 3 0 8 0 0.167 2025 4.5 0 4.5
I uhilin] 36.6 2 0 a ] 4 1 2 0 0.167 2025 4.5 120 4.5
_ & [hlin) Tz &8 0 1] 1] 5 o] 5] 0 0167 202.5 5.5 0 5.5
3 |Llin) 1620 4 0 1] 1] 5 o] 2 0 0.167 202.5 8.5 0 8.5
10 |FORM4 5 0 1] 1] 7 z g 0 0.167 202.5 17.5 258 57.5
N |fei_actuallpsil-CrSh: ARSHTE 7710 FORM14a 8 2 10 0 0.167 2025 8.5 270 48,5
T12 | A8 awtstipsi=CrShA45 10510 Madel_CrSh 0 g8 0 4 0 0.153 327 70 0 i
13 |welpeh Y1533 [3.d]fem_fib_CrSh 10510 10 0 0 0 0 1] 1] 0 0
14 |FORM4b [3.41h_fib_CrSh 6.0z 1 o] 0 0 0 1] 1] 0 0
_15 |MOEModel 0 [3,4]CementTgee_fib_E 0 12 o] 0 0 0 1] 1] 0 0
16 | StrengthTupe Al [4]odDensity_Fib_CrShT 153.3 13 u} ] ] ] u} u} ] ]
17 |I0Eci_supplksi) GE00 [4Strengthlw_fib_Cr3] 10510 14 0 0 0 0 1] 1] 0 0
E [0Ec28_supplksi] 5300 7 15T iFrantor Tind 19.83 15 0 0 0 0 1] 1] 0 0
13 2R MOE_AA i LS T AR ] & o] 0 0 0 1] 1] 0 0
20 | A12a4na s M | TTI0 (215 lumplin] 0.5 17 o] 0 0 0 1] 1] 0 0
_21 | Alaa4na AT A 10510 [2ICementContent(pcy)] 533 15 o] 0 0 0 1] 1] 0 0
22 | f1E5 & Ty MOoedi - 11533 [2)BirContent(>:) 27 13 0 0 0 0 1] 1] 0 0
T 23 | MCementTypeall T4 (7 LTS R a0 20 0 0 0 0 1] 1] 0 0
" 24 |M.3CuningType T4 [2IFA) hEE 21 0 0 0 0 1] 1] 0 0
(25 | AR4RT MOE AD 1 FORM15 22 0 0 0 0 0 0 0 0
_ 26 | ATeRE MO AL 1 Maturity Tupe 2 23 o] 0 0 0 1] 1] 0 0
27 | iF aman Typalliche 1 [0.1.2)JackingTimelhrs]| 4 7.42 24 o] 0 0 0 1] 1] 0 0
TZE | 5. 7TICementTupefib h ] [DICureTemp(Celcius) (O 25 a ] ] ] 0 0 ] ]
29 | [5.6)Aggregate Tupefib 0 [1IEquiige(days) 267 26 a 0 0 0 a a 0 0
30 |FORMS CureTupe 1 27 o] 0 0 0 1] 1] 0 0
_ 31 |Epilksil 28600 [00IMaiztPeriodldaysT{ 0 258 o] 0 0 0 1] 1] 0 0
_ 32 |fpulksi) 270 [D1)SteamPeriodidays] 0.5 23 o] 0 0 0 1] 1] 0 0
33 | Fpylksi] 243 FORM16_a2 30 0 0 0 0 1] 1] 0 0
34 |FORM16_al MumberCS 40
35 |MumberStrainsages q MaxTimeldaus) Mgz
E u_strainlocfin Timelnterals V40
| kAl 8.8 MumberlayerGroups 13
38 |2 24
EENE 51
40 |4 0
eils 0
4z |6 0
43

Figure J-5: Template Input Spreadsheet
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J.3.2 SavingInput Variables as Spreadsheet He (Save 1, 2and 3)

The VB software and the Access database fildigked with eat other forthe path
Save 1. The database file is used as a temgkali@ining each input variablEigureJ-6
demonstrates the part of the coding for the path Séveransferring input data to the Access

database table. All of the paths are demorestrat Figure 2.

UpdateDataBaseLogic( CObj(NumberCS), 34, "CO05")

' UpdateDataBaselogic is a subroutine enabling the connection with the Access

Database file. Once the connection is established, it changes the value of a

specified cell. In this case, the cell on the 34 "oix ATA OEA Ail Ol
AEAT CAA xEOE OEA OAI OA T &£ 2. 01 AAO#3et
UpdaeDataBaseLogic( CObj(MaxTime), 35, "C05")

UpdateDataBaseLogic( CObj(Timelntervals), 36, "C05")

UpdateDataBaseLogic( CObj(NumberLayerGroups), 37, "C05")

' Some examples are shown here and it is repeated for all of the input variables.
e#/ AEe Al 1 @habrgpe tA an Object type.

Figure J-6: The Path Save 1

The subroutinefiUpdateDataBaselLogdicis used to insertraeinternal variablénto a cell

of the Access database table. The programminthifeisubroutine can be found in Figur&.J
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Public Sub UpdateDataBaselLogic( ByRef variablename As Object , ByRef IDnumber As
Integer , ByRef IDcol As String )

' UpdateDataBaselogic is a subroutine and it needs an object, an integer value and a
string value to proceed the subroutine.

Try
" Try catches any  exceptions so that the application stops execution.

If Microsoft.VisualBasic.Right( Application  .StartupPath, 1) = "\" Then
'‘Checking if the path has a backslash in the end of the string

StringCon = "Provider=Microsoft. ACE.OLEDB.12.0;Data Source=" &
Application .StartupPath &  "dbexport.accdb;Persist Security Info=False;"

Else

StringCon = "Provider=Microsoft. ACE.OLEDB.12.0;Data Source=" &
Application .StartupPath & "\ dbexport.accdb;Persist Security Info=False;"

End If
' The lines above define the type of source that will be used in the connection.
Data source is chosen to be the connected inner database file. In this case, it is

A -EAOT O #60 ' AAAOO $AOAAAOA EEIT A AT A TAI AA AO ¢
connection.Open()

command.Connection = connection
' command is defined as an OleDbConnection object.

command.CommandType =CommandTypdext
'‘Commandype is defined in a way to make it understand the SQL query below.

command.CommandText ="UPDATE InputVariables SET " &IDcol & "= @C WHERE ID =
@ID"
')O6 EO A 31, NOAOU AT i[ATAEI ¢ Oi OPAAOA OEA AAI
2) $et 4EA OAAT A 2)1 POO6AOEAAI AGe AAT AA Al 1 OE/
the Access Database. This table will include all of the input variables.

command.Paameters.AddWithValue( "@C/ variablename)

command.Parameters.AddWithValue( "@ID", IDnumber)

"4EA T ETAO AAT OA 1 AEA OEAT AA :
sbAAEAEAA xEOE OEA OIx 2)$10
command.ExecuteNonQuery()
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Catch
MsgBox(ErrorToString)
' Message box is shown when an exception is encountered.
Finally
connection.Close()
connection =  Nothing
End Try
End Sub

Figure J-7: Subroutine for Communicating with Access Database
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The pathSave 2hows how thelata is transferred from an Access database file to a data
table object. The block of the ddeped coding can be found gure 38. It employs similar

OLE DB objects instructed in the path Import 1.

If Microsoft.VisualBasic.Right( Application  .StartupPat h,1)= "\" Then
'‘Checking whether the path has a backslash in the end of the string  or not.
StringCon = "Provider=Microsoft. ACE.OLEDB.12.0;Data Source=" &
Application  .StartupPath &  "dbexport.accdb;Persist Security Info=False;"
Else
StringCon = "Provider=Microsoft. ACE.OLEDB.12.0;Data Source=" &
Application  .StartupPath & "\ dbexport.accdb;Persist Security Info=False;"
End If
' The lines above define the type of source that will be used in the connection.
Data source is chosen to be the connected inner database file. In this case, it is

A -EAOT Ol £#O0 ' AARAOO $AOAAAOA &EEI A AT A 1TAI AA AO
connection.Open()

command.Connection = connection
' command is defined as an OleDbConnection object.

command.CommandType =CommandTypd&ext
'‘Commandype is defined in a way to make it understand the SQL query below.

command.CommandText = ("SELECT * from InputVariables ")
" Itis a SQL query commanding to select all of the data from the table
2)1 bOO6 AOEAAT AOzt sige@d td\be bne Af Ae Work$heet file of the
Access Database. This table includes all of the input variables.
dapter.SelectCommand = command
' dapter is a OleDbDataAdapter object and it will transfer data from a connection
to a DataTable.
dapter.Fill( datainput )
' datainput is a Data Table object and it is filled by the dapter in accordance
with the defined SQL query.
connection.Close()

Figure J-8: The Path Save2
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Exporting the input data from the data table to an Excel spreadsheégilfustrated with
the path Save 3. First, an Excel spreadsheet file is created including a book and a sheet. Second,
the values stored in Data Table are transmitted to the worksheet one at a time. The developed

coding can be seen in Figur®.J

0App = New Microsoft.Office.Interop.Excel. Application
oBook = oApp.Workbooks.Add(oValue)
oSheet = oBook.Worksheets( "Sheetl" )

' The lines above create a new Excel file consisting of a new book and a new sheet.

For Each row As DataRow In datainput.Rows
oCol =1
For Each col As DataColumn In datainput.Columns
If col.ColumnName <> "ID" Then

oSheet.Cells(oRow, oCol - 1)=row(oCol - 1)
"4 EA OAlI OAOG 001 OAA ET AAAE AAI1l 1T &£ 2AAOAETI bOOe
worksheet by using the Ox1 pAIOR 1TTI PO OETI AA 2AAOAETI OO
End If
oCol += 1 'increment
Next
oRow += 1'increment

Next

' The dots above represent the hidden coding lines figure since it uses the similar

idea of the earlier pAI OR 1TTDPOt YO OOAT OEAOO OEA AT1 OI°
the spreadsheet file.

oSheet.SaveAs(PathSave)
oBook.Close()

0App.Quit()

' The lines above save the worksheet file and quit the Excel file.
releaseobject(oApp)

releaseobject(oBook)

releaseobject(oSheet)

' The lines above release all of the Excel objects by using the code:
System.Runtime.InteropServices.Marshal.ReleaseComObject(obj)

Figure J-9: The PathSave3
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J.3.3Exporting Results as a Spreadsheetile (Export 1 and 2)

The pathExport 1demonstrates the data transmission from the output data to a data table.
Part of the coding can be seen in Figud®.J First, the columns are defined in the data table.
Second, the rows are inserted in an order. Understanding thisgoelte very useful to modify
the exported spreadsheet file in the future. New arrays and variables can be addedthg using

reserved names givenkigure 3.4.2 and 3.4.3.

table2.Columns.Add( "Variable Name" , GetType(String ))
table2.Columns.Add( "Value" , GetType(Object ))
table2.Columns.Add( "Explanations" , GetType(String ))

' Three columns are defined with the data types in the Table2.

table2.Rows.Add( "™ ,1, ") 'Arowisadded for formatting purposes

table2.Rows.Add( "Initial Camber(in)" , Initial_Camber_Calculation, "At Midspan e
table2.Rows.Add( "™ ,2, ™)

table2.Rows.Add( "MOE Model=", MOEModel.ToString, ")

table2.Rows.Add( "Creep and Shrinkage Model="  , Model_CrSh.ToString, ")

t able2.Rows.Add( "™ ,3, ™)
table2.Rows.Add( "Ec_initial(ksi )", Ec_linitial, ")
table2.Rows.Add( "Ec28(ksi)" ,Ec28, ™)

table2.Rows.Add( "Ec_max(ksi)" , Econ_array(Timelntervals), "t=tmax," &
MaxTime.ToSring)

t able2.Rows.Add( "™, 4, ™)

Figure J-10: The Path Export 1
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The path Export 2 represents the connedtiom a data table to an Excel spreadsheet. It
is similar to the Save 3 pa#imd shownn FigureJ-11. The screenshot of the exported Excel file

can be seen in Figuresl2 and J13.

0App = New Microsoft.Office.Interop.Excel. Application
0App.SheetsinNewWorkbook =2 'Number of sheets created
oBook = oApp.Workbooks.Add(oValue)

oApp.DisplayAlerts = True 'alerts are on

' The lines above create a new Excel file consisting of a new book and a new
sheet.

'TABLE1
oSheetl = oBook.Worksheets(1) ‘creating an excel sheet

Dim oRow As Integer =2
Dim oCol As Integer =1

For Each col As DataColumn In tablel.Columns
‘creating a column for excel to loop through datatable

oSheetl.Cells(1, oCol) = col.ColumnName
'assigning value to each cell , specify row and column

oCol+=1 'increment
Next

For Each row As DataRow In tablel .Rows
oCol=1
For Each col As DataColumn In tablel .Columns
oSheet1.Cells(oRow, oCol) = row(oCol - 1)
'Assigning the value of each field to selected sheet cell.
oCol +=1 'increment
Next
oRow += 1'increment
Next

'"TABLE2
oSheet2 = oBook.Worksheets(2 ) 'creating an excel sheet

oRow=2
oCol=1

For Each col As DataColumn In table 2.Columns
‘creating a column for excel to loop through datatable
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C#l11 ORA
oSheet2.Cells(1, oCol) = col.ColumnName
‘assigning value to each cell , specify row and column

oCol+=1 'increment
Next

For Each row As DataRow In table2 .Rows
oCol=1
For Each col As DataColumn In table2 .Columns

oSheet2.Cells(oRow, oCol) = row(oCol - 1)
'Assigning the value of each field to selected sheet cell.
oCol +=1 'increment
Next
oRow += 1'increment
Next

0App.DisplayAlerts = False
'msgbox will not appear to ask user whether to create a new sheet or not

PathSave = SaveDialog.FileName
oSheetl.SaveAs(PathSave)
oSheet2.SaveAs(PathSave)oBook.Close()

0App.Quit()
' The lines above save the worksheet file and quit the Excel file.

releaseobject( 0App)
releaseobject(oBook)

releaseobject(oSheetl)
releaseobject(oSheet2)

' The lines above release all of the Excel objects by using the code:
System.Runtime.InteropServices.Marshal.Release ComObject(obj)

Figure J-11: The PathExport 2
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4] A B c D | E F G | H I ) K L M
Time Total Strain Total Strain | Total Strain | Total Strain Incremental | Equivalent
After Age of Strength of | Modulus of Total Total (*10~-6) at (*10~-6) at (*10~-6) at | [*10"-6) at Incremental Unrestrained Effective
Transfer Concrete Concrete(psi) Elasticity(ksi) C_amber ?t Cl.:lrvature StrainGage Locl | StrainGage Loc2 | StrainGage | StrainGage Cre-e-p Shrinkage Prestress at
[days) Midspan{in) | (1fin)*10~-6 h i i N Coefficient ) ) i
1 [days) =6in =19.5in Loc3 =37.5in | Loc4 =52in Strain(*10~-6) | Midspan{ksi})
z 0 0.966667 [i] 6300 1.339589 -7.499682397 -417.2667104 -216.0210035 -181.026728 -72.281342 0 -0.443217516 185.7916107
i 0.58149 1.548159 0 6375.978027 1.261720681| -7.61984802 -431.3537502 -328.A857958 -191.328552 -R0.8407567, 0.02258252| -6.717065389  185.3443909
i 0.86355| 1.830217 0 6399.129395| 1.272089744| -7.676135283 -437.9645688 -334.3367134  -196.166307 -24.8623458 0.01060536| -2.156266075 185.1355743
i 1.13539 2.102057 0 6416.930176  1.281874442| -7.729244317 -444.2061181 -339.8012898 -200.7345925 -EB.060EB32 0.01001468 -2.981501439 1849385496
i 1.41441 2.381073 0 B6431.96875| 1.291709328| -7.78262347 -450.4837852 -345.418317| -205.321133 -92.4830892 0.01007453 -2.000328434 184.741684
L 1.7083| 2.674367 0 6445.219727 1.40184772| -7.827642443 -456.9593584 -351.1511313 -210.073602| -96.4277728 0.01035458 -3.096707132 184.53B6658
_8 | 2.0222) 2.988862 0 6457.177734 1.412432313| -7.895077032 -463.7251841 -357.1416019 -215.030246 -100.551631 0.01086355| -3.237572628 184.3270264
9 | 2.36037| 3.327038 0 £6468.13623| 1.423562169| -7.955464753 -470.8460765 -363.4472669 -220.248512| -104.894672 0.01143742| -3.409868214 184.1047263
(10| 2.72651| 3.693581 0 6478.286621| 1.43531692| -8.019232155 -478.3738987 -370.1142268 -225.768075  -109.485207, 0.01209563| -3.607528015 183.8702545
(11| 3.12604 4.052703 0 6487.763672| 1.447764158| -8.086744856 -486.353907 -377.1828196 -231.621423 -114.263625 0.01282776| -3.827483397 183.6222229
(12| 3.56227| 4.528938 0 6496.665527| 1.460965514| -8.158334822 -454.8276328 -384.6900545 -237.840068 -115.544216 0.01362812| -4.0680859311 183.3593597
_13| 4.04063 5.0073 0 6505.068259 1.474978328| -8.224311281 -503.8344534 -392.6712088  -244.453608 -125.056104 0.014495342| -4.328432169 183.0805054
14| 4.56676) 5.53343 0 65132.020273| 1.489857793| -2.21496618 -513.4121748 -401.1600686 -251.490681| -130.923683 0.01542158 -4.607932169 182.7345764
(15| 5.14708 6.113744 0 6520.600586 1.505655527| -8.400576917 -523.5974055 -410,189532| -258.979155 -137.170806 0.01641094 -4.90617048% 1824704895
16| 5.78834 6.755607 0 6527.817871| 1.522420287| -8.491404515 -534.4254314 -119,7913513 | -266.946096 -143.82074 0.01745972| -5.222678283 182.1371765
(17| 650087 7.467533 Q0 6534.71582| 1.540198326 -8.5876909 -545.9298845 -429,9959692 -275.417551| -150.896027 0.01856579 -5.556889846 181.7236456
(18| 7.29276  8.255424 0 6541.221289 1.559031248| -B.68965526 -558.1423757 -140,8319655 -284.418202 -158.418188 0.01972615 -5.90799209 181.4090271
15| 8.1762| 9.142868 0 6547.658203| 1.578955054| -8.797485862 -571.0916554 -452,3255338 -293.970836 -166.407277 0.02092671| -6.274835414 181.0124359
_20| S5.16483 10.1315 0 6553.748535) 1.599999309| -8,91133368 -584.8028231 -164.4997243 ) -304.095767 | -174.881396 0.02219206, -6.655897778 180.5931549
(21| 10.2748 11.24145 0 6559.609863 1.622184277| -9.021305126 -599.2961233 -A477.3734254 -314.809992 -183.856027 0.02348504 -7.049091892 180.1505737
(22| 11.5253) 12.45133 0 6565.258301 1.645522952| -9.157449313 -614.5859952 -150.960374 -326.126319 -193.343265 0.02420645 -7.451760212) 179.6842804
23| 12.9393| 13.90535 0 6570.70752 1.670012236 -9.289748959  -0530.6794821 -505.2678171 -338.05237 -203.350966 0.02614493 -7.860566257 179.1940613
24| 14.5445 15.51125 0 6575.97168 1.695637345| -9.428105841 -647.574605 -520.2951143 -350.589224 -213.881649 0.0274863 -8.2713158%2 178.6799469
25| 16.3748 17.34149 0 6581.061523 1.722365737 -9.572332601  -5065.2589072 -536.0323703| -263.730389 -224,931515 0.02881387 -8.679049643 178.1423035
26| 18.4712| 19.43786 0 6585986810 1.750144958 -9.722138302  -H83.7076508 -552.4587468 -377.460237 -2356.48591%9 0.02010786, -9.077792129 177.5817719
27| 20.8845| 21.85114 0 6590.758301 1.778903127 -9.877113371  -702.BB18945 -569.5408327 -351.75275 -248.534576 0.03134527 -9.460678484  176.999527
E 23.6778 24.64247 0 6595.383789 1.208542728| -10.03672422 -722.7269816 -587.2311885 -406.570092| -261.037552| 0.03250036| -9.21987705 176.3970184
TR ] Sheetl /Sheetd JE3.7 T e 7 N R T

Figure J-12 Screenshot of Exported Output Filé Sheet 1
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4 A B |
_1 |Variable Name |Walue  |Explanations
2 1
_3 |Initial Camber{in} 1.361307 At Midspan (considering prestressing steel relaxation loss and elastic shortening of concrete)
4 2|
_5 |MOE Model= |Stiffness.Based.Model
_6 |Creep and Shrinkage Model= |AASHTOOS
7 3|
8 |Ec_initial{ksi) 6300
9. |Ec2a{ksi) 6600,
110 |Ec_max(ksi) 6645.108 t=tmax,217
1 4

(13 |Aps_midspan(in“2)

5.502 Total area of fully stressed (fpj>100ksi) prestressing strands at midspan

13 |ep_midspan_ini{in}

21.85746 Equivalent initial eccentricity of fully stressed (fpj>100ksi) prestressing strands at midspan

202.5, Equivalent initial effective prestress of fully stressed (fpj>100ksi) prestressing strands at midspan

14 |fpe_midspan_ini(ksi)

5

(16 |Aps_support(in”2)

4.896 Total area of fully stressed (fpj>100ksi) prestressing strands at supports

17 |ep_support_ini(in}

13.9687 Equivalent initial eccentricity of fully stressed (fpj>100ksi) prestressing strands at supports

EepineEnppoidini ki)

2025 Equivalent initial effective prestress of fully stressed (fpj=100ksi) prestressing strands at supports

o

20 |Tot.Cr.Coef.

21 |Tot.Unr.Shr.5tr.[*104-6)

-281.482 Total Unrestrained Shrinkage Strain At Midspan(*10%-6)

22 |Shr. Str. At Benchmark Reading(*10°-6)

|
0.93049 Total Creep Coefficient
;

7

24 |ytr_initial(in)

27.06413 Distance to Centroid from Bottom Fiber(At Midspan, Transformed Prop.,Initial){ytr){in)

-5.16245 shrinkage strain at the benchmark (zero) reading which is 0.9 {hrs) before the prestress transfer(*10"-6)

25 |Atr_initial{in"2)

680.6628 Area of Transformed Section(At Midspan, Transformed Prop.,Initial} (Atr){in~2}

26 |Itr_initial{in~4)

279065.9 Moment of Inertia of Transformed Section{At Midspan, Transformed Prop.,Initial}{Itr){in"4}

27 8

28 |ytr{in} 2?.100?:Di5tance to Centroid from Bottom Fiber(At Midspan,Transformed Prop., Final}{ytr){in)

29 |Atr(in”2) 679.22| Area of Transformed Section(At Midspan,Transformed Prop.,Final}(Atr){in"2)

30 |itr{in~4) 278347.1 Moment of Inertia of Transformed Section{At Midspan, Transformed Prop.,Final){itr){in"4)
31
32

"4 ¥ W[ Sheetl | Sheet2 /T~

KN

Figure J-13: Screenshot of Exported Output Fil Sheet 2
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Appendix K Camber Prediction Softwared User-Guided Input Forms

o5l Welcome to Camber Prediction Soﬁwa‘@lﬂlgj

Application Mame - Camber Prediction Software
Version Number: 3.1.1

Developer of v3: Isbiliroglu, Levent {2014)
Developer of v2: Johnson, Brandon R. {2012)
Developer of v1: Schrantz, Claire E. {2008)

Contact Info: Dr. Bames. Robert W. {bamemw@auburn.edu)

To inputrequired variables using the wizard, Click Wizard
Toimport required values from an Excel file, Click Import

Figure K-1: Form 00 Welcome
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L3 Bl

Cross Sectional Properiies: Page 1 outof 17

Projectname [The Hilabee Cresk Bridge Projsct-A |
1. Select one ofthe following:

@ Create user-defined cross section

AASHTO-PCIBT-54 v|

@ Selectstandard cross section

Mote: Ifyou are unable to find the standard cross section,
selectthe user-defined section. Youwill be able to
provide all the necessary information.

Click 'Next' to review cross-sectional properties. Next

Click 'Back' to go to Welcome farm.

Figure K-2: Form 18 Project Name

r Bl

Cross Sectional Properiies: Page 2 outof17

2. Please confirm the following gross section properties and complete the required information. If any
properiies are incorrect please make the appropriate medifications.

Property Descrnption Value Units
Ag Gross Area =) {in."2)
Ig Gross Moment of Inertia 268077 {in."4)
sooton | Damcstengotonel | g |
h Depth of Girder T = (in)
L Length of Girder R (in}
Click 'Enter' when all properties are correct

=
o
=3

Click 'Back' to select a different cross section.

Back

Figure K-3: Form 20 Cross-sectional Properties
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Concrete Properlies:

3. Input the following concrete properties:

Click to Edit Expected Actual Compressive Strength Values (Part C)

A Required Values | Specified )

Property Description Value Units
ti | SededCmmeseSiodh |50 pw
o | Sesibemoimee im0 ou
" | usedforsefwoightandstimess: | 5| @<
B. Expected Overstrength Factors
Property Descrnption Value Units
oS Expected O\{erstreng_ﬂ_l Factor for 195
Concrete at Time of Initial Prestress
os | Ewecedowsteigh fesor [
C. Expected Actual Values
Property Descrnption Value Units
W | SedCmeeseSedh |0 oo
I8 Expectedgi:;napg;ii[ve Strength 10240 {psi)
= i TR S IilTarey 5|  (och

Click 'Back' to return to the gross section properties.

,

Page 3 outof 17

Enter

Next

Figure K-4:

Form 30 Hardened Concrete Properties
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.

.
ol Camber Prediction u—lg

Concrete's Modulus of Elasticity Development Page 4 outof 17

4. Selectone ofthe following model types for the concrete's modulus of elasticity developmentwith time.
Please provide or confirm the parameters required for the selected code model.

Select One of the Prediction Approaches Stifness-Based Model

Predict modulus of elasticity development using Eci= T 50 {ksi)
@ Supplied stifness values Ec28= (ksi)
© Specified strength values

© Expected actual strength values

Enter

Back

Figure K-5: Form 48 Two-Point MOE Model
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g Camber Prediction = | = 22
- F

Concrete's Modulus of Elasticity Development Page 4 ocutof 17 '

4. Select one ofthe following model types for the concrete's modulus of elasticity development with time.
Please provide or confirm the parameters required for the selected code model.

Select One ofthe Prediction Approaches

Predict modulus of elasticity development using
© Supplied stifness values
@ Specified strength values
© Expected actual strength values
Strength-Based Models
® AASHTO LRFD (2005+) f ACI 209

© MCHRP Repaort496
@ fib Model Code 2010

AASHTO LRFD (2005+) / ACI 209
Backealculate

Cement Type Type Il -
Cure Type Steam Cured -
Cormection Factor for Source of Aggregate (K1) 1.00

Enter

Compressive Strength of Concrete at 28 days (fc28) 1024040 (psi)
UnitWeight of Plain Concrete (wc) 1450 (pch)

Back

Figure K-6: Form 48 ACI 209 MOE Model
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Figure K-7: Form 46 MC 2010 MOE Model

Figure K-8: Form 50 Prestressing Steel Properties
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