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Abstract

Air voids are purposefully entrained in concretepi@vide feezethaw durability of
prestressed concrete railroad ti2srability assuranceequires consistent praron ofan air void
systemcomprisedof small, weltdistributed bubbles in sufficient quantitgr durability and a
quality control methoddr testing tie freezéhaw durability. Manufacturing processes at three
concrete manufacturing plants were investigatearderto determine the effects of process
variability on resulting concrete air void system variability. Variation in the concreteomi
system and other rheological properties occurred as sexdfuthe manufacturing process and
vibration. Freezing and thawing durability testing of prestressed concrete ties is currently
performed by applying ASTM C666 on 3 x 41L& t016 in. specimes cutfrom the shoulders of
concrete tiesHowever, &cising these specimens from prestressed concrete could leadss
changes in the sample and crackpgfentiallycausng false interpretations of resuliBherefore,
testing was undertaken to umsiand the effects of prestressing and sample extraction on-freeze
thaw durability measured by ASTM C666. In order to assess the effects of sampling and testing
procedures on freezbaw quality control testingesultsof prestressed concrete railroad ies
ties, half tiesand 3 x 4 x 11 inexcised samples were testdgleezethaw testing included
determiration ofthe optimal method to measure fre¢laaw deterioration in large sections, the
effects of sawcutting and the presence of reinforcemeRésults indicated that the Ultrasonic
Pulse Velocity accurately represergd deterioration in large sections. The presence of
reinforcement in excised samples led to faster deterioration compared to cast ASTM C666
samples while sawcutting without reinforement did not significanty affect freezethaw

durability.
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Abstract

Air voids are purposefully entrained in concrete to providedethaw durability of
prestressed concrete railroad ti2srability assuranceequires consistent praronof an air void
systemcomprised of small, welllistributed bubbles in sufficient quantitgr durability and a
quality control method for testing tie freetteaw durability. Manufacturing processes at three
concrete manufacturing plants were investigatearderto determine the effects of process
variability on resulting concrete air void system variability. Variation in the concrete air void
system and other rheological properties occurred as sexdfuthe manufacturing process and
vibration. Freezingand thawing durability testing of prestressed concrete ties is currently
performed by applying ASTM C666 on 3 x 41L& t016 in. specimens cditom the shoulders of
concrete tiesHowever, &cising these specimens from prestressed concrete could lsetds®
changes in the sample and crackpgfentiallycausng false interpretations of resuliBherefore,
testing was undertaken to understand the effects of prestressing and sample extraction-on freeze
thaw durability measured by ASTM C666. In order teess the effects of sampling and testing
procedures on freezbaw quality control testingesultsof prestressed concrete railroad ties, full
ties, half tiesand 3 x 4 x 11 inexcised samples were testdgleezethaw testing included
determiration ofthe optimal method to measure freghaw deterioration in large sections, the
effects of sawcutting and the presence of reinforcemeRésults indicated that the Ultrasonic
Pulse Velocity accurately represergd deterioration in large sections. The presencf
reinforcement in excised samples led to faster deterioration compared to cast ASTM C666
samples while sawcutting without reinforcementdid not significanty affect freezethaw

durability.
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Chapterl-l nt roducti on

1.1Background

Concrete railroad ties are commonly exposed to very severe environments i§rack.
result, hey are expected to lagtproximatelyb0 years under harsh conditions that include extreme
heat, cold, and wet conditionand cause premature deterioration of the concrete railroad tie
Potential tiefailure mechanisms observed in track include cracking, rail seat deterioration, alkali
aggregate reaction, delayed ettringite formation, and freexidghawing damadéd]. Concrete
material and quality control methods required to enieréeezethaw durabilityhave become
subjecs of interest to tie producers and track owners.

Repeated freezing and thawing of concneteler wet conditionsnay lead to damage
ranging from minor spalling to complete deterioration. Frebae/ cycles can lead tasagnificant
decrease in compressive and tensile stredgthtomicro-cracking in the concrete matr[g].
Common mods of concrete tie deterioration due to fred¢law of concreteinclude pop-outs,
cracking, andspalling from the concrete surfa¢g]. Micro-cracking near the surface allows
additional water into the concretecreagsseverity of freezing cycles and potentially acceksat
freezethaw damage. Further deterioration may include structural cracking and total failure or
crumbling of the ties. For concrete under frefmav conditions, high volumte-surface area
ratios have led to low rates of concrete deteriord@pnpossibly due to a change in theezing
rate strains generated from the temperature chamge access to watehlthough concrete ties
have a low voluméo-surface eea ratio comparetb most civil structures, they are much larger in
size and voluméo-surface area ratio than small prisms traditionally used for performance testing.

The concreteentrained air void systens a primary microstructural characteristicath

influences frost resistance. This system is developed by air entraining chemical admixtures during



mixing. Air is naturally added into the concrete through agitation and folding action during mixing.
Without air entraining chemical admixtures, air bwsblare unstable and quickly leave the
concrete. Airentraining agents stabilize air that is mixed into the concrete during mixing. After
placement in the forms, the concrete typically subjected to vibration to ensure proper
consolidationHowever, conagte vubration can affect entrained air content, bubble size, bubble
spacingand frost resistance of hardened conciégeiation in batckto-batch concrete properties

is expectedas a resulof small adjustmentshe operatormeakes to the mixture, variatio in
aggregate moisture content, and different air content.

Although ®ncrete freezing and thawing durability testing is typically performed according
to ASTM C666 on small specimens saut from railroad ties or cast from the concrete mixture
used intie manufacturingit is not subjected to the same placement and consolidation processes.
For this project, freezthaw testing was performed on wholaceete railroad ties, half tiesmall
sawcut specimensand cast specimamn order to understand hosaw-cutting and prestressing
affect freezethaw durabilityof those tiesin addition, effects of the entrained air system and the

manufacturing process on that system were investigated.

1.2 Objectives

This researcBoughto determinea)the effect of concrete rheology and fabrication process
on air content in concrete railroad ties, and b) the effects of testing procedureszmthaw
quality control testingesultsof prestressed concrete railroad ties.

In order to assess the vatigdof the firstobjective concrete air content was measured at
varioussteps in the concrete railroad trenufacturing process at three concrete manufacturing
plants. The investigation included testitige following fresh concrete propertiesair content

slump, temperature, vibratiprand rheology.In addition hardened concrete samples were



collected athe mixer, after handling and placement, and after vibratienderto quantify ttose
effectson the concrete air void systeming imagenalysis métods

In order b achieve the second research objectitreee sets afoncrete railroadies were
constructedwith small companion prismsnade fromone concrete batch according &STM
C666. The three sets included two prestressed ties, two reinforsedditti@ut prestressingnd
two unreinforced ties. Each set consisted of a tie with air conterfroodind a tie with air content
of 0.9%.Small prisms saveut to meet size requirements of ASTM C666 were excised from the
concrete tiem orderto determinghesuitability of using prisms sawut from prestressed concrete
railroad ties The prisms wergested according to ASTM C666 orderto determine freezthaw
durability of concrete railroad tiegn order b quantify strain due teaw-cutting, vibrating wire
gages were embedded in these ti@smpanioncast prismsverealso tested according to ASTM
C666 and compared to samples excised from the unreinforced con@eteotderto determine
deterioration caused lsaw-cuttingand isohte the effects of prestressing addition prestressed
half ties with sufficient transfer lengthieretested in freez¢haw conditionsn orderto determine

freezethaw durability of concrete ties tested for reference vgaenplingeffects were removed

1.3.Scope

Chapter 2 - Literature Review: Chapter 2 ontains a reviewfdreezethaw durability of
concrete, methods to measure air systems in conaretdest methods to measure fretmey
durability of concrete.

Chapter 3 - Effects of the Manufacturing Process on Air Content.This chapter
presents changes and variability in entrained air sydfesmsesult from the concrete railroad tie

manufacturing process at three manufacturing plants.



Chapter 4 - Effect of Freezing and Thawing on FulScale Prestessed Concrete
Railroad Ties: This chapter presents the results of freeav tests performed on whole
concrete ties supplied by the lllinois Department of Transportation (IDOM)tias experimens
of large concrete sample freetheaw testing.

Chapter 5 - Effects of Prestressing and Saweutting on FreezeThaw Durability:

This chapter describes freetteaw tests performed on samples made from concrete railroad ties
with prestressing;oncrete tiesvith reinforcement but without prestressing, and urfioeged
concrete ties. The objective of the testing veadetermine the effects of prestressing and steel
inclusion on freezg¢haw durability of concrete samples excised from concrete railroad ties.

Chapter 6 - Comparison of Methods Used to Measure FreeZzhaw Durability
Prestressed Concrete Tiedtreezethaw durability of concrete is currently determined using the
change in relative dynamic modulus of elasti(RPME) calculated from the fundamental
transverse frequencplthoughthis method is applicable to small cast or sawsamples that
satisfy the requirements of ASTM C666, its applicabfiiycaptuing deterioration in large
scale samples is still unprove®everal methods are investigated in this chapterder to
determine the most adequate forensic tool to investigate ftbexedurability of prestressed
concrete ties.

Chapter 7 - Bursting Strains in Samples Excised from Prestressed Concrete
Railroad Ties: Stress release caused by sating prestressed concretelroad ties leads to
bursting strains in the sagut samples. These bursting strains cause accelerated failure- of saw
cut sampleshatundergo freez¢haw testing. This chapter describes measuresoéthese

strains umg vibrating wire gauges in presssed concrete ties.



Chapter 8 - Conclusions and Recommendationsthis chapter presentssammary of

the work performe@ndconclusions and recommendatdar future work.



Chapter2-Li t erature Review

In 1804, the first railway steam locomotive began serviddenUnited Kingdom with a
recorded speed of 5 mph (8 km/@nehundred years later, German trains achieved speeds of 131
mph (210 km/h), which remained normative for rapid passenger trains until the 1970s. In 1955,
however, the French National Railway @oration tested an electric locomotive prototype (the
BB 9004) that achieved a speed of 206 mph (331 km/h). Recent advancements in-vaileeled
technology have allowed a modified TGV POS train (designated V150) to register an
unprecedented speed of 357 n{pRS km/h) in April 20074]. However, higkspeed trains require
stronger, more reliablandmoredurable railroad tracks, ties, and beds. Compared to conventional
wooden ties, concrete crossties have proven their supeiosiength, reliability, and durability.
High-speed train travel on tracks constructed with standard lightweight wooden ties can cause the
ties to shift and occasionally fracture. Concrete, thesvever facilitate smoother, more stable
operation of higkspeed trains, thereby improving fuel efficierjey. Over the past 25 years, use
of concrete railroad ties has increased in t

environmental advantages, particularly in helayl and higkspeed rail applicatiorn$].

2.1.PrestressedConcrete Ties

P.H. Jackson, an engineer from California, initially developed the prestressing process in
1872[9]. Sixteen years later, C.W. Doehring patented a process for prestressing a concrete slab
with steel wires. Howevethese early prestressing attempts were unsuccessful due to prestressing
loss caused by steel inadequacy. In 1926, Eugene Freyssinet used stronger steel with increased
ductility in order to overcome prestress losgs Useof high-strength steel, however, requires
high-strength concrete to prevent excessive prestressing losses. In order for prestressed concrete

railroad ties to be economital advantageoysthe time between concrete placement and



prestressing release shotld short enough to allow forms and stressing beds to be reused daily
or even more frequently. Low wateementitious material ratio (w/cm) concrete is typically used
to increase early strength, allowing fdecreasedimes to prestressing release andreased
production rates.

Concrete crossties were first introduced in Europe in the early 1940s and tested in North
America in the 1960 orderto advancehigh-speedrail systemg1]. In the mid1970s, the
Portland Cement Assa@tion (PCA) published a prestressed concrete tie design thought to be
sufficient to withstand the heavy rail system in the United Sfa@sThattie design has evolved
to the currentypical prestessed concrete crosstigosvn inFigure2.1. Current tie designs often
have a small cross section in the ramhn region and large cross section underneath the rails.
This design was implemented to decrease material costs whilemeigtadequate thickness and
strength inessentialocations.Scallops on the sidesf the tiewere added to provide additional

friction with surrounding ballast in the field.

= = .

Figure 2.1 Typical prestressedconcrete crosstie

Prestressed concrete tiearrentlymanufactured in the hited Statesat precast plants
are designed to resist loading conditions suggested by the American Railway Engineering and
Maintenanceof-Way Association (AREMA]7]. These prestressed concrete ties use high-early
strength concrete mixturéisatreach approximately 80 or more of their specified 28ay
strength after 24 hou(8].



2.1.1.Failure Mechanisms

Railroadcrosstie failuresre characterized ktyo classifications The first classification
of failure is systentelated and includes three primary causes of failure: support failure, stability
failure, and electrical isolation failure. Support failure occuremtine system fails to transfer and
distribute loads from the train wheels to the ground. This faioamifested by crushing crossties,
rail failure, or subgrade failuié&], can typically be avoided by proper strength, s&ffs, spacing,
and bearing of system crossties in the rail system. Stability failure is a consequence of leveling,
surfacing, and subsurface issues. Any rail system displacement due to surface and subsurface
deficiencies can lead to stability failure. Tkageometry consistency also significantly contributes
to stability failure prevention. Increased stability in rail systems is a direct result of ensuring that
concrete ties are wedittached to the rail, contain consistent and accurate dimensions, and
demastrate good abrasion resistafite Electrical isolation failure occurs when the rail fastener
contacts prestressing wires in multiple locations or when the concrete tie contains high moisture
while missing a tie pad.

The seond classification of concrete crosstie failure is failure of the tie. In 2009, Russell
H. Lutch identified three main failure mechanisms in prestressed concrg¢8.tiEse first failure
mechanisnis rail-seat abrasion, whicoccurs as the cement gradually wears from the ties in the
pad aredll]. The second failure mechanissrail fastener failure caused by cyclic loading of the
train. Flexural cracking was identified as the third type of failure in ties.

Rail fasteners are used in concrete ties to attach the steel rail to the ties and prevent rail
movementFastenetype typically depends on the railroad operator and the tie applicgti2in
The fastener system consisif three componentshe steel shouldethe spring clip and the
insulator. The steel shoulder can vary in size and depth of embedment in the concrete depending

on tie type and fastener $gm.



Train loading or cyclic loading can cause rail fastener failure, the second failure
medanism. This loading causes eitliee spring clipor the ductile iron shouldeto fail [4].
Flexural cracking, the third failure mechanismecurs wherthe tie cacks in the mieiop region
due to negative moment resulting from rail loading on two sides of tHé&3]e Progressive
deterioration due to environmental or chemical degradatmisas: failure mechanism of concrete

railroad ties that should be consideifagl.

2.1.2.Durability of Prestressed Concrete Ties

Progressive failure in concrete ties can occur as a result of insufficient durability of
manufactured ties. Insufficient strength and prestressing, the presence oeibdiealieaction
(ASR), high moisture content, high curing temperature, low abrasgigtance, inadequate air
void system, and pad issues all contribute to concrete progressive deteridriatlosufficient
strength can also lead to prestressing loss. Over time, high prestress force, poor bonding between
prestress wires thatauses long transfer or development lengtanresult ininsufficient moment
or shear capacitjl]. Concrete railroad tie durability is a critical factor for determining whether or

not concrete ties are aoamically competitive against wood ties.

2.2.FreezeThaw Damage

Repeated cycles of freezing and thawing may lead to damage varying from spalling to
complete degradation of concrete. Observations and testing of construction material durability in
freezing coditionshavebeenconductedince the 1800d.4]. Freezethaw deterioratiotypically
demonstrates twmanifesations surface scaling and internal or bulk damgda. Surface scaling
occursas reslt of exposure to saltsuch asle-icing salt or sea water during freetteaw cycles.

Concrete surface scaling is defined as the progressive loss of cement or mortar particles only a few



millimeters in thicknesgl6]. The gluespall mechanismis acurrent theoy that describgsurface
scaling.

As result ofde-icing salt or sea watewater accumulageon the surface of concrete and
mechanicallybinds to the concrete when it freezgls/]. Frozenwater tend to develop tensile
stresses as the temperatdesreasesOnce the stress@screase beyonite tensile capacity, the
ice cracksthese cracks propagate through the surface of the concrete and causeScallimg.
occursonly if the water thacreated the iceontainssaltsin limited concentrationshat provide
pockets of unfrozen brind7]. An adequate salt concentratisnconsidered tde between 2 to
5% of salt by weighf17]. However, air-entraining agentsan significantly reduce sadcaling
damageas a result of the contraction of-amtrained concrete during freezing cydlEs|.

Concrete mixtures susceptible to surface scaling are not necessarily susceptible to bulk
freezethaw damagé¢l8]. Although milroad operators do not use-ideng salts on the railroads
some railroad track exposure to-ider salts may occurat highway crossingdhowever these
locations comprisenly a small percentage ddilroadtrackmiles in the WitedStates This maks
internal or bulk freez¢haw damage thmost significant cause dfeezethaw deterioration for

concretdies.

2.2.1.Internal (bulk) FreezeThaw Damage

Well-distributed air voids, achieved with an -amtraining admixture, provide good
resistaceto cracking and deterioratiaue towater freezing in concref&9]. During the last fify
years many theories havattemptedo explain internal or bulk damage due to the frebasy
effect on concrete elements. Several mechanisms have been proposed to cause intetthaMireeze
damage: critical saturation, hydraulic pressure, and ice temtrand osmotic pressuf0].

Critical saturation refers to damage resulting from 9% expansion of freezingDategeoccurs

10



whencapillaries in the cement paste of the concrete aeel fibith more than 91.7% of water. Once
water in the capillariebegins tofreez, the frozen water geneeststresses in the concrete and
caugsinternal damage. This damagecursin localized zonesf capillary saturatiomnside the
cement paste-lowever this damage can be mitigated if the capillaries are not completely filled
with water

The hydraulic pressure theory states tiheézethaw damages caused byuildup of
hydraulic pressure caused by unfrozen water r e soiflesminccemer pasteapillaries[21].
Becausecement pasteloesnot expandto accommodatevater expansion in the capillaries,
unfrozen wateis forced toflow through the capillarieduring a freezing evenitlydraulic pressure
the force that causeunfrozen water to moves affected by permeability, flow ratand fluid
viscosity.Although permeability depends on cement paste microstructure, flow rate correlates to
freezing rate. The faster the freezirage the faster the flow of wateFor fluid viscosity, change
in viscosity remains minimal for freezing water. The maximum length that water can flow is
calculated based on equating the change in pressurenentéensile strength and usifiged
values for permeability, flow ratand fluid visosity[22]. Powers estimatedhis length to be 0.008
in. (0.2 mm) base on Vinsol resin air entrain¢22].

Flow resistance of unfrozen water through capillaries in concrete structures couldresul
accumulation of hydraulic pressut@erebydamagng the concrete. Ice accretion and osmotic
pressure theory explain resulisaccounted for by the previous two theories. During freezing
water in the gel pores travels to capillaries according to thermodynamicg$2@wgiowever,
water in the gel pores cannot freeze at temperatures abB®%€ due tothe smallsize of these
pores[22]. When thewatertemperatures less thard °C, the water energy becomes higher than

that of ice causing water to flow from the gel pores to the capillafibe. energy gradiemauses
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this water to freeze once it reasthe capillaries. Water contiies to flow from the gel pores to

the capillaries until the water energy equalizes with the ice enBegpausevater in the pores
contains ions and the formed ice can only be pure water, these ions accumulate in the gapillaries
causing continuation of wer flow even when the capillaries are full. This continuation of water
flow is aresult of the systetnattempto equalize the solution concentratioansequentlgausng
pressure buildup and internal dam§2/.

Accordingt o L i t v awatesin theltapitaries can freeasly in the outer surface
of the structure and cannot freeze in its original position without movdi@nBecause othe
difference between vapor pressure of the sepeted water, frozen wateand unfrozen water in
the concrete capillaries, water in the capillaries move to larger pox@slerto freeze Water
movementand dryng in the capillarie®ccur as resultsf rapid cooling in the capillaries during
freezing cyclesleadng to increasedisk of damage to the cement paste. This damage is caused by
the accumulation of water in the pores and crdbk$cau® expansion during freezing cycles.
However, dditionalwater introducedhto the system causenore internal pressure and expansion
due to freezingconsequentlyeadng to further damagg24]. This damage becom@rominent
when the system lasla proper air systerbecausehe rae of freezing is to rapidandcaugsthe
water to freeze in the capillaries before reaching the air voids and the saturati@x¢eesls the
level at whichthe air system can accommodgié].

The hydraulic pressure theosxplains the mechanism at which internal pressure is
generated and the relationship between distances that water travels to reach the andibel
freezing ratg16]. Ice crystal growtloccurs wheran increased freezing period causes increased
damage. The osmotic pressure themguratelydescribes this phenomendaut it fails to explain

the role of air voids in deteriorating frost action dam§bg). Lit v anatks prapereor y
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description of the mechanism at which internal pressure is formedanchencement othe
damage procesalthough hese theories contradict each othiey collectively explain frost
action damage. However, even a combination of all thesei¢iseis unable to comprehensively
explain the problems of frost actiftg].

Pop-out occurs whersaturated porous or weak aggregate splits as a result of frost action.
This frost action exerts internal pressure inside theeggde or when water is ejected from the
aggregate due to the same pressure, thereby causing mortar or paste cawdr pbpse two
types of popouts are referred to as Classical and Typadghown inFigure 2.2 redrawnfrom
Pi geon and DButaelity ofoConcrbte io £qgld Climatgd6]. (See Appendix B for

reprint authorization

Exposed surface

Q.’ -~ K
4., s

Saturated aggregate split in two due to the
internal pressure exerted by frost action

(a) Classical pop-out

Mortar cover broken up by the
pressure exerted by the water
expelled from the aggregate

during freezing— 7Exposed surface

Saturated aggregate

(b) Type Il pop-out

Figure 2.2 Types ofpop-outs: a) Classial pop-out, and b) Type Il pop-out [16]

2.3.Preventing FreezeThaw Damage

Three main concrete properties control fredmev deterioration in concretaggregate
characteristics, concrete permeabjlapdtheair void systenj25]. Sixty to eighty percent of the

volume of a typical concrete momprisedof aggregates. Absorption and specific gravity are
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important aggregate propertipsrtaining tofreezethaw durability[24]. Similar to cement paste,
freezethaw durability of aggregate deperatsmarily on its pore structurédggregate subjected

to freezing while fully saturated must accommodate incokageme resulting from ice formation

or be able texpel water from the aggregate to an air void in the cement paste before it freezes in
the aggregat4].

Aggregate freezéhaw durability depends on aggregate type, size, absorption capacity,
degree of saturation, pore siand distribution[26]. Aggregate type can affect the strength of
interfacial transition zonefiTZs) and development of micrracking [27]. When the weak
transition zones suffer miciaracking, permeability of the cement paste increases and the concrete
become more susceptible to freeteaw damag¢24]. Aggregate with low absorption prodsce
air-entrained concrete withmproved freezethaw durability compaik to concretes with
aggregate that have high absorptid28]. Instead ofaggregate absorption, the aggaee pore
structure tends to control freeteaw durability in aientrained concret@9]. In addition to
aggregate type, aggregate size is an important factor for ftle@zedurability. Small aggregate
subjected to freezthaw cycles without the cement matrix were able to withstand frbexe for
longer periods than large aggregates following the internal hydraulic pressures me¢B@hism
For absorption, aggregaevith high absorption capacitieend very fine pore structures cause
more freezehaw damag¢31]. Water can be expelled from aggregates during the freezing cycle
resuling in increasd hydraulic pressure and damagehe ITZ. Theincreasedressure anthe
freezing of thavatercauseaggregates to expantherebycausing damage to the surrounding paste
[32]. Aggregateswith poressmal | er t han 5 em tend toolongee mai n
periodsof time than aggregates with larger pgrasdtheytend to have low permeabilityhat

caugsincreasedydraulic pressure in the cement pd&&.
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High-performance concrete with low permeabilityyipically made withavery low water
to cement ratio anavith the aid of water reducert.ow-permeability concretéas two main
benefits:reduction of the amount of water that can enter the concreteeduadtion of theamount
of excess water in the hydrated cemi@4f. Reduction in the amount of water absorbed l@ver

theconcrete degree of saturatj@onsequentlylecreasinglamage during freezir{@4].

2.3.1.Air System

Agitation and folding action during mixingaturally includes air into concrete. Without
air-entraining chemical admixtures, air bubbles are unstable and quickly leave the concrete;
however, akentraining agents stabilize air mixed into the concrétecan be described as the
foamthatformsin the liquid state of the concrete aisdetained in the solid state of the concrete.
Powers describetivo main processes to generate air in con¢83f[34]. The first process is the
entrainment bair throughfolding during thevortex action of the mixingThe second process
involvesthe flowing and falling mass of the fine aggregate onto jtelfing to air entrainment
during mixing.Mielenzet al.[35] [34] stated that air is already in the system of materials and can
be entrapped as a result of the mixing proc&gsbubbles are naturallyunstable in the concrete
as aresult of the thermodynamic behavior of the materialsyhich the materialattemptto
eliminate interfacial surface areas between the various mat¢Bidls Therefore once air
completesa life cycle the air escapg combine, or collapss. Air-entraining agemstare used to
ertrain andstabilize air in the concrete. Typical air entrainepasist of various surfactantisat
are composed of hydrophilic headnd hydrophobic tail§34]. Although surfactants orient
themselves randomly in bulk solutions, they tenddmonstrat@ preferred orientation consisj

of groupedhydrophobic tailof the surfactantgherebycausing the surfactants to form spheres
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with hydrophilic head on the outsidesurrounded by the liquidand hydrophobic tailson the
inside surrounded by aii34].

Air bubblesarelocationsto which water in concrete capillaries can travel in order to form
ice crystals, thereby relieving stress resglfirom freezing actiof22]. A good distribution of air
voids results in increased accessibility of air bubble sites and less-thegzelamage. The
distance that water in concrete capillaries can travel without causing ddefaeeds on factors
such as rate of freezing, degree of saturation, porosity, permeability, water viscosity, degree of
hydration, and tensile strength of the concf@& [37]. Critical thicknesss the average maximum
di stance that water in the capillaries can tr
calculation, theoretical critical thickness in concrete is 0.2 mm (0.00R#]} [37]. Based on this
calculation,each air void wouladontaina spherical zone that w&?2 mm (0.008 ir) beyond the
radius of the bubble. These spherestgpécally referred to as relief (protection) zon@], as

shown in Figure2.3.

Figure 2.3 Relief zones inair -entrained concrete[22]
Buoyancy and consolidation of large buoyant bubbles causes air bubbles to be lost as they

rise to the top of fluid concrete. Whether or not bubbles rise depends on concrete fluid properties
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and bubble size. larder for a bubble to begin rising in concrete, applied shear stress attributed to
upward buoyancy force and vibrational ener gy
Concrete yield stress is defined as the applied shearing stress needeadadheitflow of concrete

or cause the concrete to behave like a fluid. Applied shearing stress affects concrete ,viscosity
which consequently affects the speed at which bubbles rise. Viscosity is a measure of frictional
forces between fluid layers. Highiseosity causesncreasedfrictional force between layers,
resulting in higher resistance to bubble rising. Therefore, air bubbles ridg sla@ncretes with

high viscosity. Buoyancy force is proportional to bubble volume, whereas concrete resistance to
bubble motion is proportional to surface area. Increased bubble size increases buoyancy related to
the forcedbds r esi staibublyd sanddnay dorriseannconcreten Stokesa s e s

shown inEquation2.1, describes the motion of air bubbles in a viscous li¢B&].

S
b W 504 Equation 2.1

whereu is air bubble velocityrf/g (sinking if } air > }iiquia @nd rising if} air < }iiquid), } air IS Mass
density of the air bubblek@/n?), Jiquia is mass density of the concretegf?), "Qis gravitational
accelerationri/s), andeiiquia is dynamic viscosity of the concretey(/m.3.

Air volume required to accommodate water expansion is fairly small. A fully saturated
concrete sample containing 30% paste requires approximately 1.3% air contencker to
accommodate expansid22]. Therefore, the number @ndistribution of air voids is more
important than the total volume of air contekd.shown inFigure2.4, small air voids can produce
large relief zone coverage atitk same amount of air content with larger air voids can produce

less relief coverage?2].
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Figure 2.4 Effect of air void size onrelief zones (dentical air content in both sides)[22]

The spacing factor refers to average maximum distance that wasttravelin orderto
reach the closest air void. Regardless of air void size, it can provide-fheszegrotection to
concrete within its relief zon7]. The size of the relief zone depends on fluid viscosity, paste
permeability, flow rateand pressure gradiemiccording to Powescalculationsan increase in
flow rate and/or fluid viscosity causeéhe size of the relief zone to shrifiR2]. Figure 2.5a
illustrates the effect of proper spacing on frettrmnv durability.As shown in the figure, ater in
concrete capillaries moves to the nearest air void without causing damage or cracking because
these water capillariewesituatedwithin a relief zone. However, when air voids are inadequately
spaced, water freezes in the capillaries causing cracking and deterioration in the cement matrix, as

shown inFigure2.5b [22].
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Figure 2.5 Spacingfactor effect

2.3.2.Factors Affecting Air VoidSystem

Air void systems in concrete are influenced by factaush ascement, admixtures,
rheology, mixing procedures, temperature, handkngl vibration. Researdtas shown thdtigh
cement alkali levels lead to a rise in air contertile an increasen thefineness otement leads
to a drop in air conterjB9] [40] [41]. As cement fineness increases, surface alsgAncreass,
requiring additionaair-entraining agestto give the mix the desired air cont¢h2]. Cementitious
materials can affect air entrainment by affecting theeairaining admixtureCarbon in fly ash
works as an absorbent for surfactants usethewair-entraining admixtur¢43]. However silica
fume and slag cement negativeffect air content aaresult of its high fineness and the presence
of unburned carbof#1]. Metakaolin does not ka any apparent effect on air contgti].

Admixtures effects on the air system vary from normal to setihsolidating concrete
(SCC) For normal concrete, admixtures containing lighésed materials tend to increase the ai
contentandthe spacing factdel]. Theincrease in air content &tributed tathe nature of lignin
which is the base of some -@ntraining agentRetardersdemonstratesimilar effecs as lignin
based materialshut accelerators have a negligible effect on air confét}. SCC require

increaseddosages of aientraining agenin orderto compensate for air lo§44] [45] [46]. In

19



highly fluid SCC, air bubblesxperiencanore movementcausing ruptures and merging in the
bubbles[44] [47]. In SCC withlow fluidity, however,the air bubbles remaistable[34]. The
addition of admixturessuch as viscosity modifying admixtures (VMAS) and superplasticizers, to
the SCC disruptthe effect of akentraining admixtures and castess air entrainmed5]. When
VMASs are usegdincreasediosages of superplasticizers are needeatderto maintain concrete
workability. Cement particles absorb the superplasticizer as a result of this in¢cheseby
causng interference that prevenir bubbles from attaching to the cem@ts]. The increase in
concrete viscosity causan increase imternal pressuref theair bubblesresulingin air bubbles
rupturing and escaping the concrpt8.

Rheology can be defined as the science of deformation and flow of bodies, including solids
and fluids. Based on rheological properties, bodies caategorized asolid, fluid, or plastic. A
body is solid if it undergoes deformation undex dipplication of any inhomogeneous force system
without undergoing flowregardless of largapplied forcelf the body is a fluid, it flowunder the
application of any inhomogeneous and anisotropic force systgiardless osmall applied force.
A plasic body, however, can behave ligsolid or afluid, depending on the value of the applied
force. If the applied forcexceeds certain critical valuayr yield stress, the body behalike a
fluid. If the applied force does not exceed the yield stressever, the bodgcs like a solid. Two
idealizations of this behavior that have been applied to concrete are Bingham plastics and
Boltzmann plasticEigure 2.6 shows a comparison between a Bingham plastic and a Newtonian
fluid. As shown in the figureany small application of a shear stress resnlt shear ratéhat
caues flow of a Newtonian fluid.Viscosity, or he ratio of applied shear stress to the rate of
shearing strains constanfor Newtonian fluids but Bingham plastics have varying viscosities.

The slope of the straight line that defines the relahgrbetween the shearing stress and the rate
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of shearing strain is referred to as the plastic visctm a Bingham plastid-or Newtonian fluids,

the plastic viscosity is equal to the viscosity. In Bingham plastics, the lower the plastic vjscosity
the higher the rate at which viscosity decreases with increasing shear stress. A Boltzmann plastic
differs from a Bingham plastic in that its rheological characteristics depend on the shearing history
of the materiglmeanng that the material exhibits changes in shearing stress with time even at a
constant rate of shearing strain. This behavior is cali@dttbpy and antithixotropy. Thixotropy
occurs when viscosity decreases with time, whereas antithixotropy occurs if viscosity increases
with time. Some concrete mixtures exhibit strong thixotropy. Thixotropy could play an important

role in concrete air vdimigration in concrete crossties that are vibrated for an extended period of

time.
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Figure 2.6 Bingham plastic and Newtonian fluid rheological models

Correlaton of the effects of rheological properties on air contenery difficult because

the addition of aialtersrheological properties of any concr¢d®]. Increagd air content cause
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a decrease in plastic viscosity and an increase in yield $@sdncreasednixing speedalso
results inincreaseadiir conten{50]. Studies have showthat air content gradually increases with
speed up to 20 rpm and decreasa higher speedgl]. The relatioship between mixing time
and air content was found to increase up to a certain mixingaditee whichtime the ar content
beginsto destabilizg51]. Researcherdsavefound that mixing for 60 seconds cach&ve a good
air void system, withair content increasing up to 90 secod] [41]. Concrete with higher
temperaturetends to have lower air content even whaaintaining constarglump by adjusting
the water{50]. For examplein order to achieva constant 7 in. slump, the air contemistdrop

1% for every 18C increase in temperatuj0].

2.3.2.1.Effects of Vibration on Concrete Air System
During vibration,buoyancy causeair bubblego be lostwhen theyrise to the topof the

fluid concreteor consolidag into large bubbles thaeadilyrise to theconcretesurface. Whether

or not bubbles rise depends on concrete fluid properties and bubble size. In order for a bubble to
beginrising in concrete, the applied shear stress provided by the upward buoyareyarior
vibrational energymustbe greater than the yield stress of the conc@acrete yield stress is
defined as the applied shearing stress needed to initiate the flow of concretakiesthe concrete
behave like a fluid). The speed at which behides is affected by the viscosity of concretaich

is consequenthaffected by the applied shearing stress. Viscosity is a measure of frictional forces
betweerfluid layers. The higher the viscosityre higher the frictional force between the layers
resulting inincreasedesistance tthe rise obubbles. This means that air bubbles rieereslowly

in concretes with high viscosigs compared to concretes with low viscadgyoyancy force is
proportional tdoubblevolume, whereas resistance to blgmotion by the concrete is proportional

to the surface area. The larger the bubble, the larger the buoyancy relative to forces resisting motion
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and the higher its tendency to rise in concrete. Vibration increases forces acting on the bubble,
causing thm to rise. Howevemesearchers still do not fully understagxhctly how these forces

help bubbles. Vibration primarily eliminaéarge voids in the concrete and improve smoothness

of the concrete finish on formed surfa¢g3].

Similar to other congested concrete members, prestressed concrete tiggicalby
vibratedin orderto consolidate the concrete and avoid honeycombing in the ties during placement.
Vibration of concrete, however, can affect the entrainedaitent, bubble size, bubble spacing,
and frostresistance of hardened concrete. Excessive vibration results in loss of entrained air with
10 em to 1 mm in diameter, t her[BhMighwibratieni ng fr
frequenciesrhaximum of230 Hz) moresignificantly affect air content and spacing factor than
frequencies lower than 130 H&5]. High frequencies disrupt air content by causing air bubbles to
rupture or escap@ndtheyincrease spacing factors even when vibrated ftittiesas 20 seconds
[56] [57]. At low frequencies (13Blz), vibrators tend to lodig affectthe air content surrounding
the vibratorg58]. Researcherbavefound that concrete los¢éhe mostair within the first few
seconds of vibratignas vibration time increasesair loss decreases[59], indicaing a
proportionality between air loss and vibration time. Vibration tendsiétd onlya small sphere
of influence since vibration in a small container leads to more air lossvitwation ina large
containerf59]. Regardlessf initial air content, half of the air content could be removed from a

0.5 ft of concrete in 50 secondshile removal ofthe same amount of airould requireonly 12
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seconds in 0.2 $tof concrete when vibrated with a rod vibraf60]. A correlationalso exists

between air loss and vibration of higher slump condbig

2.4.Testing
2.4.1.FreezeThaw Testing

Researchers such as Wray, Lichtefeld, Sweet, Lemish, Klieger, Stark, and Powers have
studied freeze¢haw testind61], andnumerous standards are currently dedicated to the assessment
of concrete resistance to freebaw conditons[62], including ASTM C66463], UNE 123909
[64], JIS A 114465], Rilem TC 176IDC [66] [15], CEN/TR 1517767], and SS 1372468]. In
his report, Makoto Kaneureportedthat the Highway Research Board Committee on Durability
of ConcretePhysical Aspedt investigated ASTM approaches for testing concrete resistance in
freezing and thawing conditiorj61]. They tested three concrete mixtures using four methods
suggested by the ASTM. The first method, Rapid Freezing and Thawiigter (ASTM C290),
and he second methodRapid Freezing in & and Thawing in Water (ASTM Z91), were
withdrawn in 1971The Slow Freezing and Thawing in Water or Brine (ASTM C292) method was
withdrawn with no replacement in 1965, and the Slow Freemnngr and Thawing in Water
(ASTM C310) method was withdrawn with no replacement in 168} Methods C292 and C310
both of which provided a single cycle every 24 brderto cover testghat involvemanual transfer
of samples between freezing chamlserand thawing tars were dropped from ASTM
specificationsas a resulof their high cost and long time required for resulé®]. In addition,
ASTM C291, ASTM C292and ASTM C310 were deemed teariable andrequired more
consistent replacemer]f&)]. As a result, they concluded that the Rapid Freezing and Thawing in

Water (ASTM C290) method was the least variable and, therefore, the most reliable of the four
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tests. Tis test is currently referred to as Resistance of Concrete to Rapid Freezing and Thawing
(ASTM C666) Procedure A.

The ASTM C666 Standarbnsists of two test®rocedure A anéProcedure B. Procedure
A involvesrapid freezing and thawing in waterhile Procedure Bentailsrapidfreeang in air and
thawing in waterConcrete specimertssted according to ASTM C66agerebetween 3 x 3 x 11
in. (75 x 75 x 279 mm) and 5%x 16 in (125 x 125 x 405 mm). These specimemsesaturated
in a lime water bath faat least two daysndthen conditioned at 4T (4 °C). The concretavas
then frozen to OF (-18 °C) and thawed to 4€F (4 °C) 300 times. The freezingasrapid, with
up to 12 cycles performed per d#\s required, lhe freezethaw cyclewascompleted imot less
than 2 hours and not more than 5 hours, with the thawing peipiring25% of thecycletime
for Procedure A and 20%or Procedure H16], resuling in a cooling rate of 10.8/h (6°C/h) to
27 °F/h (15°C/h).During testing, samples aneereimmersed in water or frozen in air and thawed
by flooding the chambethat contaired the concrete samples with wat§3]. Damagewas
monitored bymeasuring thelynamic modulus of elasticity, ngth change, and mass |cafser
every 36 cycles or les3he freezehaw testwasusually terminated once the 300 cyclesre
completed or théRDME) droppedbelow 60%

AlthoughASTM C666was advantageoustpompleted within two monthsariousissues
arose as a result o$ubjecting concrete to such rates of freezing and thawhgrates of freezing
and thawingreventedASTM C666from replicatingthe natural exposuexperiencedh the field.
Temperatureshangesn nature rarely exceed® (2°C) perhour, while in the rapid freezbaw
test described in ASTM Cé66&mperature changesacled27 °F (15°C) per houf16], indicaing
that deterioration caused by rapid freezingynot occur in nature. As a result of the vada of

freezing rate allowed by ASTM C666, results of fredmav durability vailed depending on
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freezingrates usedby individualtesting equipment. In addition to the freezing rate, the freezing
timewas significantlyess in ASTM C66@hanlong freezimg timesobservedn nature. Moreover,
sampleswere kept fully saturated during the freetteaw test which may not bean accurate
replicationof concrete in nature.

Threemain European freez@aw resistance tests (CEN/TR 15177 and CEN/TS 192390
exist the SlabTest, the German and/or Cube Test, the-KHthod. The SlafTest based on the
Swedish freez¢haw test (SS 137244§1], requiresour samples witi5x 15x 5 cm dimensions
to be simultaneousltesed These slabs arobtained by sawutting four 15cm® cubes. These
cubes are demolded after 24 hours and then cured under water for 6 days &t 2t curing,
the samples are stored in a climatic chamber at 20hd 50+10% relative humidity for 21 days.
After 14 days in the climatic chamhdhe samples are sawn and then sealed from every surface
except the top surface and then returned to the climatic chamber for 7 days. After a total of 28 days
of age, the samples are subjected tgotezed water (3 mm) on thep surface for 3 day$7].
Then the freez¢haw testing is commenced on the samples witholing rate of 1.7C/h for a
12-hour freezing cycle and f2our thawing cycle (between +202@ and-18+2°C). The freeze
thaw rate is controlled by placing the sensor indéenized water and on the top surface of the
specimen. The specimens are measured in terms of RBMBUItrasonic Pulse Transit Time or
Fundamental Transverse Frequency after 7,8442 and 56 freez¢haw cycles during the thaw
cycle. The duration of the Slakest is 56 cyclesand criteria for failure is not defined as part of
this standard methd@&7]. Therefore flexibility of the SlabTest methodllows accommodabn
of criteria set by local authorities or clientdowever becausdahe SlabTest can tesonly one
surface of the concretat is not an accuraterepresentation of concrete elements that are

consistentlyexposed to the environmerih addtion, the SlabTest method requireengthy
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storage in the climate chamber before testarglthe total length of the testayinot be adequate

to obtain an actual representation of fretdzenv durability of the concret@lthoughthe SlabTest

is simpleto perform andequires relativelyow cost, sample preparation and accounting for the
sawcutting are difficul{74].

The second freezihaw method described in the European frabagv resistance code is
the German and/or Cube Te&s the name impliegest samples consist of 10 tooncrete cubes
thatcan be cast or excised from a larger structure. Similar to thel8kttmethod, theubes are
demolded after 24 hours and then cured under water for 6 days at@Q&H. After curing, the
samples are stored in a climatic chamber at 2CG@nd 65+£5% relative humidity for 20 dgy2].
Then the samples are soaked for 1 day in water before the-treszdesting commences. The
procedure requires four cubesbe testedor each setwith two cubes in each frost che$he
samples are kept in watduring the freee-thaw cyclesEach freez¢haw cycle unsfor 24 hours
and testings carriedout during the thawing cycl&reezethaw testing is performed by soaking
the samples in a chest freezer vattooling rate of 1.2C/hour for 10 to 14 houis thefreezing
cycle and 10 to 14 houms thethawing cycle (between +20£Z and-15+2°C) [73]. The freeze
thaw rate is controlled by placing the sensor in the center of one of the spediestimg includes
RDME usingUltrasonicPulse Transit Time or Fundamental Transverse Frequency in addition to
aloss in weight after 7, 14, 28, 4&nd 56 freez¢haw cyclesDuration of the Cube method is 56
cycles and the criteria for failure is not defined as part of this standard mgtBp&imilar to the
SlabTest, theCube methodequireslengthy storage in the climate chamber before testing. In
addition, the total length of the tesaymot be adequate to obtain actual representation of freeze
thaw durabiliy of the concrete. Moreover, the teshymot accurately replicateaturd s s ever i t

in terms of freezing temperatures and freezing rate.
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The third freezeghaw method described in the European frebagv resistance code is
the CIF testdcapillary sucton, internal damagendfreezethaw). Test samples consist of five or
more samples with 1% 15x 7 cm concrete dimensions. These samples can be cast samples or
excised from a larger structu@ast samples are cast in adr&® mold with a vertical polytetra
puor-ethylene (PTFE) plate in the center of the mold. Similar to the previous two methods, CIF
samples are demolded after 24+2 hours and then cured under water for 6 days°at [Att2
After curing, the samples are stored in a climatic chamber atZDafd 65+5% relative humidity
for 21 days. After 7 days and before the completion of 21 days in the climatic chaneber
specimens argypically sealed on their lateral sides with aluminum faing butyl rubber or a
solventfree epoxy resirf15]. Then the samples are placed emi spacers with the testing
surface downward inside the testing contgif@lowedby the addition 0£0+1 mm of daonized
water to thecontainer Capillary suction lasts for 7 days at a temperature of 2QGtZach freeze
thaw cyclerunsfor 12 hours and testings carriedout during the thawing cycldreezethaw
testing is performed with a cooling rate of °@h for a 4hour freezingcycle and 4hour thawing
cycle (between +20+2C and-20+2°C) [15]. In addition, the freezing cycle is kept constant at
20+2°C for 3 hours, while the thawing cycle is kept at +20EZor 1 hour. The freezihaw rate
is controlled by placing the sensor underneath the testing container. Testing includesBBy/E
Ultrasonic Pulse Transit Time or Fundamental Transverse Frequency after 7, 14,£®] 88
freezethaw cyclesDurationof the CIF method is 56 cycles completed in 28 dBg8ure criteria
of the methodaretypically defined according to ISO 57285]. The damage to concrete is slight
if the RDME is greater than 90%, medium to extensive ifRBME is between 90%nd60%,
and extensive to total if the RDME is below 60Rlawever, he simple preparation effecf the

German Cube Method and the CIF Metl®dontradictedy the high cost of operatidi4].
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The primary goal of thecritical degree of saturation test to predict theduration that
concrete can last in field under natural fretdmav cycle§16]. As part of this test, various degrees
of saturation for a concrete specimen nhestletermined prior to freezlbaw testing. In order to
perform this testl5 to 20 specimens are need@f]. Sample$ initial weights arerecorded in
order to obtain initial moisture conditispandthenthe specimens are dd at 50°C for at least 2
days andeweighed[75]. The specimens atbéenvacuumsaturated fo2 days and weighed in
water and air. Based on the degree of saturation and the two measurements of weight, the required
specimen wight is calculated and the specimens are dried to that specific wditien the
specific weighis reached, the specimeare wrapped with thick plastic and sealed with {@bé
After one day of weightadndundamental freguescesaceideteenmratd
then freezaghaw testing of the rewrapped specinbegins Freezing and thawingccursin air for
6 cyclesFreezingbeginswi t h t he s ampl esdioppmhgtot0eCrin 5t6choupser at ur
andthento -20 °C afteran additiomal 3 hours[75]. Thawing be@s oncespecimen temperatures
drop to-20°C, andthawing continusuntil specimen temperatugeeach 5°C. After 6 cycles are
completedt he s peci mens 06 nclesandwaights aré racordeld at eogmutemperature.
Thecritical degree of saturatigi$cr) is then determined@dnd the samples are dried at 205for
at leastl week[75]. The length of time required to reach critical satorais determined by
measuring absorption over a period of time. Unlike the ASTM CiB&Stest allovs prediction of
the service life prior to freezthaw damage. One disadvantage todtical degree of saturation
method is its inapplicability to testr salt scalind16].

The critical dilation testmeasues the change in length of concrete specimens during
freezing cycles. A concrete specimiat is sufficiently akentrained experiencesdecrease in

length, while a frossusceptible concrete specimen exaad the temperature drops below
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freezing. ASTM C671 utilizethecritical dilationmethod to determine theuchtion that concrete
can lastunder freezg¢haw cycles Samples are madand cured to match exposed concrete in the
field [16]. Specimenscontainstanless steel gauge plugs ladth endsn order to measure the
change in length usinglaer variable displacement transdu¢#8]. Freezing cyclebeginwhen
the specimenare placedn a watersaturated kerosene bath36°F (2 °C) and then cooledt a
rate of5t1 °F/h 2.8£0.5 °C/l. Once the temperature reaches’E4-10 °C), the samples are
removed from the freezinghamber and placed in water at’86(2 °C) for 2 weeksuntil the next
freezing cycle[16]. The length change measurement and temperature ofatexsaturated
kerosene bathre recorded regularly during the freezing cycleorder to obtain dilation of the
specimen, the maximum distanaeween theeductioncurve(obtained from the change in length
data)anda straightinethatextrapola¢spre-freezingdata is measurgd6]. For frostsusceptite
concrete, the dilationontinues tancreag for each cycle. ASTM C671 set the failure criteria of
the concrete to be an increase in dilation by two or more between consecutiveAljlotesgh
this testrevealsa very similar freezing rate to actuatesin natureapproximately6 yeas would

be required in ordeio perform 300 freezéhaw cycleqd16]. Moreover, this testannotevaluae
concrete specimarthat have marginal freezbaw durabilityfor which frost damageequire
longer periodsn orderto be more significant. This test also negi¢lae effect olengthyfreezing
durationsbecausehe testrequiresonly approximately4 hous for completon, as isthe case in

nature[16]. This resulted indiscontinuation oASTM C671 in 20G.

2.4.1.1.Method to Measure Freez&éhaw Durability
Powers first developeresonancdrequency(RF) in 1938[76]., RDME of the prismatic

bar can be obtainedsing esonah frequencyme as ur e ment of [M&dwobar 6s

methodsare commonlysed to determineesonahfrequencyof a concrete specimen: the forced
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resonance method and the impact resonance mgtBpdrhe brced resonance method uses an
electromechanical driving unit to vibrate a supported specimen while measuring vibration of the
surface of the specimen. The specimen is vibrated at various frequemncig¢be frequency that
correspond to the maximum amglide is theresonance frequencyRFE) [78]. In the impact
resonance methoda rounded impactor (rounded hammer) strikee specimenand an
accelerometer recordtie impact wave. The recorded wave is analyzed using Feasier
transform (FFT)n order to obtaifRF. RDME obtained by the resonant frequency method depends
on specimersize and shapg’9]. Wave induced by impact on the surface of the concrete £ause
the concrete to vibrate at its own nafufrequencieqg77], but amplitudes of these natural
frequencies can be affected by cracking or air pocketkop in amplitude is known as damping
capacity. Tis damping capacity increases significantly as a result of inaigasesity, voids, a
cracked locatioyjor a weakness in the pa$6®]. The damping effect tesdo be more prominent
in smaller sectionsecause®f their higheinitial frequencies compaado low frequencies of large
sections. In addition, the resonant frequency method can only be applied in laboratories with small
dimension samplebecausevariation in dynamic properties depends on sample §/83. In
addition, the damping effect of the surrounding can reduce the frequency measurement in the field.
Ultrasonic Pulse VelocitfUPV) can be used toevaluate the condition of concrete
specimens with various shapes and siresJPV, a trasmitting transducer (electaxcoustical
transducer) is used to generate mechanical wave bursts from voltage [BQ]sés receiving
transducer is placed at a known distance from the transmitting transdcderto measurehe
time interval between the transmission and reception of the pulse. These two transducers should
be coupled to the concrete surface using a proper medium (grease or cellulosEB@Rasthe

generated pulse can travel thgh the concrete but not through air, éagghe pulse to travel
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around cracksthereby increasindgravel time and lowang velocity. These transducers are
typically arranged in one of three configuratiodgect transmission, serdirect transmission or
diagonal transmissignand indirect or surface transmissioDirect transmission results in
maximumsensitivitybecauséhe two transducers faeach other and they do not require any wave
reflection[80]. As concretedeterioration develops, changes are reflected as a decrease in pulse
velocity [80].

Impact Echo(lE) has been used to detestructurethickness, internatlelamination,
honeycoming, andcrackingparallel to the surfac@1]. During an IE testa solenoid impactois
used to induce displacementvave P-Wave in the concrete that is picked by an accelerometer
[81]. Waveenergy isreflected when the mediufor wave travel changes, usually from concrete
to air or water as a result of cracking, delamination, or the end of the section or depth. In order to
identify resonant echoes, the frequency domain is utilized instead of theotimaénd FFTanalysis
is then performed on theollecteddata in order to obtain the resonant echo peak and concrete

depth[81].

2.4.1.2 Posttensioning and Prestressing Effect on FreeZbéaw Durability

In 1959, Fouad E. Musleh studidite effect of postensioning on freezthaw durability
of concrete[82]. He attempted to compare the performance of ordinary concrete and post
tensioned concrete under repeated cycles of freezing and thaWmigary concrete had an
ultimate strength of 3000 psi, while the ptestsioned concrete had an ultimate strength of 5000
psi[82]. Two identical sets of specimens were made with different curing times: Specimens in Set
1 curedfor 28 daysand specimens in Set 2 cured for 14 days. Each set consisted of four concrete
batches made according to two concrete design mixes. Three batches were made with a mix design,

resulting in an ultimate strength of 5000 psi, and one batch was wmigldl a mix design that
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resulted in an ultimate strength of 3000 psi. Six specimens were made in each of the batches,
resulting in a total of 24 specimens in each of the two sets, totaling 48 spef8&jehsaddition,
6-in. by 12-in. compression test cylinders were made in order to test the ultimate strength of the
batch. All 48 specimens were beams with dimensions of 3 x 4 x 16 in. The testing chamber
achieved freezing at & and thawing at 40F in accordance with ASTM ®2-52T. Sample
freezing was monitored at the center of a dummy sample, requiring 2.5 hrs to reach freezing.
Thawing required approximately 0.5 hrs to reacf2ONhen the samples completed 20 cycles,
the freezeghaw chamber was turned off and specimeneewested for changes in weight and
dynamic modulus of elasticity. Musleh concluded that jp&ssionng concrete improves its
durability against freezthaw conditions. In addition, continuously poshsioned concrete
specimens were more durable tharintittentlystressed concrete specimgmst both proved to
be more resilient against freetteaw than unstressed concrete samjd2k

In 1979, the Canadian Rail Research Center performed fteagetesting on large
samplessawcut from eight prestressed concrete railroad ties, two ties from each prestressed
concrete railroad tie used in the Canadian rail sy§s¢nThree samples were collected from each
two-tie set, as shown figure2.7. The first two samples (A and B) were cut from a tie that cracked
under static loading; the third sample (C) was cut from a tie that failed in fatigue under dynamic
loading. Completion of oneeezethaw cycle took 24 hours, with temperatures increasing from
17.8°C (0°F) to 4.4°C (40°F). Freezing and thawing cycles were performed in water. Researchers
discontinued testing on the largest sample (B) after 100 cycles in order to avoiddprardiiced
damage ofthe large and heavy samples. After 98 cyclewestigators noticed spalling and
chi pping on some samples with initial i ndi cat

loss was less than 0.35% of the original weight. Af@s 8yclesone of the samplesom Set A
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was completely destroyednd any hand pressure caused crumpling of the remaining structure.

Two of the samples from Set A did not suffer any deterioration after 305 cycles, and the fourth
sample exhibited only ligtspalling, popouts, and fine cracking. The only observed deterioration

of samplesn Set C werdight pop-outs and spalling after 340 cycles. Researchers concluded that

samples that did not suffer deterioration wereeatrained. Therefore,they statedthat air

entrainment is necessary to ensure frebagv durability.

Sample A /Sample B

Sample C

“_P

Figure 2.7 Freezethaw saw-cut samples

2.4.2.Air Measurements

2.4.2.1 . Methods to Measure Air Voids in FresBoncrete

Three main methodsre typically usedo measure air voids in fresh concretke
Gravimetric method, the Volumetric method, and the Pressure method. The Gravimetric method
compares the theoretical unit weight of concrete and the measured ight. wecording to
ASTM C138[83], air content (A) can be computed according to the Gravimetric method using

Equation2.2 andEquation2.3.
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Unfortunately, a minor error in calculation can lead taggaicant error in calculated air content.
This method is typically used as a comparison baseline for air content of a concrete batch, but it
lacks precision provided by other meth¢di§].

The Volumetric method compares coeter volumeto thevolume of the same concrete
after expelling air by agitating the concrete under w&igure2.8 shows the volumetric air meter
(roller meter) used in ASTM C17[84]. Thevolumetric air metehas two sections. The top section
of the meter must be larger thdre bottom section by at least 20&mdthe bottom section must
have a minimum volume of 0.0023r(D.075 ff). In addition, both sections must be watertight
when assembled with the concrete sample inside. After the bottom section is filled with concrete,
the two sections are assembled using clamps. Then, using a funnel inserted in the nick of the top
section, water is poured slowity orderto reduce disturbance until the specific calibration mark is
reached. The vessel is sealed from the top using the sege Finally, the concrete is agitaiaed
orderto force air out. When the air is stabilized and remains constant at the top of the vessel, the

difference in water level and air content (A) are calculated USipu@tion2.4.
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Although this method is not affected by aggregate type and properties such as moisture content
and absorptionmeasurements are difficult to make in the field and recgigeificantphysical

effort, leading to results with decreased accufa6y.

Air Chamber

Clamp

Measuring Bow!

Figure 2.8 Air meter for ASTM C 173 volumetric test[85]

The Pressurenethodmeasures volume change or pressure change of a concrete sample
because air in the concrete, both in the cement and the aggregate, is compressed by applied
pressure. According to ASTM B2 [86], two types of air meters measure air contantype A
air meter employs differences in volume measurement. Similar to the volumetric vestghehe

A air meterutilizesawatertight seal in addition to water &tito a fixed levein orderto measure
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air content, as shown kigure29. | mpl ement ati on of Boyl eds |
of the pressure and voluroéan ideal gas at a given temperature is constant, allows calculation of
concrete sample air contdfi6]. Becausavater is an incompressible substanceisalentifiedas

the only material that changreolume as shown irEquation2.5.

L Q Qo6 | 0 ‘ .
0 ; W = T .
o 5 up Equation 2.5

wherePaimis the atmospheric pressure dhi$ the pressure of the air meter that can be checked

usingEquation?2.6.

0 Equation 2.6

@ Pressure Gauge

@ Zero
p (indicating operating © Zero
ressure pressure P) Pressure
0
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H —3  _  —©h:(Reading
1 - T - at zero pressure

Ar=hi-h2 after release of

2 = SeeNote pressure P)
below

—_

_@Pressure lowers \/
= .-~ level of concrete,
and water in tube

3
4
— 5 @ hi (Reading at pressure P) ¢==p
6
7

Note: Ai=hi-h2 when measuring bowl contains conrete as shown in this figure; when measuring bowl contains only aggregate and
water, h:- h2= G (aggregate correction factor ).
A1-G=A (entrained air content of concrete)

Figure 2.9 Type A air meter to measureair content using thepressuremethod [86]
(Reprinted with permission from C231/C23110 Standard TestMethod for Air Content of
Freshly Mixed Concrete by the Pressure Methodzopyright ASTM International, 100 Barr
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Harbor Drive, West Conshohocken, PA 19428A copy of the complete standard may be
obtained from ASTM International, www.astm.org)

Type B air meters measure the pressure difference in order to calculate the air content of a
concrete sample. Although predominantly similar to the previous two vessels, this apparatus also
contains two parts joined by clamps to form a watertight seale @m®cbottom pois filled with
concrete in three layers and ASTM standard 25 rodding has been performed, the two parts are
clamped together. Water is introduced through one of two petaockderto fill the remaining
void between the concrete sample &op section of the apparatus, as showrignire2.10. Once
the pressure gauge is zeroed out, the air pump is pumped until the pressure gauge aligns with the
calibrated pressure value. Then the two petcocks are clasedthe sample is pressurized by
releasing air pressure from the top section of the vessel to the concrete sample using the main air
valve, thereby allowing the pressure gauge to record the deanesis@liessure in the top section
of the apparatus. Appl i cExguatioo27 to oafculaBe@iydorgedts | a w

@ 0 0

6 ] d) 5 5
w 0 0

op MO Equation 2.7
whereV; is the initial volume of air in the top section aadP; are the initial and final presswre

of the air meter, respectivel® is the aggregate correction factor measured using the method

described in ASTM C23[186].
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Figure 2.10 Type B air meter to measureair content using the pressuremethod

2.4.2.2 .Hardened Air Void Measurements
Adequate air content with proper spacing between air voids is essential in order for

concrete to resist freezing and thawing in the field. This increases in importance when the element
in question is installed in the rail tles under the effects of the environment. Unfortunately,
however, concrete air content varies immediately upon completion of concrete mixing until
concrete delivery, placement, and vibration. Therefore, actual air content and spacing in the actual
elementsmust be known. Several methods are available for quantifying the air void system in
hardened concrete. Thrdémensional3D) scanning of a concrete sample is now possible using
X-ray microtomographyhutthis method cannot be used on large concrete ssmpimeasure air

voids andit is slow and expensive. However, advancements in current microscopic analysis
methods, in which samples are semt and air void is counted, have allowed more time and cost

efficient analyses. Quantitative stereology has hessa to determine air void characteristics in
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3D volumes fromwo-dimensional 2D) surfaceq87]. Quantitative analysis is usually done by
taking a plane section, with enough area to estimate the total volume, franatyed3D volume

[88]. When a saveut plane intersestir void spheres, it creates cirglesitthese circles may not

be good representansof the sphera@wadii. This misrepresentation can yield useful information
regardingvariation in the spherésadii distribution[88]. Two assumptions atgpically madefor

air void systemsa) air void microstructural sphere systetio not overlapandb) air voids are
distinct spheref88]. A concrete petrographer can dsebetween several probegen performing
stereological analysis. These probes include points, lines, surfaces, or volumes. A concrete
petrographemustchoosea probe based on the amount of data requirechiotdst. For example,
point probes are used to determine volume fractions, while line probes chaegbesze and
spacing of air void§88]. Althoughthe number of air voglcan be calculated from surface probe
data, it ca only be approximated in line probe data. Two methods for quantifying air void system
quality are described in ASTM C45%89]: the linear traverse and modified point count methods

[90].

2.4.2.2 1l inear Traverse

The linear traverse method records individual and cumulative chord length of the paste,
aggregate, and air voids across predefined parallel and equally spaced lines across the specimen
surface[89]. Air content is calculated by dividing the cumulative chord length crossing air voids
by the total length of chords multiplied by 1Gdgure2.11 shows chord distribution on a concrete

sample used to measure air content in the linear traverse method.
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‘ ,, Al
Figure 2.11 Linear traversemethod on aconcretesample

Two main concrete properties, air conteijtdnd paste content); can be calculated using
Equation2.8 andEquation2.9 [89]. The spacing factofj, calculated usingquation2.10 [89],
depends on the pash ratio p/A). In order to solve these equations, the total number of air voids
intersected ), total length of traversery), traverse length through aifd), and traverse length

through pasteT}) must be measured and recorded.

o Y

O pTm 11? Equation 2.8
‘ Y

n pm 11? Equation 2.9
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The linear transverse methgdresair content 10 to 20% less than wiatecorded for
fresh concretesingthe pressure method and volumetric metf¢dd, especially when air content
exceed4%. Therefore, 0.5 to 1.5% higher air conisnypicallyreported by fresh concrete testing
methodg91]. Therefore Khayat and Nasser recommended udsqpiation?2.11andEquation2.12

to predict linear transverse results from air content measured using a fresh concrete air content test

[91].
0"Y PP T T @O " WQOI 6dBRNQI i 61 € Equation 2.11
,L‘)"Y 8 C T[EX qbb Q"x Q(bi O(I)(EQCX é d !Q(‘) i Equation 212

However, Celik Ozyildirim[92] reported no significant difference between air content measured
by the pressure method and air content measured by the linear transverse method using dntampere
concrete from the same batch. He also attribthiatdifferenceo the admixture used to entrain

air in the concretf9?2].

2.4.2.2.2 Modified Point Count

In the modified point count method, a grid of lines is used as a testingnafdoe which
the constituent under each point on the grid is identiftéglre 2.12 shows a grid drawn on a
concrete sampleConcrete haracteristics can be identifiéy recording the total number of air
voids intersectedN), total number of points on the gril), totalnumber of paste pointslf), and

total number of air pointa\g). Equation2.13 and Equation2.14 are used to calculate the paste
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and air content of the sample, respectivi®@]. Depending on the pasar ratio Q/A),

Equation2.15is used to calculate the spacing factor of air in the concrete sg8fple

Figure 2.12 Modified point count method on aconcretesample

. 0
n pm i Equation 2.13
« v
O pm HU— Equation 2.14
o o e
— 0 1I&TC
~ p X @p
ce g0 O - Equation 2.15
— p8 p 5 p Q¥ 1&1¢

P X @p
2.4.2.2.3Ilmage Analysis
Image analysis iaprocessn whichan algorithm is used to separate out air gfiom the
paste and aggregatea crosssection of the concretesingan imagef the concrete surfacestead
of manualexamiration ofthe surface. Image analysis follows the same sample preparation as

ASTM C457[89] methods: Samples are polished before scanning. Image analysis performed on
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scamed images utilizes either of the two methods in ASTM (89]193]. Image analysisvolve
separatingscannedmagesbased orcolor or other features intorosssectional images of the
cemenfpaste, air content and aggreg&everal methodare availabléo perform image analysis
in order to obtairvariousair parameters. One of the main methods involves analyzing black and
white enhanced samgslasing a microscope, a camgaad a computg®4]. A commercial system
known as the RapidAir 45utilizes that method with the help of computer image processing
software Results obtained from the RapidAir 4B&veshown excellent correlation with air void
parameters obta@a using ASTM C45794].

The image analysisnethodcan also be used in conjunction witllatbed scanneand
image processing softwara 2001, Karl Peterson developaaovelprocedure to study hardened
concrete samples ung a flatbed scanng®5]. This method consisted of three stages=-stamed
scanned sample, phenolphthaistained scanned sample, and black and wietged scanned
sample. A computer program that uses an autonmatetified point count method to determine
air content properties utilized In his study, Peterson conducted four analyses on each image
while changing sampling point locations for each analysis in order to optimize results throughout
the entire sample.iBltests of 570 microscopic images yielded 90.2% accuracy using an automated
modified point count compared to a modified point count method manually performed on the same
samples. In addition, air void frequencies and specific surfaces were lower thacdlmgated
and measured according to the manual modified point count method. Spacing factors were also
slightly higher tharspacing factorsneasured using the manual modified point count method.
According toPetersonthese differencesould be attribute topoor detection of small air voids

thes ¢ a n terdendygo lump air voids in close proximity to each other. These two discrepancies
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couldbe overcome uisg a higher resolution scanner. However, Peterson proved that this method
workswith anticipaed increased accuracy with higher resolution scanners.

Although the automated modified point count method successfully measured air content
parameters, small variations occurred when changing sampling [@BihtSimilar tothe linear
traverse method in which every pixel line can be analyzed, as shduwgume?2.13, utilization of
computational capabilities of current computers careaetbetter results by sampling every pixel
as a point in the image. Petersginal.(2002) concluded that standard deviations calculated for
samples analyzed by the modified point count method were consistently larger than that of

identical standard deviations calculated for samples analyzed by the linear traverse[9&thod

Figure 2.13 Pixel line analysisperformed on scannedconcretesample

Ramezanianpour and Hooton (2010) compared two image analysis methods of measuring
air content in hardened concreted concluded thaack of knowledge of concrefeaste content

leads to less accurate air content reading with a flatbed scanner and RapidAif|53#ey also
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stated that resudtobtained using the flatbed scanner were ittebeagreement with the manual
method from ASTM C45&Ascompared to RapidAir 457. They reported that the RapidAir 457
detecedvery small air voids (30 um) compared to ASTM C457 methods. Radknsél.(2010)

[98] compared air analysis performed on hardened concrete samples using the modified point
count method and the flatbed scanner method. They concluded that air content measurements were
higher for the modified point count method compared to flatbed scannésésit the estimated

specific surface of the air was higher for the flatbed scanner compared to results of the modified
point count methofP8]. They also stated that air contents measured by the flatbed scanner method
werecloser to the air content in fresh concrete measured by the pressure method than that from

the modified point count methg€8].
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Chapter3-Ef fect s of the Manufacturing

The manufacturing process can significamtiiect the air content of prestressed concrete
railroad ties. In order to understand and quantify these effects, measurements of concrete material
properties and vibration exposure during placement were made at two concrete tie manufacturing
plants. Plarg with unique placementand vibration mechanisms wedbserved in ordeto
determinehow differences in materials and fabrication techniques affect entrained air. Testing in
both plants included fresh concrete air content test, slump, unit weight, teun@exatbration
measurements, rheologgnd hardened air void samplir@btained results shaed a correlation
between rheological parameters and air reduction during handling. Vibration testing conducted at
Plant B showed high complexity of wave propagatonl interference induced by forbased
vibrators.

The manufacturing process both plants begawith cleaning and oiling the formwoyrk
andthenthe identification tag and rail shoulders were placed in the form cavities for eash tie
shown inFigure3.1. Precast concrete factories usually have several lines of prodincticaderto
increase productivity. Each forthat spanshe entire bed length is call@acavity. A collection of
adjacent cavities is calleccasting bedas shown ifFigure3.2 for Plant A andFigure3.3 for Plant
B. The final stepn the manufacturing procebsfore placing the concrete was to install reinforcing
steel wires in the cavities of the casting basishownin Figure 3.4. This installation process
included running the wires through each cavity, applying initial sinesslerto enforce the design
pattern of the wires, and applying full design stress to the ViArestressed wires for one bed were
tensioned together using the same hydraulic jack. After bed and wire preparation, the concrete was
mixed and placed in the crosstavities. Concrete mixed at both plants included the addition of

chemical admixtures such as high range water reducer aedteimning admixtures. After mixing,
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the batch operator sampled concrete to perform slump, fresh concrete air content, apianeig
temperature tests to ensure that the concrete met specifit#piom completion othese tests, the
operator dispensed the concretéoimhe delivery bucketas shown in Figure 3.5. During
observation for this studyt ®lant A, the delivery bucket brought the concrete to the casting
machine and dispensed the concrete into the casting machine Hegpee3.5). At Plant B, the
delivery bucket traveled the length of the plant and delivered the concrete to a secondary bucket

used to transport the concrete the width of the plant to the casting machine.

Figure 3.2 Casting beds in Plant A
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Figure 3.4 a) Reinforcing steel wires during installation, and b) enforcing thevire spacing
pattern in Plant A

Figure 3.5 a) Dispensing concrete in the delivery bucket, and b) dropping concrete in the
casting machine hopper in Plant A
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Thecasting machine placed thencrete into the forms&ndan operator sitting behind
the casting machine controlled the rate to ensure even filling of all forrR&hA, the
concrete was vibrated as it was placed intcstkeavities of the bed using six tilted rod
vibrators builtinto the casting machinas shown irFigure3.6. At Plant B, four tie cavities
adjacent to one another were vibrated by a form vibrator attached to the bottom of the middle

section of the cavitiesocated in the middle of the ties lengike;, as shown ifigure3.7.

Figure 3.6 Plant A vibration rods attached to the casting machine

I i

VKI‘"-‘-I I \ _;AA-A‘ ]
It ‘\ Cavity 2 | ';\ Cavity # \ Cavity 4
| /- { i

N

'1,3‘1 Cavity 1

Figure 3.7 a) Plant B vibrator schematics withlabeled cavities, and b) actual vibrator in
position

Quality control samples fostrength testing, slump, air content, unit wejgand

temperature were taken once at the end of each bed. During the placing and yibeptacing
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crew followed the casting machine and finished the concrete suBacausehe concrete ties
wereplacedupside down, the finished side became the bottom side of the tie. In Plant A, workers
applied texturing to the surfader roughness. After finishinghe concrete was left to cure under
nylon sheets until the concrete compressive strength met theecegiength for detensioning the
steel wires. Once the samples for compressive strength reached required,dtrenggld was
detensioned slowly. The concrete ties were cast contihuiouse longitudinal direction and saw

cut after detensioning intadividual crosstieskigure3.8 summarizes the crosstie manufacturing

process in both plants with the difference highlighted.

Bed Preparation Running Wire in Each Cavity
ID Tag and Shoulde
Installation

Initial Stressing

Enforcing Wire Pattern

Applying Full Design Stress
Materials Proportioning
Mixing
Concrete Mixing
Testing
Delivery
Concrete Work

Pouring and Vibrating

Troweling
Concrete Placing

Stacking and Quality B PantA

Surface Texturing

Curing

Checking
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Figure 3.8 Summary of theentire manufacturing processof two plants

3.1.Plant A Testing

3.1.1.Sampling
Concrete was sampled fdusp, air content,unit weight andtemperatureests twice per

casting bed. The first sample was collected from the second concrete batch directly from the mixer.
The second sample was collected from th&, 14", or 17" concrete batch made per bed after
concrete delivery to the casting machinee Bxact batch number sampled depended on the total
number of batchemadeper bed. In addition to these tests, hardened air void samples were
collected nine times per casting béftree from the mixer (one from thé&%atch, one from the

9" batch and ore from the 1%, 15", or 17"batch), three from the casting machine before vibration
(one from the ¥ batch, one from the"atch and one from the 1% 15", or 17" batch) and three

from the casting machine after vibration (one from tfebatch,one from the 9 batch and one

from the 14, 15" or 17"batch). All samples were collected between AR2i2013 and May17,

2013.

3.1.2.Slump, Temperature, Unit Weighand Air Content
Slump, fresh air content, unit weight, and temperature megesured for concrete sampled

from the mixer after transporting to the casting machine. The slump test was performed according
to ASTM C 143 (2012)99] by filling a truncated metal cone (open from both sides) with fresh
concreé and then lifting the cone within asgcond period. The drop itoncretewas then
measured and reported as the slump value of the concrete. This test gives an indirect indication of
concrete yield stressince the concrete height stabilzehe moment & stress from gravity
becomes less than the yield stress necessary for flow. A large dropdreteheightresults ina

high slump value and indicates a low yield stress. Concrete temperature and unit weight were
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measured according to ASTM C 10840] and ASTM C 13883], respectively. Air content was
measured using the pressure method accordiktetbod B in ASTM (231[86]. In thismethod,

air contentvasmeasured by compressing the concrete using a known volume of pressurjzed gas
causingair bubbledo bethe only phase in the concrete that commgsshanging theavailable
volume n whichthe pressurized gasinexpand. The pressure drop in the portbthe container

that holds the pressurized gaascalibrated to the percent air in the pressurized concrete.

3.1.3.Rheology
An ICAR Rheometer was used to measure the concrete rheological properties as shown

Figure3.9. The ICAR rheometer works by shearing the concrete via a rotating vane and measuring
the torque developed by the resistance of concrete to the rotational motion of the vane. There are
two different tests thiacan be performed using the ICAR rheometer, ttessgrowth testand the

flow curve test. The stress growth test is used to obtain the static yield stress while the flow curve
test is used to obtain the dynamic yield stress and plastic viscosity. Tamidyyield stress is the

yield stress after the effects of thixotropy.
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Figure 3.9 ICAR rheometer a) with the vane, and b) in use

The stress growth test rotates the vane using a slow constant speed while recording the
increase in torgue with time. Once tteequevalue begins todecreas, the maximum torque is
reachedthe concrete ceases to be a solidizagins tdlow like a fluid. Yield stress obtained from
measurednaximum torque is called static yield stress of the contretauset was measured
under quasstatic conditions. The flow curve teséginswith a preshear period before taking
measurements. This period involvetating the vane at maximum speed in order to minimize the
effects of thixotropy and to provide a consistent shearing history. After completing thlegare
period, the rheometer applies a series of vane rotationaraius rotational speeds while
measumg the corresponding developed torque at each speed. Fitting the data with a straight line
results in an equation that gives the yield value measured by torque and the viscosity value

measuredy torque/speed-igure3.10 shows flow curve test measurements taken with a relative

54



yield value of 2.4561 Nn and a relative viscosity value of 1.867inNs. Dynamic yield stress
and plastic viscosity can be obtained from ¢éheslues.
In Plant A, rheology tests were performed on concrete sampled from the mixer because the
concrete mixture was designed to have high yield stinessicreased during the handling process
due tomixing water being absorbed by the aggregaiascethe concrete reached the casting

machinethe concrete was too stiff to measure using the ICAR rheometer.

4 y = 1.8671x + 2.4561
35 R2=0.9101
3 /
€25
<
0 2
=)
S 15
1
0.5
0
0 0.1 0.2 0.3 0.4 0.5 0.6

Speed (rev/s)

Figure 3.10 Sample flow curve test for the ICARrheometer

3.1.4.Vibration
Plant Ausedmovingimmersionvibrators in the casting proceassorderto consolidate low

slump concrete. Becau#iee submersible accelerometeiuld becomeentangledwvith the placing
equipment, only surfaemounted accelerometevgere used to measure concrete vibration. An
accelerometer was fixed to the form and casting machine surface using a magnetiohdese

to measure the frequency and amplitude of vibrators attached to the casting machine.

Measurements taken on the casting machine gaeenposite acceleration dié six immersion
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vibrators used in each tie cavitlyigure 3.11 shows the accelerometer attached to the casting

machine in one of the locations before the besfan

NG

Figure 3.11 Accelerometer attached tahe casting machine between two embedded
vibrators

3.2.Plant B Testing

3.2.1.Sampling
Concrete was sampled three times each time a casting bed was measured. The first sample

was collected fronthefirst concrete batch directly from the mixer. The second sample was taken
from the fourth concrete batch at the casting machine level (before vibration). The third sample
was also taken from the mixdutit was sampled frorthethirteenthconcrete batch. The concrete

fresh air content was measured each time the concrete was sampled. The concrete slump, unit
weight and temperature were measured on concrete sampledtliefourth batch andthe

thirteenthconcrete batch from concratellected from the casting machine.
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In addition to these tests, hardened air void samples were collected six times per casting
bed two from the mixer (one frorthefirst batch and one froriethirteenthbatch), two from the
casting machine before vibiam (one fromthe fourth batch and one frorthe thirteenthbatch)
and two from the casting machine after vibration (one ftbefourth batch and one frorthe
thirteenthbatch). Hardened air void samples were made from concrete collected from the casting
machine and placed on top of the bed to vibrate for the entire period of dasthag bedn order
to capture the effects of vibration on air content. Concrete sanapfant B were collected

between May 28, 201and June 21, 2013.

3.2.2.9ump, Air Content, UnitWeight, and Temperature
Concrete freshir content slump, temperaturand unit weight were measuredPnt B.

Tests were performed on concrete sampled dutisgharge from the mixer into the conveyance

bucket and from the concrete casting machine.

3.2.3.Rheology
Rheology measurementgere performedon concrete sampled frotle mixer before

delivery and after deliveryo the casting machine &ant B. Measurements with the ICAR

rheometer included thérsssgrowth testand the flow curve test.

3.2.4.Vibration
Form vibration was recorded using an accelerometer attached to the beafdconcrete

vibration was measured using a submersible accelerometetwbhaccelerometers were set to
record dataat 20,000 K to ensure that sampling frequency was sufficiently higher than the
concrete vibration frequenag orderto obtainaccurate measurements of concrete acceleration
during the full range of a vibration cycle. The submerged accelerometer was installed on a setup

thatcouldbe adjusteéh orderto measur@ariousdepths and widthg.he depth of the submersible
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accelerometewas always measured from théottom of theform upwards to the tip of the
accelerometer. This setup included a magnet block adachhe top of the bed to ensure that the
manufacturing process was not disturbed or affected by testing. Data weredesiqpdints along
the bed awvariousdepthsin orderto quantify vibration attenuation throughout the length of the
crosstie Error! Reference source not found.showsthe two accelerometers in position to record

ibration.

Figure 3.12 Two accelerometers in position for recording

Vibration recording lasted for approximately 10 seconds in most locatagse 3.13
shows the locations for recording vibration along the dagtthe ties in their moldszigure3.14
and Figure 3.15 show the locations along the length, width and depththe crosse when
measurements were takédnly half of the tie is shown iRigure3.13because measurements were

recordedonly at the three locations presented.
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Figure 3.14 Half-tie representation for vibration measurement locations for ift intervals
(Measurements were taken on the other end of the fje

.

Figure 3.15 Vibration measurement locations for width of tie

Vibration measurementgere taken along the length of the tie with twiierent intervals
fixed ata depth o#.25 in Vibration measurements were recorded in the crosstie width direction
as shown inFigure 3.15. In addition to these sets, vibration was recorded for the entire bed
vibration period using the exterior accelerometer (form accelerometer) and fandtesrusing

the submersible acceleromet€he submersible accelerometer was remafeer 15 minutes of
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immersionin the concretdecausef low measured acceleration and becaagditional time in
the concretevould causdifficulty in removng the senars from the rapidly stiffening concrete or
preventreconsolidabn of the concrete after sensor removal. Both accelerometers were installed

at the beginning of the bed at 1from the beginning of the tie i@avity 1.

3.3.Hardened Air Void Analysis

Hardenedhir void samples were made by placing the concrebexes with dimension of
3.5x 4.5x 6 in. and allowing them to harden-piace, undisturbed. Samples were saw and
polished before scanning on a flatbed scanner. Thecaasamples tha trapezoidieshape with
parallel side dimensions between 4.5 and 5.5 in. The sample cuseatss height was typically
6 in., as shown ifrigure3.16. Thickness of the saaut samples averadd in. Before polishing,
samples were painted with a solutimmmprisedf 80% acetone and 20% lacquandthendried
for 15 minutes. The lacquer was appliadorderto strengthen the cement paste matrix during
polishing,therebyprevening damage to the air voids. After the solution on the samples dried, the
samples were attached to a -ih5 diameter rotation cylinder using hot gluas shown in
Figure3.17, in orderto allowa motor to turrthe sample in the opposite direction of the polishing
wheel, assuring even and random polishing. Four samples were polished on the polishing wheel at
a time. On the polishing wheel, the samples werh#d to two motors which rubber belts
were usedo turn them in the opposite direction of the polishing wheel, as shofriguine 3.18.
Samples were first polisbdeusing nickelplated diamond discs with a grit of &) approximately
10 to 15 minutes orderto level the sample anémoveany large scratches. After polishing with
the 80grit disc, the samples were cleaned and checkexsiore that they were flatnd level
without any large undulations. A synthetic diameaadin1200grit disc then replaced the -&pit

for polishing for onedditional hour without the addition of acetone lacquer solution to the cleaned
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sample. Tk additionalhour on the 120@rit disc ensuredhatall scratches were removed from
the sample, especially the paste. Finalye samples were placed on a synthetic dianresih

2200qgrit disc for 10 minutes orderto remove micrescratches.

Figure 3.17 Side view of hardened air void sample attached to the rotation cylinder
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Figure 3.18 Turning four samples using two motors

After polishing, the samples were scanned in three steps using a modified procedure
developed by Peterson (204®p]. Figure3.19 presents an example of the three different scans
taken of a sample. The originablished untreatedsample was scanned using a higholution
desktop scanner, as showrfFigure3.19a. After scanning the polished samples, the samples were
treated with a phenolphthalein solutid®o w/v phenolphthaleinndicator in 95% vAacohol)in
orderto stain thecement matrix pink or purple, as showrFigure3.19b. Phenolphthalein turns
color in a pH above 1@Gnduncarbonated cement pastes typically have a pH above &3taim
helpeddistinguishthe cement matrix from the aggregates during image processing. After scanning
thephenolphthaleirireated sample, the sample was covered Wwitréscenbrangechalk powder
andarubber stopper was used to force the powder into the air voids. Finally, the orange powdered
polishedsample was wipenh orderto removeany powder residue not in an air void on the sample
before scanning. Due to the high cost and lengthy process ofirsgaand analyzingraentire
concrete sampleitilization of a3D sampldo scan a slice or a section of a concrete samplécand

useasabasen orderto generalize the entire sample is more efficient and can achieve a good level
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of generalization of aipropertiesTested samples had a minimum area of £2vithich met the
ASTM C457 requiremerfor 2D image analysis results to approach 3D reshétstingperformed
by Peterson in 200[B5] showedhat the resolution of scarmhémages affected the results in term
of spacing factor and size distribution of air voidst it hadonly alimited effect on air content.

Scans were taken using a resolution of 4800rdpulting ina pixel length of 5.5 micrometers.

s

Figure 3.19 Scans of a) plished sampleuntreated, b) polished sample treated (wh
phenolphthalein), and c)polished samplepowderedwith orange chalk

Image processing software was used to separate the three main elements of the image: the
paste, aggregatand air voids. An example of this image classification is showkigare 3.20
for sample scans iRigure 3.19. Figure 3.20a shows the sample after detection of the aggregate,
andFigure3.20b shows air voids after detectioFhe paste is the area not defined as an aggregate
or air void.Separated images were assignaijuecolors and laid on top of each otlweorderto

form the threecolor simplified image shown iRigure3.21.

63



. aS.'
Figure 3.20 a) Aggregate image, and b) Air void image

Figure 3.21 Three-color simplliid |age(blak: ggregate; gray: paste; white: air)

A software usegbrinciples fromthe lineartraversemethod and calculations describied
ASTM C457in orderto calculate the air void spacing factor in every sample. Every pixel across
the height of the specimen was counted as airireederto measurevariouscord lengtis of the
paste, aggregate, and air. This resulted in more reliable and adequate Vésitdtixels in
Figure 3.21 were counted and divided by the entire number of pixels in the imagederto
calculate air contentd)). Paste contenp)] was also calculated by dividing the number of gray
pixels by the entire number of pixels in the imagguation3.1 represents thénear traverse

method for calclating the spacing factor according to ASTM C489].
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whereT, is the traverse length through pagixé¢l9, Tais the traverse length through giixels,

andN is the total number of air voids intersected.

3.4.Results and Analysis

Concrete fresh air content, slump, unit weight, temperature, and rheblpgrameters
were measured.able3.1 summaizesthe average fresh concrete parameters at Plant A and Plant
B. Plant B had, on average, higher fresh concrete air content than Plant A, but also higher air loss
during handling. The stiff concrete of Plant A |last averageof 0.6% air during handling
compared to 3.0% air lost from the concrete from Plant Be ifftreasedair content loss
corresponddto the low concrete yield stress of concrete used in Plant B as measured by the static
yield stress and slump test. The high viscosity measured for conaetdant B confirmed
visual observations dhe stickinessof concrete from Plant B. The average concrete static yield
stress and plastic viscosity increase at Plant B between the mixing and the casting mashine
most likely from the aggregatbsorbingmixing water.Table 3.2 summaizesthe hardened air
average and standard deviations for samples collected at both plants and the average fresh air
content associataslith these specimens.

Table 3.1 Experimental results at Plant A and Plant B

Plant A B
Calculation Average [?(te?/?aﬂ%r? Average gé?/?ai%g
Temperature}C (°F) 21.1(70)| 2.1 (3.74)| 31.94(89.5) | 1.8 (3.24)
nit Weigh, N (/e 2281 [ 21081 | 221611 | 2089
Slunp, mm (in) At Mixer | 101.6 (4) (1045%? i i
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48.26 12.19 11.43
At QC (1.9) (0.48) 226.06 (8.9) (0.45)
Loss 50.8 (2) (1045262) - -
o At Mixer (213923) (1%43?7) 752 (15.71) (g’%%)
Static Yield StresRa(lb/ft?) ' ' 4'67
At QC - - 715 (14.93) (9.75)
. . 825 604 144
‘Dynamlc At Mixer (17.23) (12.61) 208 (4.34) (3.01)
Yield Stress 148
Bingham Pa (Ib/f) At QC - - 143(2.99) (3.09)
Parameters|  pistic | AtMixer | A% 48 192 (4.01) | 37 (0.77)
. : (3.03) (1.003)
Viscosity, 102
Pa-s (Ib-s/f) | AtQC - - 345 (7.21) (2.13)
Table 3.2 Measured air void systems for Plant A andPlant B
Plant A B
Calculation Average gg;gﬁ(;ﬂ Average Sg?:ﬁgg
After Vibration Air Content (%) 5.5 1.8 6.2 2.1
(AV) Spacing Factor(in 0.0065 0.0041 0.0086 0.0026
p g
Before Vibration Air Content (%) 7.6 2.3 8.4 15
(BV) Spacing Factor(in 0.0047 0.0029 0.0058 0.0012
p g
Mixer (M) Air Content (%) 9.5 2.4 9.6 1.5
Spacing Factor(in) 0.0043 0.0021 0.0048 0.0009
Mixer Fresh Air (%) 75 0.6 10.3 1.0
Placing MachineFresh Air (%) 6.7 0.7 7.2 1.2
Gravimetric Air content (%) (ASTM
C138) 51 0.18 8.1 0.64

The concretéardened air content for Plant A was 2% higher when sampled from the mixer
compared tdhe fresh concrete air contefteconcrete in thatiff concrete mixture used in Plant
A possiblycontained higher amounts of entrapped air that were easily removed during tiadding
order to consolidate the concrete in the pressased fresh air content test ASTM C231

However,samples made to measure the hardened air content were not consolidated.
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Fresh concrete air content measurements were taken for both plantsapasatdimes
in the manufacturing procesene sample from the mixer and osamplefrom the placing
machine. At Plant A, the concrete air content measured from concrete ddropiethe mixer
varied from 5.8 to 8.8% with an average of 7.1% and a standard deviation of 0.65%. The air content
at the placing machine ranged from 5.3 to 7.3% with an average of 6.5% and a standard deviation
of 0.64%. The reduction in air content beénehe mixer level and the Quality Control laboratory
(QC lab) was very low, typically less than 1%. The calculated gravimetric air content varied
between 4.14% and 8.5% with an average of 6.96% and a standard deviation ofFig0483.24
shows air content by the gravimetric method (ASTM C E3®pmpaedto air content measured

using the pressure method (ASTM C 143).

10.00%

9.00% o
8.00%
7.00% |= b 0 o ®H g 'Y Y R
6.00%
5.00%
4.00%
3.00%
2.00%
1.00%
0.00%

Air Content (%)

@ Air Content at Mixer End Batch Air Content at QC Lab A Gravimetric Air

Figure 3.22 Air content of fresh concrete at Plant A

Figure3.23 shows air content measured for Plant B from May2PA8 3,to June 21, 2013.
The ar content at the mixer level varied from 7.8 to 11.8% with an average of 9.7% and a standard

deviation of 1.18%. The air content at the placing machine ranged from 5.3 to 8.3% with an
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average of 6.8% and a standard deviation of 0.94%. This higher redweisdikely due tothe

lower yield stress that creates less resistance to mubfieg and exiting the concrete during
handling. The calculated Gravimetric air content varied between 6.5% and 8.4% with an average
of 8.1% and a standard deviation of @&4T'he decreasedir contentcouldbeattributed tca high

initial air content oncair loss is known. Tasolution of high air contens only applicablewhen

air loss is knownand all other parametsrremain unaffectedOnce a parameter is affected

reinvestigaton ofthe air loss ray be necessary.
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Figure 3.23 Air content of fresh concrete at Plant B

The concrete air content decredsggnificanty during the handling and consolidation
operations. The hardened air content decreased from 9.5% to 5.5 % (4% difference) for Plant A
and from 9.6% to 6.2% (3.4% difference) for Plant B during the placement and consolidation
operationsFigure 3.24 shows a comparison obocretehardermd air content versus fresh air
contentfor companion samples takamvariousstages in thenanufacturing process at Plant A
Spacing actors of companion concrebardened air void samples are showiigure 3.25. On

averagespacing factors increased wallditionalhandling and processingowe\er, the material

68



standard deviation increased. The average spacing factor for the concrete remained below the
commonly cited threshold of 0.008. irequired for good freezihaw performanc@?]. For each
group, the average of all samples based on the location in the manufacturing process was

calculated Figure 3.26 showsthe hardenedair voidsdistributionfrom each manufacturing stage

at Plant A
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Figure 3.24 Concrete-hardened air content versus fresh air content avarious stages of
manufacturing process at Plant A
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Figure 3.25 Air spacing factor at various stages ofnanufacturing process at Plant A
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Figure 3.26 Average air void size distribution dter vibration (AV), before vibration (BV) ,
and mixer (M) samples collected at Plant A

Figure 3.27 shows concretbardened air content versus fresh air content for companion
specimens avarious manufacturingstages at Plant B. Spacing factors increased more from
vibration in Plant B than Plant A, as shownFigure 3.28, potentiallydue tothe low concrete
yield stress iad the use of form vibrators instead of immersion vibratéyan vibrators impagd
vibration to the concrete over a longer period of time and at a higher frequency of vibration than
immersion vibrators used in Plant Rigure 3.29 shows the hardened air voids distribution from
each manufacturing stage at Plant Bigure 3.30 shows the difference in air void distribution
betweenPlant AandPlant B.Plant A produced concrete wii0% of the air voidssmalker than

0.009 in. (0.23 mmgomparedo concrete from PlarB that contained only 36% of the voids
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smaller than 0.009 in. (0.23 mnT)his difference between the two plants can be the result of the

different chemica used anaoncreteheological properties between both plants.
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Figure 3.27 Concrete-hardened air content versus fresh air content avarious stages of the
manufacturing process at Plant B
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Figure 3.28 Air spacing factor at various stages of thenanufacturing process at Plant B
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Figure 3.29 Average air void size distribution dter vibration (AV), before vibration (BV) ,
and mixer (M) samples collected at Plant B
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Figure 3.30 Average air void size distribution dter vibration (AV), before vibration (BV),
and mixer (M) samples for both plants
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Figure 3.31 shaws variation in the fresh concrete unit weight measured at Plant A. The
range of measured unit weights during the testing period was 140 to 145.@m# to 2327
kg/md). Variation in the fresh concrete temperature is showfigare 3.32 with values ranimg
from 65 to 8C°F (18.3°C to 26.7°C). Figure 3.33 showsmeasurd slump values. The reduction
ranged from 3 into 0.5 in with an average reduction of 2 0.8 mm) and a standard deviation

of 0.56 in (14.2 mm).
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Figure 3.31 Concrete unit weight at Plant A
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Figure 3.34 shows variation in the fresh concrete unit weight measured at Plant B. The
measured unit weight range during the testing period was 136.8 to144@IbBtto 22.8 kN/r¥).
The range in th&esh concrete temperature ranged from 80 to 95(26.7 to 35.4C), asshown
in Figure 3.35. Figure 3.36 showsmeasuredlump values. Téreductionwasmost likelydue to
water absorption by aggregates and cement particle flocculation/aggretygtidrap water.
Meanwhile, slump at the mixendel was not performed due to high fluidity of the concrete. Very
fluid concrete mixtures spread enough during the slump test to leave a concreteifiattye
patty maximum height determined by maximum aggregatersimdeing the concrete slump test

unable to differentiate the yield stress of very fluid mixtures.
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Figure 3.34 Concrete unit weight at Plant B
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Figure 3.36 Slump of fresh concrete at Plant B

Various concrete rheological parameters could affect the rate of entrained air void loss

during handling and vibratiofRheological parameters aaésoneededn orderto understand the

attenuation of shear waves in fresh concrete caused by vibfaigome 3.37 shows the variation

in measurements of static yield stress and dynamic yield stressB(ngham yield stress)
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measured at Plant As expected, masured dynamic yield stress was alwayselothan static

yield stresdecause¢he materials easier to sheavhile it is flowing rather than shearing from

static positionFigure3.38 shows variation in pistic viscosity of concrete throughout the period

of study atPlant A. Figure3.37 andFigure3.38 show a large standard deviation of yield stress and
plastic viscosity values. The static yield stress wretween 303.5 and 3027.4 Pa with an average

of 1499.2 Pa and a standard deviation of 640MPde plastic viscosity variebetween 45.4 and

217.9 Pa-s with an average of 145.1 Pa-s and a standard deviation of 47.8 Pa-s. This shows that
rheological properties can vary daiyconcrete batch plantsased on factors such as temperature,
slight variations in aggregate moisturentent, and slightly different air. This fluctuation in
rheology nay also be due to the fact that the batch operator was given some tolerance in regards
to modifying batch proportions during mixing in order to meet certain objectives. These small

modificaions couldsignificantlyaffect rheological properties of the concrete mixture.
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Figure 3.37 Yield stress of fresh concrete at the mixer level in Plant A
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Figure 3.38 Plastic viscosity of fresh concrete at the mixer level in Plant A

Figure3.39 presents variation in the measurements of static gteédds and dynamic yield
stress throughout the study period at Plant B. Similar to Plant A observ&tigms 3.39 shows
that dynamic yield streswas always lowerthan static yield stress at mixer and QC levels.
Figure3.40shows variation in plastic viscosity of concrete throughout the period of steinat
B. The statigyield stress var@gbetween 160.4 and 1148.7 Pa with an average of 751.8 Pa and a
standard deviation of 303.4 Pa, while plastic viscosity ddretween 128.8 and 263.3 Pa-s with
an average of 192 Pa-s and a standard deviation of 37.1 Pa-s. The owvedafihtre/n in
Figure 3.40 indicates higher plastic viscosity in concrete sampled from the casting machine.
Figure3.41shows he change of rheological parameters with time for a single batwncreteat
Plant B. All rheological parameters increased with fpossibly as a resuif water absorption by

aggregate and cement particle aggregation/ flocculation.
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Figure 3.39Yield stress of fresh concrete at Plant B
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Figure 3.40 Plastic viscosity of fresh concrete at Plant B
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Figure 3.41 Rheological parametersversustime for a single batch at Plant B

Figure3.42 shows variation in vibration frequency with time during the vibration of Bed 4
at Plant A.lImmersion vibrator frequency was 110 Hz. Sherin frequency increasefiownin
Figure 3.42 were likely caused by the surrounding environmesich asworkers and other
machinery that impaetithe casting bed or machifeéigure3.43 presents a zoomed portion of

the frequency curve obtained from the end of Bed 2 at Plant A.
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Figure 3.42 Frequency variation of vibration of Bed 4 at Plant Afor 1 hour and 40 minutes
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Figure 3.43 Average frequency in an 86second intervalat the end of Bed 2 of Plant A
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Data envelopes were found for maximum acceleration in the positivenegative
direction as shown irFigure3.44. The average recoded maximum acceleration in Plant A was 2.5
g at the casting machine. The accelerometer measured age\aaceleration of 0.5 g when

attached to the forms atdistance otft from the casting machine, as showrkFigure3.45.

Acceleration (g)

Time (seconds)

—Envelope ——Original Acceleration

Figure 3.44 Acceleration with maximum acceleration envelope recorded over 1 secoat
the end of Bed 2 withan accelerometer attached to the casting machine of Plant A
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