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ABSTRACT

The development, construction, arevaluation of lowcracking high
performance concrete (-BPC) bridge decks is described based on laboratory tests
of mixtures containing shrinkageducing admixtures and mineral admixtures in
conjunction with internal curing and experiences gained duhegconstruction of
decks bid in accordance with H@PC specifications and control decks constructed in
accordance with standard specification&ansas.

The laboratory portion of the study involveke 53 concrete mixtures
evaluaed based on free shringa, freezehaw durability, scaling resistance,
compressive strength, and -aoid system stability. The study includes mixtures
containing different dosages of two shrinkagducing admixtures (SRAS) in
combination with surfactafiased and polymédyased air-entraining admixtures
(AEAs) and air contents ranging from 3.5 to 9 percent. Mixtures containing different
combinations of prevetted lightweight aggregate (LWA), Grade 100 slag cement,
and silica fume are also evaluated. The majority of shrinkager®s at early ages.
Higher dosages of SRA reduce both eaatye and longerm shrinkage, with these
reductions in shrinkage concentrated within the first 90 days. Higher SRA dosages
contribute to larger aivoid spacing factors and greater losses incamtent from
plastic to hardened concrete, leading to decreased ftle@zedurability and scaling
resistance. The detrimental effects on frethzsv durability and scaling resistance
caused by SRAs can be mitigated by the use of air contents of 7 tperacmore.
When used with an SRA, mixtures containing the polyba=ed AEA exhibit
significantly lower freez¢haw durability and scaling resistance than mixtures
containing the surfactafitased AEA. This lower durability is likely due to the larger
air-void spacing factors that are observed in the mixtures containing the polymer

based AEA. The replacement of a portion of total aggregate with an equal volume of



prewetted LWA reduces both earbge and longerm shrinkage. Shrinkage is
reduced additioally as slag cement is used as a partial replacement (30 percent by
volume) for portland cement in conjunction with LWA, and again as silica fume is
used a partial replacement (nominally 3 percent by volume) for portland cement in
conjunction with LWA andslag cement. The additions of slag and silica fume
contribute to reduced shrinkagamarily within the first 30 days of drying. The use

of LWA, slag, or silica fumelo not significantly affect freezthaw durability, scaling
resistance, or strength; gland silica fume, however, were observed to decrease
scaling resistance to a degree.

The second portion of the study involves the construction and evaluation of 16
LC-HPC and 11 control bridge decks, the latter constructed in accordance with
standard speéfications for state bridge constructiom Kansasas well as another
deck bid under but not constructed in accordance with thélRC specifications.
Experiences and lessons learned during construction are described, as is the cracking
performance of &h deck. The results indicate that the degree of compliance with
LC-HPC specifications corresponds to the degree of reduction in cracking. FThe LC
HPC decks exhibit lower earyge cracking and a slower increase in cracking over
time than do the other dks, with LGHPC decks exhibiting approximately ottard
of the cracking of the control decks at similar ages. Factors observed to increase
cracking include the use of overlays, increased paste content, slump, compressive
strength,and air temperature rage on the day of construction, increases in concrete
temperature relative to air temperature on the day of construction, and decreased air
content. Techniques used by individual contractors also influence cracking.

Keywords: air-void system, bridge deckconstruction, compressive strength,
cracking, free shrinkage, freetgaw durability, higkhperformance concrete, internal
curing, lightweight aggregate, scaling resistance, shrinkedigcing admixture,

silica fume, slag cement
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CHAPTER 1: INTRODUCTION

1.1 GENERAL

Concrete bridge dectteteriorationcaused bycorrosion of reinforcing stedé
a eriousproblemthat canconsiderablyreducestructure service life andntroduce
numerous maintenance problems Cracking of bridge decks accelest¢his
deterioration by allowing water and corrosive deicing chemicals to more easily
penetrate the deck and reach the reinforcem@nacks can extendharely through
the deck an@lsoaccelerate corrosion astructural memberbelow. As chlorides in
the deicing chemicals reach and corrode the reinforcing ste@xplaasive corrosion
productscause delamination and spalling within the deCkloridescan also degrade
the epoxy coating that is used on most reinforcing steel to improve corrosion
performance (Darwin et al. 2011Yheseproblems have worsened within the past 50
years due to the increased use of deicing salts on bridge stactisg in he 1960s
and 1970s from the fibare pavementso policy
departmentgTransportation Research Board 1R78ccording to thelransportation
Research Board National Research Councthe usage ofleicing saltin the Unitd
Statesranges from 8 to 12 million tons per year the purpose opavementice
removal(Transportation Research Board 1991)

Transportation agencies are aware of the financial and safety lssugght
on by deckdurability concerns Deck deterioratin in the form of concrete distress
and reinforcement corrosiasone of the leading causes of structural deficiency listed
in the National Bridgénventory Russell 2004 In 1978, it was reported that nearly
onethird of all highway bridge decks in thénited Statesvereseriously deteriorated
due to corrosion of reinforcing steednd he cost of restoring these deckss
estimated at $6.Billion (Transportation Research Board 127t 2005, the average

annualdirect cost of corrosion for bridges the United States was estimated at $8.3



billion (Yunovich et al. 2005)with associated costs from traffic delays and lost
productivity approximated dt0 times the directosts (Thompson et al. 2005)

Transportation agenciesonsiderbridge deck crackig a primary cause of
thesedurability problems. The National Cooperative Highway Research Program
(NCHRP) sent surveys to all United Statesnsportationdepartments and several
foreign transportation agencie® better understand thescope of bridge dek
cracking. Of the 52 respondents62 percent considered transverse cracking at early
ages to be a problem. The remaining respondents acknowledged the existence of
transversecracking, but did nolabel it asa durability problem(Krauss and Rogalla
19%).

The principal mechanissnof bridge deck cracking involve shrinkage and
thermal stresses developed in the concrete. Many studies have determined concrete
material properties to be a main cause of these induced stresses, with construction
proceduresgenvironmental conditions, and design details also contributing. Deck
deterioratiomalsoexists inthe form of scaling, spalling, and pop outs due to repeated
cycles of freezing and thawing on the deck surface. Tensile stresses and cracks
develop as watesind deicing chemicals penetrate the concreteaandaterexpand
when frozen.

Since the 198s, transportation agencies have put much effort into minimizing
bridge deck cracking through improvements to aeriat, design, and construction
specifications. Concrete mixtures d e e me d apser ibr mhAnceo have
developed in an effort to improve cracking tendency and corroaitirough in most
cases-pé@hfghmanceod | eads actualyrdsultgihinceedsede ngt h,
cracking A number of addibnal materials are currently being used to improve both
plastic and hardened concrete properties, including lightweight aggregates and other
materials to provide internal curing, mineral admixtures, and shriflealyeing

admixtures (SRA), formproved craking performance. Many field and laboratory



studies have been completed to determine the mechanisms of concrete cracking. The
general conclusion is that cracking will inevitably occur in bridge decks, but certain
measures can be taken to diminish itsdence.

Low-crackinghigh-performanceconcrete (LGHPC) specificatios have been
developed through this study to improve cracking performance and overall durability
of bridge decks.Sixteen bridge decks constructed throughout Kansas in accordance
with the LC-HPC specificatios have exhibited improved cracking f@mance
compared tocontrol decks constructed in accordance with the standard Kansas
Department of Transporiah (KDOT) specificatios. Theimproved performance
results frommodificationsto mixture proportions and construction procedures. The
LC-HPC specificatiog however,have yet to include new technologies, such as
internal curing and the use of mineral and shrinkagkeicing admixtures

This report examines the cracking performance tloé bridge decks
constructed in accordance with the -HPC specificatioa  Relationships are
established between cracking performance and material properties, environmental
conditions during placement, and construction procedimesC-HPC decks and
associged control decks. In addition, he free shrinkage performance, freghaw
durability, and scaling resistance of mixtures that employ new technqglegias as
internal curing with lightweight aggregate and the use of mineral and shrinkage
reducing admitures, are examined through laboratory tests to verify fhegential
effectivenesgor use in future LEHPC bridge decks

This chapter focuses on findingom previous studiessummarizes causes
and actions that can be taken to minimize shrinkage ao#tinogand improve overall

durability, and presents the objective and scope of the study

1.2 MECHANISMS OF CRACKING

Concrete bridge decks develop cracks when tensile stiestesdeckexceed

the concrete tensile strengtffhese tensile stressean be cased by a multitude of



factors, includingsettlement of plastic concretepncreteshrinkage temperature
changesand external loadg. The majority of cracking is attributed to shrinkage and
thermal strains but strainsalone will not cause cracking inedks. Unrestrained
concrete expands when heated, contracts when cooled, and shrinks whemittried
no developmentof stresses In bridges, however, restraint is providedoy the
composite action between tlyggrders and deckand stressesdevelopin the dek
concretedue toshrinkageand thermal strains. The largest stresses develop when the
difference in strairis greatest between the deck and girddRestraint is typically
highe for steel girderghan for precast, prestressed concrete girders becaemsie
does not shrink anctoncrete and steel have different coefficients of thermal
expansiorn(Krauss and Rogalla 1996This section summarizes the factors that cause

concrete tensile stresses and cracking.

1.2.1 Concrete Shrinkage

Shrinkage is a general teiimthata number oflifferent internal and external
mechanisms can lead to the shrinkage of conci@teinkage can be categorized into
two groups: shrinkage that occurs while the concrete is still plastic and shrinkage that
occurs after the concrete Hasrdened. Eactype ofshrinkagecan lead to significant

cracking andnust becontrolledin aunigqueway.

1.2.1.1 Plastic Shrinkage

Plastic shrinkage cracking occurs in fresh concrete as the rate of surface water
evaporation exceeds the rate at which bleed wasghes the surfaceAs waer is
lost fromcement paste,agative capillary pressures develop and causgdhene of
the paste to shrink. Tensile stresses and cracking develiye to differential
shrinkagebetweenthe surfaceand concreteat greater dath. Structures with large
surface area to volume ratios, such as bridge decks, are more susceptible to plastic

shrinkage cracking due to the greatesposure of bleed watéo the environment



(Mora-Ruacho 200Q Plasticcracks areshort, can occur in gndirection, and are
typically wide at the surface but narrow considerably with depth, raxelyeeling a
depth of 2 to 3 in(Krauss and Rogalla 1996 Plastic shrinkageracking in bridge
deckscan becontrolledif certain precautions are takémminimize the evaporation
of bleed water.

The risk of pastic shrinkage crackingcreases witldecrease in bleeding
rate or increasein evaporation rate.The additionof silica fumeor finely-ground
cement, both of which increase the surface area of thelparin cement paste,
decrease the bleeding rate andrease the potential fgastic shrinkage cracking
An increase in théydration rateof cementcan cause plastic shrinkage cracking by
requiring more waterduring the hydration process in the piascondition leaving
less available bleed wateiEntraired airand a reduction in water content can also
decrease bleed water and promote plastic shrinkage crackirguse of higlrange
water reducergypically leads todecreases water content antleeding capacityln
addition, these igh-range water reducgrareoften used in conjunction with silica
fume to compensate for the fineness of the mateniblch further increasethe
potential forplastic shrinkage crackinigy both reducing the bleedg capacity and
the rate at which bleed water can reach the su(f&eeiss and Rogalla 1996)

The rate of evaporation in concrete is increased with high air temperature, low
relative humidity, high concrete temperature, and high wind velocityisarmodten
determined using the nomographownin Figurel.1. Evaporation rates above 0.2
Ib/ft¥hr (1.0 kg/nf/h) generally require protective actiomsiring placement and
curing Concretescontaining pozzolansmay require protective actionsven at
evaporatiorratesas low a€.1Ib/ft%hr (0.5 kg/nf/h) (Mindesset al.2003)

Plastic shrinkage can be controlled by reducing the concrete temperature
wind velocity, and maintaining a wet concrete surface during the plastic condition.

Concrete temperatures avest controlled by controllinthe temperature of each
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Effect of concrete and air temperatures, relative humidity, and wind velocity on the rate of evaporation of
surface moisture from concrete. This chart provides a graphic method of estimating the loss of surface
moisture for various weather conditions. To use the chart, follow the four steps outlined above. When the
evaporation rate exceeds 0.2 Ibftthr (1.0 kg/ m?/hr), measures shall be taken to prevent excessive moistur:
loss from the surface of unhardened concrete; when the rate is less than 0.2 Rt (1.0 kg/m/hr) such
measures may be needed. When excessive moisture loss is not prevented, plastakitrg is likely to occur.

Figure 1.1 Evaporation rate nomograph (AClI Committee 30¢



constituent. Due to a high specific heat, water is useful in controlling concrete
temperatures Replacing a portion of the ntiwe water with ice is effective in
lowering concrete temperaturense heat is absorbed during the meltprocess.

Wind velocity can be decreased by using windbreaks. Placement of a wet, plastic
cover or wet burlap immediately after finishinfithe surfaceand the use of soaker
hoses or fog spray for the entire curipgriod are beneficial in reducing the
evaporation rate. Wetting the forms and reinforcing staefore placement
minimizes moisture loss from absorption and evaporafiimdess et al. 2003).
Waterreducing admixtures containing hydroxylated carboxgoed are known to
increase the concrete bleeding capagfiyauss and Rogalla 1996 lastic shrinkage
cracking has also been combated with the use of fiber reinforcement in concrete by
supplying some tensile capacity and increasing the cohesivenes® gflattic
concrete and minimizing the crack widitsadron and Zollo 1990).

The evaporation of Ibed water occurs in both warm and cool weather
environments. Plastic shrinkage cracking due to evaporation in cold weather
conditions can be more detrimentihce the cooler temperatures will cause the
concrete to be in a plasttondition for a longer periodThe placement of arm
concrete in a cold environment camcreasethe potential forplastic shrinkage
cracking as the warm concrete heats the aictlrabove the surface, lowering the

relative humidity(Krauss and Rogalla 1996).

1.2.1.2 Drying Shrinkage

Drying shrinkage is caused layvolume chang@roduced byheloss of water
in hardened concretand is the most substantial shrinkage mechanisraridge
decks Drying shrinkage typically occurs over a much longer time period than other
types ofshrinkage, but the great majority of the shrinkage occurs at an early age.
Holt (2001) statedthat approximately 80 percent of total drying shrinkage occurs

within the first three monthsMuch of the shrinkage that occurs with early age drying



is irreversible meaningthat any volume increase with rewetting is smaller than the
initial shrinkage. Pickett (956 and Helmuth and Turk X967 determined that
irreverside shrinkage can be as large as 60 peroérnthe volume change offirst
drying. Structures and structural memberh a large surfacéo-volume ratio will
experiencencreaseckarly age drying shrinkage, which is a major concern for bridge
decks due tdhe large surface exposed to a drying environment. Concrete, creep
explained at greater length in Sectibd.], can lessen the effect of drying shrinkage
by minimizing tensile stresses developed in the deck surface. Drimtkage
cracking typically occurs directly above reinforcing steel due to a weakened plane
created by the combination of restraint from the reinforcement and settlement of
plastic concrete(see Section 1.2.3, making the steel particularly susceptible to
corrosion.

Drying shrinkagein bridge decks carmlsoinduce tensile stresses internally
without an external restraiduue toa nonlinear drying gradietiiat forms between the
exterior and interior of the deckDrying and shrinkage increase at tlencrete
surfacefrom exposure to the environmenthile the interior concrete maintains a
moreconstanimoisture content andolume. The shrinkage of the surface concrete is
restrained by the inner concrete, cagdiensile stresses and posgibracking. The
tensile stresses develop parallel to the surfeamesingcracksto initiate perpendicular
to the surface (Bisschop and Van Mie2000). The use of stajn-place forms
preventsdrying from occurringon the baibm decksurface, doubling the drying
gradient through the deck depth and increasing stresses and cracking.

Concrete rmaterial properties have beesstablishedas the major factor
contributing to drying shrinkage. Cement paste has the highest shrinkagégbatf
all concrete constituentsand therefore, is known as the main source of drying
shrinkage. Aggregates provide stiffness to the concreteraiatain dimensional

stability with loss of moisture. An increase in the aggregate volume fraction of



concrete reduces drying shrinkagelncreased cement fineness increases drying
shrinkage by decreasing there size of thpaste capillaesand increasing capillary
stresses.Reynolds et al(2009 determined that additions of pweettedlightweight
aggraate in conjunction with ground granulated bfasnace slag (GGBFS) reduced
drying shrinkage.Yuan et al. (2011jound that additions of fly adlead to increased
drying shrinkageup to one yeafor shorter curing periods. BotReynolds et al.
(2009 and Yuan et al. (2011determined that increased curing periodsttecduced
drying shrinkage.

The primary cause of drying shrinkage is evaporation of free water from the
cement paste capillaries, althougthsorbedvater is also lost from hardened caia
silicate (GS-H) gel and solid surfacesAs water is lost from the cement paste,
internal pressure developfrom three phenomenacapillary stresses, disjoining
pressures, and surface free energy.

Capillary Stress

Capillary stresseslevelop due tothe evaporation ofpore waternear the
concrete surface The relative humidityRH) at which pore water evaporates
dependent on the pore radius and surface free energy (surface tension) of the water.
When capillary pores lose moisture, the surface wmmf the pore water forms a
meniscus at the interface between the air and water. The surface tension begins to
pull the pore water inward, shrinking the adjacent pa$tee amount of hydrostatic
pressurethat develops within the capillaries is a funotiof the pore radius and

surface free energwnd can be expressed as:

0 — (1.1)

wherePe,pi s t he hydrostatic tension, orisi s t
the capillary pore radiusLarge capillarieempty @& RH valuesdown to 95 percent

and developlow stressesand shrinkagedue to the lege pore radius. Water in

he
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smaller capillaries evaporates as tRél continues to drop, increasing bothe
hydrostatic stresses and shrinkage. Capillary stresses cannot develop below 45
percentRH because the menisci are no longer stgblandess et al. @03) This
shrinkage mechanism only occurs in pores betweeto&6 nm(8 x 10% to 2 x 10°
in.) in diameter. In pores larger than 50 nx 10° in.), the hydrostatic tensiofis
toolow to cause significant shrinkagé& meniscus will not form to guwater inward
in pores smaller than 2.5 ni@® x 10%in.) (Larrard1997)
Disjoining Pressure

The relief of disjoining pressure between-&H gel particles is another
mechanism thatontributes talrying shrinkage.Disjoining pressurés caused byhe
buildup ofadsorbed watr on the surfacef adjacentC-S-H particles Adjacent GS-
H particles arenutually attracted to one another byan der  \VEabairigiegd f or c e
the particles in close contacAs the particles come in contact with watedsarbed
water accumulates on the particles and thickens with incre&dihg Disjoining
pressure developas the thickness of the adsorbed wdietween adjacent particles
increasessufficiently and separation occurs betweerarficles as the disjoining
pressureinr eases abovattractans der Waal so

A reduction inRH leads to evaporation of a portion of thesorbed water and
a decrease idisjoining pressures. The&H patrticles are once again drawn together
as van der Waal s0O at ngrpesstures,odecreasigtbectatad t h e
volume of the concrete. As with capillary stressesgeffextof decreased disjoining
pressure on shrinkage is only significdat RH above 45percent(Mindess et al.
2003)
Free Surface Energy

Free surface energy cae blamed for anyrgling shrinkage of concrete RH
below 45 percent. The surface free energy of the solid increases considerably as the

most strongly adsorbed water is removed from th8-K particles. Compression
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pressures develop within the gel paes as a function of the surface energy and
particle specific surface aredecreasing the solid volunglindess et al. 2003)
Autogenous Shrinkage

Autogenous shrinkage is anique type of drying shrinkagehat occurs
without the loss of moisture to thenvironment. It is associated with cement
hydrationand is ofterreferred to aghemical shrinkage The process involvesH-
desiccatiorthatoccurswheninsufficient water is available in the pa$te continued
hydraton of the cement. Water is thedrawn out of capillary pores between the
cement particleashydrationprogressedeading to shrinkag@Holt 2001)

Autogenous shrinkage occurs at low watement ratios and in dense
concrete wher@xternalcuring water cannot easily penetrae concete Powers
and Brownyard (1948) suggested that complete cement hydfeigmo autogenous
shrinkage)occurs at watecement ratios above 0.4but this value can change
depending on gel porosity Concretescontaining silica fume may experience
autagenous shrinkage at higher watement ratios due the decreased concrete
permeability. Autogenous shrinkage hasorerecently become a concern as modern
admixtures are usedto produce high-strength concretes witlvery low water
cementitious material rats. Even at low watecement ratios, autogenous shrinkage
can belimited by the addition of adequate water during curiftg example through
the use of pewetted lightweight aggregate as a source of internal curing water
(Bentur et al. 2001, Cusson aHdogeveen 2008entz and Snyder 1999, Pyc et al.
2008.

1.2.2 Thermal Cracking

Thermal cracking in bridge decks is caused by stresses from thermally
induced volume changes the concrete deck. Concrete expmadd contrad as
internal temperatures increaaad decrease. The restraint placed on the concrete

from the girders, abutments, and reinforcing stpedhibits the concrete from
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expanding and contracting and stresses deveddfer deck placement, the concrete
temperature quickly risefor a few hoursdue to the heat of hydration. During this
time, the concrete haeelatively low stiffness and does notlevelop significant
stresseslue tothermallyinduced expansion. After reaching a peak temperature, the
hydration rate slows and the concrete beginsontract as itools down to ambient
temperature. The concrete has sufficiestiffnessby this time to develop tensile
stresseshat may be high enough to cawsacking, as the contraction is restrained by
the girders, abutments, aneinforcement (Bbaei and Fouladgar 1997 he higher
the initial concrete temperature compared to the girders, the greater the potential for
thermal cracking

Nonlinear temperature changes within concrete may iediesses without
anyexternal restraintinternal hermal crackingnayoccur in thick concrete sections
due to a significant internal thermal gradieAithough not the case for bridge decks,
concrete sections with lowurface to volume ratsocannot adequately dissipéatee
internal heat generated fronmeé hydration reaction.The hgh internal temperatures
causeexparsion of the inner concrete aarly ages when sufficient stiffnesshas
been gainedo induce compressive stresses. Asdbuierconcrete begins to coahd
contract the sufficiently-stiff inner concrete providesestraintand induces tensile
stresse®n the surfaceHigh-early-strength cements with a high heat of hydration are
more susceptible to thermal cracking due to the increased heat evolution that causes
greater initial expansionThe use of Type IV cemeictin reduce thermal expansion
by decreasing the amount of heat produced during hydr@imesset al.2003)

Differences in coefficiens of thermal expansion betweematerials (for
example, deck and girders)ay causehermal cacking. A constant temperature
changecanstill induce stresses when the deck airdeys consist of twanaterials

with different thermalcoefficients (for example, concrete and steel) becatise
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materiab are unable to freely expand to differelegres where joined(Krauss and

Rogalla 1996)

1.2.3 Settlement Cracking

Settlement, or subsidence, cracking occurs as fresh concrete continues to settle
after consolidation. The settlement creates a weakened concrete zone above the
reinforcement adéixed objects,such as reinforcing steaksist the movement dhe
concrete. Tensile stresses develop directly ablogeeinforcement as the concrete
settles on either side @& bar. Because ancrete has little tensile strength in the
plastic condition these stregs often initiatesettlement crack Even if settlement
cracking does not occur in the plastic concrete, the weakened concretkiedothe
settlement can provide a prime location for ceat form after the concrete has
hardened (Babaei and Purvis989. Research by Dakhil, Cady, and Carrier (1975)
foundthat increased slump and bar size and decreased topresutted inncreased
settlement cracking this study is discusseih greater length in Sectiod.4.3
Insufficient consolidatiomalso increases the settlement of plastic concrete around
reinforcement. Suprenant and Malisch (1999) cotedl@study similar to that of
Dakhil, Cady, and Carrier and determined thia¢ use of polypropylene fibers
significantly decrases settlement crackingoresumablyy making the concrete more
cohesive andby providing tensile strength to tipéasticconcrete matrix to counteract

the restraint provided by the reinforcement.

1.2.4 External Loading

External loads applied to bridge decks;luding self weight, dead loadrom
barriers and medianand live load from traffig causeflexural tensile stresses that
can initiate flexural cracking.Girder and deckstiffness andspan lengthare factors

contributing to the magnitude of tensileestses developed in the deck. Krauss and
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Rogalla (1996) suggestedhowever,that stresses caused by external $oade

minimal compared to those caused by thermal or shrinkage strains.

1.3 BRIDGE DECK CRACKING ORIENTATION

Crackingin bridge deckss often categorizedbased orthe orientationwith
respect tahe longitudinal axis of the bridgelhe orientatiorof the reinforcing steel
with respect to a cracffects the exposure of the steel to the environm&vihen a
crack is perpendicular to the reindement, only localized corrosion will likely occur.
Researchhas suggested that corrosion occurs between three and thirteen bar
diameters away from an intersecting cragirauss and Rogalla 1996) Deck
cracking howevercommonly appears directly abosed parallel tareinforcing steel
due tothe weakened plane developed above liaes caused by settlement, which
increases the riskf corrosion of reinforcing stedlecausea largepercentage of the
bar area is exposed by tbeack. The Portland Cement Asciation (Durability 1970)
divided cracking into six categoriedransverse, longitudinal, diagonal, pattern or
map, Dcracking, and random crackindgcachtype ofcrackingis caused by different
mechanisms andill typically develop at specific locatiorna a bridge deck.

Transverse crackare oriented perpendicular to the longitudinal axis of the
deck and are the primatype ofcracking found in bridge decks. The cracks typically
form early in the deck lifedirectly above the tramsrse reinforcemencreating a
direct pathfor oxygen, moisture, and deicing chemictsthe steel. These cracks
may befull depth (Krauss and Rogalla 199@nd are located 3to 10 ft (1to 3 m)
apart along the spdength (Durability 1970).

Longitudinal cracking develap parallel to the bridge centerline and is
typically found in solid and hollow slabridges. These cracks usually extetabve
the longitudinal reinforcing steel in solid stabidges and above the void tubes in
hollow slabbridges. A primary cause of legitudinal cracking is the longitudinal

reinforcement which restrairs the settlement of the surrounding plastic concrete.
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Longitudinal crack arealso commonly found propagatireg the end othe bridge
decksfor declks that arentegralwith theabutmen{Schmitt and Darwin 1995, Miller
and Darwin 2000, Lindquist al.2005 Pendergrass et al. 2011

Diagonal cracking is observed near integral abutmekesyed bridge ends
and over singkeolumn piers This cracking generally does not develop in any
patern and is caused by flexural stresses and drying shrinkage.

Pattern, or map, cracks are found on all types of bridges and are typically
much shorter and shallower than other crack types. These cracks typically
interconnect and can occur at any locatona deck. Map cracks can be attributed to
rapid evaporation of the surface moisture from improper cudhgearly ages
(Durability 1970). Overfinishing of the deck surface can bring excess cement paste to
the surface andan alsdead to increased magpacking. Map cracking has not been
found to cause significant lortgrm durability problems in bridge decks.

D-cracking consists of cracks parallel to joints and edges of concrete slabs.
This cracking is primarily caused by freetbaw damage of satueat aggregates and
occursmostfrequently in slabs on gradeotin bridge decks.

Random cracks are categorized as any cracks that do not fit another category.
These cracks cahavea variety of orientations and can be attributed to a range of

factors.

1.4 FACTORS AFFECTING BRIDGE DECK CRACKING

Thelargenumberof variables involvedin bridge design and constructibas,
in the past, madd difficult for researchers to agree upon the primary causes of
bridge deck cracking. Bridge deck crackingffectedby a complicated interaction
of many factorssome of whictare not fully understog@dnd cannot be pinpointed to
a single cause Concrete shrinkage is generally responsible for many of the factors
that promote cracking, but is ndhe sole cause of crackin A number of

investigationshave come taimilar conclusions on thé&ctorsprimaily responsible
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for cracking. Generally, theacceptedfactors are functions ofconcrete material
properties, construction methods, environmental conditions, and sttudasign.
Four studiesthat focus on the causes and remedies of bridge deck craakeng
reviewed inSectionl1.5 and te factors concluded to mosaffect crackingin each
studyare summarized This section summarizes the farst affecting deck cracking

that are generally accepted among researchers.

1.4.1 ConcreteMaterial Properties

Many studies suggest that concrete material propdréies the greatest effect
on cracking tendencyFortunately, thesmaterial propertiesanbe controlled by the
engineer without much dependgran other characteristiad a bridge designSince
restrainedshrinkage is accountable for muchconcrete crackingnuch ofcracking
can betied to the shrinkage potential of each individual concretestituent. It is
accepted among researchers thairimary factor contributing to shrinkage is the
cement paste (water and cementitious materi@sjent This means thanhcreasing
guantitiesof water, cemeiitious material or both carcontribute togreater shrinkage.
In an evaluation of 32 monolithic bridge deck placements, Schmitt and Darwin
(1999) determined that concrete decks with a paste vogrester thar7 percent
had significantlygreatercracking than decks with paste volumes below tlailsie.
Deshpande et al. (2007) examined factors thought to affect concrete shrinkage
including paste content, wateement ratio, and cement typad found that paste
content was the primary cause of shrinkage. The researchers observed that free
shrinkaye of concrete specimens 180 drying dayicreased byl500 s the paste
content increased from 20 to 30 percehtotal concrete volumand an additional
100 O Uas the paste content increased from 30 to 40 percénan et al. (2011)
conducted restiined ring tests on concrete specimang monitored time to cracking
usingcompressive strain readingsthe restrained ringand visual observation. For

mixtures with a watecement ratioof 0.45 the researchersoted cracking 9 days
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earlier based orcompressive strain readings aB@ days earlier based on the
appearance afracks as paste contents increased from 24 tp&8ent

A number of studies havassociatedhigh cement contents with high
shrinkage and crackingA reduction in cement contenésults in a reduced paste
content, minimizing thepotential for concrete shrinkage and improving cracking
performance. Areduction incement contengélso improves cracking performance
through decreasedheat of hydration and thermaitresses(Brown et al. 2001).
Increased cement fineneisereases the potential forackingby increasinghe heat
of hydration and the resulting thermal stresseand capillary stresses that induce
drying shrinkaggChariton and Weiss 2002Krauss and Rogalla (1996) concldde
that cement contenis a major factor contributing to eargge crackingn bridge
decks They conducted restragd and free shrinkage tests fanixtures with varying
cement contents, water contents, paste contents, and-cgatent ratios. While
condicting the restraired shrinkagdests,the researchersbserved that thenixture
with the highest cement conteB46 Ib/yd (502 kg/m®), was thefirst to crackwhile
the mixture with the lowest cement conted70 Ib/yd (279 kg/m?), was the last to
crack. The researchers observednior link between increased paste content and
cracking tendency in the restraint tesi®he relationship between paste content and
free shrinkage was more apparent than that between paste content or free shrinkage
and crackig tendency.In a study of the cracking performance of 21 concrete bridge
decks, French et al. (1999) observed greater cracking with higisée andcement
contents.

Changes in concrete propertiégatoccur withboth increasingly high andw
watercementitious material ratios hawonflicting negative effects on concrete
durability and cracking.A decrease inwatercemetitious material ratidor a given
set of cowmrete constituent materials decreasescrete permeabilityand increases

compressivestrength The decreased permeability improves concrete durability, but
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the higher compressive strengteduces concrete creefOver time, he decreased
creeplimits the mitigation of tensile stressas the deckKrauss and Rogalla 1996

Tia et al. (D05) investigated the effects of watmmenitious materialratio and the
addition of mineral admixtures on creep. They observed reduced creep for mixtures
with lower watercemenitious materialratios. Reduced creep was also observed for
mixtures conteing slag compared to mixtures containing fly ash at comparable
watercemenitious materiakatios.

Lindquist et al. (2008) examined the free shrinkage performance of concrete
specimens as a function of paste content and wateent ratio. Paste corgntwas
reduced by decreasing thvater contentvhile maintainng a cement content of 535
Ib/yd® (317 kg/mi). As thewatercement ratiovas reducedrom 0.45 to 0.41the
paste contentvas reduced from 24.4 to 23gkercentof the total concrete volume.
Lindquist et al. observed deased free shrinkager concrete with lowelpaste
contents. The effect of watecement ration free shrinkages difficult to determine
from these observations due to the relationship between-eatent ratio and paste
content. The researcherfioweveralso examined the free shrinkage performance of
mixtures as a function of wateement ratio, while maintaining a constant paste
content. Lindquist et al. observed no significant difference in shrinkage performance
betweenmixtures with wateccement ratios of 0.36, 0.38,40, and 0.42 after 365
daysof drying, demonstrating that paste conteather than watecement ratio,sthe
primary variableaffecting shrinkage.

Odman (1968) analyzed the free shrinkage performanceof concrete
specimensas a function of watecementratio andaggregatecontentand observed
increasedree shrinkage at higher wateement ratios anbwer aggregateontents.

A decrease in aggregate content is directly comparableiteeease in pastcontent
at a given air contentThe effect of vatercement raticon free shrinkagevasmore

pronouncedat lower aggregatecontents. Ata 70 percentaggregatecontent (70
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percent of concrete volumean increase in wat@ement ratio from 0.40 to 0.50
resulted in anincrease in shrinkage afpproximatey 200 O U At a 60 percent
aggregateontent,a similarincrease in watecement raticesulted inanincrease in
shrinkage oipproximatéy 3600 U

Deshpande et al. (200@nd West et al.(2010 examinedthe free shrinkage
performance ohonair-entrainedconcrete mixtureshat had been cured for 3 days
and observedincreagd shrinkage in mixtures with deza®d aggregate contents.
They also observé that the effect of aggregate content on shrinkage asetevith
time. For example, the difference in free shrinkage atde8@ ofdrying between
mixtures containing 60 percent and 70 percent aggregate content wp§ 139 whi | e
the difference at 365 drying days between the same mixtures wat)188 contrast
to Odman (1968)Deshpande et al. (2007) akidest et al. (2010pbserveda small
decrease irshrinkage with a increasein watercement ratiofor mixtures with he
same aggregate contentHansen and Almudaiheem (198@&xamired the free
shrinkageperformance of concretes a function of aggregate contant, similarly to
Odman (1968)Deshpande et al. (2007), arest et al. (2010¥ound an increase in
aggregatecontentin this casefrom 65 to 70 percent resulted ina decreaseg(18
percent)in drying shrinkage. French et al(1999) observed that maximizing the
aggregate volume reduces cracking

Research by the Portland Cement Association (1970) determinagséhata
larger maximurrsize and lowshrinkageaggregataeduced shnkage and cracking.
Imamoto and Arai (2008jound that an increased aggregate specific surface area
(SSA) for concretes with the same cement content and wateent ratiaesulted in
increased shrinkageKrauss and Rogallal996 observedhatthe use ofaggregates
with a high modulus of elasticity, low shrinkage, and low coefficient of thermal
expansiorresuledin lower shrinkage Russell et al. (2003) suggedtone negative

effect ofusingan aggregate with high modulus of elasticitys thatit can provide
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added restraint andnternal stress concentratisnthat can lead tointernal
microcracking  The dvelopment of surfacanacrocracks however, have a
considerably greateimpact onthe corrosion of reinforcing steghan do internal
microcracksand the benefits of usingnaggregate with high modulus of elasticity
seem tooutweigh any associated negative effegthen overall shrinkage is
restrained, as it is for bridge decks

Slump is a plasticoncrete propertyhat isaffected bythe proportions of the
concrete constituesitand can influencecracking tendency. Increased cracking is
observed directly above reinforcing stéet concretes withncreased slump due to
settlement acking (see Sectiorl.2.3. Darwin et al. (2004) andlindquist et al.
(2005) examined 31 bridge decks and observed an increase in crack density of 0.11
m/n? asthe average slump increased from 1.5 to 3 in. @®@5 mm). Similarly,
McLeod et al. (2009) anduan et al. (2011) observed decreased overall cradking
concretes with loweslumps in bridge decks that were constructediccordance with
the low-cracking highperformance concret¢LC-HPC) specificabns in Kansas
compared to decks constructddllowing the standard Kansas Department of

Transportatiorspecifications.

1.4.2 Construction Methodsand Environmental Conditions

It is generally accepted thatorstruction proceduresand environmental
conditionsduring and afterconstructionaffect bridge deck crackingKrauss and
Rogalla (1996) compiled and ranked a list of construetedated factors that
contributeto cracking, which include weather, time of casting, curing period and
method, finishing procedes, vibration of fresh concrete, and pour length and
sequence. Theconcluded thatveather, time of castinguring, and finishingra the
factors with the greatest contribution to crackingd study by the California
Department of Transportation condkd that adverse weather conditions during

placementsuch as strong winds, high ambient temperatures, and low hurhiity
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greate effect on crackingperformancahanany construction factor examin€¢doppe
1981).

1.4.2.1 Weatherand Time of Casting

Weather onditions during and imediately after placement affedhe
cracking performance of bridge decksnvironmental conditions have a considerable
effect on the development ofirying and thermal shrinkage stressvithin a deck.
Drying and shrinkage at theeck surfacencreasewith an increased evaporation rate,
which isa function ofambient and concrete temperature, relative humidity, and wind
speed. Bridge deck cracking performance uffected by both the concrete
temperature and the relative temperatdiféerence between the deck and girders
Thermalstresseslevelop within the decksambient temperatureontribute toarge
temperature differences within the deck and between the deck and giKteusss
and Rogalla (1996) observed that deck placénaeming early evening or night
helped reduce crackingConcrete plaatin cold weatheexhibitsa decreased rate of
hydration and strength developmemitdprecautionshould be considerdd maintain
concrete temperatures during cutingVhen warm concte is placed in a cold
environment, the air is heated directly above the concrete surface, lowering the
relative humidity.  This reduction in relative humidity can cause increased
evaporation and plastic shrinkage crackiigauss and Rogalla 1996).

Frenchet al. (1999examinedhe cracking performance of 10 prestressed and
8 steel girder bridges as a function lmifjh and low temperature on thday of
placement.Incomplete construction records prevented correlatiamm beingmade
between differences beteen ambient and concrete temperatirand cracking
performance. The researchers determined that decks with the lowest cracking
tendency were cast on days in which the air temperature was betvaegnof 65° to
70° F (18° to 21°C) and a low of45° to 50° F (7° to 10°C). Three of the four

lowestperforming prestressed girder decks had low air temperatures during deck
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placement at or below 3% (2° C) andthe other lowperforming prestressed girder
deck experiencedonsiderablyhigh air temperatures pproximately 90°F (32° C),
during placement.A wide temperature range on the placement datecalstiibuted
to increased cracking.A slight trend of increased crackinvgas observed for both
prestressed and steel girder bridgesigh temperatuie deceasedon the placement
date.

In contrast to French et alLindquist et al. (2005) obsezd decreased
cracking in conventional overlay deckas high temperatures decreased on the
placement date The conflicting observationmay be a result of neither agsis
considering the effect of ambient and concrete temperature differences during
placement. Both Lindquist et al. and French et abservedthat increasedir
temperature range dhe placement date did increase crackng tendency. Yuan et
al. (2011) examinedthe relationshipbetween cracking performance and ambient
temperature on the casting date for 40 monolithic bridge decks in Kassegsa
dummy variable analysis(Draper and Smith 1981)In the analysis, the researchers
observed trendsimilar to that observed blyindquist et al. (2005}inding increasd
crackng with anincrease in maximum air temperature on the placement date.
Similar to trend®bservedy French et al. (1999) and Lindquist et al. (2005), Yuan et
al. (2011)alsoobserve increasd crackng with anincrease in temperature range on
the placement date.

As discussed in Sectioh2.2, the thermal interaction between the concrete
deck andthe girders can induce thermal stresses and cracttirgyto the restraint
provided by thegirders Placement of highelemperature concrete on lower
temperature girders can lead to increased cracking due to the thermal stresses
developedby the largeinitial temperature difference between the concretethad
girdersas the temperatures ofetltoncrete and girdersturn to ambient conditions

over time. The @ncretetemperaturecanincrease above that of tiggdersdue tothe
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heatgenerated byydration at early agesesulting ingreater expansion of the deck
compared to the girdersAs the heat of hydratiodecreaseshe concrete cools and
contracts just asufficient strengtlhas been gaineid developensile stresses

Subramaniam and Agrawal (2009) monitothd temperatures and strains of
the concrete deckand steel girderof newy-constructed bridges to examine the
development of earlgge tensile stresses in the decks and observed aimapdse
in concrete temperature within the first 48 hours, followed by a cooling period to
ambient temperature. After 48 hours, the meastaexberatures of the steel girders
and concrete deck remained néae ambient temperatureTemperatureontrolled
concreteplacedin cold environmentgan experience the problems associated with
temperature differences between tleek and girdeyif precautions are not takerAs
the low ambient temperatureventuallyincreases, the girders expamre than the
concrete and tensile stresses develSpudies have recommended heating of the air
below the deck to increase girder temperatures in cold weé@heability 1970,
Babaei and Fouladgar 1997)

Babaei and Purvig1996 conducted a field analysf eight bridge decks

under construction.Ambient and concrete temperatsir@ererecorded throughout
the curing process and concrete samples were takéetérmine thermal and drying
shrinkage. Thermal shrinkage was estimated using the maximum temperature
difference between the concrete and ambient air for a period up to 8.5 hours after
casting. The ambient air temperature was assumed to be equivaldrd steel girder
temperature for this timeframe. The researclhecommended that to maintain a
transverse crack spacing greater than 30 ft (9 m), thenrth drying shrinkage
shouldbelessthan7Q@) and t he thermal cont plachtyi on sh
keeping the temperature difference between the concrete deck and steel girders to

within 22° F (12° C).
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The construction specificatisrfor low-cracking highperformance concrete
(LC-HPC) bridge decks in Kansas require decks be cast withonareteemperature
range of 55 to 70F (13 to 21°C) with a 5°F (3° C) adjustmenbutside of the range
if approved by théengineer The specificatios prohibitplacing concrete if there is a
probability of the air temperaturéropping more than 25° F1@4° C) below the
concrete temperature during the first 24 hours after placement unless insulation is
provided for the deck and girdefKansas Department of Transportation 2607
This requirementeducesthe influence ofthermal stresssthat resuls from a large

temperature differendeetween tk deck and girders.

1.4.2.2 Curing

The mmediate implementation of curingechniques féer finishing is
important for preventinglastic and earhage drying shrikage cracking. Proper
curing is critical on bridge decks due tohé large surfacerea exposed to the
environment. The construction specificagdior low-cracking high-performance
concrete (LGHPC) bridge decks in Kansas requihat wet burlap be plackwithin
10 minutesof strikeoff and a seconburlaplayer be placed within an additional five
minutes (Lindquist et al. 2008, McLeod et al. 2009, Yuan et al. 2011, Pendergrass et
al. 2011)

Research by Holt (2001) illustrated timeportanceof proper cumg on early
age concrete shrinkagé&igure 12 displays he effect of curingnethod on shrinkage
to an age of 70 daysSpecimens were placed in three environments during the first
24 hours after castingncluding exposure to 4.5 mph (2 m/s) wind, 40cpet
relative humidity, and 100 percent relative humidity conditiods shown inthe
figure ealy-age shrinkage was fourtd increasesignificantly for concrete exposed
to 4.5 mph (2 m/swind during curing. Concrete cured in a 40 percent relative

humidity environment exhibited lower shrinkage, and-aated concrete subjected to
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Figure 1.2 Effect of curing environments on shrinkage (Holt 2001)

100 percent relative humidity exhibited the lowest shrinkage of all. Thewet
concrete did not experience any shrinkage during curing.

Therrien et al. Z000 measured the ultimate moisture loss of concrete
specimens as a function of curitigne and relative humidityFigure 1.3). The
researchers determined thabatpercent relative humiditynoisture lossncreasd as
curing time decreased They concluded ths relationshipwas due to increased
moisture loss from the larger paste capillary pores in the specioueed for the
shorter periods Theresearchers believed that tlemger curing allows concreteo
develop smaller poregs a result of ongoingydration thatcanbe emptieconly at a
lower relative humidity (< 53 percent) They concluded that concrete exhibits
decreased moisture loss when cured longer due to a greater amount of internal water
beingconsumed by thencreased cement hydratiolAs shownin Figure 1.3, at the
high relative humidity 97 percent), similar moisture losse®re observedor all

concretes, regardless of the length of curiley concluded that this was due to the
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Figure 1.3 Moisture loss versus curing time and relative humidity (Therrien et al
2000)

relative humidity being too high to empty either largemall pores.The behavior of
the specimensstored at the lowest relative humidity in the test i®f particular
importance since this humidity ismore indicative of typical bridge deck
environments

Nassif and Suksawang (2002) examined the effect ohgysrocedure on
concrete shrinkage. The researchers subjected specimens to six different curing
procedures including moist curing at 95 percent relative humidity, dry curing,
application of a curing compound, and curing under a wet burlap cover foaBd 7,
14 days. The concrete that was moist cured at 95 percent relative humidity
experienced the least shrinkage, while the-amed, curing compound, andday
wet-burlapcover concrete experienced the greatest shrinkage at 28tayging.

Increasingourlap cover time was observed to reduce shrinkage.
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Yuan et al. (2011pnalyzed the free shrinkage performancel@® percent
cement and cement and fly ash combination mixtures at constant paste contents.
They observed decreased free shrinkagetifigrmixtures with bothcement and fly
ashwhen subjected tincreasing curing periods of 7, 14, 28, and 56 days. The
researcherglso noted that mixtures containing fly ash exhibited npyoounced
free-shrinkage benefits with increased curing peritdosn thel00 percent cement
mixtures. A mixture containinga 40 percenteplacement by volumef cement with
fly ash experienced 3®U gr e at e mfter Sh daysrok dryng than a
correspondingmixture with 100 percent cementhen cured for 7 days, while the
samefly ash mixure experienceequalshrinkageto the cement mixturefter 30days
of drying when cured for 14 daysWhen cured for 28 and 56 days, the mixture
containing 40 percent fly ash exhibited 21 &n@ lddskhrinkage, respectively, than
the correspondingmixturewith 100 percent cemeafter 30daysof drying. Tia et al.
(2005) analyzed the free shrinkage of mists containing replacements of cement
with fly ash and slagcement They observedlecreased shrinkage #se curing
period was increased from 7 to 14 days for mixtures containing a 20 percent
replacement by weight of cement with fly ash. No reductiorshrinkagewas
observed aghe curing period was increased from 7 to 14 days for mixtures
containing 50 to 70 percemeightreplacemergof cement with slagement

Lindquist et al. (2008) observed decreased shrinkaigje an increase in
curing period fom 7 to 14 days mixtures with a given watezement ratiand paste
content They also observethatincreasng thecuring period from 7 to 21 days had a
more pronounced effect saducingshrinkage than decreasing the paste content from
23.3 to 21.6 prcent. Reynolds et al. (2009nalyzed the shrinkage performance of
mixtures containin® to 14percentvolume replacements of normalweight aggregate

with prewetted, intermediatesized lightweight aggregatand 30 to 60 percent
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volume fractionreplacemats of cement with slagcement They observeda

reduction infree shrinkagas the curing period was increased from 7 to 14 days.

1.4.2.3 Finishing

Concrete finishing procedureiso affect bridge deck crackingverfinishing
and overwetting of the deck surfapemoteincreasd spalling (Larsoret al. 1967)
and scaling (Kliegel955). Overfinishing of the surface pushes coarse aggregate
lower into the deck and brings excess cement paste to tfazesucontributing to
durability problems. Lindquist et al. (208) noted that roller screeds, which are
commonly used ircontemporaryconstruction, bring more paste to the surface than
vibrating screeds, which were typically used in the 19&Dsncrete that is finished at
a slover rate is exposed to the environment #olongerperiod oftime andis at risk

of plastic shrinkage crackindue to delays in thimitiation of curing

1.4.3 Structural Design

Details of structural design can have an effect on cracking tendency, although
this study focuses on thefluences oimaterialpropertiesand constructiotechniques
on cracking. Krauss and Rogalla (1996) determined that degree of restraint had the
greatest desigrelated effect on crackingAs discussed in Sectioh.2, increased
stresses de@lop when thelegree of restrains greatest between the deck andigis.
A fully-restrained deck doe®ot allow any concreteshrinkage or expansionithout
the development of stresses, while a partia#dgtrained deck allows a portion of
concretestran to occur before stressdevelop. The dimination of the composite
action between the deck and girders would reduce the restraint provided to the deck,
although isolahg the deck from the girders is not normally economically practical
andan amount ofestraintwill always exist from the friction between the deck and

girders(Krauss and Rogalla 1996).
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A number of reports suggest that continuous spans exhibit increased cracking
compared to simpkgupported spandrauss and Rogalla 1996, Ramey et abd,9
and Ramey and Wright 1994 Some studies suggest thatich of the crackingn
continuous spansccurs directly above the piers in the negative moment region of the
deck(Ramey et al. 1996, Ramey and Wright 198hre this is the location in which
the top deck surfacesiplaced in tension.Other studies have found no increased
incidence of cracking in negative moment regions (Lindquist et al. 2005, Pendergrass
et al. 2011, Yuan et al. 2011).Studies by the Portland Cement Association
(Durability 1970, Ramey et al. (1996), and Ramey and Wright (1994) reported
increased cracking with use of steel girders compared to concrete girders. This
increased cracking is likely due to the greater flexibility, longer possible spans,
difference incoefficiens of thermal expansion, and lack of cregp relieve induced
tensile stress) iateel girders.

Babaei and Purvis (198 determined thathe use of larger reinforcement
bars increased the probability of a weakened planeiigrabove the bars, increasing
therisk of cracking. Babaei and Hawkins (1987¢commendedhe use okmaller
diameter reinforcement to reduce crackin§chmitt and Rrwin (1995) similarly
observedincreased cracking witthe use of No. 6 (19 mm) top reinforcing bars
compared to No. 5 (16im) or a combination of No. 4 and No. 5 (13 and 16 mm)
bars.

Dakhil, Cady, and Carriefl975) determined thatecreasd depth of cover
and increasetbar sizeincreased cracking directly abotee reinforcement(Figure
1.4). Decreased cover compoundg aorrosion problems since cracking tendency is
increased and theorrosive agents have a shorter distance of travel to reach the
reinforcement (Lindquist et al. 2006)This increased cracking is thought to occur

with decreased covdrecause less concrageavailable to counteract the weakened
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Figure 14 Settlement cracking as a function of bar size, cover, and slump (Dakt
al. 1975)

plane developed above the reinforcement from subsidence of foesitrete

(Durability 1965).
Perragaux and Brewster (1992) and Meyers (1982) reported trends that conflict

with the observations of Dakhil etl. (1975) by obsemg greater crackingwith
concrete coverabove 3 in. (75 mm), although Dakhil et al. (1975) did not test covers
above 2 in. (51 mm). An outside consultant (Wilbur Smith Associates) recommended
that the Pennsylvania Department of Tporgation place the top transverse
reinforcement below the top longitudinal reinforcement to reduce transverse cracking
(Babaei and Purvis 1994b). The reversal of transverse and longitudinal reinforcement
was also recommended by the American Concret&utest{ACI) (ACI Committee

345).
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Krauss and Rogalla (1996&)bserved that larger girders at closer spacing
provide greater restraint and cause increased shrinkage and thermal streéisees
deck. They determined that any increase in cracking observed|dérger span
lengths is likely due to the larger girder size that must be. uSeldmitt and Darwin
(1995), Miller and Darwin (2000), aridndquist et al. (2005) found no significant
connection between span length agrdcking. Horn et al. (1972) observéuat
increasing the deck thickness from 6.4 in. (162 mm) to 8.6 in. (218 mm) reduced

cracking

1.5 LITERATURE REVIEW

This section reviewsour studies focused on th@imary causeof and means
to preventcracking on bridge decksThree of the studsewere completed at the
University of Kansas and provide background informatlaat serves athe basis of
this report. Theourth study by Kraus and Rogalla (1996)provides analytical,
field, and laboratory examinationsf aracking mechanisms and hasotably
contributed to advances in the subject of bridge deck cracking.

Schmitt and Darwin (19%)

Schmitt and Darwin (19 completed a studpf continuous steel girder
bridges throughout northeastern Kansas in an effort to determine the primary causes
of bridge deck cracking. A total of 40 steel girder bridges were analyzed in the study,
consisting of37 composite and 3 nesompositedecks. Of the 37 composite decks,

15 decks were monolithic, 20decks had a higkdensity (conventional) concrete
overlay, and 2deckshad a silica fume overlayThe bridgesepresented wide range

of ages, traffic loads, and levels of deterioratisma greater variation in cracking
existedto better establishelationshig between cracking performance and each
consideedvariable. Design and construction data for each bridge was collected from
project files, construction field books,-bsilt plans, and weather data loggrom

this data 31 variableswerethen comparetb the cracking observed on each deck to
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determire correlations with crackingDue to the wide range of deck types analyzed,
comparisons were madaimarily between decks of similar typeThe thirtyone
variables consideredn the study were divided into four categories: material
properties, site contibns, construction procedures, and design specifications.

Field surveys were conducted to determihe degree of cracking on each
deck. All cracks werelocated and marked by surveyors ahédntransposed t@
scaled diagram of the degiroducinga cra&k map The crack maps wergcanned
and crack densitigs linear meter of crack per square metardeck were calculated
with use ofcomputer progras1 Crack densities were calculated for each entire deck,
separate spans, separate placements, ansthentd last 3 m (10 ft) of each deck.

Schmitt and Darwin (1995) came teveral conclusionslealing withcrack
performance. The mean crack densities for monolithic and overlay decks (both
conventional and silica fume) were found to be nearly idenscalgesting that deck
type has little effect on cracking performanc&he overlay deckshowever,were
generally younger than the monolithic declsfactor that affected this comparison
(see discussion of work by Lindquist, Darwin, and Browning 20@8s)dge type was
alsodeterminedo havelittle influence on cracking, buhcreased bridge length was
found to increase cracking for both deck typesridges withfixed-end (integral)
abutmentshad approximately 2 to 3 timegeatercrackingwithin 10 ft (3m) of the
abutmentsthan bridges withpinnedend girders An increase in cracks extending
from the abutmentsn the longitudinal directioroccurred as the length of deck
increasedalong the fixeeend abutments. A slight increase in cracking was evident
with increases in average annual daily traffic (AADT). It was also determined that
bridges built prior to 1988 exhibited less cracking than newer bridges of both deck
types.

Severalffactors were observed to influence crackingramolithic decks The

examination of material propertiggvealedthat cracking increased with increasing
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slump, percent volume of water and cement (cement paste), water content, cement
content, and compressive strengthCracking also appearedto increase with
increasing watecement ratios, but was difficult to arrive at definitive conclusion
sincethree similarwatercementratios wereall that wereused in the decks (0.40,

0.42, and 0.44)Cracking in maolithic decks increased with deasing air contents

with a significant increase in crackingn decks withair contens below 6.0percent

The environmental siteonditions foundto increase cracking includeincreased
maximum daily air temperature and daily air temperature range on the casting date.

A number ofconclwisions were also established for cracking performance of
decks with overlays. Overlays placedwith zereslump concreteconsistently
exhibited high crack densitie©verlays containing silica fume,water reducer, and
an air entraining agent (AEA) had neocracking than overlays containing only an
AEA. As with monolithic decks, overlay deckadincreased cracking with increases
in high air temperature and daily temperature range on the day of casting. Overlay
decks alsaexhibited increasd cracking withan increase in average air temperature
on the day of castingCracking was found to increase with increases in placement
length and to some extent, bridge skewncreases in racking occurred with
increased transverse reinforcing bar sitestrated ly greatercracking withthe use
of No. 6 (19 mm) top reinforcing bars compared to No. 5 (16 mm) or a combination
of No. 4 and No. 5 (13 and 16 mm) baGracking was found to be more severe as
thetransverse reinforcing bar spacing increased above §06@0.mm)

Schmitt and Darwin (1995) made three principal recommendations based on
their findings to reduce bridge deck cracking. First, the volume of water and cement
(cement paste) should not exceed 27.0 percent of the total concrete volume for
monolthic deck placementsor for the subdeck lpwer layej of overlay deck
placements Second, the minimum air content of concrete used in monolithic bridge

decks should be 6.0 percerntastly, concreteshould not be placed with a zero slump
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in bridge deck werlays Schmitt and Darwin (1995) recommended that several other
general practices be considered for design and construction of concrete bridge decks.
First, designers should be aware that the use of -Bxedgirders, as opposed to
pinnedend girderswill significantly increase cracking near the bridge abutments.
Second, the effects of high air temperatures and large changes in air temperatures
during casting should be considenetien scheduling deck placement$hird, the
lowest possible slump thatill still allow sufficient placement and consolidation
should be used on monolithic decks, with an upper limit of approximately 2.0 in. (50
mm). In addition, the use of shorter placement lengths, especially for overlays, and a
limit on the size of top émsverse reinforcing ste@No. 4 or No. 5 bars (13 or 16
mm)) spaced at 6.0 in. (150 mm) or less should be considé&iedlly, the use of fog
sprays should be specified for silica fume overlaydegsenthe risk for plastic
shrinkage cracking
Miller and Darwin (2000

Miller and Darwin (2000) completed a folleup to thestudy bySchmitt and
Darwin (1995, 1999). As with the previous study, the effects of material properties
and construction practices on the cracking performance of concrete bridge decks
throughout northeastern Kansas were evaluated. A comparison of bridge decks
containing silica fume overlays and conventional hignsity overlays was
emphasized in this study due to the increased usage of silica fume s\artais
time in Kansas. In the study, 40 composite continuous steel girder bridges were
evaluated, 11 of which were also investigated in the previous study by Schmitt and
Darwin (1995, 1999). Of the 40 decks, 20 had silica fume overlays, 16 had
conventional highdensity overlaysand 4 were monolithic.

The same procedures were used for field surveys and crack density analysis as
usedby Schmitt and Darwin (1995, 1999T.wenty-seven variables were considered,

including bridge age, material properties, construction proceduresigndes
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specifications, and traffic volume.Comparisons were made based on overlay
properties and properties of the subdecktieoverlay bridges.

Several conclusions were madased on the analysis completed in the study.
Crack densities were found to binilar for decks of the same age witbnventional
and silica fume overlay It was determined that crack density increased with age
for decks withsilica fume overlag. The study could not confirm that this behavior
was due to improved constructiomopedures or low age. Conversely, increased
cracking was observed in younger conventional oveday monolithic decks
constructed between 89 and 1995 compared to older deckghe same type

Cracking was compared based oconcrete propertiefor eachdeck type.
Cracking was found tancreasewith increased slump, cement paste content, water
content, cement conterand compressive strendibr monolithic decks and overlay
subdecks, regardless of overlay type and qual@pnventional overlaysvere also
observedo haveincreased cracking with increasiogmpressive strengthCracking
increasd for monolithic deckswith increased watezement ratios but this
relationshipwas not found for overlays or subdeckSilica fume overlays with
slumps greatethan 3.5 in. (90 mm) and conventional overlays with zero stump
exhibited greater crackingNo connection wa®bservedbetween air content and
cracking for conventional overlays, but cracking was observed to be significantly
lower for monolithic decks ith air contents above 6 percent.

Several environmental effects on cracking welbservedoy the researchers.
Decks with onventional overlaysexhibited increased cracking with incraag
average air temperature on tday of theoverlay placement. For silica fume
overlays, crackinglecreased with increasen relative humidity on theday of the
overlay placementand with use of fogging and precure matesialter placement.
For conventional overlays and subdecks, cracking increased with ingeas

maximum air temperature on thplacement date of theverlay or subdeck,
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respectively Cracking increased failica fume overlay, conventional overlay, and
monolithic decksas the daily air temperature rangereasedon the date of the
overlay or monoltic concretglacement

Relationships were established betwelsign considerations and cracking
tendency. Generally, steel structure type, bridge length, span type, and bridge skew
appeared to have rimk to cracking. This observation conflicts witimdings by
Schmitt and Darwin (1995) where bridge length and, to some extent, bridge skew
were found tanfluencecracking performance. Increased cracking was observed on
decks with increased transserbar size and spacing. The crack density withirt 10 f
(3 m) of the abutmentwas observed to be nearly three times greater for overlay
decks with fixedend girders compared pnnedendgirders.

A number of recommendations were made by the researchers based on the
findings. No conclusiosicould be made othe cracking performance tiie decks
with silica fume overlays because of the young age cfetlecks compared to the
conventional overlay and monolithic deckdgliller and Darwin (2000) recommended
that onstruction records be maintained for the lifedi of each bridge sthat deck
performancecould be comparedwith construction data in an effort to improve
construction procedures.  Therecommended limitations on thenaximum
cementitious material content and/or compressive strengtie provisions foboth
subdeck and overlay concrete. The use efyre material and fogging immediately
after finishing was recommended for all deck types.
Lindquist, Darwin, and Browning (2005

A study by Lindquist, Darwin, and Browning (200&as the final bthreefor
the Kansas Department of Transportattondetermire factors contributing to bridge
deck cracking in Kansasln the study, 59 steel girder bridge decks were analyzed,
that included49 of the bridgesinvestigated by Schmitind Darwin (1995, 199),
Miller and Darwin (2000)or both Of the 59 bridges, 1Bad monolithicdecks 16
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had conventional overlagiecks and 30 had silica fume overlalecks Of the 30
decks withsilica fume overlag, 19 had 5 percent of the cement replaced by silica
fumeand 11 had 7 percent of the cement replaced by silica fume.

As with the studies by Schmitt and Darwin (1995) and Miller and Darwin
(2000), field surveys were completed on the bridge dackkcrack densities were
calculated. In total, 27 variables werevraluated, comprising bridge age, construction
practices, material properties, site conditions, bridge design, and traffic volume. A
main objective of the study was to compare the performance of silica fume overlay
(SFO)decks with conventional overlgO) and monolithic(MONO) decksdue to
the increasing use of silica fume oveday Kansas.

Lindquist et al.calculated ageorrected crack densities for each deck to
remove the variable of age from the analysis. Thleserved thatrack densities
were hidner for overlay deck$0.51 m/nf for a 7 percentSFO, 0.49 m/rfor a 5
perceniSFO,and0.44 m/nf for aCO) than formonolithic deckg0.33 m/nf) and that
crackingin silica fume overlay decks wasgher hanfor conventional overlay decks.
These obsentmns are of interest since crack surveys of the same dgc&shmitt
and Darwin (1995) found similar cracking performafmeall deck types.Lindquist
et al. also observetthat directrelationshipsexist betweerthe construction contractor
and crackingperformance.Cracking was determined to increase with age, although a
significantpercentage of the cracking occurkeithin the first three years

Similar tothe findings ky Schmitt and Darwin (1995nd Miller and Darwin
(2000) monolithic and converdnal overlay decks constructed in the 1980s exhibited
less cracking thasimilar decks constructed in the 19903he opposite trend was
found for silica fume overlay decks, as a decrease in cracking was observed in the
1990s. Lindquist et al.determinedthis was likely the result of increased efforts to
limit evaporation, a cause of plastic shrinkage cracking, prior to application of wet

curing. The newestiica fume overlay decks were found to have slightly higher
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crack densities than decks construdtedhe 1990s, likely due to an increadsethe
silica fume content used in the ded¢i@n 5 to 7 percent

Relationships betweematerial properties and cracking performarneere
found to beconsistent withthefindings of Schmitt and Darwin (199%ndMiller and
Darwin (2000) Cracking increased witincreases irwater content, cement content,
cement pasteolume compressive strengtrand slump for monolithic decks and
overlay subdecks Decreased cracking was observed in decks with air contents
greaer than 6 percentFor conventional overlay decks, significantly higher cracking
was observed in overlaysacedwith zeroslump concrete.Increaseccrackingwas
also observeds the average and minimum air temperatures omldhe ofcasting
increased.For conventional overlay and molithic decks, cracking increased as the
maximum air temperature and daily air temperature range on theoflagsting
increased. Increased @cking was observed in overlay decks with larger transverse
reinforcementand pacingin the subdecksimilar to findings by Schmitt and Darwin
(1995).

Lindquist, Darwin, and Browning (2005) madevsral recommendations
based on the findings. Conventional highdensity overlays were recommended
place ofsilica fume overlays dut better cracking performance. The use of high
density concrete overlays was recommended to be limited to resurfacing applications
since monolithic decks exhibitddsscracking than overlay decks. Tipeocess of
selecting aontractor was recommendeullie based on the quality of previous work
since a clearelationshipwas found between contractor and cracking performance.
Other recommendations were consistent with previous recommendations by Schmitt
and Darwin (1995), including use of a cement pasilkime below 27 percent,
concrete placement at the lowest slump that will allow proper placement and

consolidation, andesign ofpinnedend girdersas opposed to fixednd girders.
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Krauss and Rogalla(1996

Krauss and Rogalla completed a multipart sttolydetermine the primary
factors that contribute tdransverse cracking in bridge decksThey identified
contributing factorsn three categories: construction methods, concrete materials, and
design details.The study include@n analytical examinationf variables thought to
effect cracking tendencyield instrumentatiorof a newly constructed bridge deck
and laboratory testing.

The analytical studyevaluated the impact oflifferent factors on tensile
stresses and crackingequations were deriveased on these factots calculate
stresses in a composite reinforced concrete breiggected to temperature and
shrinkage conditions.  Shrinkage and thermal stresses were calculated for
approximately 18,000 combinations of concrete material propertiels baidge
geometry. The analysis determined that concretaterial properties influenced
shrinkage stresses maiteandesign parametersModulus of elasticity was found to
have the greatesdffect of any physical concrete property on shrinkage and tHerma
stresses. Shrinkage and diurnal thermal stressesre found tobe linearly
proportional to concretshrinkageand the concrete coefficient of thermal expansion,
respectively. Their analysis indicated thatggregates with a low modulus of
elasticity wee found to decrease shrinkage and thermal strégse®creasing the
overall concrete stiffnesalthough in practicelow modulus aggregates have been
found to increase total shrinkagPickett 1956,Hansen and Almudaiheem 1987)
Aggregates with a greatéhermal conductivitywere determined toeduce thermal
gradients within the deck and lower thermal stresses

The design factors that most greatly increased deck stressksled
increased girder depttecreasedirder spacing, and decreased deckkimgss. Deck
reinforcement was observed to have a minimal effect on stresSe=el studs or

channels were found to locally increase deck stresses:irSpdgce steel forms were
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found to cause neaniform shrinkagen the deckthat produce greater streses at the
surface.

A field study was completeithrough instrumentatioduring deck replacement
of the PortlandColumbia Bridge, located between Pennsylvania and New Jersey
Strain and temperature sensors installed on the deck and guetersnonitoredrom
deck replacemenaintil several months after construction rreeasurethe shrinkage
and thermal behaviaf the bridgeat early ags. Environmental conditions were also
monitored throughout the study.The combmned measurements of deck strain,
temperéure, environment, concrete properties, and cracking tendency provided
important information to better understand the genefainkage and thermal
behavior of the bridgeThe recordedlatafrom thebridgeinstrumentation was then
compared with the equatis derived from thanalytical study The stresses based on
the measured straing the field study were found to be similar to the stresses
determinedn the analytical studyWhile the field datalid not necessarily reflect the
behavior ofall bridge decks, it verified that the analyticahpproachcould predict
actual behavior.

A laboratorytest procedure was developey Krauss and Rogalk@m compare
the cracking tendency of different concrat@xtures Concrete mixtures with
different material proprties were the focus of the laboratory testing sirtbe
analytical study determined these facttwshave thegreatesteffect on cracking
performance. Thirty-nine different mixtures were examuheising a restrained ring
test, which consisted of a conteeing cast around a section of steel tubimpis test
promoted the development of tensile stresses and cracking as the restrained concrete
began to shrink Gages on the steel tubingreasured strains to determitiee
initiation of cracks, and the conate rings were visually inspected for cracking.
Strength cylinders and freghrinkage specimens were also casinfeach mixure to

determinerelationshipsetween cracking and shrinkageyvelopment ostrengthand
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modulus of elasticity, and creeffhe effects ofa number ofactors werenvestigated
and ranked in order of importancewvere watercement ratip cement content
aggregate type and sjzéhe use ofhigh-range water reducersilica fume, set
acceleratorsand retardetsair-entrainment freezethaw cycles evaporation rate
curing; and shrinkageompensating cemen&ach factor waglaced in one ofhree
categories materials, design, oconstruction to investigate the effect of each
category on cracking.

A number oftrendswere observedbased orthe laboratory testing.Krauss
and Rogalla determined aggregate type to be the most significant factor affecting the
cracking of concrete Concretes with ggregateghat hadgreater angularity cracked
later han didconcretes wittmore rounded agegatesand aggregates with a high
coefficient of thermal expansion ahdyh modulusof elasticitywere found to initiate
more cracking. An increase in cement content and decrease in wateent ratio
were observed to increase cracking tendencyhe esearchers did not find any
correlation between water content and chaglperformance from the restrained ring
data, although increased water content was found to increase shrinkage as a result of
an increase in paste content. They suggested that agntgnto increase cracking
as the result of a higher water content was offset by the increased creep that occurred
in mixtures with higher water conteat The researchers did not observe any
relationshipbetween paste content or free shrinkage and timeraxfking in the
restrained ring tests They, however, believed that paste content is a primary
contributor to drying shrinkage crackin@lump was not found to have a significant
effect on crackingn the laboratory testout mixtureswith virtually noslump alow
cement content, and low watercement ratioexhibited the besperformanceby
taking the longest torack of all restrained ring specimenSlump was not expected
to contribute tocracking in the restrained ring test siracking due tolamp is a

result of restrained settlement, not restrained shrink&yackingwas delayed with
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the use of rinkagecompensating cemerdnd the addition ofly ashwas found to
slightly delay crackingn the restrained ring tesEntrained aiwas not bund to play

a role in cracking tendencySilica fume was found to increase cracking tendency
The use ofa highrange water reducetelayedcracking except when used with a
zeroslump concrete Concretes with set accelerators or retarders, on average,
cracke slightly earlierthan comparable controhixtures but the effect was not
significant enough to draw a conclusionConcrets subjected to longer curing
periods experienced lower crackinBenefitsof longer curingon crackingveremore
pronounce for concretes witta high cemenandlow watercement ratio.

Several recommendationgaling with materials and constructisiere made
by the researchets minimize cracking.Concrete witha high creep capabilitylow
modulus of elasticityand low coefficient of thermal expansioshould be usedo
minimize thermal and shrinkagstresses and crackingCement contents should be
limited to reduce shrinkage, decrease early strength, modulus of elasticity, and heat of
hydration, and increase creep. Kraasd Rogalla suggested that 56 018§ design
strengths be considered to promote low heat of hydraibnash was recommended
for use due to its reduction in early strengthhe largest possible maximum size
aggregate was recommended for use tonaflr a low paste contemhixture while
maintaining workability.

Krauss and Rogallsuggested placing concrete during earynid-evening to
minimize ambienttemperatures and lower the heat of hydratidaintaining lower
concrete temperatureguring placementwas suggesteds a wayto lower early
hydration temperatures and thermal stress@he pgacement of concrete much
warmerthan the ambient temperature was found to decrease the relative humidity
above thesurfaceand promote plastic shrinkage ckang. The study recommended
that concrete be cast 1 20° F (5to 10° C) cooler than ambient temperatuae

ambient temperatures above G0{16° C). Theyrecommended casty at ambient
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temperature for temperatures below 60¢16°C). Concrete shodl not be placed in
windy conditions and wet curing techniquesincluding misting, curing compound,
and wet blanket procedureshould be implemented quickly after placemantd
maintained for at least 7 days, and preferably 14 daysjinimize surface ging.
Windbreaks and concrete misting procedures shoulssbdduring placement when

the evaporation rate exceeds 0.2 f#iit (1 kg/nf/hr) to avoid plastic shrinkage
cracking. Mechanical groovingf hardened concrete@as recommendeith place of

rake tning of plastic concretdéecause of the decreased damage applied to the deck

surface andhe ability to more rapidlynitiate curing

1.6 FREEZE-THAW DURABILITY

The penetration of water and chemicals through eramkt only initiates
corrosion of the reinfaing steel, but also promatelurability problems of the
concrete itself. The environmental condition® which bridge decks arsubjected
place the concrete at high risk for the development of durability probleffise
nearly horizontal surface of mostdecks slows the removal of water and other
chemicals alternating wetting and drying cycles are much more damaging than
constantsubmersion,and freezing and thawing cyclesan lead to fracture and
spallingproblems Transportation Research Board 1R7%he development of cracks
cancontributeto damage under repeated fre¢lzaw cycles.This study examines the
freezethaw durability performancand scaling resistancas well as the shrinkage
and cracking performanceof concrete mixtures to more effealy extend the
lifespan of bridge decks.The following sectios discuss lte freezeéhaw damage
mechanism# both the cement paste and aggregatesepuitsmeasures that can be

taken to alleviate freezthaw problems.
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1.6.1 CementPasteFreezeThaw DamageM echanism

The high porosity and fine particle size of hardened cement passeshe
material to be susceptible to freelbaw damage Capillarieswithin the cement paste
are primary locatios for water to freezen saturated, noair-entrained oncrete
Powers and Helmuthl©53 observedhat a significantncrease involumeoccursin
nontair-entrained, saturated cement paste when subjected to freezing conditiiss
volume increasérom the expansive formation of iteads to internal tensile stresses
and cracking. In aientrained cement paste, very little volume increase
significant shrinkagés observediponfreezing.

The freezehaw behavior within cement paste is caused by several processes
including hydraulic pressure, osmotic pressure, @egbrption of water.Studies by
Powers (1945, 1949)initially concludedthat hydraulic pressure was the primary
contributor to the damaginmcrease in volume Powers proposed that a volume
increase due to ice foationinside a paste capillary cassmmpression of unfrozen,
residual water. This hydraulic pressure can only be relieved by the water escaping to
an open space by diffusion through unfrozen pores. Volume increases and stresses in
the capillary will occur if the distance is too great foe tiesidual water to escape
(Mindess et al. 2003)

Further analysis by Poweesnd Helmuth (1953)however,demonstrated that
processes other than hydraulic pressure weséey contributors tdhe freezethaw
damagein the paste The researchembservedthat partially-dry, norair-entrained
cement paste would initially shrink and then a&xg when frozen. The partialtry
paste had sufficienly empty pore volume to accommodate therease involume
from the water turning to ice. Freezing damage &0 observed with liquids that
do not expand when frozen. These observations suggest that water is moving towards
the frozen locationgather than awaySignificant dilation occurs as water travels to

the freezing sites, subjecting the surroundingetstensile stresses.
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Powers and Helmuth (1953) suggested thiat behaviowasdue toosmosis
Ice in a pore nucleates from the pore solution, leading to an increased solute
concentration in the liquid near the ice. Through the process of ositiessolution
with a lower concentratiors drawn towards theolution with ahigher concentrain.
The movement of this water causes osmotic pressure that can lead to stresses and
cracking in the surrounding paste.

Another explanationstems fromthe desorption of water. The freezing
temperature of water in paste capillarieb@sedon the diameter of the pore neck.
This causes water in smaller diameter pores to freeze at lower temperatures than
water in larger diameter pores. As the temperatwpsnelow32° F (0° C), water in
smaller diameter pores supertomther than ezes The chemical potential of ice
is lower than that of supercooled water, leading to a higher vapor pressie in
smaller unfrozen pores. This lowers the relative Idity nearthe frozen areas and
promotes the movement of water towards these frozen sites. The paste away from the
frozen regions shrinks and significant volumencreases and stressescur atthe

frozen locations in the paste.

1.6.1.1 Durability Effectsof Air Entrainment

Air entrainment is a proven method of minimizing fredz®v damage in
cementpaste (ransportation Research Board 1R79The addition of entrained air
provides empty space within the cement paste for water to move and fesseaing
damage. Water inside of the air voids begito freeze at higher temperatures than
capillary water due to thiarger size of the awoids. The processes of osmosis and
desorption reduce the saturation of fugroundingcement paste as nearby water is
drawn irto theair voids (Mindess et al. 2003

Higher air contentalone however,doesnot provide improved freezidaw
durability to the concrete. It is necessary to evenly distribute thv@ids throughout

the concrete to allow the majority tfe capillary water to be drawn into theoids.
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The osmotic and vapor pressures developed within the concrete are not great enough
to draw water into thair voids if the distance to these voids is too great. For this
reason,air-void spacing described in terms of ¢hairvoid spacing factorjs an
important component in determining the fre¢lzaw durability of concrete. Wair-

void spacing factor of no greater than 0.008 in. (0.20 mm) is suggested to provide
sufficient freezehaw protection to the concre{Russdl 2004). The volume of air
recommended byAmerican Concrete InstituteACl) Committee 201to achieve
satisfactory frost protection is between 5 amue6centfor mixtures with a maximum

size aggregate df in. (25.4 mm) The construction specificatisfor low-cracking
high-performanceconcrete (LGHPC) bridge decks in Kansas require air contents
within the range of 6.5 to 9.5 percefar concrete to be accepted for placement
(Kansas Department of Transportation 2007 The lower limit of the LGHPC
spedfications require air contents above that recommended by ACI Committee 201
based on observations by Schmitt and Darwin (1995), Miller and Darwin (2000), and
Lindquist et al. (2005) that bridge decks placed with concretes with air contents above
6 percentexhibit a drop in cracking. Thapper limit of the specificatianhelps

ensure that adequate concrete strength is achieved.

1.6.1.2 Durability Effectsof Water-CementitiousM aterial Ratio

The watercementitious material ratio of concrete has a great effecteezdr
thaw durability due toits relationshipwith total capillary poosity (Powers and
Brownyard 1947)and pore sizdistribution (Parrott 1989)Powers and Brownyard
(1947) determined that in fully hydrated portland cenpaste a reduction irwater
cenent ratio from 0.6 to 0.4 decreased the pore volume (capillary and gel pores)
fraction from 50 to 30 percentA lower watercementitious ratio and porosity result
in fewer large pores within the cemepasteand a lower maximum potential water
content. Lower watefcementitious material ratioslso reduce permeabilityvhich

increases durabilityoy lesseningthe penetrationof waterinto the concrete. ACI
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Committee 201 recommends that a maximum wedenenitious materialratio of

0.45 be used for bridgeck concretéo maintain adequate freetgaw durability

1.6.2 AggregateFreezeThaw DamageM echanism

Aggregategenerallyhave larger porethatcan be more easily saturated than
the smaller capillary pores of cement paste. Hydraulic predswar¢o the famation
of ice within poreds the main factor that contributés the freezethaw damage in
aggregategTransportation Research Board 197%reezinglamage occswhenthe
distance for the pore water to travel within the aggregate is too graatfarder to
escape and relieve hydraulic pressure before fracture occuis.di$tance which
establishes theritical aggregate sizés based on freezing rate, degree of saturation,
permeability, and tensile strength of the aggregate. Freezing damaggeccur in
aggregates with fine pores, high absorption, and low permeability. Evan if
aggregate witla high absorptions not damaged by freezing, the water that is forced
out of the poresof the aggregateby the hydraulic pressure can damage the
surroundhg cement pasteMindess et al. 2003 The benefit of entrained air is
minimal in lesseninghe damagedue tofreezing within aggregate®CI Committee
201).

1.6.3 Scaling

Even poperly airentrained concrete with durable aggregatn be damaged
in the pesence of deicing saldue toscaling. Scaling is defined as the loss of
surface mortar and often occurs in conjunction wahloosening of surface
aggregatesSalt solutions have a lower vapor pressure than pure veatdconcrets
exposed tcsalt exlibit a lower rate of evaporation and a higher degree of saturation
than concretesot exposedo salt. The use of salhas safety benefitf®r pavements
by decreasingce accumulatiorthrough areductionof the freezing temperature of

water which alsocontributes to the increased saturation at the concrete surfaee.
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increased moisture at the surface can promote the formation of ice lenses that can
fracture the concrete. It has also been suggested @h heat is removed from the
subsurface concrete toelt the ice at the surfacevhen salt is used, causing a rapid
temperature drop below the surface. Significant freerinhe subsurfacéom the
temperature dropresults in tensile stresses and cracking from thermal strains
(Mindess et al. 2003)

Valenza and Scherer (2008uggestedhat theglue spall mechanisns the
primary cause of salt scalingiamedafter a similar phenomenthat occurs with
epxy-covered glass As a salt solution freezes on a concrete surface, an ice/concrete
composite materialokms. As the temperature decreases below the melting point of
the salt solution, the ice layer on the concrete surface tends to conedones the
amount of the underlying concretplacing tensile stresses in th&urfaceof the
concrete.

The salt oncentration in the solution affects thevel of damageto the
concrete Verbeck and Klieger (1956pund that scaling of the concrete is greatest at
low to intermediate concentration® to 4 percent) of both calcium chloride and
sodium chloride Scalng problems commonly occur in overvibrated and overfinished
concrete where increased paste and inadequate air voids exist on the surface (Mindess
et al. 2003). The wse of proper aientrainment and loyermeability concrete
provides he best protection dm scaling. Air voids relievelifferences invapor
pressure between water and ice and low permeability retluepsnetratiorof liquid
into the concrete.Proper aientrainment reduces scaling in the same manner as it
reduces freezthaw damage, by pvading a freezing location for water outside of the

cement paste capillaries.

48



1.7 DURABILITY EFFECTS OF ALTERNATIVE AGGREGATES,
SUPPLEMENTARY CEMENTITIOUS MATERIALS , AND
SHRINKAGE -REDUCING ADMIXTURES

Alternative aggregatesupplementary cementitious materjasd shrinkage
reducingadmixturesare added to concrete improve performance, reduce cost,
improveenvironmental sustainabilityStudiesconducted at the University of Kansas
haveaddressed the effect dime free shrinkagef additions ofpre-wetted lightweight
aggregate fointernal curing the use of slag cement, fly ash, and silica fume as
portland cement replacements, and the useshuinkagereducing admixtures
(Lindquist et al. 2008, Reynolds et al. 2009, Browning et al. 2011, Yuan et a). 2011
The effect of these materials on tlfreezethaw durabilityand scaling resistance of
concrete however, was not examined. As with any modification in mixture
proportions, it is importanto understand the effedf these material®n overall
durability. The uniquecontributions tahe performancef concreteprovided by each
materialmust be understood befatteey are acceptable for usebridge decks.This
study examines the freetiegaw durability and scaling resistanees well as raffirms
the benefits tofree shrinkageof a number of materials The following sectiors
summarizethe benefits and drawbacks to concrete performance oftterialsthat

are examined in this study

1.7.1 Internal Curing with Lightweight Aggregate

The use of lightweight agegate as a source aftérnal curingwater in
concrete bridge ad#s is increasingas the benefitdoecome better known. In
terminology currently being considered AZI Committee 308, internal curing is the
process of cement hydratidny the use ofaddiional internal water that is not part of
the mixing water. This additional internal water can be provided by the use of small
amounts ofpre-wetted fine or intermediatesizedlightweight aggregate (LWA) that
has a high porosity. The benefits @fternal curing include reduced autogenous

shrinkage and cracking, increased hydration and strength, reduced permeability, and

49



increaseddurability (Roberts 2004, Geiker et al. 2004The American Society for
Testing and Materials (ASTMhas developed theéStandad Specification for
Lightweight Aggregate for Internal Curing of ConcréfSTM C1761) as a result of
the increased use of internal curing with lightweight aggregate.

As discussedn Sectionl.2.1.2 autogenous shrinkage iswsed by a drop in
the internal relative humidity afoncrete. Théumidity drops as insufficient water is
avaiable to supplythat lost fromthe capillary poresiuring hydrationleading to self
desiccation of the cement paste. This-deliccation ocais at low wateicement
ratios below 0.42 where there is not enough water to hydrdte tementunless
water is added duringuring (Mindesset al. 2003). Externalwet-curing cannot
supply enough water to eliminate autogenous shrinkagemigtures with low
permeability(Mindesset al. 2003). Theaddition of pre-wetted porous lightweight
aggregate can provide the internal curing water needed to fill the empty pore space in
the paste. Although autogenous shrinkage is not a problemofmrete withthe
watercement ratios used in LBPC bridge decks (0.4® 0.45), previous researet
the University of Kansas has shown that internal cusisghelps with the reduction
of drying shrinkage athesehigher watercementratios (Browninget al. 201). The
lightweight aggregate aids alleviating drying shrinkage by providing internal water
to fill capillary pores ashe hardened concrete loses water to the environm&he
internal water also improves the efficiency of the curing process.

The volumeof internal curing water needed to offset autogenous shrinkage is
a function of cement content, maximum expected degree of saturation of the cement,
and autogenous shrinkage. As reportedBbytz and Snydef1999, the necessary

internal curing water is det@ined by the following equation

o 9 ‘ (12)
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wherec is the volume fraction ofwater (ft* water/f® concret¢ needed inthe

internal curing medium (for example, lightweight aggregatepffset autogenous

shrinkage 6 is the cement conterflb cement/ff concretg, © is the maximum

degree of cement hydratigfffomOto 1)} i s the densi f)yandof wat e
0 "% thevolume change due tutogenous shrinkage the cementitious materials at

complete (100percent hydration (Ib water/lb cementhydrated. A typical

conservative value fab "¥s 0.07 Ib wateth cementhydrated For concrete with a

watercement ratio/c) below 0.40, complete hydration cannot be achigaad the

maximum degree of cement hydratih ) can be estimated aw/()/0.40. The

volume fraction of LWA (ft® LWA/ft® concrety necessary to offset autogenous

shrinkagecan be determined by the following equation:

W

1.3
%0 Y (13

W

where® s thevolume fraction 6LWA necessaryft> LWA/ft® concret, %ois the
porosity of the LWA andSis the degree of saturation of the aggregiten 0 to 1)
Zhutovsky et al. (2002)letermined that the amount of absorbed water in the LWA
must be greater than the amount ofeintl curing water required for preventing
autogenous shrinkage since not all absorbed water is desorbed from the aggregate.
The amount of desorption water availainléhe aggregatéor use in the cement paste

is a function of pore size and aggregatecsga A small aggregate with a large pore
structure will most efficiently release water into the pagtbutovsky et al. reported

an equation similar to that of Equation 1.3 that included an efficiency fagtor the
denominator. Thefficiencyfactoris based orthe amount of absorbed water that is
desorbed into the pasteBentz and Snyder (1999) determined that lénel of
dispersionof the LWA within the cement paste canfluencethe effectiveness othe
internal curing. Concretes with an even dispersion of LWA throughout the paste

matrix are able to more effectively distribute internal curing wéeruighthe entire
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paste. Similar to entrained aithe LWA distribution will influence how effectivel
the desorbed water will readhet empty capillary poras the cement

Browning et al. (2011) evaluated the effectiveness of vacpmwetted
intermediatesized lightweight aggregate as a source of internal curing. The study
focused on three replacentdevels (8.9, 11.3, and 13g&rcentby total aggregate
volume) of normalweight aggregate with lightweight aggregate. Browning et al.
concluded that for mixtures witkv/c = 0.44, increasing replacement levels of
lightweight aggregate substantially dessed shrinkagefter both 30 and 36%lays of
drying. Considerable swelling was observed in tmixtures with lightweight
aggregateduring the weturing period. An increase in swelling has potential
benefits in bridge deck applicationby placing the resrained concrete in
compression. Less shrinkage was observed ther mixtures withlightweight
aggregate compared those without lightveight aggregate even when the swelling
was neglected. The moisture contewis the vacuum pre-wetted lightweight
aggegates used in the study ranged from 25 tp&@ent Typical wetting methods
in field applications aréesseffectivethan vacuunpre-wetting methods, resulting in
the use of lightweight aggregates containiogver moisture contents than their
absorptimn capacity. Tie New York State Department of Transportation requires that
lightweight aggregate be wetted using soaker hoses or sprinklers for 48 hours or until
the moisture content is at least d&rcentby weight Fine lightweight aggregates are
typicdly delivered in the audry condition and wetteflist prior to batchingbecause
the fine particles are able to become highly saturated in a short pétiode. It is
important to understand that the saturation level of the lightweight aggregats affect
the amount of internal water available the concrete. Merikallio et al. (1996)
examined the effect afry lightweight aggregaten theinternal relative humidity and
evaporation rate of concrete specimens. yldteserveca decrease in internal relative

humidity and evaporatiomate in concrete specimensontaining dry lightweight
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aggregate due to theaggregate absorbing a portion of the mixing water. The
decreased evaporation resulted from internal water being absorbed by the lightweight
aggregate irntead of evaporating

Otherresearcherbave observed earkage expansion (swelling) similar tioat
observed byBrowning et al. (2011) immixtures containing pre-wetted lightweight
aggregate. Bentz et al. (2001) concluded that this swelling may be e@ldb
ettringite formation or swellingf the gel hydration productsThe initial expansion
benefits the cracking performance of concrete by delaying the onset of tensile stresses
to a time wha the concrete has a higher tensile strength (CuasdrHoogereen
2008). Lura and van Breugel (2000) analyzed the effectiveness of diffsizad of
lightweight aggregate on swelling performance. yllw®mparedmixtures with
similar volumes of lightweight aggregatath three differensizes, finég to 4 mm (0
to 0.16 in.), intermediaté 4 to 8 mm (0.16to 0.31 in.), and coarse 8 to 16 mm
(0.31to 0.63 in.). At 144 hours after casting, 40 percent greater swelling was
observedn the fine lightweight aggregataixturethan inthe coarsenixture.

Decreased permbdity, improved cement hydration, and increased strength
have been observed iconcretesthat incorporateinternal curing Bentz (2009)
observeda redudion in the chloride diffusion coefficienfrom 25 to 45 percentin
mortar specimens with a wateement ratio of 0.40 as 24 percentreplacemenby
weight of sand withpre-wettedlightweight aggregatavas included The decreased
permeability was attributed ta reductionin percolaion throughthe pasteat the
interfacial transition zone around the ligieight aggregate particles amuproved
long-term cement hydratignboth resulting from the internal curing. Cusson and
Margeson (2010) observed that cement hydratiomir-entrained concrete with a
watercement ratioof 0.35 was enhanced (2Percenthigher GS-H content) ly
internal curing. The improvedydrationof the cemented to a 1(percentincrease in

28-day compressive strength,20 percentdecrease in water permeability, aa@5
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percentdecrease in chlorideon penetrability The researcheralso observed a 60
percent reduction in autogenous shrinkaiger28 daysof drying for internally-cured
specimens.

Recent field examinationsof structures that incorporated internaliing
showedthat #day flexural strengths reached 90 to p@@centof the required 2&8lay
flexural strength due to an improved cement hydration. Compressive strengths of air
cured cylinders were found to be similar to those ofeueed cylinders at all ages,
suggesting that internal curing progsl adequate waterfor cement hydration
(Villarreal andCrocker2007).

Few studies have considered the frettmav durability of concreteontaining
LWA. The increased internal water available with use of LWA has raised concerns
over freezehaw performancéecause it magllow more water to freeze and expand
within the cement pasteln addition, if theinternal curingis inadequatethe porous
characteristics of LWAs can contributeltover strength Contrary to these concerns,
Cusson and Margeson (2010) observed th&trmallycured concrete performed
better than notinternally-cured concrete when subjected to 300 rapid fréeae
cycles in water and 50 slow freetteaw cycles in a solution of deicing chemicals (4
percent calcium chloride)Holm et al.(2003) observe decreaseghermeability with
additions of LWA due to the impred interfacial transitionane (ITZ) between the
LWA and cement paste matrixLam and Hooton (2005) determined that higher
replacements of normalweight aggregate withpetted LWA resultedin a lower
chloride diffusivity. The researchers observed that the use of finer LWA resulted in a

greater decrease in chloride diffusiviban coarser LWA
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1.7.2 Mineral Admixtures

1.7.2.1 Slag Cement

Blast furnace slags a byproduct ofthe productionof pig iron. Slow, air
cooled slag crystallizes to form ineatuminum magnesium anghlcium magnesium
silicates and exhibits no pozzolanic or cementitious propesgiem if ground to a
high fineness. When slag is cooled quickly, or quenched, and then ghouvele,

a hydraulically active calcium aluminosilicate glass is forrtfeat has cementitious
propertiedMindess et al2003) The quenching process is called granulatiand the
final product is ground granulated blast furnacslag (Ramachandrari997),
commaly known as slag cement

Blast furnace slags are rich in lime, silica, and alumina and have relatively
more silica and éss calcium than portland cement. Of all -pyoduct mineral
admixtures, slags are theosestin chemical composition to portland ceme
Imperviouscoatings of amorphous silica and alumina form around slag patrticles early
in the hydration process and cause the slag to react slowly with water. Alkalis and
sulfates provided by portland cement are able to break down these impervious
coaings and initiate hydration. A 10 to p@rcentportland cement content is all that
is needed to activate a stagment blend, thougiheseblends typically contain much
more cement than this. Typically, slag is ground to a fineness exceeding that of
portland cement to attain increased activity at early ages. As the percentage of slag
increases in a slagement blend, a slower rate of strength should be expected
particularly at earlyages (ACI Committee 233).

Several compounds, such as alkalis, ggmsand lime, can also serve as
activators for slag hydration. The addition of alkalis produces alkali activated slag
(AAS), which ses more rapidlythan portland cement. Alkali activated sklgohas
a more rapidate ofstrength gain, higher ultimatérength, and lower permeability

than typical slagcement blendsBecauselag has a lower lime content than portland
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cement it produces calcium silicate hydrate-8H) that has a lower C/S ratio than
pure cement during the hydration process. The isegkailica content leads to
pozzolanic behavigas calcium hydroxideone of the hydration products of cement,
reacts with theilica (Mindess et al. 2003

Slag is classified into three grades (80, 100, and 120) per ASTM C989 based
on a slagactivity index. The slagactivity index is dependent on mortar strengths
produced byslag when blended with an equal weight of portland cement, and
compared to that of pure portland cement mortar. Thesaslgty index is measured
at both 7 and 28 days and incremsvith increasing grades of slagicreased fineness
contributes to increased activity anidherearly strengtfACI Committee 233).

Concretecontaininga slagcement blend typically has greater workability and
easier consolidatiothan concrete containg 100 percent portland cemgeallowing a
lower cement paste content to be used. Wood (1981)shggestedthat this
improved workability is due to smooth slip planes created in the paste Isjathe
The water demand for a given slump may be 3 tersgnt lower for a concrete with
a slagcementblend than for a 100 percent portland cement concfsteuseland
Rose1983) An increased set time can generallydxgected forconcrete with the
addition of slag. The degree which setting time is afféed is dependentno
concrete temperaturguantity of slag, watercementitious materiatatio, andthe
characteristics of theortland cemen{Fulton 1974. The compressive strengtbf
concrete containing slag is dependent on the gaadeamounbf slagused in the
mixture Greater dngterm strength gainlbeyond 20 yeajs compared topure
portland cement concretdas been observed for concrete containing é¥&god
1992) Fulton (1974) andHogan and Meusdl1981) observed increased strengph
concrde containing slagompared to concrete containing only portland cement when
subjected to elevated temperatemnditions duringcuring. Fulton (1974) reported

that concrete containing slag is meensitiveto poor curing conditions than concrete
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containng only portland cemernt slag is usedn proportions higher than 30 percent

of cementitious materiavolume. He attribuied this to the relative reduction in
hydration of the slagompared to that attained by portland cement due to the lack of
water at early ageswhich contributes tomore water not beingconsumedin the
hydration process aravailable for evaporationThe wse of slag is known to reduce
therise oftemperaturgin mass concrete

The permeability of concrete containing slag is greajuced compared to
concrete containing onlgortland cemenfRose 1987)with decreasedgwmeability
as the proportion of slag increasd. Thislower permeability is due to a change in
the pore structure of the cemguatstematrix. Theexcess silican slag reacts with the
calcium hydroxide (CH) andlkalisreleased during the cement hydration, leading to
C-S-H filling concrete pore¢Bakker 1980, Roy and Idorn 1983 reduction in pore
size has been observed for slaixturesin the first 28 days aker mixing (Mehta
1980). This reduction in permeability has been found to significantly reduce the
penetration of chlorideto all depths within the concrete, enhancing the resistance to
corrosion of the reinforcing ste@akker 1980; Fulton 1974; Meh1®€80).

Previous studies haveepored conflicting findingson the freezéhaw
durability and scaling resistance wiixtures containinglagcement blensl Fulton
(1974), Klieger and Isberner (1967), and Mather (1957) repsiteitar freezethaw
durablity in mixtures with slagcement blensl or 100 percent portland cement
Malhotraet al. (1987) howeverfound thatwhile different combinations of portland
cement, slag, and fly ash provieoncrete properties similar to thatafncrete with
100 percat cement mixtures containing slagnd/or fly ashdid not perform as well
asconcrete with 100 percenement when subjected tieezethawcycles Malhotra
et al.recommendda minimumcement content of 200 kgf337 Ib/yd) to provide
adequate freezémaw durability. Gunter, Bier, and Hilsdorf (198@bservedthat

concretes containing slag that were exposed to carbonation exhibited a significant
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reduction in durability whersubjectedto a 3 percent sodium chloride solution and
freezethaw cycles Concreteswith 100 percent cememxhibited increased freeze
thaw durabilitywhen exposed to the same conditionStark and Ludwig (1997)
reported similar findinggo Gunter et al. (1987and determined thatn concretes
containing slagcarbonation creates coarser surface microstructure compared to the
denser subsurfacerhich contributes to decreased durability on the surf8dedeau
andLudwig (199?) reported decreased scaling resistance for concretes containing 25
and 50 percent replacements of catnveith slagby weight when exposed sodium

chloride andtycles of freezing anthawing.

1.7.2.2 Fly Ash

Fly ashis a finely divided residue created from the combustion of ground or
powdered coal. During the combustion process, the fly ash is transportedeby fl
gases into a particle removaystem (ACICommittee232). Fly ash is the most
widely used supplementary cementitious material due to its desirable effects on
concrete propertieand low costless than half the cost of cement). Fly ash particles
are nostly sphericalwith a mean particle diameter similar to that of portland cement
(10 to 15um). The specific surface area of fly adhto 2 nf/g) is greater than #t of
portland cement (less tham/g) (Mindess et al. 2003).

Due to the great varg in the properties of coal used in the power industry,
the chemical composition and properties of fly ash can vary considerably. For this
reason, ASTM C618 has separated fly ash into two classes, F and C. Class F fly
ashes are produced frobituminousand anthracitecoals which are found in the
eastern United States argpically have a high heat energy. Bituminous and
anthracite coals rarely contain more than 15 percent calcium oxide. ASTM C618
specifies that the content of acidic oxides (5i®,03, and FgO3) must exceed 70
percentfor fly ashto be classified as a Class F. Class C fly ashes are a product of the

combustion of lignitic coalsrom the western Unitedbtates (Mindess et al. 2003).
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Class C fly ashes, also known as highe ashes, ha an acidic oxide content
between 50 and 70 percent and generally contain more than 20 percent calcium oxide.
The silica (SiQ) content in fly ash is mainly accredited to the clay minerals and
guartz in the coal. Bitiminous and anthracite cealstainmoreclay minerals and a
higher silica content than lignite coals. Class C fly ashes often exhibit a higher rate of
reaction at early ages thdo Class F fly ashesConcretes containingectain Class C
fly ashes however,may not experience the samedewf longterm strength gain as
concretes containinglass F fly astiACI Committee232).

Fly ash is a pozzolaand thesiliceous and aluminous material the fly ash
alone posssses little cementitious value. The material readth the calcium
hydraxide produced during cement hydratiém form calcium silicate and aluminate
hydrates, which, like those formed in cement hydration, lsangentitious properties
(ACI Committee232). The calcium oxide in Class C fly ash can give the material
some cemeniibus properties. The reaction ¢f ash with calcium hydroxideccurs
at a much slower rate thdhe corresponding reactidor silica fume, leading to a
slower rate of strength gain. The slower reaction oflyf ashis due toits smaller
specific surfacerea andower silica content. Theate ofhydrationthat occurswith
fly ashis similar tothatof C,S in cementwhich occurs at a slower rate than other
cement componentsThe addition of fly ash has a similar effect to that of increasing
the GS conent in cement, which decreases the early heat evolution and lowers early
strength, but increases lotgyrm strength. For this reason,striecessary to weure
concretecontaining fly astor a sufficientlengthof time to achievehe full benefits.
Without sufficient wefcuring, theunreacted portion othe fly ash will act as a
noncementitious filler.

Fly ash providesbenefits to both plastic and hardened concrete properties.
Thepozzolanicreaction leads tbotha decreasin the rate of reactioand a decrease

in the total heat of hydration, allowing for greater controf temperatureand
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decreased thermal effects. Due to the spherical shape of the particles, the addition of
fly ash allows amixture to maintain workability and pumpability with decreased
water content(Mindess et al. 2003). Fly ash also benefits plastic concrete by
increasing cohesiveness, reducing segregation and bleeding, and improving
finishability (Russell 2004 The addition of a sufficient amount of fly ash can be
used o0 reduce the effects of the alkallica reaction inconcrete (Mindess et al.
2003). Other benefitsf fly ash on hardened concrete include reduced permeability,
reduced chloride diffusivity, increased resistivity, and increased resistance to sulfate
attack Russell 2004 Yuan et al. (2011) examindtie free shrinkage omixtures

with a 40 percentolumereplacement of cement with Class F fly ash. ylbleserved
thatmixtures with100 percent portland cement experieniosder free shrinkagéhan
mixtures with fly ashwhen cured for 7 and 14 days. As the curing period increased
to 28 and 56 dayshowever, the mixtures containing fly ash exhibitedower
shrinkage compared the mixtures with only cemenillustrating that longer curing
periods improvehe shrinkage performancef mixtures withfly ash more thanfor

mixtures without fly ash

1.7.2.3 Silica Fume

Silica fume is a byproduct of the production of silicon metal or ferrosilicon

alloys and consists of very fine spherical particles having diametersm@® finer

than portland cement. The fine silica fume particles have a high specific surface area
and tend to dsorb more water, causing an increasthawaterdemandof a mixture

(ACI Committee 234). This increased water demand canffisetavith a water
reducer. The extremely small size and spherical shape of silica fume particles makes
it a highly reactive pozzola(Ramachandran997) When mixing water comes in
contact with silica fume, a silieach gel is formed that collects between and ctas
cement particles. A pozzolanic reactibetweenthe geland calcium hydroxide

generated by the hydration of cementates calciursilicate hydrate (€S-H) that
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forms in the voids between other-&H that forms duringcement hydration,
producing a dese cement matrixSilica fume particles also increase the denseness of
the cement paste by filling in the spaces between the larger cement particles. This
increased packing is especially of interest near the jagspegate interface where
the concretes weakesaind has the highest permeabilitResearchers hawemme to
conflicting conclusionson the reason concrete containing silica fume experiences
higher compressive strengtiviindess (1988)oncludedthat silica fume increases
concrete strength mdyndue to an increased bond between the cérpaste and
aggregate particlesConversely,Cong et al. (1992)supported by work by Darwin
and Slate (1970 determined that silica fumieicreases concrete strengthe to an
increase in the cement paste syt and changes in the properties of the paste
aggregate interface have little effemt strength The increasen strengthwith the
addition of silica fume is minimal after 28 days.

The addition of silica fumeesults in a reduction in concrete permbgigbof
approximately one order of magnitu@@aage 1984; Maage and Sellevold 1987)
which can be of great benefit for corrosion protection of reinforcing stSgica
fume creates a more discontinuous pore structure by decreasing the number of large
poreswhile also densifying the interfacial transitioarne (Mindess et al. 2003) As
reported by Bentuet al. 988), thiseffect of pore structure causes a slower rate of
water loss during drying since water evaporates more rapidly from larger pores. Th
small particle size and high specific surface of silica fume, howearses a
reduction in bleed water flow which can lead plastic shrinkage crackingf
insufficient curing water is available

An abundance of testing has been performed to deterthm resistance of
silica fume concrete to chloride ion penetration. This penetration resistance is
important to bridge deck concrebg/ providing protectionto the reinforcing steel

from deicing agents. Byfors (1987) observed a considerable redutthioride ion
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penetration with theaddition of silica fume up to 2@ercent by volume of
cementitious material. This penetration resistance decreased at higher water
cementitious material ratiosThe effect of silica fume on chloride penetration was
measured by Whiting and Detwiler (1998) for a range of silica fume contents and
watercementitious material ratios. Thebserved that an increasethe silica fume
content up to approximately 6 percent of total cementitious materials reduced
chloride diffwsivity. At silica fume contents above 6 percent, moresilica fume

was needed to achieve the sammementabenefit The permeability and chloride

ion penetration resistance odncrete containingilica fumeis greatly dependent on

the length andmethod ofcuring During curing, he dense cement paste matrix
containing silica fumeequires enouglvaterto be availabldor a sufficient length of

time to adequately hydrate the cemantl allow the pozzolanic reaction to proceed
(Whiting and Khulmari987).

Studiesof the freezethaw durability of concreteontaining silica fuméiave
produced conflicting results. Sorensen (1983), Aitcin andinde£1984), and
Malhotra (1986) observed that for properly a@ntrained concrete, the addition of
silica fumedoesnot have a significant effect on freetteaw duability and scaling
resistance Conversely,Pigeon et al. (1987) observed a reduction in scaling
resistance aghe silica fume replacement exceeded five percent bijurae of
cementitiougnaterial Pigeonet al.(1986) reported that the criticalr-void spacing
factor to achieve adequate freg¢haw protection is smaller for concretasntaining
silica fume. This is likely due to the greater length of time needed for pore water to
reach an air @id in the less permeablmaterial Sellevold et al. (1982pbserved
increases in the dynamic modulus of elasticity with increasing silica fume contents.
Sabir and Kouyiali(1991) found that replacing cement with increasing amounts of
silica fume by weifgt results in more rapidlecreasg in the dynamic modulus of

elasticity when exposed to freeteaw cycles.
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A number of state departmentf transportationhave used silica fume
concrete as a bridge deck overlay material in an effort to achieve bettacesurf
abrasion resistance, good bond strength with the base deck, and incteasgth
(Luther 1988). Investigatorshoweverhave observethcreasedridge deck cracking
with use of silicaflume overlays(Popovic et al. 1988, McDonald 1B9Lindquist et
al. 2005). Lindquist et al.(2008) observe increased @cking onbridge deckswith
silica fume overlays This observation is likely due to the added restraint provided to
the concrete deck by the overlay Concrete containingilca fume typically
experencesa higher early heat of hydration theincause increased thermal stresses
(Huang and Feldman 1985, Krauss and Rogalla 1924)the amount of silica fume
needed to produce a significantly higher early heat of hydration (20 mer@ent
replacemenof cementby volume) is not used in bridge deckerlays and is highly
unlikely to be used in most concrete structurds mentionegreviously increased
plastic shrinkage cracking can occur as bleed water slowly moves through the low
permeability conate (Krauss and Rogalla 1996)Krauss and Rogalla (1996)
observedhat concrete containing 7.5 percent silica fume experienced cracking 5 to 6
days earlier in restrained ring tests thanarete containing no silica fume, likely due

to the higher earbage strength and stiffness of concrete containing silica fume

1.7.3 Shrinkage-Reducing Admixtures

Advancesn admixture technology whin the @mst 20 yearbaveresuledin an
increased wge of shrinkagereducing admixtures (SRAs) to improve concrete
shrinkage pdormance. Reductions in drying shrinkagachievedwith SRAs are
greater tharwhat can be achieved with optimal material properties, construction
procedures, environmental conditions, and design consideratidms.admixture is
available in botHiquid and solid forms, with the liquid form dispersed within the
mixing water and the solitbrm dispersed within the cementitious matepgbr to

mixing for better distribution throughout the concreféhe internal mechanism that
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promotes improved shrinkageenformance is considerably different fbquid and
solid SRAs. Liquid SRAs are more commonly used ardthe focus of this section.

As discussed in Sectiod.2.1.2 much of drying shrinkage stems from
capillary stresses #t develop within the cement paste pores dugh&osurface
tension of the pore solutiorLiquid SRAsfunction by reducing the surface tensmin
the pore solution minimizing capillary stresses and drying shrinkagle admixture
remains in the pore sisn after the concrete has hardened and continues to reduce
surface tension. The primapyrposeof the admixture is to reduce drying shrinkage,
but it hasothereffectson the fresh and harded concrete propertiesMoraRuacho
et al. (200) found thatthe use ofhrinkagereducingadmixtures also reduces plastic
shrinkage cracking. The researchergetermined that a reduction in the surface
tension of the pore solution lowers the evaporation rate and delagagbeofpeak
capillary pressures withimé concrete.

The use ofan SRA canhave a slight retarding effect on the rate of cement
hydration and may extend the setting time up to an hdureduction in thermal
cracking can occur with SRAs due to this retardationaredatedreduction inpeak
temperature.The use obin SRA also decreasehe air content of concreteequiring
a higher dosage ofair-entraining admixture to achieve a spex#ir content. The
possibility of strength reduction mustlso be considered witlthe use of SRAs.
Prevous work has shown that ap2rcentaddition of SRA by weight of cemeniill
reduce the 28lay compressive strength by as much apersent(Berke et al1994)
The strength reduction is generally less in concretes with lower-acateent ratios
andcanbe offset bythe use ofsupeplasticizers SRAs affect the stability of the air
void system within the concrete @ result ofthe reduction irthe surface tension of
water. Lindquist et al. (2008) observedmore stable awoid system with an SRA
dosage of 1 percent by weight of cemahtn with a2 percentdosage The

researchers tested the air content of mixtatds/e-minute increments after mixing
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until the change in air content from one testh® nextwas less than 1 percenthe
mixture with 1 percent SRA maintained a more constant air content for a longer time
period than thenixture with 2 percent SRA

The use of ashrinkagereducingadmixture will also change the shape of the
drying profile within fresh cement pastes. Typicatlye top 3/8to 3/4 in. (10 to 20
mm) of exposed cement paste will dry out uniformly as the largest pores are emptied
first. With the addition ofan SRA, the decreased surface tension of the pore water
allows much smaller pores at the surface to be emptesditing ina steep drying
gradient beginning at the concrete surface. Although the evaporation rate increases,
the decreased surface tension does not allow pore solution to wick to the surface from
deep within the concrete, decreasing the dryatg (Betz 2005).

Studies suggest théiguid SRAs are most effective at dosages of 1.5 to 2.0
percent by weight of cement (Balogh 1996, Tomita 199®)e shrinkage reduction
providedby the use of SRAs will be more significant forxtureswith lower water
cenment ratios. Longer periods of wet curing have been foundirtorease the
effectiveness of aBRA, especiallyat early ags. Lindquist et al. (2008) investigated
the effect of SRAIn concrete at dosages of 0, 1, and 2 percent by weight of cement.
The adlition of increasing amounts of SRA resulted in a reduction in both-agdy
and longterm shrinkage. Lindquist et al.found that increasing the curing period
from 7 to 14 days did not have a significant effect on the free shrinkage of the
mixtures contaning an SRA. Like Lindquist et al.,Yuan et al. (2011) observed
decreased free shrinkage with increasingades of SRA Yuan et al. observed
decreased free shrinkage faixturescontainingan SRA, but similarvaluesof water

loss formixtures with andvithout SRAs.

1.8 OBJECTIVE AND SCOPE

The factors responsible fdoridge deck crackingnd freezeahaw damagere

generallyrecognized Cement pastas the concrete constituent that contains the
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highest shrinkage potential andntributes to cracking. Cona@tes with increasingly
high watercement ratios exhibit increased permeability, whdencretes with
increasingly low watecement ratiosexhibit increased compressive strengihd
stiffnessand reduce effects from creep Increased slump and reinforcibgr size
and decreased top concrete cowentributeto increased settlement cracking. High
ambient and concrete temperatures, high wind Speadd low humidity all
contribute to an increased evaporation rate and plastic shrinkage craClongrete
temperaturs during placement that are significantly above that of skeel girders
caninduce thermal stresses that can leatthéomalcracking. Improper curingllows
internal moisture to be lost to the environment prior ite consumptionin the
hydraton process, contributing to drying shrinkage and crackiniylixtures
containing low air contents experience fredzaw damageby allowing water to
freeze and expand within the cement paste rather than in thaidsr

The actions needed to alleviate d¢iag and freezéhaw damagare becoming
better understood due to a rangdield, analytical,and laboratorgtudies completed
on the subject. Few studies, however, have taken the step to implemese the
findings in the construction of lowcracking bridje decks. This report is part of a

long-term pooleefund study that includetsvo separate objectives.

1.8.1 Objective #17 Laboratory Evaluations of Innovative Mixtures for
Improved Cracking and Durability Performance

Laboratory evaluationare performean mixtures employing new technologies
to further improve shrinkage and cracking performance, including the addition of
lightweight aggregate to provide internal curing and the use of mineral and shrinkage
reducing admixtures The freezeghaw durability and caling resistance of each
mixture is evaluated tdetermineoverall durability performanceFifty-threebatches
of concrete are evaluated using the following six laboratory tests Detailed

descriptiors of the test procedures gnevided in Chapter 2.
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1 ASTM C15771 Standard Test Method for Length Change of Hardened Hydraulic
Cement Mortar and Concret& hree specimens per mixture were tested.

1 ASTM C666i Procedure B Standard Test Method for Resistance of Concrete to
Rapid Freezing and Thawing'hree speimens per mixture were tested.

1 ASTM C215i Standard Test Method for Fundamental Transverse, Longitudinal,
and Torsional Frequencies of Concrete Specimdifgee specimens per mixture
were tested.

1 BNQ NQ 26219007 Bétons de Masse Volumique Normale et &dnants
(Quebec standard test equivalent to ASTM C67Bhiree specimens per mixture
were tested.

1 ASTM C391 Standard Test Method for Compressive Strength of Cylindrical
Concrete SpecimensThree specimens per mixture were tested.

1 ASTM C457 1 Standard €st Method for Microscopical Determination of
Parameters of the AWoid System in Hardened ConcrefBwo specimens per
mixture were tested.

The study involveshree teshg programs summarized below:

1.8.1.1 Evaluation of Mixtures Containing Two Air -Entraining A dmixtures
Used in Conjunction with Shrinkage Reducing Admixtures

The free shrinkage performancé&geezethaw durability scaling resistance,
compressive strengthand airvoid system characteristics of concrete mixtures
containing a surfactafitased or a polymerbased ahentraining admixture in
conjunction with shrinkageeducing admixtures are examined. Surfackasted ai
entraining admixtures function by reducing the surface tension of water to promote
the formation of akvoids through agitation ding mixing (Mindess et al. 2003)As
described in Section 1.7.firnkagereducing admixturetunctionthrough a similar
reduction in pore water surface tension. This additional reduction in surface tension

can decrease the stability of the-awid sysem, contributing to reduced freezbaw
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protection.  Mixtures containing a polymerbased aHentraining admixture
presumably not to be influenced by pore water surface tensienevaluated
alongside mixtures containing a surfactbased akentraining admixture to
determine their behavior when used in conjunction with shrinkedecing
admixtures It is hypothesized thathe mixtures containing the polymdiased
admixture will provide improved airvoid stability and freezéhaw protection
compared tahe mixtures containing the surfactamased admixture. Twenty-four
batchescontaining two shrinkageeducing admixtures with varying dosages (0O, 0.5,
1.0, and 2.0percentby weight of cement) and two antraining admixtures
(surfactartbased and polyer-based)are tested in this programrhe results of the

program are discussed in Chapter 3.

1.8.1.2 Durability Evaluation of Mixtures Containing Shrinkage -Reducing
Admixtures with Air Contents below LC-HPC Requirements

The freeze¢haw durability and scaling restance of mixtures containing
varying dosages of shrinkageducing admixture with air contents below that
required by theow-crackinghigh-performanceconcrete (C-HPC) specificatiors are
examined. The reduction in pore water surface tension that ceauith theuse of
shrinkagereducing admixturesffects the airvoid system stability of concrete, which
can contribute to freezethaw damage The LGHPC specificatioa require a
minimum air content of 6.5 percent based on observations of decreasedgtacki
bridge decks containing air contents above 6 percent (Schmitt and Darwin 1995,
Miller and Darwin 2000, and Lindquist et al. 2005Yhe variability in concrete
properties and the need for continuous placeratobncrete in the field can lead to
the occasional placement of concrete with air contents below the speuifigdum,
which may result in poor freezaw and crackingperformancd performance that
may be further degraded due to the lower stability of thevad system when

shrinkagereducng admixtures are usedThis programexamines thdreezethaw
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durability and scaling resistancé 16 batche containingzarying dosages (0, 0.5, 1.0,
and 2.0 percent by weight of cement) oSlarinkagereducing admixture withair
contentsranging from 3 to 9 percentto determinetheir behavior in bridge deck
construction applicationsA goal of this program is to determine a lower allowable
limit for air contentthat could be used fanixtures containing shrinkageducing
admixturesthat would still exhibit adequate freezihaw durability. This lower
allowable limit ®uld then be translateohto air content restrictions for bridge deck
placements with concretes containing shrinkeegiicing admixturesThe results of

the program are discussed in Cteay3.

1.8.1.3 Evaluation of Mixtures Containing Mineral Admixtures Used in
Conjunction with Internal Curing

The free shrinkage performance, fre¢dzaw durability scaling resistange
compressive strengthand airvoid system characteristiosf mixtures contaimg
varying combinations of prevetted lightweight aggregate, slag cement, and silica
fume are examinedA previousstudy at the University of KansgReynolds et al.
2009) determined that small additions of peetted lightweight aggregate provide
internd curing water thatcontributes toreduced free shrinkageln addition, he
researchers observedn additional redudion in free shrinkageas lightweight
aggregate was used in conjunction with increasing amounts of slag cement.

It is well understood thatoncretes containing silica fume and slag exhibit a
reduction in permeability and improved resistance to chloride ion penetration.
Research at the University of Kansas (McLeod et al. 2009) determined that additions
of slag cement and silica fume contibto areductionin chloride ingress. This
reduced permeability could improve the durability of bridge decks as long as the
addition ofthe silica fume does not contribute to increased cracking and decreased
freezethaw durability performance.In addition, research by Bentur et al. (1988)

observed a slower rate of water loss during drying in concrete containing silica fume
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as a result of the reduced permeadhility sufficient internal curing water is supplied
to the concrete through the use of -pretted lightweight aggregate, the reduced
permeability provided by the silica fume could reduce drying shrinkage as the internal
water is unable to quickly reach the evaporative conditions of thecsurf

Twenty-one batches containing different combinations fo volume
replacements of total aggregate wiiiphtweight aggregat€0, 8, and 10 percent)
portland cement witlslag cemenf0 and30 percent)andportland cement witlsilica
fume (0, 3, and 6 percentyre examined A number ofstudies have observedduced
freezethaw durability and scaling resistange mixtures containingslag (Gunter,
Bier, and Hilsdorf 1987, Malhotra et al. 1987, Bilodeau and Ludwig 1992, Stark and
Ludwig 1997)andsilica fume(Pigeon et al. 1987, Sabir and Kouyiali 199The
freeze-thaw durability and scaling resistance of these mixtaregxaminedo verify
their overall durability for use in bridge deckconstruction. Relationshipsare
developed between the aioid system characteristics and overall durabfittyeach

mixture. The results of the program are discussed in Chapter 4.

1.8.2 Objective #21 Construction and Evaluation of Low-Cracking High-
Performance Concrete Bridge Decks

This study evaluates the effectiveness of modifications in mixture proportions
and construction predures on the cracking performance of bridge decks constructed
in accordance with the Iowracking highperformance concrete (:=BPC)
specifications. Annual field surveys are completed6nhC-HPC bridge decks and
13 associatedcontrol decks constructesh accordance with the standard Kansas
Department of Transportation (KDOT) specifications. The cracking performance of
each deck is quantified in terms of a crack density. Direct comparisons are made
between the cracking performance of the -HEBC and tke control decks.
Relationships are established between cracking performance and the material

properties, environmental conditions during placement, and construction procedures
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of these two deck types and additional decks examined in previous studies at th

University of Kansas.

1.8.3 Report

The following chapters describe the experimental and field research used to
satisfy the objectives of this study.
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CHAPTER 2: EXPERIMENTAL PROGRAM AND FIELD EVALUATION
TECHNIQUES

2.1 GENERAL

This chapter describes the exp®ntal program and field evaluation
techniques. Laboratory tests were performed on 53 batches of concrete employing
new technologies, such as the use of lightweight aggregate to provide internal curing
in conjunction with mineral admixtures and shrinkagducing admixtures, to verify
their potential effectiveness for use in future Jokacking highperformance concrete
(LC-HPC) bridge decks. The laboratory portion of this study includes three test
programs. The properties of the materials used in dherete mixtures, including
cement, fine and coarse aggregates, lightweight aggregate, and mineral and chemical
admixtures, are reported. Laboratory methods used to proportion and prepare the
concrete are described. The procedures for the tests usedlyaeathe mixtures,
including free shrinkage, freetkaw durability, scaling resistance, compressive
strength, and hardened concretevaid analysis, are summarized. Concrete mixture
proportions and plastic concrete properties of the mixtures argedpo

The field work in this study includes the construction and evaluation ef LC
HPC bridge decks throughout Kansas. This chapter describes the method of data
collection and type of data collected during deck constructionsitercrack surveys
have bem completed annually on each deck to quantitatively establish cracking
performance through determination of crack density. Control decks constructed in
accordance with the standard Kansas Department of Transportation (KDOT)
specifications were selecteddanlso surveyed to provide comparisons to determine
the effect of the LEHPC specification on cracking performance. The crack survey

procedure and method to determine crack density are summarized in this chapter.
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2.2 MATERIALS

This section describes theatarials used in the mixtures evaluated in the

laboratory study.

2.2.1 Cement

Type I/l portland cement complying with the requirements of ASTM C150
for both Type | normal portland cement and Type Il modified portland cement was
used in this study. The Typellfiortland cement was obtained in seven portions over
a span of 3l/2 years and was analyzed by the Ash Grove Cement Company
Technical Center in Overland Park, KS. The tests completed on the cement include
ASTM C2047i A St andard Test M eHydramlid Cement by Air ne ne s s
Permeabil ity Apparatuso tRayHRuedeseenceniXxRp Bl ai n
elemental analysis followed by a Bogue composition analysis based on the elemental
analysis, and a Particle Size Determination (PSD) using a laseteaize analyzer.

The results of the cement analysis are listed in Table A.1 in Appendix A.

2.2.2 Fine Aggregates

Kansas River sand and pea gravel were used as the fine aggregates in the
concrete mixtures. Twelve samples of sand and five samples of ped were
obtained over a span of132 years. The sand complies with the requirements of the
Kansas Depart ment of Transportation (KDOT
Choice Aggregates in Topeka, KS. The pea gravel is classified dsitVihe KDOT
mataial specifications and was obtained from Midwest Concrete Materials in
Lawrence, KS. The properties of the sand and pea gravel are reported in Table A.2 in

Appendix A.
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2.2.3 Coarse Aggregates

Granite was used as the coarse aggregate. Nineteen samplestef\geaai
obtained over a span of132 years. The granite complies with KDOT material
specifications and was obtained from Geiger Ready Mix in Olathe, KS (samles G
to G-18) and Midwest Concrete Materials in Lawrence, KS (sampl®)G Granite
samples wth maximum sizes of 1 and 3/4 in. (25 and 19 mm) were blended in 49 of
the mixtures to achieve optimized gradations. Granite samydl® ®as separated
into two portions (GL9A and G19B) and reblended to obtain the desired gradation
in four of the mixtues. The properties of the granite are reported in Table A.3 in

Appendix A.

2.2.4 Lightweight Aggregatei Buildex, Inc.

An expanded shale lightweight aggregate (Haydite) was used as a partial
replacement of the pea gravel to provide internal curing in some ofitttures. The
lightweight aggregate was vacuum jwetted prior to mixing. The expanded shale
was intermediatsized (1/4 to 1/8 in.) and obtained from Buildex, Inc. in Marquette,
KS. The properties of the lightweight aggregate, as reported by Buddexgiven in
Table A.4 in Appendix A. The specific gravity values of the lightweight aggregate in
the vacuum prevetted condition vary from the values reported by Buildex because of
variations in the aggregate moisture content. The specific gravityalaswiption
values reported by Buildex are based on &h@dr immersion of the aggregate in
water prior to testing in accordance with ASTM C127 / C128. The lightweight
aggregate properties after vacuum-wetting are reported along with information on
the concrete mixtures in Program 3 that incorporate the aggregate in Table A.13 in

Appendix A.
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2.2.5 Mineral Admixtures

Grade 100 ground granulated blasthace slag (GGBFS) and silica fume
were used as partial replacements of cement in some mixtures. Testipo of
these admixtures are reported in Table A.5 in Appendix A. The Grade 100 ground
granulated blasfurnace slag (trade name GranCmwas obtained from Holcim in
Theodore, AL and the silica fume (trade name Eucon MSA) was obtained from

Euclid Chenical Company.

2.2.6 Chemical Admixtures

Air-entraining admixtures, shrinkageducing admixtures, and
superplasticizers were used in the study. Themiraining admixtures include Micro
Air®, by BASF Construction Chemicals, LLC, and Tough "Ajrby Miracod™
Technologies. Micro Aftis a tall oitbased surfactant and functions by lowering the
surface tension of water to promote the formation of air bubbles during concrete
mixing. The solids content and specific gravity for Micro®Aare 13 percent and
1.01, respectively. Tough AlM is synthetic and polymdsased and consists of a
foam, generated using aeration equipment, which is dispersed throughout the concrete
during mixing.

The shrinkageeducing admixtures include two products produced by BASF
Constriction Chemicals, TetragudtdAS20 and MasterLIFE CRA 007. Both
admixtures function by minimizing cement paste capillary stresses through a
reduction in the surface tension of the pore water. The specific gravity for both
admixtures is 0.99.

The superplaicizer used throughout the study, Glenfun3030NS, is
produced by BASF Construction Chemicals. The superplasticizer was used when
necessary to achieve desired concrete slumps. The solids content and specific gravity

of Gleniun® 3030NS are 20 percent ahd5, respectively.
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2.3 LABORATORY METHODS

The methods employed to design and produce the concrete used in the

laboratory studies are described in this section.

2.3.1 Mixture Proportioning

The aggregate gradation of the mixtures was optimized using KU Mixxa mi
design program developed at the University of Kansas. Optimized aggregate
gradations were used to produce workable concrete at the low cement paste contents
used in the prototype lowracking highperformance mixtures in the study. Four
separate aggretes with unique gradations were used in the optimization process. A
complete discussion of aggregate optimization using KU Mix is presented by
Lindquist et al. (2008). KU Mix can be downloaded from

http://www.iri.ku.edu/projects/concrete/phase2.html

Dosages of shrinkageducing admixture were calculated based on a percent
weight of cement in the mixtures; however, the dosages were converted to a volume
when measured and added to thetories. These dosages are reported by volume in
the tables that provide information on the concrete mixtures in Program 1 and 2 that
incorporate the admixtures (Tables A.7 and A.10, respectively, in Appendix A).
Dosages of Micro Air and Tough Air were aBlished through trial batches to
achieve a desired air content. The dosages of Micro Air and the Tough Air foam
were measured by volume when added to the mixtures. The Tough Air foam was

dispensed into a container and deposited manually throughoubding iconcrete.

2.3.2 Mixing Procedure

Prior to mixing, the coarse aggregate was soaked for a minimum of 24 hours
and then prepared to a saturated surthge(SSD) condition in accordance with
ASTM C127. Fine aggregate was added to the mixer in aalhanvet condition.

The free surface moisture of the fine aggregate was determined in accordance with
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ASTM C70 and a correction was made to the mixing water to accommodate excess
surface moisture. Lightweight aggregate, if used, was vacuurwgited and
prepared to a wetted surfadey condition. The vacuum p#getting process is
described in Section 2.3.3. A sample of the lightweight aggregate in the wetted
surfacedry condition was obtained to determine moisture content in accordance with
ASTM C128.

A countercurrent pan mixer was used in accordance with ASTM C192. The
pan surface and blades were dampened prior to mixing. The coarse aggregate and 80
percent of the water were first added to the mixer as the mixer began rotating. If
used, silica fumevas then added to the mixer and mixed fd/2 minutes. Cement
and any other mineral admixtures were then added to the mixer and mixed for an
additional 11/2 minutes. The fine aggregate was then added to the mixer and mixed
for 2 minutes. Lightweighaggregate was added with the other fine aggregates.

The materials continued to mix for another 5 minutes. Within the 5 minutes,
the water reducer, if used, combined with 10 percent of the mixing water was added
and mixed for 1 minute. If used, the istkagereducing admixture (SRA) was added
next. The akentraining admixture, combined with the final 10 percent of the mixing
water, was added and the concrete mixed for 1 minute. If the Tough Air air
entraining admixture was used, the foam was gerceretig aeration equipment and
dispersed manually throughout the mixing concrete at this time. After the completion
of the 5 minute mixing period, mixing was stopped for 5 minutes. During this rest
period, damp towels were placed over the concrete teeptreevaporation and the
concrete temperature was checked. The concrete was then mixed for an additional 3
minutes. After the final 3 minutes of mixing, the concrete was ready for casting. If
the concrete contained an SRA, an additional 30 minute eeistdpwas carried out
before casting to allow for stabilization of the air content. If necessary, liquid

nitrogen was added to the concrete during mixing to achieve temperatures below 75°
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F (24° C). Slump (ASTM C143), air content (ASTM C173), temperafd&TM
C1064), and unit weight (ASTM C138) measurements were taken on the concrete
prior to casting. The casting, demolding, and curing procedures were dependent on

the specific test being completed and are described in the following sections.

2.3.3 Casting

Different casting procedures were followed for prismatic specimens
(including specimens for free shrinkage, freézaw durability, and scaling resistance
tests) and cylindrical specimens (including specimens for compressive strength tests
and hardened airoid analyses).

Prismatic Specimens

Concrete was placed within each mold in two layers of approximately equal
depth. Each layer was consolidated on a vibrating table with an amplitude of 0.006
in. (0.15 mm) and a frequency of 60 Hz for 15 to 30 secondwe @as taken to
overfill the second layer to produce specimens with the proper dimensions (filled to
the mold top) after consolidation. The surfaces of the specimens were then struck off
with a 2 x 51/2 in. (50 x 135 mm) steel screed (for free shrinkagye freezehaw
durability specimens) or a 4 x 1 in. (102 x 25 mm) wooden screed (for scaling
resistance specimens) to produce an even surface. The specimens were covered with
6-mil (152-um) Marlex® strips and then wrapped on the surface and sides véith 3
mil (89-um) plastic sheets secured with rubber bands to prevent moisture loss. A 1/2
in. thick piece of Plexigldswas placed over each set of three covered molds. The
specimens were maintained in this condition forl2Z3+ 1/2 hour after casting.

Cylindrical Specimens

Cylindrical specimens were cast in accordance with ASTM C31. The 4 x 8
in. (102 x 203 mm) cylinders were consolidated by rodding and cast in steel molds.

After casting, the specimens were covered with-r8il5(89-um) plastic sheets
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secured with rubber bands to prevent moisture loss. The specimens were maintained

in this condition for 23L/2 + 1/2 hour after casting.

2.3.4 Lightweight Aggregate Vacuum PreWetting

Vacuum prewetting equipment, shown in Figure 2.1, was fabricated to
achieve apid absorption of the lightweight aggregate. The equipment includes a Gast
Rotary Vane air compressor/vacuum pump, a 19 x 28 in. (48 x 53 cm) steel barrel,
and a five gallon bucket. Plastic tubes with a-ih/4(6-mm) inner diameter
connected the stebhrrel to the vacuum pump and five gallon bucket. The lid for the
steel barrel is designed to attain antmht seal and includes a pressure gage, a
pressure release valve, and valves for the vacuum pump and five gallon bucket tube
connections.

The lightweight aggregate to be pneetted was placed in the steel barrel,
followed by placement of the lid. The five gallon bucket was filled with water to a
designated level. The end of one plastic tube was submerged in the five gallon
bucket, connecting thsteel barrel lid to the bucket. The valve for that tube was
closed. The valve on the tube connecting the vacuum pump to the barrel lid was
opened and the pump was turned on. The decrease in air pressure within the barrel
was monitored using the pressgirege. The valve to the water bucket was opened as
the pressure reached 5.9 psi (12 in. Hg). The negative pressure pulled water into the
barrel. The water valve was closed when the water within the bucket dropped to a
predetermined level. Care was taki® maintain the vacuum pressure within the
barrel by not allowing the bucket to be fully emptied. The vacuum pressure was
maintained for a minimum of 10 minutes. The pressure was then released, wetting
the aggregate. Additional information regardihg vacuum prevetting process is

presented by Reynolds et al. (2009).
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Figure 2.1 Vacuum prewetting equipment

2.4 TESTING PROCEDURES

The procedures used for the laboratory tests are described in this section.
Demolding and curing procedures were unique to each test and ardetksathin
each test procedure. The tests include free shrinkage, -ffeezedurability and
fundamental transverse frequency, scaling resistance, compressive strength, and a
hardened concrete aipid analysis. Three specimens per batch were evaluated f
all tests except for the anoid analysis (two specimens per batch). Specimens not
handled in accordance with their respective test procedures were omitted from the
analysis. These omitted specimens are identified in the presentation of the raw data

in Appendix C.

2.4.1 Free Shrinkage

Free shrinkage tests were performed in accordance with ASTM C157
Standard Test Method for Length Change of Hardened Hydt@elicent Mortar and
Concrete. Three 11/4 x 3 x 3 in. (286 x 76 x 76 mm) free shrinkage specimens

were prepared for each batch of concrete in accordance with ASTM C192: Cold
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rolled steel molds were used to produce the specimens. Gage studs were embedded at
the ends of the specimens, creating a testing gage length of 10 in. (254 mm) (Figure
2.2).

—Gage Studs—,

Irzv 4.\,&..'4 kT 311]

- 101m.

11.25 in:

Figure 2.2 Free shrinkage specimens (Tritsch et al. 2005)

Demolding, Curing, and Drying

The specimens were demolded-B2 + 1/2 hour after casting, labeled,
immediately wrapped in wet towels, and placed under running wateretgent
moisture loss. Initial length readings were taken, and the speciwmere cured in
lime-saturated water in accordance with ASTM C511 for 13 days (14 total curing
days from casting date). A number of studies have demonstrated that increasing the
curing from 7 to 14 days reduces the free shrinkage of concrete (Lindcalis2@08,
Browning et al. 2011, Yuan et al. 2011). After curing, the specimens were placed in a
low air flow, environmentallycontrolled room with a relative humidity of 50
percent + 4 percent and a temperaturg3ff+ 3° F (23° = 2° C).

Data Collecton

Free shrinkage measurements were taken using a mechanical dial gage length

comparator (Figure 2.3) with an accuracy of 0.0001 in. (0.00254 mm) and a total
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Figure 2.3 Mechanical dial gage length comparator

and C490 prior to every six measurements to provide a consistent reference point for
readings. Readings were taken by slowly rotating the specimens in the clockwise
direction and recording the minimum (shortest) dial gage reading. Free shrinkage
readirgs were taken daily for the first 30 days, every other day for Days 31 to 90,
weekly for Days 91 to 180, and monthly thereafter through 365 days.

2.4.2 FreezeThaw Durability and Fundamental Transverse Frequency

Freezethaw durability and fundamental transverfequency tests were
performed in accordance with Procedure B of ASTM Cbé&iandard Test Method
for Resistance of Concrete to Rapid Freezing and Thawing and ASTM 1C215
Standard Test Method for Fundamental Transverse, Longitudinal, and Torsional
Frequegies of Concrete Specimens, respectively. Three 16 x 3 x 4 in. (406 x 76 X
102 mm) specimens were prepared for each batch of concrete in accordance with

ASTM C192. Steel molds were used.
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Demolding and Curing

The specimens were demoldedD2 + 1/2 hourafter casting, labeled, and

immediatelyplaced in limesaturated water. In accordance with Kansas Department
of Transportation (KDOT) Test Method KTMR2, the specimens were waired in
the limesaturated water for 67 days, placed in an environmestatijrolled room at
50 percent = 4 percent relative humidity and 73° = 3° F (23° + 2° C) for 21 days,
placed in a watefilled, tempering tank maintained at 70° F (21° C) for 24 hours, and
placed in a watefilled, insulated cooler maintained at 40° F (4dy for 24 hours.
The initial mass and fundamental transverse frequency of each specimen were
measured to determine its dynamic modulus of elasticity. The procedures for
determining mass, fundamental transverse frequency, and the dynamic modulus of
elastcity are described following a description of the fretrman testing regime.

Freezing and Thawing

The specimens were subjected to tHnear freezehaw cycles in accordance
with ASTM C666i Procedure B using a ScienTeMp20-Block Concrete Freeze
Thaw Machine (Figure 2.4). The temperature was alternately lowered from 40 to 0°
F (4 to-18° C) in air and raised from O to 40° A& to 4° C) in water for a single
freezethaw cycle. The specimens were removed from the machine in the thawed
condition at inérvals ranging from 4 to 48 cycles for determination of mass and
fundamental transverse frequency. Testing continued until specimens were subjected
to at least 300 freezthaw cycles or until the average dynamic modulus of elasticity
of the specimens drped to 60 percent of the initial dynamic modulus. ASTM C666
requires the mass and transverse frequency to be measured at intervals of no greater
than 36 cycles. In 32 of 45 mixtures tested per ASTM C666, a portion of the
measurements needed to complegtihg were taken at intervals exceeding 36 cycles.
On average, these 32 mixtures each had three of the intervals needed to complete

testing exceed 36 cycles.
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Figure 2.4 Freezethaw machine

To determine the dynamic modulus alfsticity, specimens were dried to a
surfacedry condition and weighed after removal from the fregemav machine. The
specimens were immediately placed in an enclosed, storage cooler to prevent further
moisture loss. The fundamental transverse frequeficeach specimen was then
determined in accordance with ASTM C218npact Resonance Method (Figure 2.5)

using the following equipment:

Waveform Analyzer

or
Frequency Counter ﬂ Impactor

Accelerometer

||| i
0ol e Amplifier

Figure 2.5 Schematic of impact resonance test (ASTM C215)
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1 National Instruments Impact Hammer

9 Instron Accelerometer

91 Data Physics SignalCalc Dynamic Signal Analy@&aveform Analyzer)

91 Data Physics Signal Conditioner (Amplifier)

The fundamental transverse frequency, in Hz, was determined using a fast Fourier
transform completed by the signal analyzer. Outside vibrations were damped out
during testing by placing thepecimens on a pedestal made of rubber and foam that

supported the specimens at two points (Figure 2.6).

Figure 2.6 Impact resonance teisspecimen setup

The dynamic modulus of elasticity was determined for each specimen using
Eq. (2.1), which is based on the transverse frequency and specimen mmass i

accordance with ASTM C215.

Ow& 8 0 & (2.1)

In Eq. (2.1),0 & &is the dynamic modulus of elasticity (P&)= 1083.6 i and is a
constant based on specimen shapeisshed Poi ss
specimen mass (kg), agdis the fundameua transverse frequency (Hz). Specimens

not handled in accordance with ASTM C666 were not included in the calculations.

These specimens are identified along with the testing data in Appendix C. The
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freezethaw performance of the mixtures was based erptircentage of the dynamic
modulus of elasticity remaining at the test completion. The frheme performance
was quantified by a Durability Factor (DF), determined for each mixture using Eq.
(2.2).

C
C

(2.2)

00

In Eq. (2.2),0"@s the Durability Factor) is the percentage of the dynamic modulus
of elasticity remaining afy cycles, 0 is either the number of cycles at which

reached 60 percent or 300 cycles (whichever is lesd)) as 300 cycles.

2.4.3 Scaling Resistance

Scaling resistance tests were performed in accordance with Canadian Test
BNQ NQ 2621900 Annex B, with minor modifications, including different freeze
thaw cycle temperatures, a lower NaCl solution concentrationaamdaller screen
size to determine mass loss. The Canadian Test was used in place of ASTM C672
due to observations by Bickley et al. (2006) that the Canadian Test provided a better
correlation with field performance than ASTM C672. Three 9 x 16 x RRP x
406 x 76 mm) specimens were cast in accordance with ASTM C192 using steel
molds.

Demolding, Curing, and Specimen Preparation

The specimens were demoldedD2 + 1/2 hour after casting, labeled, and
immediately placed in limsaturated water to cairin accordance with ASTM C511
for 13 days (14 total curing days from casting date). After curing, the specimens
were placed in an environmentaltgpntrolled room with a relative humidity of 50
percent = 4 percent and temperature of 73° £ 3° F (23° 4 26r(4 days (Days 15

to 28 after casting). Tweniyne days after casting, a Styrofodhulike was attached
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to the finished surface of the specimen using a polyurethane sealant (Figure 2.7).
Twenty-eight days after casting, a 1l (6 mm) deep layer o2.5 percent NaCl
solution was placed within the dike of each specimen for a sgaperiod at room
temperature. The 2.5 percent NaCl solution value was selected in place of the BNQ
NQ 2621900 Annex B specified value of 3.0 percent based on work blye¢krand

Klieger (1957), who observed greater scaling with a 2.5 percent NaCl solution.

Figure 2.7 Scaling resistance test specimen

Freezing and Thawing and Determination of Mass Loss

The specimens were subjected to fretmav cycles (beginning 35 days after
casting), consisting of a 16 + Hour freezing phase at 0° + 5° F18° + 3° C)
followed by an 8 £ 1 hour thawing phase at 73° £ 3° F (23° £ 2° C). The freezing
phase was performed each night in a walkreezer. The thawing phase was
performed each day in the environmentalontrolled room used after curing.
Specimens remained in the freezing phase during weekends. The temperatures used
in the testing (described above) vary slightly from those specified by BNQ NQ 2621
900 Annex B. The BNQ NQ 262900 procedure requiresi®.4° + 54° F (18°
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3° C) freezing phase followed by a 77° £ 5.4° F (25° £ 3° C) thawing phase. To
determine mass loss of the specimens after 7, 21, 35, and 56 cycles, the loose material
produced by scaling of the top surface of the specimen wasiewetd ovea No. 200

(75-um) sieve instead of the BNQ NQ 26900 specified 8qum sieve. Specimens

not handled in accordance with BNQ NQ 26X10 were not included in the
determination of cumulative mass loss. These specimens are identified along with the
testing @ta in Appendix C. BNQ NQ 262900 allows a maximum average

cumulative mass loss limit of 0.31 IB/f1500 g/nf) at test completion.

2.4.4 Compressive Strength

Compressive strength was measured in accordance with ASTMi1C39
Standard Test Method for Compressteength of Cylindrical Concrete Specimens.
Three 4 x 8 in. (102 x 203 mm) cylindrical specimens were prepared for each batch
of concrete in accordance with ASTM C192 and ASTM C31. The specimens were

cast in steel molds.

Demolding, Curing, and Testing

The specimens were demolded22 + 1/2 hour after casting, labeled, and
immediatelyplaced in limesaturated water to cure in accordance with ASTM C511
for 27 days (28 total curing days from casting date). The cylinders were tested for

strength 28 dayafter casting in accordance with ASTM C39.

2.4.5 Hardened Concrete Air-Void Analysis

A hardened concrete amid analysis was completed on cylindrical
specimens in accordance with ASTM C457 Standard Test Method for
Microscopical Determination of Parameters tbé Air-Void System in Hardened
Concretei Procedure Al Linear Traverse Method. Two 4 x 8 in. (102 x 203 mm)
cylindrical specimens were prepared for each batch of concrete in accordance with

ASTM C192 and ASTM C31. The specimens were cast in steekmold
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Demolding, Curing, and Analysis

The specimens were demolded22 + 1/2 hour after casting, labeled, and
immediately placed in an environmentailyontrolled, moistturing room with a
minimum relative humidity of 95 percent and a temperature of 73 & (23° £ 2°
C) for a minimum of 14 days. The cylinders were then transferred to the Kansas
Department of Transportation Materials Laboratory for testing. The hardened
concrete air content and -aioid spacing factor of each cylinder was determinethfro

the analysis.

2.5 TEST PROGRAMS

Fifty-three concrete batches, including twenie unique types of mixtures,
were evaluated that employ technologies to improve shrinkage and cracking
performance. The mixtures incorporated either shrinkadacing admitures or
lightweight aggregate as a source of internal curing in conjunction with mineral
admixtures. The freezthaw durability and scaling resistance of each batch was
evaluated to determine overall durability performance. A hardenaidiranalysis
was performed on a portion of the batches to determine the effect of the material
additions on the aivoid system and relationships between thevaid system and
durability performance. Correlations between compressive strength and shrinkage
and duralbity performance were also evaluated.

The concrete was prepared in accordance with the methods described in this
chapter. Plastic concrete was tested for slump (ASTM C143), air content (ASTM
C173 i volumetric method), and temperature (ASTM C1064). Thietures
containing only portland cement as a cementitious material were proportioned using
either 520 Ib/yd (308 kg/nt) or 540 Ib/yd (320 kg/n) of Type /1l portland cement,

a 0.44 or 0.45 watezement ratio, and a target slump of 3 in. (75 mm). Alsraage
of cement paste contents was used throughout the study to more clearly observe the

effects of differences in materials (not the effects of paste content) on concrete
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performance. The cement contents, watament ratios, and target slump were
chosen to coincide with those required in the lovacking highperformance concrete
(LC-HPC) bridge deck specifications (Kansas Department of Transportation 2007b).
Mi xtures designated as Acontrol o were desi
current LGHPC specifications and used for comparison with mixtures incorporating
the new technologies with LEIPC. The numbers used to designate concrete batches
represent the sequential order in which the concrete was batched.
The study involved three testing ggrams. A summary is provided

explaining the purpose and scope of each program.

2.5.1 Program 1: Evaluation of Mixtures Containing Two Air-Entraining
Admixtures Used in Conjunction with Shrinkage-Reducing Admixtures

Program 1 examined the free shrinkage qrenbince, freezéhaw durability,
scaling resistance, compressive strength, anelodir system characteristics of
concrete mixtures containing a surfactbased or a polymdrased akentraining
admixture in conjunction with shrinkageducing admixtures. Air-entraining
admixtures aid in the formation and stabilization ofvaiids in concrete, providing
improved freezghaw protection. Most akentraining agents are surfactdratsed and
function by reducing the surface tension of water to promote timeatoon of air
voids through agitation during mixing (Mindess et al. 2003). Shrirkadecing
admixtures provide improved concrete shrinkage and cracking performance by way
of a similar reduction in pore water surface tension (Bentz 2005). This addlition
reduction in surface tension can decrease the stability of theoidirsystem by
increasing the size and spacing of the air bubbles, thus, contributing to reduced
freezethaw protection. A polymebased akbentraining agent, presumably not
influencedby the effects on pore water surface tension, has been developed in an

effort to improve auvoid system stability and freezkaw protection. The polymer
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based admixture generates a foam through use of aeration equipment. The foam is
then dispersed thughout the concrete during mixing (Welker and Watson 2007).

Twenty-four batches containing dosages of 0, 0.5, 1.0, and 2.0 percent by
weight of cement of two shrinkageducing admixtures, Tetraguard AS20 (referred
to as SRA in specimen designations) auasterLIFE CRA 007 (referred to as CRA
for fr cerdaucck n g admi xturebo I n S p e daseate n desi
(Micro Air) and polymetbased (Tough Air) aientraining agents were examined.
Compressive strengths were measured for 20 of the baibchascordance with
ASTM C39. A hardened concrete -awid analysis was performed on 20 of the
batches in accordance with ASTM C457. Comparisons were made between hardened
concrete and plastic concrete air contents to observe any effects of the shrinkage
reducing admixtures on the aioid systems. Relationships were determined between
the airvoid spacing factor and freezleaw durability and scaling resistance. Powers
(1949) observed that the aioid spacing factor was important in determining freeze
thaw durability. An akvoid spacing factor of 0.008 in. (0.20 mm) was empirically
established by Philleo (1986) as an upper limit to provide adequate -theaze
protection.

The mixture matrix for this program is shown in Table 2.1. The material
samplegsummarized in Section 2.2) used in each mixture are identified in Table A.6
in Appendix A. The mixture proportions are summarized in Table A.7 in Appendix
A. The mixtures are designated by percentage of SRA/CRA by weight of cement (O,
05,10,and2pPpercent) and whether Micro Air (des
Air (designated with a AT0) was used. Dup
mixtures to evaluate repeatability and are referred to with a #2 or #3 throughout the
program. Ultimatef, 14 distinct mixtures were investigated within the 24 batches.
The mixtures containing 520 IbA/¢308 kg/nt) of cement were proportioned using a

watercement raticof 0.45, except for one mixture containing Tough Air and no
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Table 2.1 Progran 1:

Mixture matrix

Batch Description Mixture Designation Beior
Number

Control w/ MicroAir 0% SRA-M 730

Control & - -
Micro Air Control w/ MicroAir 0% SRA-M #2 754
Control w/ MicroAir 0% SRA-M #3 796
0.5% SRA w/ MicroAir 0.5% SRA-M 769
0.5% SRA w/ MicroAir 0.5% SRA-M #2 834
SRA & 1% SRA w/ MicroAir 1.0% SRA-M 722
Micro Air 1% SRA w/ MicroAir 1.0% SRA-M #2 816
2% SRA w/ MicroAir 2.0% SRA-M 727
2% SRA w/ MicroAir 2.0% SRA-M #2 820
0.5% CRA w/ MicroAir 0.5% CRA-M 732
CRA & 1% CRA w/ MicroAir 1.0% CRA-M 735
Micro Air 1% CRA w/ MicroAir 1.0% CRA-M #2 843
2% CRA w/ MicroAir 2.0% CRA-M 845
Control & Control w/ ToughAir 0% SRA-T 772
Tough Air Control w/ ToughAir 0% SRA-T #2 807
0.5% SRA w/ ToughAir 0.5% SRA-T 781
0.5% SRA w/ ToughAir 0.5% SRA-T #2 808
SRA & 1% SRA w/ ToughAir 1.0% SRA-T 782
Tough Air 1% SRA w/ ToughAir 1.0% SRA-T #2 810
2% SRA w/ ToughAir 2.0% SRA-T 786
2% SRA w/ ToughAir 2.0% SRA-T #2 811
CRA & 0.5% CRA w/ ToughAir 0.5% CRA-T 789
Tough Air 1% CRA w/ Tough Air 1.0% CRA-T 790
2% CRA w/ ToughAir 2.0% CRA-T 794

SRA (desighated as 0% SRA #2), which had a watesement ratio of 0.44. The
mixtures containing 540 Ib/§d(320 kg/nf) of cement were proportioned using a
watercement ratio of 0.44. Cement paste contents rangedZ8into 24.3 percent
by volume, except foone batch with a 23.4 percepaste content (0% SRA #2).
The measured air contents were considered when determining the percentage of the
total concrete volume that was cement paste (water and cement). The test matrix is
shown in Table 2.2.

The propeties of the concrete batches, including slump, air content, batching

temperature, unit weight, a@8-day compressive strength, are summarized in Table
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Table 2.2 Program 1: Test matrix*

Mixture Designation Eree Tha_vx_/ Sc_aling Compressivel Air-Voiq
Shrinkage | Durability | Resistance| Strength Analysis
0% SRA-M X X X
0% SRA-M #2 X X X
0% SRA-M #3 X X X X
0.5% SRA-M X X X X
0.5% SRA-M #2 X X X X X
1.0% SRA-M X X X
1.0% SRA-M #2 X X X X
2.0% SRA-M X X
2.0% SRA-M #2 X X X X X
0.5% CRA-M X X
1.0% CRA-M X X X
1.0% CRA-M #2 X X X
2.0% CRA-M X X X
0% SRA-T X X X
0% SRA-T #2 X X X X X
0.5% SRA-T X X X X
0.5% SRA-T #2 X X X X X
1.0% SRA-T X X X X
1.0% SRA-T #2 X X X X X
2.0% SRA-T X X X X
2.0% SRA-T #2 X X X X X
0.5% CRA-T X X X
1.0% CRA-T X X X X
2.0% CRA-T X X X X

*X = test performed

A.8 in Appendix A. The mixtures were proportioned using getaair content of 8
percent to achieve compliance with IHPC specifications. The volume of air used

in LC-HPC mixtures (6.5 to 9.5 percent) is greater than the 5 to 6 percent
recommended by the American Concrete Institute (ACI) to achieve satisfadsty f
protection for concrete with 1 in. (25 mm) maximgme aggregate (ACl Committee
201). The lower limit of air content required by the-HPC specifications is based

on observations by Schmitt and Darwin (1995), Miller and Darwin (2000), and

Lindquistet al. (2005) that bridge decks placed with concretes with air contents above
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6 percent exhibit reduced cracking. The upper limit of the specifications helps ensure
that adequate concrete strength is achieved.

Measured concrete slumps ranged from 1.755tin. (44 to 127 mm),
measured air contents ranged from 7.5 to 9.5 percent, batching temperatures ranged
from 65 to 76° F (18 to 24° C), and-B8y compressive strengths ranged from 3390
to 5270 psi (23.4 to 36.4 MPa). One batch containing a 2.0 pefesage of SRA
by weight of cement with Tough Air (designated as 2.0% 9RA2) had a
compressive strength of 5420 psi (37.3 MPa) v tested at 37 days.

2.5.2 Program 2: Durability Evaluation of Mixtures Containing Shrinkage-
Reducing Admixtures with Air Contents below LGHPC Requirements

Program 2 examined the freetteaw durability and scaling resistance of
mixtures containing varying dosages of shrinkeggucing admixture with air
contents below that required by the lavacking highperformance concretd C-

HPC) specifications. The reduction in pore water surface tension that occurs with the
use of shrinkageeducing admixtures affects the stability of theaird system,
which can contribute to freezbaw damage. The LEPC specifications require a
minimum air content of 6.5 percent. The variability in batch plant concrete
production during continuous concrete placement in the field contributes to the
occasional batch of concrete containing air contents below the specified value, which
may result inpoor freeze¢haw and cracking performanéeperformance that may be
further degraded due to the lower stability of thevaid system when shrinkage
reducing admixtures are used.

This program examined the freetteaw durability and scaling resistanceléf
batches, including 16 distinct mixtures, to determine their behavior in bridge deck
construction applications. Six of these sixteen batches, identified as Batch Numbers
722, 754, 769, 796, 816, and 820, were also included in the evaluation of Pdogram

The mixtures contained 0, 0.5, 1.0, and 2.0 percent by weight of cement of the
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shrinkagereducing admixture Tetraguard AS20 (SRA in specimen designations) and
air contents ranging from 3.5 to 9 percent. The range of air contents was obtained
using vaying dosages of Micro Air. Compressive strengths were measured for 12 of
the batches in accordance with ASTM C39. A hardened concreteidianalysis

was completed on 14 of the mixtures in accordance with ASTM C457 A goal of this
program was to deteinme a lower allowable limit for air content that could be used
for mixtures containing shrinkageducing admixtures that would still exhibit
adequate freezénaw durability. This lower allowable limit could then be translated
into aircontent restrictios for bridge deck placements with concretes containing
shrinkagereducing admixtures.

The list of mixtures and the test matrix are shown in Table 2.3. The material
samples used in each mixture are identified in Table A.9 in Appendix A. The mixture
propotions are summarized in Table A.10 in Appendix A. The mixtures are
designated by percentage of SRA by weight of cement (0, 0.5, 1.0, and 2.0 percent)
and air content. The mixtures containing 520 IB/&D8 kg/nf) of cement were
proportioned using a wateement ratio of 0.45 and the mixtures containing 540
Ib/yd® (320 kg/nf) of cement were proportioned using a watement ratio of 0.44.

The batches in this program contain a wider range of cement paste contents (23.0 to
25.4 percent by volume) than tle¢her two programs due to the wide range of air
contents that were tested (concretes with lower air contents have less volume being
taken up by air voids).

The properties of the concrete batches are summarized in Table A.11 in
Appendix A, which includes simp, air content, batching temperature, unit weight,
and 28day compressive strength. Five of the sixteen mixtures contained air contents
below that recommended by ACI to achieve satisfactory frost protection for concrete

with 1 in. (25 mm) maximunrsize g@gregate (5 to fercent) (ACI Committee 201).
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Table 2.3 Program 2: Mixture and test matrix*

Mixture De signation Batch Freezej'_rhaw Sc_aling Compressive Air-Void
Number| Durability |Resistance| Strength Analysis
Control w/ 3.5% air 828 X X X X
Control Control w/ 6% air 839 X X X X
Control w/ 8.75% air 754 X X X
Control w/ 9% air 796 X X X
0.5% SRA w/ 4% air 832 X X X X
0.5% SRA| 0.5% SRA w/ 7% air 833 X X X X
0.5% SRA w/ 8% air 769 X X X X
1% SRA w/ 5.25% air] 830 X X X X
1% SRA w/ 6.75% air| 814 X X X
1% SRA 1% SRA w/ 7.75% air] 816 X X X
1% SRA w/ 8.75% air] 722 X X X
2% SRA w/ 3.5% air 817 X X
2% SRA w/ 3.75% air] 831 X X X X
2% SRA | 2% SRA w/ 4.75% air] 838 X X X X
2% SRA w/ 7% air 836 X X X X
2% SRA w/ 8.25% air] 820 X X X X

*X = test performed

Measured concrete slumps ranged from 1.5 to 3 in. (38 to 76 mm), measured air
contents ranged from 3.5 to 9 percent, batching temperatures ranged from 64 to 75° F
(18 to 2° C), and 2&lay compressive strengths ranged from 4350 to 6700 psi (30.0
to 46.2 MPa). Four of the sixteen batches had compressive strengths exceeding the
upper strength limit of 5500 psi (37.9 MPa) permitted by theHRT bridge deck
specifications. Te high strengths resulted from the low air contents. Concretes
containing low air contents will not only experience reduced frédew durability,

but because of their high strength will also experience reduced creep effects, which

decreases concreteedses and cracking.

2.5.3 Program 3: Evaluation of Mixtures Containing Mineral Admixtures
Used in Conjunction with Internal Curing

Program 3 examined the free shrinkage performance, fteanedurability,
scaling resistance, compressive strength, anelogik system characteristics of

mixtures containing different combinations of pvetted lightweight aggregate, slag
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cement, and silica fume. A previous study at the University of Kansas (Reynolds et
al. 2009, Browning et al. 2011) determined that small amditiof prewetted
lightweight aggregate, which provide internal curing water, contribute to reduced free
shrinkage in concretes with wateement ratios above that at which internal curing is
used to control autogenous shrinkage. The researchers obaddronal reduction

in free shrinkage as lightweight aggregate was used in conjunction with increasing
amounts of slag cement.

It is well understood that concretes containing silica fume exhibit a reduction
in permeability and improved resistance to ciderion penetration. Research at the
University of Kansas (McLeod et al. 2009) determined that additions of slag cement
and silica fume contribute to a reduction in chloride ingress. This reduced
permeability could improve the durability of bridge deelsslong as the addition of
the silica fume does not contribute to increased cracking and decreasedHeseze
durability performance. In addition, Bentur et al. (1988) explained that concrete
containing silica fume experiences a slower rate of waterdassg drying as a
result of the reduced permeability. If sufficient internal curing water is supplied to
the concrete through pieetted lightweight aggregate, the reduced permeability
provided by the silica fume could reduce drying shrinkage becaesetémnal water
is unable to quickly reach the surface, and thus evaporate.

Twenty-one batches containing different combinations of replacements of
total aggregate with lightweight aggregate (0, 8, and 10 percent by volume),
replacements of portland centenith slag cement (0 and 30 percent by volume), and
replacements of portland cement with silica fume (0, 3, and 6 percent by volume)
were examined. A number of studies have observed reduced-fheszelurability
and scaling resistance in mixtures comtag slag (Gunter, Bier, and Hilsdorf 1987,
Malhotra et al. 1987, Bilodeau and Ludwig 1992, Stark and Ludwig 1997) and silica
fume (Pigeon et al. 1987, Sabir and Kouyiali 1991). The frdeae durability and

97



scaling resistance of the mixtures in the gtuere examined to verify their overall
durability for use in bridge deck construction. Relationships were developed between
the airvoid system characteristics and the durability of each mixture.

The batches within this program were examined based enshienkage,
freezethaw durability, scaling resistance, compressive strength, and a hardened air
void analysis. Compressive strengths were measured for 19 of the batches in
accordance with ASTM C39. These compressive strengths are summarized in Table
A.14 of Appendix A. Tables 2.4 through 2.7 show the batches (with mixture
designations) that were examined in the tests. Two of the tweetybatches
examined in Program 3 were also examined in Programs 1 and 2 (Batch Numbers 754
and 796). Duplicate bdtes were examined for the mixtures evaluated in each test to
determine repeatability of the results. The duplicate batches were organized into
different series for each test (for example, Series 2 and Series 3). Six distinct mixture
designs were evaluaten the program, including:

1 no lightweight aggregate or mineral admixtures (designated as Control),

1 an 8 percent replacement of total aggregate by volume with lightweight
aggregate (designated as 8% LWA),

1 a 10 percent replacement of total aggregate bwyimel with lightweight
aggregate (designated as 10% LWA),

1 a 10 percent replacement of total aggregate by volume with lightweight
aggregate and a 30 percent replacement of portland cement by volume with
slag cement (designated as 10% LWA, 30% slag),

1 a 10 perent replacement of total aggregate by volume with lightweight
aggregate, a 30 percent replacement of portland cement by volume with slag
cement, and a 3 percent replacement of portland cement by volume with silica

fume (designated as 10% LWA, 30% slag, S#),
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Table 2.4 Program 3: Free shrinkage test mixtures

Mixture Designation Baich
Number

Control 796
8% LWA 827
Series 1 10% LWA 826
10% LWA, 30% Slag 821
10% LWA, 30% Slag, 3% SF 823
10% LWA, 30% Slag, 6% SF 822
Control 876
Series 2 10% LWA 873
10% LWA, 30% Slag, 3% SF 869
10% LWA, 30% Slag, 6% SF 870

Table 2.5 Program 3: Freezthaw durability test mixtures
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