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Abstract

Self-consolidating concrete (SCC) ishaghly fluid, nonsegregating concrete that
can spread through reinforcement and cobepldill formwork without the use of
mechantal consolidation Resistance to segregati@iso known as stabilitys difficult
to measure in fresh samplesd few test methodse available to quantify this vital
property during production. The objees of this study vereto identify andassess
severalfreshstability test methods for SC&hd recommend the stability testing protocol
the Alabama Department of Transportation should implement when using SCC to
produceprecast prestressedridge girders

The following stability test methods were evaluatéidual Stability Index,
Column Segregation TefRapid Penetration&st Sieve Stability Eg, Surface
Settlement €st and the MultipleProbePenetrationTest Thesesix tests were performed
while placing SCC in four walls of heights 86, 54, 72, and 94 inches, and fresh
concretestability test results were compared to the resulis-gitu uniformity testing
conducted orthe hardened concretealls.

The wall uniformity testingprogramincluded tiroughwall ultrasonic pulse
velocity (UPV) testshatwereconducted amultiple heights withireach wall Also,
pullout tests wer@erformed on groups of deformsteel bas embedded ahe top,

middle, and bottom ofach wall



The strongest corrdians betweerstability test results and-situ uniformity
were established with the surface settlement test. The results of the sieve stability test
and VSI showedeasonableorrelations with irsitu uniformity and with each other. The
surface settleent test should be the primary stability test used to assess SCC mixture
stability duringmixture prequalification andarate of settlment less than 0.15 percent
perhourdetermined between 10 and 15 minwgbksuld ensure that the tested SCC will
exhibitacceptable isitu uniformity.

The sieve stability test should be the primary fresh stability test used to assess
SCC mixture stabilityluring productionand asieved fraction less than 15 percent
should ensure that the tes®@Cwill exhibit acceptale in-situ uniformity. Also, the
VSI should be used first to ass&X¥SC mixtures duringroduction anda VSI less than
2.0 should ensure that the tes8@Cwill exhibit acceptable wsitu uniformity. If the
VSl resultis greater than 1.@hough,the seve stabilitytest resulshould beused to

accept or reject the batch
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Chapter 1

Introduction

1.1 Background

Self-consolidating concrete (SCC)ashighly fluid nonsegregating concrete that
canspread through reinforcement azmmpletely fill formwork without the use of
mechanical consalation (ACI 237 2007)Pi oneered i n Japan duri ng
this technology is now rapidly developing in the United StaBscause it is a high
performance concrete in the fluid ste8€C carpften best b&ised in heavily reinforced
or irregulary shaped structural elements that would be difficult or impossible to properly
consolidate with trditional vibratory techniquesKnowing this,contractors, architects,
andengineers continue to pusiie bounds of concrete constructionusyngSCC in
apdicationsthat require the greatest efficiency of time, energy, and labor, including
architecturally exposed concretaass concretf@andprecasimembers.

Oneincreasingly populaimplementation of SCC is in the production of precast,
prestressed bridggrders, where narrow forms and congested reinforcement make proper
filling and consolidation using conventional concrete diffieult labotintensive The
demanding configuration dbrmwork and reinforcement needed to prodtite-web
precast, prestresdgirdersmake internal vibratory consolidation of the botthamge
difficult. Theprevalentmethod of consolidation when using conventional concrete is to
combineextremely loud, highmpactexternal vibration of the lower flange and web with
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slow, labor-intensive internal vibration of the upper flange and wAkerwards the

finished product still frequently needs to be resurfaced and patched to be given a durable

and attractive finishFormwork that is typical foprecast, prestressed bile gircersis

shown inFigure 11. An example of the surface finish typically resulting frma use of

conventional concreti@ precast, prestressed bu#®e constructioms shown inFigure 12.
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Figure 1.1: Formwork and reinforcement of apigal precast, prestressed bidiegirder



Figure 1.2: A) Typical surface finish achievedlhen using conventional concrete to
produce precast, prestressed bigés, and B) a bug hole in the beam surface

SCCcompletely fills the forms and encapsulates reinforcemedér its own

flow, and the finished product may not require any resurfacing or patching to achieve an



attractive, durable finishThus,the precastprestressed industry éager tause SCC in
order to reduce construction time, energy, and, ultimately, cost.

Accompanying the advantages associated with the fluid nature of SCC are several
disadvantages. Joints in formwork must be completely seatedeén to prevent leaking
of the pastgand the forms must lable to safely resist the high hydrostatic pressures that
are possible with fluid SCCAIso, the concrete is given its fluid nature by changing the
mixture proportions and adding chemical adiigs, and the effects of these mixture
changes and chemical additions on the fresh and hardened properties of the concrete are
not always clear. For @éisereasos, these potential effects of SCC implementation are
still being actively studied.

One potenal concernwith SCC is the fresh mixtugestability, which refers to its
ability to avoid segregatigmprimarily in the forms o€onstituensedimentation andr
excessive bleedingSevere ggregation can have detrimental effects on the structural
capaity of members in which it occurs anaust be avoided before, during, and after
placemat. Thus, SCC stabilitis an important material property teshSCC

As important as controlling stability iaccurately assessitigis propertyby
testing thefesh concrete has proven difficidhdfew testsare currenthavailable to
guantitativelymeasure it.Of the tests developed to asstssstability of SCC, the most
widely used in the U.S. ihe Visual Stability Index (VSI), which isased on a visual
inspection ofa patty offreshSCCas shownn Figure 13. The VSlis a rapid and simple

test, but because it is visually assessieds subjecive.



Figure 1.3: Patty of fresh SCC as it is visualgsessed during the VSI test

Very recently, more tests have bgegnposedhat can potentially offer a more
guantitative and less subjective assesgraeSCCstability. NCHRP Repor628
(Khayat and Mitchell 2009ecommenddthe surface settlement test whichthe
settlement of a thin acrylic plate into the top surface of a sample ofsSG€asured.
This test is shown iRkigure 14. Shown below the surface settlement tegtigure 15 is
the colunm segregation test methaghichis defined by ASTM C 1610 (2006hd
involves weighing the coarse aggregate found in the top and bottom sections of a column

of SCC that has been left at rest for fifteen minutes.



Figure 15: Filling of a column mold during the column segregation test



Other reently proposed fresh stability test methods include the sieve stadslity
(EPG 2005), rapid penetration test (ASTM C 1712 2009), and mufirplee penetration
test (E+tChabib and Nehdi 2006). The sieve stability test is recommended by a European
consortium of concrete producers as the primary stability test for SCCopd=(EPG
2005),and itinvolves pouring a sample of SCC onto a siand pan from a height of 20
in. to determine the amount of laitance that passes through the sieve. This test is shown

in Figure 16.

i ¢ 3

Figure 1.6: Pouring of SCC onto a siedeiring the sieve stability test



The rapid penetration and the multjpeobe penetration testethodsareeach
used to assess the stability of SCC by measuring the penetration dappieoffied
apparatuss itsettlesinto a sample of SCC. hE rapid penetratiotest methodnvolves
measuring the settlement oh@ightedhollow penetration cylindeover 30 secondsnd
the test is shown iRigure 17. The multipleprobe penetration testvolves measuring
the settlemendf four cylindrical probe®ver30 seconds to determine an average

settlementand the test is shown kgure 18.

Figure 1.7: Settlement of a hollow penetration eydier into SCC during
the rapid penetration test
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Figure 1.8: Settlement of four cylindrical penetration probes into SCC during
the multipleprobe penetration test

Other researchers have cezhtstudiedor recommended other fresh stability test
methods, but all of these advancements in the methodology to assess SCC stability have

been very recent, and their relevance to assestuimniformity of SCC is unclear.

1.2 Research Objectives
This pioject was undertaken to @mess concerns about the methodolofygssessment of
fresh SCC stabilityThe primary objective of this research were thus to

1 Identify freshtest methods that provide a quantitative assessment of the degree of

stability of SCCand



1 Recommend the testing protocol tha Alabama Department of Transportation
(ALDOT) shouldimplementto address SCC stability during the production of

precast, prestressed elements.

Several secondary objectives were established for this researaiotidthelp
theresearch team meet ttveo primary objectives. These secondabjectives required
the team to

1 Evaluate the effects of segregation on hardened concrete elements,

1 Evaluate the accuracy atethnicianfriendliness of the various fresh statyiltest
methods identified, and

1 Determine the correlati@rhat exist between the various fresh stability test

methods.

1.3 Research Methodology

After reviewing the available literature, gresh stabilitytest methods were
selected foevaludion: Visual Stability Index (ASTM C 1611 2005), Column
Segregation Test (ASTM C 1610 200Bgpid Penetration&st(ASTM C 17122009,
Sieve Stability Bst EPG 200%, Surface Settlementebt Khayat and Mitchell 2009),
and MultipleprobePenetrationTest(EIl-Chabib ad Nehdi 2006).The research team
decided to study these six test methods by prepanmegSCC mixtureghat would be
acceptable for prest, prestressed implementatanmd then conducting theesh stability
testmethods simultaneously and in conjunatigith placement of the concrete in walls

36in., 54in., 72in., and 94in. tall. Two conventional concrete mixtures were also
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prepared as controls to assess the uniforafitile walls when cast with conventional
concrete typical of precast, prestressedstruction.

Each of the concrete placements required a volume of concrete that could not be
batched at Auburn University, sloe materials were stored at a nearby ready
concrete plant, anctadymix concreterucks were used to delivére concret¢o the
Auburn University SucturalEngineering laboratory. Upon arrival, the research team
then added additional water and chemical admixtures to intatiffanduce varying
levels ofstability before conducting the fresh stability tests and placingdherete in
the four walls.

Thefour wall heights were representativetbfeeprecast, prestressed bridge
sectioncommonly employed by ALDO&Nnd one precast segmental bridge sectibime
36in. height representethe minimum height above which segeggpn midt be easily
identified, the 94n. height represented the maximum section height ALDOT is likely to
encounter in precast, prestressed construciiod54 in. and 72 in. represented the
heights of common ALDOT sections that would provide apprakahy equal height
increments between 36 in. and 94 inches. This allowed the research team to study the
accuracy of the fresh stability teststhey would be needed for a variety of SCC
implementation®ALDOT is likely to encounter It alsoallowed the widy of any
relationshipgpresent between wall height atiet effects osegregation.

To establish the level of segregation experiermedach mixturgtwo types of
hardened concrete tests were conducted on each wall: nondestihuctighwall
ultrasanic pulse velocitfUPV) testsand destructive pullout tests of deformed steel

reinforcement cast into each wall. BecausdiR& method is nondestructive, many
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UPV measurementsere conducted at various heightsteate a uniformity profile

within eachwall. Then pullout tests were performed on defouirigars embedded
horizontally near the top, bottom, and middle of each twalletermine the extent of

bond strength variation experienced with increasing depth of concrete cast below each
groupof bars.

The levels of UPV and bond strengtariationwere then compared to each other
to define the degree afi-place uniformity exhibited by each walhd mixture The
levels of uniformity for eachmixture werethen compared to tHfeesh stability test resudt
for that mixture in order to assess the accuracy diréish stability tesmethods.

Once acceptable levels of uniformity were determined fronmaindened concrete
test measurements, acceptable fresh stability test values could be identified freftose
stability tess that showed a strong correlation to thsito uniformity measurements.
Recommendations weteenmade for the use of the mastevant fresh stability tests
andSCC acceptance criteriibat ALDOT shouldadoptfor these testduringprecast,

prestressed applications.

1.4 Report Outline

Theexisting literature concerning all aspects of this research pisject
summarized in Chapter 2 of this repoRirst, mixture proportioning of SCC, as well as
the fresh and hardened properties ofarete affected by this proptioning, are
discussed. Stability of fresh SG@dthe hardened properties affectedibgre defined,

followed by a summary of the methods used to assess stability in the fresh state and
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uniformity in the hardened state adly, theacceptance criterjareviously established
for these methodsre reviewed

The experimentgblan developedbor this research project is documented in
Chapter 3, beginning with a general order of the activities performed on each mixture. A
detailed description of the mixing and placement procedure is given, followed by
descriptions of the fresh and hardened concrete tests that were considered for further
study. Testing procedures for the six fresh concrete tests and two hardened concrete tests
aredefined, as are the construction procedures and dimensions of the walls cast from
each mixture. Finally, the SCC mixtunesedare described, and their mixture
proportions arelefined

The most relevant results of the fresh and hardened concretarégstesented in
Chapter 4 Production flaws and circumstances unique to each miésingell as trends
in the construction and testing procem® also elaborated uponthis chapter.
Statisticalcomparisons between datasets and discussion of thdicatgms are then
discussedgomplete withtables summarizing the correlations established between all
fresh stability test and hardened testall conclusbns and recommendatiodsrived

from the research performed in this stade then summarized @hapter 5
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Chapter 2

Literature Review

2.1 Introducti on
The primary factor distinguishing satbnsolidating concrete (SCC) from conventional
concrete is that no vibration is requirecctmsolidateSCC  FreshSCCuniformly fills
formwork and encapsulaeeinforcement under its own flow mechanism that is
practically decribedby three propertiedilling ability, passing ability, and stabilityACI
237 (2007) definethese properties as follows:
1 Filling ability (or unconfined flowabilityyeferstoSCC6 s abi | mivoyk t o
under its own weight,
1 Passing ability (or confined flowabilityeferstoSCCo6s abi |l ity to
constricted spaces aadoundobstacles without blockage, and
1 Stability (or segregation resistanae)e f e r s t oytoSn@iftdinsa urfdrm | i t

distribution of ts constituents during floand setting.

These three propertieandsome ofthe test methods used to study thame,
describedn Section2.3.1 Theproperties are controlled thraughanges in the
constituent materials of SCC and in the mixture proportions theredfthese changes
canaffect thehardened properties of SCTherefore, ardened propertiesf SCC are

described irSection2.3.2 afterthe materias and proportioningised to produc8CC are
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described in SectioR.2 The objectives of this research projeas outlined in Chapter 1,
included identifying andtudying the accuracy ¢ést methodsised togquantifythe
stability offreshSCC. Thereforehe following topics aréhoroughlyaddressed in the
remainng sectionf this dapter:

1 Test methods used to assess the uniformihaodenedCC (SectiorR.4),

1 Test methodsised toquantify the stability offreshSCC (Sectior2.5), and

1 Test citeria used to accept SCC mixtureséa on fresh stability or hardened

uniformity test resultgSection2.6).

2.2 Materials and Mixture Prop ortions of SelfConsolidating Concrete

Self-consolidating concrete is a higierformance concrete because of its highly flowable
behavior in the fresh state, and it can be proportioned to achieve practically any behavior
in the hardened state (Bartos 2008} with conventional concrete, SCC consists of

coarse and fine aggregate, portland cement, supplementary cementing materials, water,
air, and chemical admixtures. However, at a particular level of performance, SCC will
have differences from conventidrncrete in both the materials usad the

proportions thereof. These differences, with an emphasis on the proport®@€ dor

precast, prestressed applicaticar® discussed in the followirsyiksections.

2.2.1 Coarse Aggregateand Fine Aggregate
In appications that require high passing and filling ability, such as in the production of
precast, prestressed bridge girdeosiree aggregate occupies approximately a third of the

SCCmixture volume with fine aggregate occupying approximately anothertbineg
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(Khayat and Mitchell 2009; Koehler et al. 2007Because coarse aggregate and fine
aggregate represent such a significant portion of the concrete, the\csigphyfiaffectall
three oftheona et e 6s f r es h ¢ h afillingcahdgassing abilitess , par t i c
(Koehler et al. 2007).

Precast, prestressed bridge girders contain very closely spaced steslastcand
deformed steel reinforcementhich make filling and passing ability only possible using
a relatively small nominal aggregate s{a€I1 237 2007). In previous phases of Auburn
Universitydés testing of SCC for use in pre
was used for SCC proportioning (Kavanaugh 2008; Roberts 2005). This No. 78
gradation fits the maximursize aggregate (MSAf %2 in. recommended in NCHRP
Report 628 (Khayat and Mitchell 2009) and is defined by AASHTO M 43 (2003)

SCC for precast, prestressed applications is typipatiportioned with aeduced
coarse aggregate contentarder to increase the morfarase dbthe mixture (consisting
of fine aggregate, powders, water, and air), which enhances the cohesiveness of the
mixture (ACI 237 2007; Koehler et al. 2007). The decrease in total coarse aggregate
content also ensures adequate passing ability and pronilimgsafbility, as a reduction
in the total coarse aggregate content increases the average sizeajgnégrate voids
that must be filled with mortar (Koehler et al. 2007).

The selection of fine aggregate is not as restrictive as the selection of coarse
aggregate, but ACI 237 (2007) recommends using-graliled natural sand or a blend of
natural and manufactured sarfiCC is typically proportioned with a higher setoe
total aggregate ratios(agg than conventional concrete, as fine aggregate hefpead

coarse aggregate and increase filling ability (Bonen and Shah 2005; Kwan and Ng 2009).
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Fang, Jianxiong, and Changhui (1999) and Khayat and Mitchell (2009) recommend using

as/aggof 0.40i 0.50, but the exadtatiois dictated by the application (AQB7 2007).

2.2.2 Portland Cementand Supplementary Cementing Material
The powder phase consists of portland cement, ground inert fillers, and supplementary
cementing materialé\s in conventional concregean increased powder phaeed
relatively lowwaterto-cementitiousmaterial raticare used in precast, prestressed SCC
to ensure the higbkarly-age strength that desiredfor the applicatior{Koehler et al.
2007). While the watefto-cementitiousmaterial ratio is further discussed in Section
2.2.3 the types and proportion$ cement and supplementary cementing matethails
are commonlsed in precast, prestressSCCare discussed in this section

PCI (2004) recommends selecting the type of cement based on the overall
requirementof the individual application, including strength, durability, and appearance.
Althoughany of the five primary types of portland cement can be used in SCC, Type Il
cement is preferred for precast elements because of its highagadirengh
characteristics (Khayat and Mitchell 2009). With mostly the same chemical composition
as standard Type | cement, Type Il cement varies mainly in that it is more finely ground
than Type | (Mehta and Monteiro 2006). The extra grinditgeases particleurface
area, whi ch i n cateefealwgestrenyth gamepropenyt théats
conducive to the manufacturing process for precast memberdgb&inYoung, and
Darwin 2003).

Because Type Il cement hydrates quickly, it loses workabilityengoiickly,

which needs to be accounted for durjpigcement of SCC. To reduce this risk and also
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decrease the cost of the relatively larger amount of cementitious material, supplementary
cementing materialare frequently used (Khayat and Mitchell 200®&hta and Monteiro
2006). Hydrationstabilizingadmixtures may also be usedégulate setting and

promote prolonged workabilityTheseadmixturesare discussed in Secti@2.4.2

2.2.2.1 Fly Ash

Fly ashis a glassy, spherical wasproduct of coafired power plants. It is divided into

two dasses based largely on calcium oxidatent: Class C, which is typically i140

percent calcium oxide, and Class F, which is less than 10 percent calcium oxide (Mehta
and Monteiro 2006). Typally used to decrease the cost and heat of hydration associated
with Type Il cement, fly aslsan alsancrease workabilitypf conventional concret@Cl

232 2003)

Fly ash may also enhance workability and slump flow of SCC (ACI 237 2007)
particularlywhen usingClass F fly ash (Khayat and Mitchell 2009). Although other
replacement rates can be used, workahalit$CCcan be most efficiently increased and
maintained when fly ash replaces 20% of the portland cement by volume (Fang,
Jianxiong, and Cheghui 1999; Khayat and Mitchell 2009).

Because of the difference in calciumide content, the two classes of fly ash have
different effects on the fresh properties of SCC. While both classes improve workability,
Class F, with its reduced initial readtiy has been shown to better retain fluidity of SCC
(Khayat and Mitchell 2009)However garly strength gains at three and seven dag's
reduced more when using Class F fly #&n when using Class C (Mehta and Monteiro

2006). The choice of which tyye fly ash to use, or to use slag cement (see Section
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2.2.2.2, is frequently determined by regional availabibiyd the strengtgain needs of
the application Class C fly ash has been used in previous SCC productiorséarod in

Alabama (Kavanaugh 2008; Roberts 2005).

2.2.2.2 Slag Cement

Sl ag cement is Athe nonmetallic product, <c
aluminosilicates of calcium and other bases that is developed in a molten condition
simultaneously withirom a bl ast furnaceo (ACI 233 2003
material whose chemical composition varies widely depending on the source, although

the variance between sources is much greater than within one plant (ACI 233 2003)

Because of its fineness andeahical composition, it reduces heat of hydration and begins

to contribute to earhage strength gains within seven days (Koehler et al. 2007), with its

greatest benefits being increased lbeign strengtlanddurability (ACI 233 2003). The

choice betweert eand Class C fly ash depends largely on local availability and relative

cost, making it a viable supplementary cementing material in SCC.

2.2.2.3 Silica Fume

Silica fume can be used at smaimenteplacement dosages to greatly increase the
guality of concreteincrease early strength, decrease chemical permeability, improve
frost durability, and reduce bleeding, in which excess water separates from the hydrating
concrete (ACI 234 1996). An industrial byproduct in the production of silicon metal,
silica fume isapproximately fifty times finer than portland cement (ACI 234 1996). Its

fineness and chemical makeup are largely responsible for its effects on concrete, and it is
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a popular addition in SCC for higierformance applications such as pregasstressed
bridge element productigifrarg, Jianxiong, and Changhui 1999

Because of its extreme fineness, silica fume reduces the fluidity of SCC (ACI 237
2007), which must be offset by inagng dosages of water and wateducing
admixtures (Fang, Jianxiong,&a@hanghui 1999). The increased demand for water and
chemical admixtures is sensitive to the dosaglich fumeand type of chemical
admixture (Fang, Jianxiong, and Changhui 1999), so the addition of water and

admixtures must be carefully monitored3geC.

2.2.3 Water

The watefto-cementitiousmaterial ratio W/cm) of concrete is inversely related to the
strength of the concreleasw/cmdecreases, strength increases (Mehta and Monteiro
2006). Then/cmof SCC can be the same as that of a conventional cerafréie same

use. As high earbage strengths are desirable for precast concrete, SCC proportioned for
that application employs a low/cm typically between 0.34 and 0.40 (Khayat and

Mitchell 2009).

The selection of thes/cmused in precasprestress#SCC is frequently
controlled by the demands of eadge releasstrength requirements (ACI 237 2007).
As stated in SectioR.2.2 large amounts of cementingaterials ardrequentlyused in
precast, prestress&LCC to incrase he mortar fraction, improve cohesivenessd help
suspend the coarse aggregate particles. Although SCC with awighsrouldattain

adequate compressive strength, it waentiibit areducel early-age compessive
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strength Consequently, precasCS§ is proportioned with eeducedv/cmandis always

given itsfresh characteristics through the use of chemical admixta@is237 2007)

2.2.4 Admixtures
Although the fresh characteristics of SCC are influenced by the proportioning of
constituents describetus far in Sectio.2, their effects are limited compared to those
of chemical admixtures (Fang, Jianxiong, and Chany®89). The following frequently
used admixtures will be discussed in this section (Mindess, Youndpamdn 2003):
1 Air-entraining admixtures, which increase the microscopic air bubbles present in
concrete, making it more resistant to freezing and thawing,
1 Hydrationstabilizingadmixtures, whictaffectthe setting time of the concrete,
1 Waterreducing admitures, which reduce the amount of water necessary to
achieve a particular consistency or increase the workability at a\gieem and
1 Viscositymodifying admixtures, which increase viscosity, improve cohesiveness,

and reduce segregation tendency.

2.2.4.1 Air -Entraining Admixtures

Air, in the form of macroscopic voids and microscopic bubbles, inevitably makes up

some percentage of the volume of concrete. Like any porous material, concrete is
susceptible to damage by cyclic freezing and thawing of water cautitése voids.

When resistance to this damage is important, such as in saturated bridge elements
exposed to temperature fluctuations around

prevent excessive damage (Mindess, Young, and Darwin 2003). This unifoctarg
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can be secured with a@ntraining admixturefAEA), thus making their use popular in
precast bridge element construction.

AEA are typically used in very small dosages, as air content is sensitive to the
admixture. The fluid nature &CC makeshte dispersion of aientraining admixtures
more uniform, allowing for smaller dosages to be used (Khayat and Assaad 2002;
Mindess, Young, and Darwin 2003). However, churning of the fluid concrete tends to
increase air content (Khayat and Assaad 2002hesadmixture dosage must be adjusted

based on theoncreteluidity and production techniques employed.

2.2.4.2 Hydration -Stabilizing Admixtures

Effective not only in SCChydrationstabilizingadmixtures affect the setg time of
concrete, whether fatelayng or accelerating purposetn SCC proportioned with a

high cementitious content or low/cm, hydrationstabilizingadmixtures are usually used
in dosages that allow the SCC to maintain its fresh properties during the batching,
transport, and placing press, with the expectation of normal set and curing thereafter
(PCI 2004)

Hydrationstabilizingadmixturesare less common in precast section construction,
as the SCC is mixed in the same location as casting, and rapid set and curing are
favorable to theonstruction process. However, in very lavemapplications, such as
in precast, prestressed girder productiydrationstabilizingadmixtures are used to
delay setting while additional batches are placed and to slow the potentially damaging

heating tlat results from cement hydration (PCI 2004).
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2.2.4.3 Water-Reducing Admixtures

As stated in Sectiora2.1and2.2.3 the flowability of SCC is partially controlled

through the proportioning of aggregatexiselection ofv/cm However, these changes
have relatively small influences on the SCC paned to the influence of watezducing
(WR) admixtues. As the name implies, wateducing admixtures decrease Water
necessary to achieve a given workapiln a concrete mixture. In fadlyR admixtues,
especially higkrange watereducing(HRWR) admixtures, are always used to induce the
flowability necessary for creating SCC (Roberts 2005).

Only fresh properties of SCC are directly affected by thetiatdof HRWR
admixtures, while hardened properties, particularly strength, are affected by the reduction
in w/cmgenerally accompanying the use of HRWR admixtures. Although specific
effects depend on the admixtuype and dosage employed, HRWR admixtugeserally
causehe following(Mindess, Young, and Darwin 2003):

1 Increased slump,

1 Rapid slump lossnce the HRWR admixture is exhausted,

1 Increased bleeding, but only when dosages are excessive, and

1 Air detrainment, while reducing the amount of aéntrainng admixture

necessary to achieve a given air content

2.2.4.4 Viscosity-Modifying Admixtures
As a fluid, the yield stress of SCC corresponds to the minimum shear stress required to
initiate flow. Below the yield stress, SCC does not undergo any deformatiatoasd

not, therefore, flow. The constant of proportionality (slope) of the relationship between
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shear stress and shear rate is referred to as the plastic viscosity and refers to the resistance
of the material to undergo a given flow (ACI 237 200Figure 21 illustrates aBingham
model of this behavian which, above the yield stress, shear stress increases linearly as

shear rate increases (Koehler et al. 2007).

Bingham Fluid

/ Vodel

Viscosity

Shear Stress

Stress

Shear Rate

Figure 2.1: Viscosity relationshipn a Bingham fluid (Koehler et al. 2007)

In practical terms, SCC that must travel greater distances during placement, or
through narrow or congested formwork, requires lower viscosity, as a lower resistance to
flow will ensure seHconsolidating behavidn those situation@Koehler et al. 2007)

The viscosity of a concrete mixture candoatrolledthrough aggregateelection, or by
controlling the dosages of WR admixtusegdviscositymodifying admixturs (Khayat,
Ghezal, and Hadriche 2000; Koehleakt2009. Viscositymodifying admixturegan
also be usetb make a mixture more robust, more easily able tmaintain a uniform

viscosity between batches despite batching inconsistedsHd<237 2007 Khayat,
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Ghezal, and Hadriche 200@nd they cahelp maintain a uniform stability at a lower
viscosity (Khayat 1999). The use of viscosmpdifying admixtures is, thus, important

in SCC with a higlw/cmor low cementitious content (Khayat and Mitchell 2009).

2.3 Performance of SelfConsolidating Concrde
As shown by the diversity of the materials and proportions used to m&&dtan be
produced to achieve almost any target performance in both the fresh and hardened states.
As with any concrete us8CC producedbr precastprestressedonstructiorfollows a
particular set of pedrmance targets necessitated by
1 The constraints of theongruction process,
1 The volume and distribution of steel reinforcement, and

1 The necessary structural attributes of the concrete.

In this section, fresh and harder@dperties of SCC are discussed, as are the
ways in which these properties are measured. Emphasis is placed on the requicements

SCC used in precast, prestressed applications.

2.3.1 Fresh Properties

SCC in the fresh state can be defined by three primaracesistics: passing ability,
filling ability, and stability (ACI 237 2007). From a fluid mechanics point of view, SCC
can also be defined rheologically. Rheology, the study of deformation and flow of a
material under loads, defines SCC in terms ofig&l stress (minimum stress to induce

flow) and plastic viscosity (ACI 237 2007). While these properties are useful for
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describing the general characteristics of $S&Cin Sectior2.2, they are difficult to
experimentally gantify. Rheological testing is timeonsuming and requires the use of
expensive equipment, and the results are not easily grasped (Emborg 1999).

In past research, relationships have been found between the rheology of SCC and
its passing and filling abiliés (Lange 2007). However, because neither passing nor
filling ability was the primary concern of this research, these propargéefined by

measurement techniques in lieu of the more fundamental rheological parameters.

2.3.1.1 Filling Ability

Filling ability, otherwise known as unconfined flowability, describes the ability of liquid
SCC to flow into and completely fill the shape of the formwork under its own weight
(ACI 237 2007). Filling abilitys practically defined by thiateral distance the SCC can
travel from the point of dischargand the most common measofdilling ability is the
slump flow test (ASTM C 1611 2005). The slump flow test, showkignre 22 and

Figure 23, measurethe lateral pread of a sample of SCC aftelatves an inverted

slump cone. e T5Q whichis the time it takes for the sample to spread to 50

centimeters (20 i), can bemeasuredn conjunction with this test
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Figure 2.2: Inverted slummgone(PCI 2004)

Figure 2.3: Slump flow test in progress
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SCC used in the construction of precasestressetdridge girders must possess
high filling ability (Khayat and Mitchell 2009 Past research and construction is thi
field have typicallyidentified a targeslump flow of 27 in. = 2 inhes(ACI 237 2007;

Roberts 2005; Schindler et al. 2007).

2.3.1.2 PassingAbility

Passing ability, or confined flowability,
and through narme spaces within the forms without blockage (ACI 237 2007). Itis
practically defined through the use of magk structural elements that attempt to mimic
these obstacles and narrow spaces. The most common tests for passing ability are the J
ring test andhe L-box test (ACI 238 2008). These two tests, showriguire 24 and

Figure 25, assess the restricted flow of S@@undpredetermined obstacles. Thenly

test is run similarly to the slump flot@st described earlier, except that the laterally

flowing concrete must pass through a ring of obstaadedefined by ASTM C 1621

(2009. The test results are given aesatrictedslump flow, and precasprestressed

concrete is typically required twave a restricted flowthatis reduced by no more than 2

in. from its unconfined slump flow
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Figure 2.4: Jring apparatus with slump cone (ACI 237 2007)

The L-box consists of vertical and horizontal legs separated by a gatevas &
Figure 25. SCC fills the vertical leg, and, after the gate is raised, flows horizontally
arounda line of obstacles into the horizontal leg. The height of the SCC at the end of the
horizontal leg is comgred to the height of the SCC remaining in the vertical leg, with a
ratio closer to D implying that the SCC has a higher passing ability. In SCC for precast
construction, Khayat and Mitchell (2009) recommend a ratio exceeding 0.50, while

others (ACI 2372007; EPG 2005) recommend a ratio exceeding 0.80.
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Figure 2.5: Typical L-box configuration (PCI 2004)

2.3.1.3 Stability

Stability, or concreteds ability to remain
be difficult to maint&an while also achieving adequate passing and filling abilities. In

highly demanding applications, such as in the construction of precast, prestressed beams,
passing and filling abilities are increased by reducing coarse aggregate size and content
and inceasing eithew/cmor HRWR admixture content. While the reduction in

aggregate size helps promote mixture stability during placement (Khayat and Mitchell
2009), the reduction in aggregate content decreases the number of collisions between
coarse aggregatarticles, which may reduce their ability to resist settlement (Koehler

and Fowler 2008). Increasimgcmor HRWR admixture content reduces relative

stability, as those increases result in decreased cohesion of the mixture (Khayat and
Mitchell 2009; Lemeux, Hwang, and Khayat 2010).
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During the construction process, different forms of segregation occur while the
SCC is dynamically active than while it is stationary. These forms of segregation, and

the different measures taken to resist them, are tesicin the followingsulsections.

2.3.1.3.1 Dynamic Stability

Dynamic stability of SCC refers to its ability to resist separation of its constituents
while it is moving, primarily during placement into the formwork (ACI 237 2007).
Typically, segregation in the dgmic stateencompasses any formfofced separation of
coarse aggregate frothe binder as the concrete flowsitward from the point of
dischargehrough closely spaced reinforcement aadrow openings (ACI 237 2007).

Dynamicsegregation can be assesséile conducting the tests that assess filling
and passing ability, as the SCC is dynamically active during those tests (ACI 237 2007).
To that effect, the-ding, L-box, and slump flow tests can each be used to visually
identify any separation of aggratg fromthe binder resulting from flow during testing.
However, none of these tests were intended to quantitatively assess dynamic stability
(Koehler and Fowler 2010), and dynamic stability must be tailored to the demands of
each application.

Precastprestressedirder construction requires high dynamic stability because of
both the spacing of the reinforcement and the long flow distances the SCC must travel.
According to Khayat (1999) and Ng, Wong, and Kwan (2006), cohesiveness of the
mortarand choie of coarse aggregate are the most important factors in ensuring
adequate dynamic stability. As mentioned in SectbhBsland2.2.2 SCC made for

precast girder constrtion accomplishes this thugh
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1 Relatively high cementitious content of approximatelyi@&ID Ibs/yd (ACI 237
2007; Khayat and Mitchell 2009)

1 Small gradation ofoarse aggregatsuch as No. 78 gradatiofKoehler et al.
2007; Roberts 2005and

1 Relatively lowertotal aggregateontent andhighers/agg(Koehler et al. 2007)

Furthermore, dynamic stability is assured through avoidance of any outside
sources of vibration (ACI 237 2007), limitation of fresl drop height (Khayat and
Mitchell 2009), and the use of quickapementates Bonen and Shah 2004; Lange
2007. While the PCI Guidelines (2004) suggest determining acceptablfafies the
unrestricted dropping of SCC into deep formwork, throughuieeof mockup elements,
Khayat and Mitchell (2009ecommend limitingreefall to 6.6 ft. The AASHTO Bridge
Construction Specifications (2018gction 8.7.3.1 requirgbatfree-fall of conventional
concretebe limitedto 5ft. Researchers have successfully dropped SCC from greater
heights, but only in situations wherermfgrcement could restrict the fal\Cl 237 2007,
Zhu, Gibbs, and Bartos 2001). The limitation is meant to limit the forced sedimentation
of the heaviest aggregates upon impact, and more importantly, to limit the entrapment of
large air voids.

SCC, becauwssof its fluid nature, benefits fno added kinetic energy through
A r e mi of thenflgwing material. As the concrete flows outward from the placement
point, increased rate of flow increases fluid drag exponentially, which helps force heavier
aggregate tonove with the flow Bonen and Shah 2004; Lange 2D0However, the

highly fluid material can entrap air bubbles against forms and within the remixing fluid
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(ACI 237 2007; Khayat and Assaad 2002). Proper selection ofgbenpentate of SCC
is necessarto balance these two effeétsise a high enoughHgremenspeed to ensure

uniform filling, but not one so high as to cause air void instability (ACI 237 2007).

2.3.1.3.2 Static Stability
Static stability of SCC refers to its ability to resist separation of itstitoants while it is
stationary, primarily after placement into the formwork (ACI 237 2007). Forms of
segregation experienced in tht@tic state include (PCI 2004)

1 Settling of coarse aggregate patrticles,

1 Non-uniform dispersion of lighter constituentsida

1 Internal and external bleeding due to excess or uneven accumulation of water.

The above forms of segregatioannot be reduced by using proper construction
practiceqsuch as avoidance of vibration or excessive-faflg, so static stability is
insteal managed through mixture proportioning (Bonen and Shah 2@@43tated by
Kwan and Ng (2009), SCC must be proportioned to achieve a desirable fluidity without
adversely affecting the hardengibpertiesof the mixture or causing a lack of cohesion
of the fresh concrete.

Cohesion affects settling of coarse aggregate, as do aggregate size and density,
aggregate content, and mortar density (Bonen and Shah 2005; Lange 2007). Aggregate
size affects the ratio of surface area to weight, with smaller aggregfaibiting a higher
surface area for the same mass. This increased surface area allows each patrticle to be

more easily suspended in the mixture. Similarly, incorporating a coarse aggregate of a
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similar density to that of the mortar phase allows eadicfgto be more easily
suspended in the mixture (Bonen and Shah 2005; Lange 2007).

According toBonen and Shaf2004) andKoehler and Fowle(2008), coarse
aggregate in SCC cannot settle freely through fluid mortar, but instead collides with
underlying @gregate particles. This creates an aggregate lattice structure that can help
mitigate settlement when mortar viscosity alone cannot prevent it. For the same volume
of aggregate, smaller aggregate leaves more, smalleipiaticle voids, increasing the
likelihood of interparticle collisions that prevent settlement (Koehler and Fowler 2008).

Although selection of coarse aggregate can lagdregateettlement in the static
state, air andnboundwater still tend to rise. To limit &#seforms of segegation,
cohesiveness and watgemand of the binder material must be considered. Cohesion
helps stabilize the air structure of the mixture, as the cohesive mortar prevents the upward
migration of air particles through static SCC (Khayat and Assaad 2G0®)t
prevented, upwarttavelling air particles either disperse unevenly over height or become
concentrated beneath large aggregate particles, both of which result kuaifoom
product(Khayat and Assaad 2002)

Similarly, water in excess of wh& needed to hydrate cementitious materials
either escapes (external bleeding) or collects beneath horizontal obstructions such as
coarse aggregate and steel reinforcement (internal bleeding) (Mindess, Young, and
Darwin 2003). This collection of bleed veats illustrated irFigure 26. Reasons fathe
presence oéxcess water include overdosing of water or of WRA, miscalculation of water
present in batched coarse aggregate and fine aggregate, and other prodiatédn

issues such as leaving water in the mixer after washing out a prior batch.
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Figure 2.6: Internal and external bleeding (Mindess, Young, and Darwin 2003)

Hydrostatic pressure of the fluid SCC can further aggravate thesardispersion
of air and water. After placement into forms, gpilhstic SCC has been shown to cause
selfweight induced pressures that increase with depth (ACI 237, 2@@ge 200Y.

This pressure results in some forced expulsion of incompressitde avel a reduction of

the size of compressible air voids (Castel et al. 2006; Khayat and Assaad 2002).

2.3.2 Hardened Properties

General hardened properties of SCC, and the effects static segregation can have on them,
are discussed in this section. When S€G0sed in place of conventional concrete, its
performance should be similar or better than that of the replaced concrete. Concrete used
for production of precast, prestressed bridge elements must follow a particufar set o

performance characteristicsany of which may be diectly affected by segregation.
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As discussed in Sectidh3.1.3 a lack ofstaticstability results in an uneven
distribution of the constituents of SCC, with air and water tending to rise and coarse
aggragate tending to sink (Castel et al. 2006; Soylev and Francois Z0@8jesult,
inevitably, isavariation in themechanical propertiesf the hardened concrete. This
variationcan be measuratbndestructively with the ultrasonic pulse velocity (UPVj,tes
which will be described in Sectioh.4. Thisvariationis also an underlying cause of
strengh variation(Khayat, Manai, and Trudel 199@&nd bond variatio(Mindess,

Young, and Darwin 2003 The effects of segregation trese two performance
characteristics are described in more detail in the following sections, as are the methods

used to assess them.

2.3.2.1 Strength
Concrete used in precaptestressedpplicationgypically exhibits higher strength than
castin-place concret. In previous studies involving precgstestressed concrete
(Khayat and Mitchell 2009; Schindler et al. 2007), compressive strength values ranged
from 5,000 psi to 9,000 psi. When stable, SCC can have equal or better strength
uniformity than conventioal concrete in this strength range (Khayat, Attiogbe, and See
2007; Khayat, Manai, and Trudel 1997; Khayat et al. 2003; Zhu, Gibbs, and Bartos
2001). Khayat, Manai, and Trudel (1997) and Zhu, Gibbs, and Bartos (2001) predict that
the uniformity is a redtiof the semiautomated casting and consolidation process, which
removes some useariability.

Where researchers have attempted to directly study the effect of static stability on

strength uniformy, elements were cast using SC& varying stabilityand the
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uniformity of strength was determined by testing cores taken along their height. Some
found that strength variation was statistically insignificant in SCC showing questionable
stability (Daczko 2003; Soylev and Francois 2003), while others corttthde strength
variation is directly affected by segregation (Khayat 1998; Khayat, Manai, and Trudel
1997). Although they conclude that strength variation is caused by segregation, Khayat
(1998) and Khayat, Manai, and Trudel (1997) note that the varigtistrength they
measured may have been attributable to the coring process.

Mindess, Young, and Darwin (2003) point out several potential flaws of the
coring process, all of which make it a difficult method for studying strength uniformity:

1 The drillingprocess can damage the concrete within the core. The resulting
random variation can only be decreased by increasing the number of samples,
whichrequires a much largepscimen

1 The ratio of core strength to companion cylinder strength decreases mdhg rap
as concrete strength increases. This may lead to an underestimation of the
variation in strength actually present, as bsgjiength concreteores test
disproportionately lwer than lowstrength concrete, and

1 As mentioned in Section.3.1.3.2 bleed water and air tend to accumulate on the
underside of aggregate, leading to planes of weakness in that direction. Cores
loaded parallel to these planes of weakness exhibit compressive strength

reductions that do not occur iglmders loaded normal to planes of weakness.
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As illustrated inFigure 27, wall elements are cast vertically and cored
horizontally, which means core strength may be overly sensitive to these planes of

weaknesshat are caused by segregation.
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Figure 2.7: Planes of weakness due to bleeding: (a) perpeladitudirection of loading,
and(b) parallel to direction of loading (Mindess, Young, and Darwin 2003)
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2.3.2.2 Bond with Reinforcement
Another structural characteristic widely studied with respe8G€is bond with
reinforcement. The relationship between concrete quality and strength of bond with
reinforcement has been widely documented:
1 Bond strength is affected by surface charactessind size of reinforcement
(Stocker and Sozen 1970),
1 Bond strength is affected by concrete age at time of testing (Chan, Chen, and Liu

2003; Hassan, Hossain, and Lachemi 2010),
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1 Bond strength iproportionalto the square root of compressive strength (ACI
318 2008Barnes, Grove, and Burns 20&3ayat et al. 2003),

1 Bond strength is significantly affected by weak bond surfaces caused by the
accumulation of air particles and bleed water (Castel et al. 2006; Soylev and

Francois 2003).

The effect of concretage relates specifically to the use of chemical admixtures,
as the earhage curing rate of concrete can vary widely based on admixture type and
dosage. This can cause two mixtures with the samedgé&behavior to exhibit very
different earlyage behaors. However, the effect of admixture type and dosage on bond
strength seems to stabilize at approximately 14 days (Chan, Chen, and Liu 2003; Hassan,
Hossain, and Lachemi 2010).

Several researchers (Almeida Filho, El Debs, and El Debs 2008; Catt@tzo 2
Girgis and Tuan 20Q9Hossain and Lachemi 200Bave found that SCC exhibits equal
or better bonatapacitythanequivaleniconventional concretavhile others Esfahani,
Lachemi, and Kianoush 2008words 2005) have found that SCC does not have als muc
bond capacity as equivalenseconventional concreteln all cases (Almeida Filho, El
Debs, and El Debs 200Barnes, Grove, and Burns 20@xattaneo 200&sfahani,

Lachemi, and Kianoush 2008jrgis and Tuan 20Q5the average borgtrengthwas
foundto beproportionalto the square root of average compressive strength.

Chan, Chen, and Liu (200&sfahani, Lachemi, and Kianoug008, and
Hossain and Lachen2008) have used thistrengthproportionalityto infer that

segregation more seriouslyfedts bond than compressive strengthanifexponential
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decay in strengtBhould be required to causérear decrease in bond, Hutrnd
decreases rapidly in segregatehcrete despite little strendtiss segregatios most
likely the cause of the Ind reduction(Esfahani, Lachemi, and Kianoush 2008; Soylev

and Francois 2003).

2.3.2.2.1 Effect of Segregationon Bond Quality

As already pointed out in Secti@i3.2.1and shown irFigure 26, both excess bleed

water and migrating air tend to pool beneath horizontal obstructions in concrete, which
reduces the concrete quality near these surfaces. When reinforcement is cast horizontally
within a concrete member, such as longitudinal reinforcémdreams, this weakened

surface can develop along the entire underside of the reinforcement. When this occurs,
bond to reinforcement is reduced (Castel et al. 2006; Esfahani, Lachemi, and Kianoush
2008; Khayat, Manai, and Trudel 1997).

Because air andater migrate upward, the upward portion of the cast concrete
suffers from the greatest reduction in bond. Some researchers (Khayat, Manai, and
Trudel 1997 Soylev and Francois 2003) found a linear decrease with height, with the
highest bond strength tite bottom of tb member. Khayat, Manai, and Tru@&997)
found this relationship during testing of concrete memb@ris. (150 cnj tall, while
Soylev and Fnacois (2003) tested concrete memb&dsn. (200 cn) tall.

Other researchers (Castel et2fl06;Hassan, Hossain, and Lachemi 201€anty,
Mitchel, and Mirza 1988; Stocker and Sozen 1970) suggest that the reduction is stepped,
with the most noticeable drop in bond capacity occurring in bars with greater than 10 in.

to 12 in. of concrete cast log/ them. Castel et al. (2006) made this conclusion after
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testing concrete specimeB8in. tall, while Jeanty, Mitchel, and Mirza (1988sted
concrete specimens 18 tall, and Stocker and Sozen (1970) tested concrete specimens
32in. tall.

Whethers e pped or gradual , t hi sbaprh eenfof neecnt oon,,
affects the togast bars of deep members and has been documented cobeémtional
concreteand SCC. The effect is typically presented as the nominal bond strength of
bottomcast barslivided by that of togcast bars, with a value of 1.0 indicating an
absence of the tepar effect.

Research concerning the tbpr effect in SCC (Castel et al. 2006; Hassan et al
2010; Hossain and Lachemi 2006&)ayat, Attiogbe, and See 2007; Khayat, Maaaid
Trudel 1997; Khayat et al. 2003) has concentrated on assessing the viability-of high
quality SCC. The topbar effects Khayat, Attiogbe, and See (2007) calculated for
conventional concretesnd SCCO6s used i n precaderified prestr
in Figure 28, with effects in conventional concrete identifeesl1l, 1R, and @nd effects
in SCC identifiedas 3 6. In that figure, the tofbar effect is calculated by dividing
bottom-cast bar pullout strgth (Ub) by pullout strength at each other tested location.

The topbar effect varies irregularly with height, but with larger effects (that represent
larger reductions in bond capacity) near the top of tested sections.

In studies that tested the tbpr effect in SCC mixtures of questionable stability
(Castel et al. 2006; Khayat 1998), the effect was measured to confirm the presence of
instability, not to establish a required level of stability. Also, all of the mixtures assessed
by Khayat, Attiogbe, rad See (2007) were deemed stable but still exhibited the variability

shown inFigure 28. By selecting a maximum acceptable-tmgr effect, though, Khayat
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and Mitchell (2009) were able to use measureebapeffectdo determine if mixtures

exhibitedacceptable uniformity. This is further discussed in Se&i6r2
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Figure 2.8: Top-bar effect in conventional concrete [1, 1R, 2] and SAG][&r precast
constrution, by height above bottom of section (Khayat, Attiogbe, and See 2007)

2.4 Assessment of Uniformityof Sel+Consolidating Concreteby Hardened
Concrete Tests

Of those hardened properties of SCC most frequently affected by segregation, two were
selected foobservation in this research as benchmarks to assets imiformity:

ultrasonic pulse velocitgnd bond to reinforcementUltrasonic pulses sent through
hardened concrete walten show changes in elastic properties and composition
(Mindess, Youngand Darwin 2003)and bond to reinforcemeistaffected by aggregate
settlement, air migration, and bleeding (Castel et al. 2006; Soylev and Francois 2003)
The details of these tests, as well as past research in which they haempdeyed, are

descriled in the following subsection.
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2.4.1 Ultrasonic Pulse Velocity Test

While strength testing and bond testing can show the effects of segregation on
hardened performance, nondestructive ultrasonic pulse veloditygtédPV) can
directly measurehangesn theoverall quality of hardened concrete (AQudais 2005;
Naik, Malhotra, and Popovics 2004; Sahmaran, Yaman, and Tokyay 2007). The testis
conducted by placing two metal couplers on flat surfaces of the concrete specimen,
initiating rapidly repeating ultrasic pulses at one coupler, and measuring the average
time required for the pulses to reach the other coupler. Once the travel length between
couplers is determined, the average speed of pulses through that travel path can be
calculated. A typical configration of this test is shown Figure 29. The speed of the
ultrasonic pulse is affected by several factors:

1 Density and porosity, in which speeds are higher in denser, less porous material
(Lin et al. 2007; LinLai, and Yen 2003; Sahmaran, Yaman, and Tokyay 2007),

1 Interface quality between mortar and coarse aggregate, in which a better interface
results in better transmission of waves (ABodais 2005; Soshiroda,
Voraputhaporn, and NozaRD06),

1 Aggregate sizen which presence of larger aggregate results in reduced speed
(Abo-Qudais 2005),

1 Aggregate content, in which presence of more aggregate results in increased
speed (AbeQudais 2005; Lin et al. 20Q Lin, Lai, and Yen 2003),

1 Moisture content and concretaturation, in which water fills pores to transmit

faster pulses (AbQudais 2005; Mindgs, Young, and Darwin 2003), and
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1 Strength, in which speeds are higher in stronger material(Qmtais 2005; Lin

et al. 2007; Soshiroda, Voraputhaporn, and No28KH.
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Figure 2.9: Ultrasonic pulse velocity testing equipment
(Naik, Malhotra, and Popovics 2004)

The factors that affect UPV results are all related to SCC uniformity: strength

relatesto w/cmratio, density relates to distribution of constituents and mortar quality, and
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interface quality relates to presence of excess vistehta and Monteiro 2006)The
ability to simultaneously account for these factors makes the UPV very useful for
assessing the effects of possible segregation and for detecting changes in concrete quality

at different locations within a concrete element.

2.4.1.1 Past Research with Ultrasonic Pulse Velocity Testing

Previous studies have made use of UPV tests for sevepagas, originally focusing on
locating cracks in concrete members, where pulse speeds are greatly slowed by
discontinuitiegKomlos et al. 1996) UPV testinghasalsobeen used to monitor strength
and elasticity changes over time, where additional cuggadglts in increasing pulse
speedgKomlos et al. 1996) In some studies (Lin, Lai, and Yen 2003; Sdliarcano and
Moreno 2008)equations were established to predict elasticity and strength based on
UPV results. Considering all of the variables affegtUPV results, thouglASTM C

597 (2002), Komlos et al. (1996), Lin et al. (2007), and Naik, Malhotra, and Popovics
(2004) advise thagtredictions are only accurate if acgpanied by correlation testing
Thus, the UPV is best suited for comparative gtigmtions of concrete quality (ASTM C
597 2002; Cussigh 1999; Komlos et al. 1996; Naik, Malhotra, and Popovics 2004; Solis
Carcano and Moreno 2008).

The first time UPMestingwas used specifically to study the effects of
segregation on SCC performancasan France in 1999 (Cussigh 1999). In that research,
walls with dimensons approximately 9 ft tall by 8 wide by 10in. thick were cast using
SCC of varying degrees of stability. The same walls were also produced using

conventional concrete with vang degrees of applied consolidation, thus making it
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possible to compare varying levels of stability in SCC to levels of consolidation in
conventional concrete.

UPVswere determined along the height of the walls and were then used in
conjunction with coe samples to study segregation. SCC that showed segregation
proved to have less uniform velocgiever height than stable SCC, hlitmeasured
velocities through SCC proved to be as uniform as satisfactorily vibrated conventional
concrete. Some of théPV curves from that project are presente8ligure 210. The
concept of this testing, in which UPV testing is used to compare levels of uniformity
within and between concrete samples, is of interest in thentuesearch project, as
certain factors must be considered in order to isolate the effects of segregation on

uniformity.
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2.4.1.2 Configuration of Ultrasonic Pulse Velocity Testing Equipmentvhen
AssessingConcrete Uniformity

To effectively use the UPV to study uniformity ®CC, all of the other sources of UPV
variability must be avaied. Variability can come from
1 Reinforcement, which can either accelerate pulses by transmitting sound more
quickly or attenuate pulses by scattering waves as the\asfess, Young, and
Darwin 2003; Naik, Malhotra, and Popovics 2004)
1 Large aggregate, which can scatter higher frequency vesvérey pass through
the material Abo-Qudais 2005; Naik, Malhotra, and Popovics 20@4hyd
1 Cracks, which distort or blé&che travel of ultrasonic wavéabo-Qudais 2005;

Soshiroda, Voraputhaporn, and NozakDg.

Past research (AbQudais 2005; Gaydecki et al. 1992) and guides for testing
(ASTM C 597 2002; Naik, Malhotra, and Popovics 2004) have thoroughly outlined how
to avoid these issues. The filisie of defense against irregularity is selection of the
configuration and frequency of the equipment to be used. The direct transmission
method, shown ifrigure 211, is the universally preferred configuratiohatl groups
referenced in this section because the travel length and form of transmission are easily
defined.

For testing concrete, Gaydecki et al. (1992) recommend a frequencly8% 55
kHz and ASTM C 597 (2002) recommends a frequency range 804Hz,both with a
preference for higher frequencies when using shorter path lengths. There is no upper or

lower limit to the path length,, but Naik, Malhotra, and Popovics (2004) recommiend
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be between 4 in. and 28 in. for 54 kHz transducers (the frequentynusbes research),

and Cussigh (1999) used aof 10 inches.

Direct

Semidirect

Indirect

T = Transmitter
R = Receiver

Figure 2.11: Ultrasonic pulse velocity testing transmission methods
(Naik, Malhotra, and Popovics 2004

At a frequency ob4 kHz, aggrega should have nominal dimensions no greater
than 2.75 in., which is obviously not a concern for precast, prestressed SCC. For
reinforcement parallel to the direction of pulse transmission to be ignored, the bars must
generally be laterally spaced at |e@&3_ away from the test point, with a conservative

estimate of 0.35(Naik, Malhotra, and Popovics 2004).
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Unavoidable sources of UPV variability includacking and degree of saturation
(ASTM C 597 2002). Good curing conditions, safe handling, aaeption of thermal
cracking lessen the risk of cracking and nonuniform saturaiR&adings through
cracked concrete are drastically different than those taken through uninterrupted travel
paths, making it easy to recognize them.

Meanwhile, the influece of degree of saturation can onlyneemalizedby
testing samples at a consistent degree of saturation. Soshiroda, Voraputhaporn, and
Nozaki (2006) recommend taking readings at the earliest age possible after the concrete
achieves final sdiecause, \er time, the strength of the mortar phase approaches that of
the encapsulated coarse aggregate, resulting in fastes th&\are less capable of
differentiating between @rse aggregate contents. Ladge testing is, therefore, better
for studying stregth uniformity(Lin et al 2007) but less useful for studying air, water,

and aggregate distributig®oshiroda, Voraputhaporn, and Nozaki 2006)

2.4.2 Pullout Test

As described in Sectiah3.2.2 bond between reinforcement and o@te is anaterial
mechanical propertgf broad applicability to structural performance. Although many
configurations have been used to test it, the principle is the same: apply tension to steel
reinforcement cast into concrete specimens while recotdafprce applied and amount

of slip undergone by the reinforcement. If the total bonded surface area is known, the
bond stress can be calculated by dividing the pullout force by the surface area. Bond

stress can then be related to different levelsipfislorder to evaluate bond behavior.
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2.4.2.1 Failure Modes andCausesduring Pullout Testing
Different bond behaviors occur under differpatlout testing configurations. When a
long bonded length is used, the reinforcement yields before it debonds from the
surrounding concrete. This signifies that the total bond force capacity exceeds the axial
force required to yield the reinforcement (ACI 408 2003). In research that has used long
bonded lengths, study of bond behavior was limited to a comparison of Isigs \e
lower stresses (Chan, Chen, and Liu 2003; Peterman 2007; Sonebi and Bartos 1999).
When very short bonded lengths are used in pullout testing, the concrete
surrounding the reinforcement fails before the steel reaches its yield stress. In these
circumstances, there are two modes of concrete failure: cracking failure and shear failure.
Refer toFigure 212, which illustrates the forces being applied to the surrounding
concrete. Cracking failure (also knoas splitting failure) occurs when deformations in
the reinforcement act as wedges that force the surrounding concrete outward, causing
tensile stresses in the concrete and, eventually, splitting tensile failure. This failure mode
is associated with a lkof confinement, and results do niedlicate theultimate bond
capacityof the concrete mixturACI 408 2003; Cattaneo, Muciaccia, and Rosati 2008;
Sonebi and Bartos 1999). Although bond has been studied in samples exhibiting this
failure mode, the reding top-bar effects are heavily influenced by the testing
arrangement (Peterman 2007).
Shear failure (also known as pullout failure), occurs when sufficient confinement
prevents splitting rupture of the concrete. In this failure mode, planes of glegar st
caused by the mechanical interlock of ribbing and concrete develop parallel to the

reinforcement. Microcracks develop in these planes, eventadlgscinguntil shear
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failure occurs (ACI 408 2003)Figure 213 provides an example of this failure mode,
which shows a gradual buildup of bond stress as cracks form and a gradual decay as
friction resists the pullout over extended displacements. Pullout testing that results in
shear failure can give a measureoicrete quality and uniformity not affected by
inadequate cover or steel quality (Khayat et al. 2003), whidtesmauseful for studying

the potential effects of segregation in SCC.

T bearing and friction
forces on bar

Yy~ Y,

}
—l-\‘_/-_.. —_— — — [—
— [— —

Figure 2.12: Bond forces acting on steel eeduled in concrete (ACI 408 2003)

adhesion and friction forces
along the surface of the bar
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Figure 2.13: Bond stress and slip of shortipnded rebar during shear failure
(Hassan, Hossain, and Lachemi 2010)
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2.4.2.2 Configuration of Pullout Testing when Assessing Concret&niformity
Researchersave related shearing bond failure to concrete quality using several
variaions of well confined, shortliponded pullout specimens. Some reseangChan,
Chen, and Liu 2003; Hassan, Hossain, and Lachemi 2010) achieved adequate
confinement by inclusionf confining reinforcementTo avoid theneed forconfining
steel reinforcement, other reselers(Cattaneo, Muciaccia, and Ros2fi08; Girgis and
Tuan 2005) achieved adequate confinement by increasing the lateral cover of concrete
surrounding the puliat bars. They (Cattaneo, Muciaccia, and Rosati 2008; Girgis and
Tuan 2005) foundhat the minimum lateral cover that ensures shear failure during pullout
testing is eight times the diameter of the steel bars pulled oyk (8 d

Selection of bond lenftin past research was not so frequently determined by the
yield strength of the steel as much as it was by the uniformity of the pullout results. As
steel is pulled from concrete, thesistingforce in the surrounding concrete must develop
to provide face equilibrium with the steel. When combined with the contraction of steel
due to Poissonbds Effect, a gradient develo
length. Since calculation of bostrengthusuallyassumes thdtond stresses are
distributeduniformly, use of short bond lengths is best wkermlyingultimate bond
capacity (AlaviFard and Marzouk 2004; Girgis and Tuan 2005; Khayat 1998; Khayat,
Manai, and Trudel 1997; Stocker and Sozen 1970). However, due to the heterogeneous
nature of concite, shorter bond lengths result in increased scatter between samples.

In this report, dwill be used to represent tneminaldiameter of the reinforcing
steel. In multiple research projects (Aldard and Marzouk 2004; Girgis and Tuan

2005; KhayatManai, and Trudel 199'Khayat and Mitchell 2009 a bonded length of
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2.5 d,to 3 d, was found to give a satisfactory balance between achieving a uniform bond
stress and having repeatable resullaring that researciihe bonded region of steshs
isolaed by debonding the remainder of the bar wetimmercially availablglastic
sheathingKhayat and Mitchell 2009). A typical configuration of this style of pullout

test is shown irfrigure 214.

Rigid plastic sheathing Free-end of
prestressing strand
Reaction cylinder I \
Hydraulic jack \ L.V.D.T.

.

| i -

Data Acquisition

System

0.6 in. prestressin
strand

Load cell }: - |4_,,|
5.9 in. (150 mm) 2in.

Figure 2.14: Load configuratia of shortlybonded pullout test
(Khayat and Mitchell 2009)
The stresses in the concrete surrounding the pullout baratsoste considered

in determininghetest configuration. Wike thedeformed steel reinforcemeist

tensioned, the concrete on which taesioningack rests is compressed. This
compression can provide loa@@pendent, unnatural confining pressure around the steel
bars, resulting in mechanicanhanced bond cagty. To avoid this effect, two steps

are taken to disperse the compres$ivees seat the hydraulic jack at an adequate lateral

distance from the pullout point, and place the bonded region of steel away from the
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loaded face of the concrete. Khayat9q@Pembedded the bonded region Siom the
loading surfacef the concretekhayat and Mitchell (2009) embedded it 6firom it,

andSonebiand Bartos (1999) embeddediin. from it.

2.4.2.3 Pullout Testing of Strand

It would seem most appropriate to stuldg bond capacity of SCC used in precast,
prestressed applications by pulling out sewere prestressingtrand instead of deformed
steel reinforcementin some of the reviewed literature concerning bond to SCC (Girgis
and Tuan 2005; Khayat et al. 2063jayat and Mitchell 2009; Peterman 2007), and in an
older study of bond to conventional concrieteprestressed applications Byocker and
Sozen(1970), strand was used to study bond capacity. Of those, Girgis and Tuan (2005)
and Peterman (200%stedfull-scale beams with long bonded lengths simolwed that

SCC performs as well as conventional coreretprestressed applicationKhayat et al.
(2003), Khayat and Mitchell (2009), and Stocker and Sozen (1970) bestddo strand
using a shortlyoondel, shea#failure-inducing configuration.

Stocker and Sozen (1970) confirmed that bond capacity is more significantly
affected by bleeding and settlement than by strength, and Khayat et al. (2003) confirmed
that stable SCC has better strand bond unifigrover height than conventional concrete.
Stocker and Sozen (1970) point out two differences between testing strand and testing
deformed reinforcing steel:

i Strand cast into concrete while unstressed does not employ the same bond
mechanism as strand ptessed and then released after the concrete is cast.

Axial contraction of prestressed strand after it is released increases the lateral
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pressure in the surrounding concrete, causing confinement ttudtaasily
replicable in shortlyponded pullout sp@mens. Thisontractiondoes not occur
while using deformed reinforcing steel.

1 While bond of deformed bars depends on axial shear interlock to its fixed
deformations, sevewire strand depends on torsional interlock to its longitudinal
spiral of six ouer wires. The strand twists as it is pulled out of the concrete, and
torsional bond occurs when the outer wires twist out of concrete keys formed

during casting. This force interaction is showrrigure 215.

Figure 2.15: Force interaction between strand and concrete (Stocker and Sozen 1970)
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2.5 Assessment oStatic Stability of SelfConsolidating Concreteby Fresh Stability
Test Methods

The tests described in Sectidi quantify the effects of segregation on the hardened
properties of SCC. They can therefore be useful benchmarks for assessing tests designed
to quantify segregation resistance of fresh SCC. The following section isousledtfy

1 Thefreshstability testmethods that attempt to estimate ttebgity of SCC,

1 How each of these tests attempts to identify segregation,

1 Why each of these tests was incorporated into past research, and

1 What other measures were usededfy the efficacyeach of hese tests.

2.5.1 Rheological Tests

Converse to the othémresh stability test described in Sectio2s5.2and2.5.3

rheological testing of SCC does not directly measure the segregation in a concrete

sample. Instead, this class of tests measures the fundamental rheological properties of the

sample (viscosity and yield stress) under the assumption that those prajzeriies

related to segregatiorConflicting amnclusions have beatrawn concerninghe

relationship of rheology to stability: some have found no statistically significant

correlation (Assaad, Khayat, and Daczko 2004; Bartos 2005; Ozyildirim and Lane 2003;

Sahmaran, Yaman, anaHRyay 2007), while others have shoastendency to segregate

as plastic viscosity decreases (Koehler et al. 2007; Saak, Jennings, and Shah 2001).
As with the othefresh stability test described in Sectidh5, consideration must

be given to how these conclusions were reached. In pastestudies that incorporated

the use of rhdogical testing, othefresh stability tes (including the column segregation

test and VSI) were used as a basis for identifying segregation (Assaad, Khayat, and
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Daczko 2004; Bartos 2005; Koehler et al. 200Zyildirim and Lane 2003). However,
the ability offresh stability test to estimate iplace segregatiowasunder investigation
during the current Auburn University research, so correlations betwesimstability test
methodgsuch as between rhegical tests and the column segregation test or Webe
not sufficientto proveatesb s abi | i t yplatesegregation. mat e i n
In other past rheological testing fetability, hardened concrete tests, including
pullout testing and visual examinationagigregate distriliions, were used to identify
segregation. In testing of bond quality, Peterman (2007) showed thhtgicattests
were no better a predictor of bond quality than offexh stability test. Koehler et al.
(2007) found excessive saatin comparisons of rheology to aggregate distribution in
cores, and Sahmaran, Yaman, and Tokyay (2007) found similar excessive scatter between
rheological and UPV testing. Saak, Jennings, and Shah (2001) related rheology to
settlement of a weight on tisairface of SCC, but only settlement of aggregate was

studied, not the bleeding of excess water.

2.5.2 Standardized Test Methods

The first two tests to be standardized by ASTM for measurement of $ddility were

the ASTM C 1610 Column Segregation Test @0&ndthe VSI(ASTM C 16112005).

The rapid penetration test (ASTM C 1712 2009) was standardized more recently and was
validated by comparison the two previously mentionddsts, while the sieve stability

test was developed independently in Eur(éG 2005) These four tests are rewied

in the followingsections, and detailed testing instructionsiiersieve stability testre

given in Appendix Al
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2.5.2.1 Visual Stability Index

The visual stability index (VSI) is the most widely used testssess th&tability of SCC

(ACI 238 2008 Lange 200Y. As the name implies, the VSI involves assigning a rating

to the level of segregation seen in a sample of SCC. This sample, the patty left after
testing the slump flow according to ASTM C 162D05) is inspeted for visible signs

of segregationA rating from 0 to 3 is then assigned based on appearance: 0 showing no
signs of segregation; 1 showing some bleed water on the SCC surface; 2 showing a slight,
defined mortar halo (40 mm) and noticeable bleedingnd, 3 showing clear segregation
with aggregate piling in the center and with a vagfined mortar halo (20 mm)

(ASTM C 1611 2005) PCI (2004) also gives advice on the hafrements of 0.5 and

1.5. In those Guidelines, a 0.5 rating is applicablenwey light bleeding is noticeable

on otherwise noisegregating SCC, while a 1.5 rating is applicable when some minor
mortarseparation andggregate piling are visible. Examplesiuége VSI values are

presentedn Figure 216 throughFigure 222.

Figure 2.16: Typical visual stability index rating of 0 (PCI 2004)
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Figure 2.17: Typical visual stability index rating of.® (PCI 2004)

Figure 2.18: Typical visual stability index rating of 1 (PCl 2004)
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Figure 2.19: Typical visual stability index rating of 1 (PCI 2004)

Figure 2.20: Typical visual stability index rating of 1.5 (PCI 2004)
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Figure 221 Tyicl visual stability index rating of 2 (P

Figure 2.22: Typical visual stability index rating of 3 (PCI 2004)

The VSl is qualitatie in nature and is subjectéachtechnicia® assessment
Therefore, although it is useful foapid quality assuranceuring production, the VSI

should not be used to determine prequalification acceptance or rejection of a mixture
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(ACI 237 2007). Seveal summary reporttEPG 200%Ozyildirim and Lane€2003)
suggest thathe VSI is sufficient for initiakegregatiomspection butother researars
(Bonen and Shah 2004; 200&nge 200y suggesthat a low VSI (showing good
segregation resistance) doeg ensur@dequate static stability

Bonen and Shah (2004; 2005) and Lange (2007) titatthe VSI is inadequate
to study static stability because performance of the slump flow test inkpaetE energy
into the SCC, which can affect the appearasfcgatic segregation. In fact, Tregger,
Ferrara, and Shah (2010) suggest that the VSI from the dlompatty should only be
used to assess dynamic stability. Furthermore, mixtures that do not bleed (one form of
segregation) are less sensitive toWsd (ACI 237 2007). This was confirmed by Khayat
and Mitchell (2009) and Peterman (2007), who both found unacceptedgahanical

performance in SCEwith stable VSI values.

2.5.2.2 Column Segregation Test

The column segregation test (ASTM C 1610 2006) is ofsea wo assess the static
stability of SCC. lllustrated inFigure 223, this test involves pouring SAGto a
cylindrical PVC mold consisting of three detachable sections andiafiairto rest for

15 minutes. SC from the top and bottom portions of t@umnis then washed over a
No. 4 sieve, leaving only the coarse aggregatee coarse aggregate is then brought to
the saturated surface df$SD)state and weighed. Theeightsof coarse aggregate in
the top gctionand thebottom sectiorarethen used to quantify segregation using a
segregation indeflseg. IseqiS calculated according to the following equation, in which

CAis the weight oS5 coarse aggregate in the weighed section:
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|, =29 SAo” CAw 5y o
’ (CA,, +CAY)

According to Koehler and Fowler (2010), the calculdtggmay be less than zero
due to test variability. In that case, ASTM C 1610 (2005) statethinailueshould be
recorded agero. For determination of stability acceptance, Khayat andiitq2009)
and Koehler and Fowler (2010) recommendsgg0 15 %, whil e ACI 237

that selfconsolidating concretexhibiting an {gO 1 i8 génerally considered

acceptable.
-8 in. (200 mm)-»
Schedule 40 PVC Pipe ©
Clamps or Other Equivalent ™ = Top
Fasteni
ening Systﬂm\‘ 6.5 in. (165 mm)
-': - hf__:‘-
-:—__ ‘;"_—_‘-
- Middie

Sealed or Laminated Plywood

;,J\\ ::’—“M;:‘_‘

-—— Bottom
6.5 in. (165 mm)
=12 in.

9 d

./ f =3/4 in. (=20 mm)
¢ -

|= =12 in. (=300 mm) -I '

Figure 2.23: Standardized column segregation apparatus (ASTM C 1610 2006)
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In a comprehensiveurveyconducted by Assaad, Khayat, and Daczko (20i4)
column segregation test was evaluated alongbel&/SI, rheological tests, and
compressive strength of various mixtures. They found that the test is sensitive to
sedimentation of aggregate, which wasfrmed by Mouret, Escadeillas, and Bascoul
(2008). As both sources note, the column segregation test is more sensitive when total
aggregate content is log;sssaad, Khayat, and Daczko 2004; Mouret, Escadeillas, and
Bascoul 2008) As explained in Sectiak.2.1, a higher coarse aggregate content is offset
by a lower mortar content. hE increase in coarse aggredategts the ability of any
individual particles to settje@esulting inreducedcolumn segregation valuggdeanwhik,
the decrease in binder contemakes the mixture more sensitive to bleeding and
segregation of bindéAssaad, Khayat, and Daczko 2004; Ng, Wong, and Kwan 2006;
Ye, Bonen, and Shah 2005).

Because the column segregation test is affected by the aggoegéent in this
way, Assaad, Khayat, and Daczko (2004) and Khayat and Mitchell (2009) recommend
using the column segregation test in conjunction with the surface settlement test
described in SectioR.5.3.1 which is more sesitive to bleeding segregation. Similarly,
Mouret, Escadeillas, and Bascoul (2008) recommend using it in conjunction with the
sieve stability test described in Sectib.2.4 as they, too, found that the tests respond
differently to segregation.

Many researchers (Bui et al. 2007; Koehler and Fowler 2010) have found the
column test to be too slow and laborious to implement for quasdgyranceue to the

15-minutetestingperiod and difficulty of separating and wsévingthe test sample
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However, Assaad, Khayat, and Daczko (2084ayat and Mitchel(2009) and Mouret,
Escadeillas, and Bascoul (20068commendisingit for quality assurance testingf SCC

stability.

2.5.2.3 Rapid Penetration Test
The rapid penetration test (AST®11712 2009) was originally developed to be a
quicker, techniciasfriendly alternative to the column segregation (Bsti et al. 2007)
To that effect, the test is run on SCC already placed imtieeted slump contor VSI
and slump flow testing. Aftallowing the samplé&o settle for80 secondsaweighted
hollow penetration cylinder, shown kgure 224, is placed on the top surface and
allowed to settle under its own weighhfter 30 seconds, the penetoatidepth(Pd) of
the cylinder is read to the nearest millimeter, which can be related directly to the mortar
layer depth at the top of the sample and indirectly correlated to segregation resistance
According to ASTM C 1712 (2009), Pd relatestability by the following:
1 Samples with Pd < 10 mm are resistant to segregation,
f Samples with 10 mm O Pd < 25 mm are mode

1 Samples with Pd > 25 mm are not resistant to segregation.
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Figure 2.24: Standardized rapid penetration test apparatus (ASTM C 1712 2009)

ASTM C 1712 2009) was developed by establishing a relationship between its

results and those of the column segregation test (Bui et al. 2002; Bui et al. 2007).

Additionally, the mortar layer depth at the top of hardened cylinders was determined by

vertically cuttingthe cylinders, and the mortar layer depth was then compared to the

column segregation index. Bui et al. (2007) found that mortar depth relates to

segregation index and penetration depth relates to mortar layer depth, thereby allowing

use of the penetratiatest in place of the column test. According to ASTM C 1712 (2009)

and Bui et al. (2007), the test is useful for both prequalification and gaaityanceas

it is faster than the column segregation test and isulgéectivelike the VSI.
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ASTM C 1712(2009) recommends establishing a new correlation between the
penetration and colunsegregationests whenever dealing with new mixture
proportions, but Koehteand Fowler (2010) have found the rapid penetratiortddss
poorly related to both the colunsegregatiortiest and sieve stability test (described in
Section2.5.2.4. The SeHCompacting Concrete European Project Group (EPG 2005)
found the rapid penetration test to have greater scatter than the sieve stabiditydtest,

they recommend it as a secondary alternative to the sieve stability test.

2.5.2.4 Sieve Stability Test

The current form of the sieve stability test (a.k.a. sgagregation resistantest,sieve

test, orGTM screen stability test) was standardized by3G€ European Project Group
(EPG 2005) following a thregear study by the EPG representative organizations. The
test, shown irFigure 225 and detailed in Appendix A, requires a 1. sampé of SCC

and approximaly 18 minutesof testing time. After sitting for 15 minutes, the top

portion of the 16L sample is dumped from a specified height (usually with the assistance
of apouringapparatusonto a 5 mm sieve and patt thenress on the sieve for 2

minutesto allow sepration of mortar and aggregateftekthose 2 minutes, th&@eve and
retainedSCC ae removed from above the pan, ahd segregatiofraction(S) is

calculatedoy dividingthe weight of SCC passing onto the pan by the total weight of SCC

testel according to the following equation:

[( pan+ SCCsievedfraction) - (pan)]

=1 . 3100
[(sievet pan+ SCCtotal) - (sievetr pan)]
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Figure 2.25: Sieve $ability test apparatus

The PCI guidelines (2004yvhich allow a No. 4@.25in.) sieve to be used in
place of a 5 mm sieveegcommendasegrg at i on fracti 8GCwilta O S O
segregation fractiokess than 5% may begin to lack the flowability necessary to prevent
bugholes and provide a good surface finish. The SCC European Project Group (2005)
classifies sieve stability using thdlawing classes:
f S O 20 % for Class 1, which is applicab
flow distances and ehr spacing greater than 3 in.,
f S O 15 % for Class 2, which is applicab

flow distances and cd& spacing greater than 3 in., and
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TS O 10 % in demanding applications with

less than 3 insuch ador precast, prestressed girders.

Because SC is dropped from a height of 20. onto the sieve, EChabib and
Nehdi (2006) and Koehler and Fowler (2010) question what form of segregation the sieve
stability test identifies. Gravity causes an increadenatic energy as the SCC falls,
resulting in forced segregation of mortar from aggregate. Also, mixtures tiihn a
mortar fraction and low coarse aggregate fraction may be more susceptible to testing
poorly, as more mortar is present to pass through the sie@h@tib and Nehdi 2006;
Schwartzentruber and Broutin 2005).

Ng, Wong, and Kwan (2006) contradict tlisservation. They found that
mixtures with a high coarse aggregate fraction may be more susceptible to testing poorly.
For the same reason that the column segregation test becomes less sensitive as coarse
aggregate content increases (see Se2tiR.9, the sieve test becomes more sensitive if
it is able to identify bleeding and separation of mortar from aggrdgateet,
Escadeillas, and Bascoul (2008) also found that the sieve test identifies segregation that
the columnest does not and vice versa, but others (Koehler et al. 2007; EPG 2005) have
found the two tests to be highly correlated.

During a comprehensive study of SCC behavior (EPG 2005), the sieve test was
the best indicator of segregatiamen compared with theolumn segregation teahd the
rapid penetration test. Also, because of its &mmature, EPG (2005) recommeritlas

the primary orsite qualityassuranceneasuref stabilityfor SCC projects in the
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European Union. Although the form of segregatiadentifies is unclear, the sieve test

seems to relate well with-situ segregation (Koehler and Fowler 2010; EPG 2005).

2.5.3 Experimental Tests

Outside of the four standardiz&esh stability test described above, many otlfiesh
stability tess have be proposed for standardization or have been used during research
on SCC behavior. Of these, some are very expensivecbmsimingandprecise,

while others attempt to more rapidly, but less precjsglgntify stability. Themost
promising of these priously unstandardized test methods are described in Sections

2.5.3.1through2.5.3.3

2.5.3.1 Surface Settlement Test

The surface settlement test (a.k.a. surface settlesegntgatiortiest) was
recommaded by Khayat and Mitchell (2009) as the @mgngability test for SC0dn
preast, prestressed bridge element productibne test has not been standardized by
ASTM or by other European equivalents, but it has been used in SCC research for several
years(Khayat 1998; Khayat, Manai, and Trudel 1997; Khayat et al. 2003). The test is
illustrated in its current form iRigure 226.

The principle of the test is simple: measure the settlement of a thin acryliaplate
it settles into a column of fresh SCC. The settlement is recorded as a percentage of the
height of the column of SCC, and rate of settleneoalculated as a percentage of

column height per hour. Either by settlement rate or maximum settlemetastlagms
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to study the presence of bleed water at the top surface of the column and the settlement of

the uppermost coarse aggregate particles.
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Figure 2.26: Surface settlement test apparatus (Khayat and Mitchell 2009)




The test was originally created to complimentsitu uniformity testing of
concrete walls (Khayat, Manai, and Trudel 1997). Confirmed by pullout testing and
visual examination of hardened cores, Khayat (1998; 1999) and Khayat, Manai, and
Trudel (1997) showedat the maximum settlement measured before the SCC sets
indicatesthelevel of static stability. Since this can take hours to determine, though,
further testing was conducted that suggested the use of a ratdeoneet calculated
over a fiveminute inerval between 10 and 15 minutgs and 30 minutes, &5 and 60
minutesafter test initiatio(Hwang, Khayat, and Bonneau 2006). The relatiorsthpy
foundareshown inFigure 227. Because of #se relationslips, Khayat and Mitchell

(2009)recommend ssessmertty ratein order to speed testing.
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Figure 2.27: Relationshig between rate of settlement and maximum settlement
measured during the surface settlement(tésiang, Khayat, anBonneau 2006
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Assaad, Khayat, and Daczko (2004) and Sonebi and Bartos (2002) have shown
that the surface settlemetdst gives a good measurement of the development of bleeding,
which they confirmed by comparison to otlfiersh stability test and hardesd tests.

Like the column segregation test and sieve test, though, surface settlement can be
affected by the binder content and coarse aggregate content (Khayat 1999; Khayat,
Ghezal, and Hadriche 2000; Sonebi and Bartos 2002). As already explaineasinugcre

coarse aggregate content makes aggregate settlement more difficult, but at the expense of
higher bleeding risk. Sonebi and Bartos (2002) also found that the test is sensitive to fine
aggregate content, grading, and surface roughness, as theségs@pkect the bleeding
potential of the mixtureAssaad, Khayat, and Daczko (2004) and Khayat and Mitchell
(2009) therefore recommend that the settlement test compliment the column segregation

test, as the two tests can be used to identify differemsaf segregation.

2.5.3.2 Multiple -Probe Penetration Test

The multipleprobe penetration test (a.k.a. mukiprobe test) was originallyased on

the rapid penetration test (Ehabib and Nehdi 2006&nd aschematic of the test is

shown inFigure 228. The main difference between the multipl®be test and the rapid
penetration test is that the multigteobe test incorporates four solid penetration probes
instead of one thiwalled penetration cup. Ehabib and Neti (2006) suggests that
averaging the displacement of four probes atop the sample can reduce the variability of
results. Random packing of coarse aggregate may allow very few coarse aggregate
particles to resist the penetration of a circular cup, butgoalves should more closely

represent the average mortar layer present on the samy@lédBib and Nehdi 2006).
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Figure 2.28: Multiple-probe penetration test apparatus

(Adapted fromEI-Chabib andNehdi 2006)

The only othewariation fromthe rapid penetration teistthat the multipleorobe
test requires a sample exclusively for its use, as opposkd tormerbeing run on a
sample that can then be usedissesshe VSI and slump flow. Although the rapid
penetration téscan be run within the time allotted for testing the VSI and slump flow, the
effect of two minutes of dormancy on the slump flow and VSI has not been studied. The
use of a separate sample for the multjebe test was proposed in order to remove the
influence of the two minutes of dormancy on the slump flow and VSI sample. Using a
separate sample also speeds the performance of the three tests by allowing the slump flow
and VSI to be tested while the multigdeobe test is still ongoing.

During its deveopment, the multiplgorobe test was run in conjunction with the

sieve stability test and a variant of the column segregation test. The researchers were
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able to relate its performance to these two tests in 123 SCC mixtures of varying aggregate
contents ad strengths, and they used the results to develop a model to predict static
segregation based on mixture proportions. Because the mupitgide test was

engineered primarily for that research, it has not been verified by other researchers.

2.5.3.3 Wire-Probe Peetration Test
Another variation of theapid penetration test, the wipgobe penetratiotest (wire test)
was designed to be a simpler, more repeatable replacement to the rapid penetration test
(Lange 2007; Shen, Struble, and Lange 2007). Thedestment shown inFigure 229,
is constructed of a single piece of metal wire, twisted into a ring and vertical rod, with
markings at every millimeter along the vertical rod. The wire is placed atop SCC in the
inverted slump flow cone and allowed to settle for one minute, and the settlement of the
metal ring is measured along the vertical rod left protruding from the sample.

Similar to the other two penetration tests, the wire test was intended to measure
the mortar ayer at the top of a sample (Shen, Struble, and Lange 2007). The developers
confirmed the testdés ability to do so by v
concrete cylinders. They also compared its results those of the column segregation test,
whichs howed an exponenti al i ncrease in segrec
i ncreased. The testds use has been | imite
its similarity to the more thoroughly studied ASTM C 17agid penetration testerrois
may also occur because of the absence of a lateral guide, as nothing forces the metal ring

to sinkdirectly downwardnto the sample (Bui et al. 2007).
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Figure 2.29: Wire penetration probe apparatus
(Based orShen, Struble,rad Lang 2007)

2.6 Mixture Acceptance Criteria

The end goal of any test that studsegregatiorof SCC is to determine whether a
mixture exhibits an@eptabldevel of stability. The test outputs at which eafthsh
stability testwill estimate that pralems with segregation may occas well agshe
origins and applicabilitpf these outputsgre discusseih the following sections Also,
means of deteriming an adequate level of stabilityhardened concrete adéscussed in

relation to fresh stabiljt

2.6.1 Identification of Segregation byFresh Stability T estMethods
All of the fresh stability test described in Sectidh5have associated criteria that

establish a level of segregation above which SCC should not be acc&uae of these
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criteria were based on comparison to hardened properties affected by segregation, while
others were based on othiersh stability tesinethodsand past researciTable2.1 lists
the outputs at which each teséthodestimates that problems associated with segregation

will occur, and the origins and applicability of these criteria are discussed in Sections

2.6.1.1and2.6.1.2

Table 2.1: Acceptancelimits for various gability testmethods

Fresh stability test

Range of Acceptability

Recommended By

Visual Stability
Index
(ASTM C 1611)

Khayat and Mitchel(2009

PCI (2004

Column
Segregation

(ASTM C 1610)

VSI O 1

VSI O 1.5
S O 15 %
SO 0%

Khayat and Mitchel(2009
Koehler and Fowle2010

ACI 237 (2007)

Rapid Penetration
(ASTM C 1712)

DepthO 1 0 = $eg1 Resistant
025 mm = Moderately Resistant

Bui et al. (2007)
ASTM C 1712 (2009)

S O%Elss 1)

SO15% (Class 2) EPG (2005)
Sieve Stability S 010% when demanding*
5 % O S 0O 1 PCI(2009
MSA Setrate O 0.
O%2in.| settlement maxO 5%
Surface Settlement---------- - T Khayat and Mitchel(2009
MSA Rat e @/hr0. ]
>Y210n Max @6 0. 3
Multiple -Probe El-Chabib and Nehdi
Penetration Average Depth (2006
Wire-Probe . Shen, Struble, and Lange
Penetration Depth O 7 (2007

*Note: when flow paths exceddmeters or spacing is less than 80 mm.

78



2.6.1.1 Prequalification

To select SCC mixture proportions prior to fatlale use, many of the tediscussedn
Section2.5can beused to prequalify SCC mixtures. Becaiisgcurs undeconditions

where more time is available to assess the
importantthan accuracy of results during prequalification testfagioustestmethods

that could be used farequalification includéheVSI, column segegation test, rapid

penetration test, sievéadility test, and surface settlement test.

Thefresh stability testthat are usabl®r prequalificatiortestingtend to require
more time (15 minutes in most cases) and use more expensive measurement tools.
Acceptance criteria for the VSI were originally established as qualitative estimates
(Daczko 2003), and acceptance based on the VSI ismaonlatory during slump flow
testing (ASTM C 1611 2005). Although Khayat and Mitchell (2009) still recommend the
VS|, they and others (Koehler and Fowler 2010; Peterman 2007) found the VSI to poorly
predict hardened performance of SCC.

Acceptable column segregation results have previously been based on visual
assessment, but the most recent recommendation was basedpamison to the surface
settlement test (Khayat and Mitchell 2009). The acceptance criterion for the surface
settlement test was also established by Khayat and Mitchell (2009),veaisl based on
correlatiors to in-place strength uniformity from coresdpullout bond uniformity. The
relationship between maximum surface settlement anddoeffect (shown as
Amodi fi cati on Figue 30 rBéecpausea psllous bomdwmformity was
used to establish treeceptance criteria for all of the fresh stability tests in this research,

it will be discussed further in Secti@6.2
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Figure 2.30: Relationship between tdpar effect and maximum surface settéah
determined from surface settlement test (Khayat and Mitchell 2009)

As stated earlier, Bui et al. (2007) recommend that the column segregation test be
replacel by the rapid penetration tdsised on a correlation between column segregation
results angbenetrabn test results that is showmFigure 231. The recommended
penetration depth limit of 10 mm is based on a segregation index limit of 10%, although

penetration depths up to 25 mm may be acceptablegfgegation index limit of 20% is

employed (Bui et al. 2007).
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Figure 2.31: Relationship between penetration and column segregdigret al. 200y

Acceptance criteria for the sieve test were determined by visual obsefadion
coring of hardened concrete during comprehensive te€iRG2005). No published
findings have recommended revising those acceptance criteria, but European researchers
(Kwan and Ng 2009; Ng, Wong, and Kwan 2006; Sahmaran, Yaman, and Tokyay 2007)
hawe frequently used the sieve stability test to verify adequate stability. These
researchers allowed sieved fract{@) values of up to 20%, but EPG recommends only
allowing sieved fractions under 10% for SCC used in demanding placements of greater
than 15ft lateral flow through spaces less than Bi5wide.

Also, Koehler and Fowelr (2010) found that the 15%r&commended by EPG
(2005) corresponds approximately to a 1B%from the column segregation test, which
was also the value independently recaenohed by Khayat and Mitchell (2009) for the
column segregation test. The relationship between the two tests is preséieaean
2.32. In thisfigure, it can be seen that the column segregation and sievétgtalisis

have anearlylinear correlation throughout their respective ranges of possible outcomes.
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Figure 2.32: Relationship between colunsegregatiorand sievestability tests
(Koehler and Fowler 2030

2.6.1.2 Quality Assurance
Fresh stability testintended forapidly determining batcacceptancat construction
sites have obvious needs: be rugged enough to survive in a construction environment,
simple enough to beerformedby technician®n-site, and fast enough to provide
immediate feedback and avoid delaying constructidre tests recommended fam-site
guality assurancéQA) includethe VSI, column segregation test, rapid penetration test,
sievestability test,multiple-probe penetration tesindwire penetratiornest.

Almost all of thefresh stability test suggested faapid QA applicationrequire
little time (2 3 minutes) and use fairly simple measurement tools. The VSl is currently

the only one of these tests commonly used fesitgmixture acceptanc¢édut its
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deficiencies have already been discussed. PCI (2004) found the sieve test to be
unsuitable for orsite use due to its prolonged test duration, while EPG (2005)
recommends thsievetest as the primary esite QA test forSCC stability The same
discrepanyg arises for the column test: Khayat and Mitchell (2009) found the column test
to be unacceptable for esite use, while Koehler and Fowler (2010) recommend it as the
primary onsite QA test forstability.

As mentioned in Sectio?.5.3 El-Chabib and Nehdi (2006) developed their
acceptance criteria for the mplig-probe test by comparison to results from the column
segregation test. The muylke-probe acceptance criterion corresponded to a segregation
index of 10% fronthe colimn segregation test. Aggof 10% had not yet been formally
recommended for the colunsegregatiornest, but EIChabib and Nehdi (2006) chose it
in consideration of thenurrent column segregation and sieve test results.

Shen, Struble, and Lange (20®&sed their acceptance criterion for the wire test
on the column segregation test and visual examination of hardened SCC. They found
that penetration depths less than 7 mm corresponded to column segregation results of less
than 15% and were correlatedlingith in-situ mortar depths. As with the myplie-

probe test, though, no research has since refined or confirmed the validity of the wire test.

2.6.2 Identification of Segregation byHardened Concrete TesMethods
Hardened concrete test methods can be tesetasure the hardened concrete properties
apparently affected by segregation, including strength, uniformity, and bond to

reinforcement. Such methods include
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1 Coring cylinders from largscale concrete elements to test strength and assess
coarse aggregatistribution

1 Measuring ultrasonic pulse velocities through lasgale concrete elements to
assessiniformity of aggregate, air, and moisture distributicsusd

1 Testing bond to steel reinforcement by pulling out steel reinforcement embedded

into concete elements

These tests are &y used tgrove the stability of individual SCC mixtures, as
these test methods can be very timmasuming compared foesh stability teshg. Even
when possible tprequalifya particular mixture, hardened test methae of minimal
value for onsitebatch acceptancas their results would only become known after the
concrete was already placed and hardeeximentioned in Sectior’s3.2.1and2.3.2.2
hardened tests have frequently been used to prove the uniformity ofjoiglity SCC.

In studies of core compressive strength variation (Khayat, Manai, and Trudel
1997; Zhu, Gibbs, and Bartos 2001), stability was proven through statistical analysis of
core $rength. If core strength varied along the height of a member at a statistical 90%
confidence interval, it implied that segregation was unacceptably high. For the reasons
described in SectioR.3.2.1 though, observations h&albe tempered because of the
variety of factors that may affect the cor

An acceptable level of concrete quality has been established using UPV results,
but only for one known aggregate source (SGscano and Moreno 2008). Tdaddish
what UPV results would be acceptable in cast memBeits-Carcano and Moreno

(2008)recorded velocities in cylinders prepared from 100 mixtures of varying
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compositions, and then they matched those velocities to the strength measured in each
mixture. In subsequent tests of cast members, the pulse edoo#asured in cast
members wreused to determine acceptabteengthuniformity.
As explained in SectioR.4.1.1 the UPV values determined to be acchkiatdor
that research cannot be appligdversally because of the multitude of variables affecting
UPVs, and because URVmeasureinderlying hardened propgesof SCC that can have
varying effects on mechanical performance. Pullout testing, on the other haaotly dire
assesses the mechanical performance of hardened concrete.
Section2.3.2.2.1described how the tepar effect determined by pullout testing
can be related to segregation of fresh concrete. Although not unique to S@ip-{ihe
effect can occur in all concretes), AASHTO @ZPand ACI 318 (2008) recognize the
topbar effect and account for it wibarh a si ngc
factor .-har Thactoep i s used i n eaengthand deds e
applies to topcast bars with greater than 12 in. of concrete lmalsiwvthem. In these
top-cast bars, the development length is mukiglby the togbar factorin order to ensure
the same bond capacity as in bottoast bars. The fact® defined as equaling

1 1.4in AASHTOBridge Design Specifications (2007) Sectmf1.2.1.2and

1 1.3in ACI 318 (2008) Section 12.2.4.

The topbar factor was experimentally determined and refined by testing
conventional concrete, although ACI 408 (2003esdhat both the 12 in. depth limit and
the singleincrement togbar factor seem arbitrary considering the contributing research.

Regardless, recent research has shown that stable SCC exhibits the same bond behavior
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(in both bond capacity and tdyar efect) as conventional concrete (Hassan, Hossain, and
Lachemi 2010Khayat, Attiogbe and See 2007)

The topbar factor was not created to limit the heterogeneity of SCC, but it does
allow for a certain level of situ variability. If the togoar effect preent in an SCC
mixture is less than the co@ecepted tofbar factor, then whatever heterogeneity is
present must be acceptalbe issues related to bond strengtbising this assumption,
researchers have compared-bigy effects to the codsccepted tojbar factor to test the
viability of SCC as a replacemelior conventional concrete (Almeida Filho, M. El Debs,
and A. El Debs 200&sfahani, Lachemi, and Kianoush 2008), or to test the viability of

fresh stability tes thatmeasure the fresh stability SCC (Khayat and Mitchell 2009).
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Chapter 3

Experimental Plan

3.1 Introduction
The objective of this research is to assess test methodsehatedo quantify the
stability of fresh SCC. The fresh stability testsaregumr | y duri ng the con
dormant periodhowever,segregatiorrould occurat any timeuntil the concrete sets
Therefore, ¢ fully assess thigesh stability test, concrete was simultaneously tesieith
the various fresh stability test methadsd placed in fulkcale wall elenmgts. The
concrete walls were allowed to harden, and they were then tested for unifimrmity
evaluatecorrelations between the fresh stability test results and {plad@e hardened
concrete uniformity. Several subtasks were required in order to acheepeojbct
objectives:
1 Selectthe freshstability test methods to assess and procure necessary eqyipment
91 Select hardened concreégsststo quantify the effects of segregation on uniformity,
1 Select mixture proportions and admixturesnakeSCC suitable foprecag
prestressed applications,
1 Establish a mixing and preparation procedure to accommtrdatestability
testng and casting of concrete elements for hardened testing,
1 Conduct the selected fresh stability tests, and

1 Conduct hardened concrete testiogssess the effects of segregation.
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To accomplish these tasks, considerati@sgiven to the past research described
in Chapter 2, as well as to the resources (time, materials, facilities, and manufacturing
capability) available to the Auburn Univessitesearch team. Chapter 3 describes in
detail the experimental plan developed and incltestsng equipment picturggest

protocols and the mixture proportions employed.

3.2 Summary of Work
Of the fresh stability test methods described in Chaptex Zeshstability tests were
selectedor evaluation during fulscale wall casting

1 Visualstability index(ASTM C 1611 2005),

1 Column segregation test (ASTM @10 2006),

1 Rapid penetratio test (ASTM C 1712 2009),

1 Sievestability test (EPG 2005),

1 Surface settlemertest (Khayt and Mitchell 2009), and

1 Multiple-probe penetration test lhabib and Nehdi 2006).

To assess isitu uniformity, 3yd® concretemixtures weredelivered byreadymix
concretdrucks to the Auburn University laboratory, artuety were then placed in walls
of four heights: 94 in., 72 in., 54 in., and 36 inchas.described in Sectior’s3.1.3.2
and2.3.2.2.1 section height can potentially affect the degree of segoegatihefour
specimen heightselectedare approximately incremental in height differeracel
correspondo the heighs of typical precast girder which made it possible to study the

potential correlation between section height and segregation.
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Thewalls were tested using UR¥sting and pullout testing to determine the in
situ effects of segregatiorAs summarized in Secti¢h4.1, UPV testing is a
nondestructive test method for evaluation of the relative uniformity of keegcrete
specimens, and, as summarized in Se@idt?, the pullout testing is a direct, destructive
method for evaluation dhe bond strength of concrete. Segregation can affect both UPV
uniformity and bond quality, andth test methods have been usedtudy the
uniformity of SCG asdescribed in Sectiors3.2.2.12.4.1.1 and2.6.2 During this
research project, the test methodsewsed as complimentary, but uniquegasments
of in-situ uniformity. Thereforeeach insitu uniformity resulcould be used to
independently assess thkility of thefreshstability testmethods to identify segregation.
The researchers desiredassess thi#zesh stability test over the full range of
segregation severity, so a totalnme SCC mixturesand two conventional concrete
mixtureswere placed that would provide varigdsh stability testesults andrarying
degrees of irsitu uniformity. SCC mixtures were selected that would achieve high levels
of filling ability (as would be necessary with precast, prestressed construction) while
exhibiting varying levels of stability. Conventional concrete mixtures were selected that
would achievette workability necessary for precast, prestressed construction while
exhibiting acceptableardenedehavia. An outline of the researgrogression is given

in Figure 3.1.
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Figure 3.1: Work flow for assessment @fesh stability test

Preliminary work included selecting primary mixture materials and proportions,
procuring theequipment necessary to conduct each fresh stabilitydesigning the wall

elements to be cast, building the formwérk those walls, and scheduling the work to
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most efficiently accommodate multiple cycles of testing. Once all of greseninary

tasks were accomplished, fgitale testing was conducted on-&o78-day cycle,

depending on weather and availabilityre§ources.In the following sections, the
procedures followed during fuficale mixing are described, as are the procedures for
fresh and hardened testing. Mixture proportions were varied between testing cycles to
induce varying degrees of stabiligothe materials and proportions usecach mixture

are summarized in the last section of this chapter.

3.3 Mixture Preparation

To accommodate thHeesh stability teshg and wall casting for this research,

approximately 2.25 ydef concrete were needed foaeh concrete batchTo account for

waste and ensure sampling uniformity, 33wsre produced for eathsting cycle As it

was impossible to mix such a volume in a single batch at the Auburn Univ@ndity

Structural Engineeringaboratory inthe Harbet Engi neering Center (
the majority of batching and mixing took p
planto) in Auburn, Al abama. Certain aspec
cooperation of Twin City Concrete, whiléher aspects of concrete production unique to

the research project were conducted at the laboratory upon receipt of each batch.
3.3.1 Mixing Procedures at the ReadyMix Concrete Plant

During each testing cyclenaterials were dispensed into a readiy concretdruck at the

plant, and initial mixing took place as the truck drove to the laboratory, a trip that took
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approximately 15 minutesThe following activities were conducted with the cooperation
of Twin City Concrete staff:
1. AU staft Gather samples of coaand fine aggregate to determine their moisture
content at the laboratory.
2. AU staff Calculate the moistureorrected batch weights of the concrete
constituents.
3. Plant staf: Batch coarse aggregatene aggregate, cement, fly ash (when used),
and all wagr into areadymix concretedruck for mixing and delivery.
4. AU staff: Add hydrationstabilizing admixture directly into readwix concrete
truck before allowing it to leavihereadymix concreteplant.
5. Plant staff:Deliver batchof concretdo the laboraidry, using minimal rotation of

mixer during transport.

3.3.2 Mixing Procedures at the Laboratory
Upon arrival of the readgnix concreteruck at the laboratory, several activities were
conducted before dispensing ttwncrete for placement. The followiagtvities were
conducted
1. Addapredetermined amount of water (if necessary to adjust stability from
standard mixture) usinggallon buckets,
2. Add aninitial dose of HRWR admixture (every mixture) and VMA (if necessary
to adjust stability fronthe standard miture),
3. Mix theconcrete irthereadymix concreteruck for 30 mixerevolutions at half

of the truckds maximum rotational speed
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4. Wait 2 minutes to allow the dispersed admixtures to take effect, and

5. Rotatethemixer to bringtheconcrete up to a visiblevel inthetruck, and either
add additional HRWR admixture (if visibly necessary to achieve required filling
ability) or VMA (if necessary to further adjust stability), or dispeasenall

sample for acceptance testing.

Once the mixture reached tappaentlevel of filling ability desired, thé r uc k 6 s
chute was positioned above a waste container, angbiidn bucket of concrete was
captured directly from the chute as concrete was dispensed into the waste container. The
mixer was not rotated during@ptance testing of the sample, which took approximately
four minutes. The chute of the reaayx concreteruck was washed before any

additionalconcrete was dispensed in order to remove deleterious material.

3.3.2.1 Acceptance Testing
Acceptance oéach batclof SCC was based dhefluidity and stability as determined by
the slump flow test and VSI, and aptance of each conventional conciesitchwas
based on the slump test. The goalthevariousSCCmixtures was to createoncretes
that achieved higtelvels of filling ability (as would always be necessary with precast,
prestressed girder construction) while exhibiting VSI values ranging from 0 to 3. The
goalfor the two conventional concreteixtureswas to obtairthe workability necessary
for precastprestressed applications whéghibiting slumpof up to9 inches.

No SCC mixture was accepted whose slump flow was less than 25 in., and

mixtures exhibiting each possible VSI were desired, as a wide range of stabilities was
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sought in order to validatthe fresh stability tests over that range. Air content was also
tested, although it alone did not disqualifgancretebatch. For examplenixture SCC
1D arrived with an air content of 9.5 percent, but slump flow andwiiies were similar
to previosly prepared concrete$ the same proportions, and later testing confirmed that
SCG1D reached a slightly loer, but comparabletrength to those mixtures.

In mixtures that did not achieve a minimum of 25 in. of slump flow, or that were
more stable thadesired for a particular testing cycleRWR admixture was added in 1
to 3oz/cwtdosages until the SCC exhibited the desired fresh properties. Similar to initial
mixing, the adjusted mixture was mixed for 30 revolutiaha slow speednd allowed to
rest for2 minutes before retesting. Partly because admixture effectiveness would
diminish over time, and partly because remixing aggravated air content, no batch was
accepted that required more than three dosages of admixture (consisting of an initial

dosaye plus two additions).

3.3.2.2 Sampling for Required Tests
Once a desirable combination of slump flow and VSI were achieved, the batch was
dispensed from the readyix concreteruck into a 1.5yd® placemenbucket,which is
shown inFigure3.2. During SCC placements, the following placement order was
followed:

1. Castthe36-inchtall wall in a single lift.

2. Fill wheelbarrows with enough concrete to perfornfrah stability test and

startto fill strength cylinders.

3. Refill thebucketfrom thereadymix concreteruck.
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. Cast thed4-inchtall wall in a single lift.

. Refill thebucket fromthereadymix concreteruck.

. Cast the72-inchtall wall in a single lift.

. Refill thewheelbarrows to finish casting afi strength cylinders.
. Refill the bucket fromthereadymix concreteruck.

. Cast theb4-inchtall wall in a single lift.

Figure 3.2: Placemenbucket used to place concretdlielaboratory
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During conventional concrete placements, the above order of placemen
adjusted to accommodate consolidation efforts. Following the recommendations set forth
by PCI (20@), lifts of approximately 18 in. were placadd then consolidated usinga 1
inch-diameter internal vibrator. The same order of wall placement Weawé&al as
previously described for the placement of SCC.

Deviation fom the above distribution ordenly took place when necessary to
accommodate cylinder production. If necessary, additional wheelbéveals of
concrete were dispensed after toppingvdffchever wall was being filled, but before the
placement bucket was refilled.efiled descriptions of the walls, as well as descriptions
of the other hardened tests performed, are given in the following sectiorite3ie

stability tess performed duing eachtesting cycleare described in Sectidhb.

3.4 Hardened Concrete Testing
During eachesting cycle hardened concrete testing was conducted on veedistablish
the level of insitu uniformity of each concrete mixtuind strength cylinderserecast
toestablisle ach concr et e.dlke fadlawingareglischssed this Jedtione

1 The specimens cast for hardened testing,

1 The construction practices employed during their construction,

1 The reasoning behind set®n of the specimens and construction practices, and

1 The tests run on the hardened specimens.
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3.4.1 Wall Casting
Walls cast during eaclesting cyclevere the primary specimens created and tested to
guantify the effects of segregation on hardened concAst@lescribed in Sections
2.3.1.3.2and2.3.2.2.1 section height can potentially affect the degree of segregation, so
specimens of four heights were cast, each matching the height of a typieast pyieder:
1 36in. to match an AASHTOypell prestressed bridge girder,
1 54 in. to match an AASHTOypelll or ALDOT BT-54 prestressed bridge
girder,
1 72in. to match an AASHTOypelV or ALDOT BT-72 prestressed bridge
girder, and

1 94 in. to match an AASHD-PCIFASBI 24002 standardsegmer.

Thewall heights selectedhanged irapproximatelyeven incrementsnaking it
possible to observe heighased trends in segregation, including whether segregation
increases with height or does not occur below a minirheight. To ensure that any
trends with height would be based on segregation and not increased dynamic effects of
free-fall placement, a trunk was used to place concrete in the 72 in. and 94 in. walls. This
trunk limited the fredall drop height in thos walls to less than 5 ft, in accordance with
theguidelines for fredall placement of conventional concrete set fortAASHTO

Bridge Construction Spedaifations (2010) Section 8.7.3.1.

97



3.4.1.1 Geometry Requirements of Walls

The width and thickness of the Wi as well ashelocation of form ties and hoist

anchors permanently cast into them, were selected primarily in consideration of the
hardened testing configuration desired. The details of those configurations are described
in Sections3.4.2and3.4.3 As will be later explained in those sections, a lateral distance
of at least 4n. was kept between each UP&ading locatiorand the nearest pullout bar,

form tie, or wall edge, and 8 in. was ké&etween pullout bars.

Selection of a wall width of 40 in. thus made it possible to test five vertical lines
of UPV measurement locatiosd four vertical lines of pullout bars, alternating each
vertical linewith a lateral spacing of 4 in. arenter. A thickness of 8 in. was selected for
all walls based on past studies and testing configurations identified in Secddh?
and2.4.2.2and on the calculation that unreinforced walls of thakiiness would be
structurally sound under flexural and tensile loads encountered during maneuvering and
testing.

Threadeerod form ties were used to control the outward deflection of forms
under the pressure exerted by the fresh concrete, and their Iscagos determined
assuming that thedsh concrete would exert fulhydrostatic pressure on the formehe
94in. wall used four pairs of ties, the #2 wall used three pairs, the 54 wall used two
pairs, and the 3. wall used one pair. The varal locations of each pair of ties can be

seen inFigure3.3.

98



16¢
+——ﬂ+ﬁ+——+

4 ‘A Threadedrod
80 "Y1 X*1 X*1
_"_004.04.0 ..... O . form tie Threaded-rod
4 (oL Mol ol No) Ne / lifting anchors
O O O 0 0 ¥ T
32
o o u);/;f . Oe000e0e%0
150 o
Q oe0®
_:_ o ﬂ,', 04_ o a+ pee ++ﬂ.
OeOeDe0e D © 0 00
OeOeDeDe O 22 © o o0o0oo0
30 94 ¢
(o Fol ol Nl No
O O O O 0O _::_ + 4
¥ (s R JoR Jol Jol Q& ¢
3 |o oto*to O 72¢
26 o O O O 0
16 O 0 0 0 O 000 O O
(oL Mol Neol Nol JNs (o Fol ol Nl No
3 + + ¥ + +
8d" OeOe e 0 | y 8(‘):: s X X=X X=X X+1 X+ Y
- -
400 (t-
Pullout bar
/ UPV testing
o } [ oeoe D.{J' o Y location
I
' | cecececeo
14y o 04040 0 ‘ I
0ce0e0e0eO goj | 9. 2.9.2.9
540
OO De0e O L3 O O O 0 O
2 4 O 0 O 0 O ﬂﬂ'+ﬂ+ﬂﬂ 36
oL Rel el Roll Jo o O O 0 0O
v + + 15
! | 0e0cececen | y 0O 0 00 O|¥
8 At Al x
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As seen irFigure3.3, the formties werdaterallyaligned to coincide with the
verticallines of pullout bars, which ensured that they would be at a distance of at least 4
in. from the nearest UPmeasuremeriocation. They were also spaced at least 3 in.
from the nearest pullout bamhe minimum clear spacing between parallel reinforcement
required by ACI 318 (2008) to allow uninhibited placement was 1 in., which was
exceededh all cases.

Threadeerod lifting anchors were cast into each wall, and they are also shown in
Figure3.3. They were located at mukpth through th8in. thickness of each wall and
were located at heights thatovide at least 8. vertical spacingo the nearestorizontal
line of five UPV measurement location&Vhere possibleifting anchors were cast
perpendicular to and directly beneath form ties, which placed them the greatest distance
from any pullout bar or UPYheasuremeriocation.The anchors only transferréatces
to the surrounding concrete near the outer ends of ahis,\8 in. outward from the first

pullout bar.

3.4.1.2 Wall Handling Conditions

All joints within each wall, including joints between pieces of formwork and points of
entry for form ties and pullout bars, were sealed with Type | silicone. To ease form
removal ad to promote longevity of the formwork, a release agent, CeHise 880
VOC-Xtra, was sprayed on all inner form surfaces after the form joints and form ties
were sealed with silicone but before pullout bars were positioned. The addition of Crete
Leasewhich is effective for up to two weeks after application (Cresset, Inc. 2008),

typically occurred one day prior to casting. Although circumstances occasionally
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resulted in a later casting date, casting was never conducted more than one week after the
addtion of the release agent.

Forms were removed two days after casting. As described in S2atidr?,
UPV testing is most effective at very early ages. An age of two days was selected as a
compromise between eafige teshg needs and strength needs to ensure that the walls
would besufficiently strongduring form removaand moving Although the completion
of form removal typically took two hours, all form ties and jemvere loosened at 48
hours to allow exposure toldaratory humidity and temperature conditions.

As seen irFigure 3.4 two parallel lines were used during this testing: one for
form erection and casting and one for wall storage and testing. During each casting
cycle, the walls were lifted by the stdttached formwork in the first line, moved to the
second line, anchored into place, and then stripped of all formWiddtk crews began
stripping the formwork from each wall while the next wall was being moved and
anchoredwhichallowed for UPV testing fathewalls to be conducted continuously at as
close to an age of 48 hours as possible.

After the forms were removed, wax construction pencils were used to mark a
UPV measurement location grid onto each wall, and UPV testing was conducted as soon
as poswle thereafter. The walls were then left in this position until an age of six days,
when UPV testing was conducted a second time. Walls were moved to a third location
and laid horizontally during the following week in order to conduct pullout testiag at

concrete age of 13 days.
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To tip the walls from theiascast verticabrientation to the horizontal orientation
needd to conduct pullout testing, metalates wereloosely d@tachedo the lifting
anchorghat werecast horizontally near the tab each wall. The walls were théfied
by the plates with an overhead crane, moved into place on concrete blocks, and tipped
over to liehorizontally onthe concrete blocks. While on the blocks, the wak$edon
rubber padshat werealigned paralleto their heightat a32in. horizontal spacingas
shown inFigure3.5. This support system was used to limit the flexural stresses
experienced by the walighile in a horizontal orientatioand to ensure adequate

clearance fomstrumentation during pullout testing.

Rubber Pads

377
| 327

P § L

-r=
el

1 -

7277

L J \24”X 30"

Concrete Blocks

Figure 3.5: Orientation of wallgplaced horizontally fopullout testing
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3.4.2 Ultrasonic Pulse Velocity Testing

Ultrasonic pulse velocity (UPV) testing was conducted on each group of waltkaiso

and six days after casting. The testing equipment used, shdwguine3.6, was a Pundit

Plus portable ultrasonic instrument from Germann Industries. Following the testing
recommendations of Secti@¥.1.2 the Pundit Plus as configured for continuous 54

kHz testing;t displayed ten readings per second at a precisierOdE microseconds.

An alcohotbased ultrasound jelly was used between each metal coupler and wall surface
to create a comtuous ultrasound path, and the couplers were pressed firmly against the
wall surfaces until an unchanging reading was obseli#hsound values wetben

recorded by hand.

Figure 3.6: Ultrasonicpulse velocitytesting equipent
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As seen irFigure3.7, the grid spacing was approximately uniform, with slight
variations to avoid pullout bars and form ties and to fit at least two horizontal lines of
testing between each eigspecimen group of pullout k& As mentioned in Section
2.4.1.2 UPV testing through concrete at 54 kHz requires a minimum of 2.8 in. of clear
spacing to the nearest obstacle oriented parallel to the direction of wave transmission.
Typical spacing betwen UPV measurememgoints was six to eight inches, and no point
was located less than four inches from the nearest edge or obstacle.

The UPV couplers were relocated to the nearest sound cross section whenever
necessary to avoid gtholes or outward pratsions that formed where concrete filled
cracks and knots in the plywood formwork during casting. URY measuremergoint
was relocated greater than one inch away from its original location, and each relocated
point was positioned to avoid being affecbgdobstacles or edges.

UPV measurement locationsed for seconday testing were labeled for reuse
during sixthday testing and for wall thickness measurements necessary to calculate pulse
velocities. The caliper used to measure wall thicknesses isi\gshdugure3.8A. The
caliper was constructed by welding parallel rectangular steel tubir@@®L in apart.

One leg of the caliper was laillish with one side of the eightch wall, and a 1/100in.
gradation steel ruler as used to read the distance from the other side of the wall to the
inner face of the second leg, as showhkigure3.8B. Using this systenthe wall

thickness at each UPV test location wasasured with a precision £10.02in., which

falls wdl within the precision requiredy ASTM C 597 (2002).
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Figure 3.7: UPV testing locations
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Figure 3.8: A) Measurement of wall thickness using a large caliper aled, and
B) measurement taken using a 1/1@@ gradation ruler



3.4.3 Pullout Testing

Pullouttesting was conducted on thei&4 72in., and 94in. walls 13 days after casting.
Pullout tesinhg was not performed on the 86 walls. Pullout bars wer not cast into the
36in. wallsbecause a height of at least 40 in. was necessatgdesix adequately
spacedows of pullout specimerte match the taller wallsand the 3én. height matched
a previously describgorecast segment height. Also, thxelesion was deemed
acceptable to reduce the time and labor necessary to pregsirand testhewalls
during each testing cycle

As described in Sectid®i4.1.2 the54in., 72in., and 94in. walls were tipped
from a \ertical orientation to a horizontal orientation before pullout testing. The walls
were left in a vertical orientation for as long as possible in order to limit the risk of
damage from flexural loadkat could occueither while being moved or while supped
horizontally prior to testing.

The location of each pullout bar can be sedrigure3.9. To ensure adequate
cover as described in Sectigrt.2.2 the top and bottom rows of bars were locditenl
inches from the top and bottom of each wall. A distance of eight inches was employed
between each vertical line of bars so that:

1 An 8-inchrwide reactiorframewould be equally spaced between the bar being
pulled out and the nearest adjacent bars

1 A 4in. radius would be kept between the reacframeand pullout bar in order
to dissipate potential confinirfgrces, and

1 A 4in. radius would be kept between the nearest UPV testing location and any

pullout bar, as previously explained in Secti#.2
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3.4.3.1 Configuration of Bars
Pullout testing for this project was conducted using Noirfaeeing bardrom a single
batch provided by Nucor Stk Inc. ofBirmingham, AlabamaThe batchexhibited a
yield stress of 68 ksi in tensilesting by Nucarwhich was confirmed by the AU
researchers through the tensile testing of three randomly selected bars from the batch
The AU researchers were also able to sthéytensilestressversusstrain relationship of
the steel during thegonfirmationtesting.

Based on the past research described in Sezt#bR.2 a bonded length of 2,
or 1.25 in., was selected in order to ensushearingoullout failure of the concrete,
instead of splitting or conical failure. &short bonded length also limited the possibility
of steel yieldingdue to the bond strength of tiigh-strength concrete.

During the preparation of steel reinforoemh to leave onlyt.25 in. of bonded
length, nonabsorbépaper vas first cut into 1.28nch-wide strips after being marked
with a 1/208' in. gradation steel ret. This isshown inFigure3.10. After the bar was
cleaned, thegper was then taped to the desired location along the length of the pullout
specimen, and one inch on either side of the paper was coated with Type | silicone, as
shown inFigure3.11. After allowing the silicone to dry for atdst one day, the paper
was then peeled away, leaving an exposed length @k 2/&closed on both ends by
permanent silicom Commerciallyavailablestranddebonding sheathing was then placed
on both sides of the exposed section (over the sd)camd seurely taped into place
using electrical tape. The completed bar with25in. long debonded region is shown

in Figure3.12.
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Figure 3.10: 1.25inch-wide paper used to prepare bonded length of pudipetimen

Figure 3.11: Application of Type I silicone to pullout bars

111



Figure 3.12: 1.25in. bonded region o& No. 4 rebaready forcastinginto concrete

Once it was encapsulatadconcretethe onded region of steel began 4 in. away
from the loaded face of the concrete wall, similar to the configurations used by Khayat
(1998) and Sonebi and Bartos (1999). Unlikesthconfigurationghe end of the bonded
region was not flush with the unloadexté of the wall. It was decided that placing the
bonded region close to the middle of the wall thickness would remove the risk of
uncharacteristic pullout behavior from two sources: different collection of bleed water
and aggregate at the face of the watld flexural stresses experienced by the wall under
its own weight. The surface friction and the preferred orientation of aggregate at the face
of the wall couldead toirregularityat this faceand flexure experienced by the wall in a

horizontal, sinply supported orientation could place the concrete near the top face
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(nearest the debonded region of steel) in compression while reducing the compression at
the bottom face of concrete (near the bonded region of steel).

To both accommodate sealing theastfoints and avoid contaminating the pullout
bars with form release agent, the pullout bars were placed in the erected formwork after
the forms had been sealed and sprayed. Consequently, insertion of the bars was the last
activity performedbefore placermant of concrete, leavingt leas24 hours between when
the bars were sealed with Type | silicone on the outer face of the formwork and when the

concrete was casFigure 3.13 shows the inserted bars directly before casting.
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Figure 3.13: Pullout bargositioned prior to concrete placement
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3.4.3.2 Configuration of Pullout Testing Equipment

Both the 8inch-tall reaction chair and the centenle hydrauliccylinder (jack)used in

this research project, as wedl the aluminum load cell and chuck placed above tlaeen
shown inFigure3.14. This configuratiorwas based othe configuration used by Khayat
and Mitchell (2009)whichwasshown inFigure 214. The load cell had a precision bf
0.5 Ibs and was capable of resisting up t®@0,pounds of compressive forcehe jack,

with a capacity of 120,000 pounds, was operated withigpoweredhydraulic pump.

Figure 3.14: Chuck, loaccell, hydraulic jack, and-hch-tall reaction chair
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During testingpartensioning waslisplacementontrolled bycontrolling the
airflow into thehydraulicpoump This was donby opening a variable airflow valve to
the minimum anountthat would result in continuousovement of the jack. After the
peakpullout force was recordedhe rate otlisplacementvas increased in order to
maintain continuousperationof the pump.The freeend slip of the pullout bar was
recorded using a lirze potentiometethat isshown inFigure3.15. In order to prevent
potential damage during loading, the spriagded potentiometer was positioned in such
a way that it would record the upwatisplacemenof thefreeend withoutbeing

physically attached to the bar.

Figure 3.15: Springloaded linear potentiometer used to measurednekslip
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Thepullout testing apparatushown in its entirety ifrigure3.16, made it possilel to pull
out each bar witiminimal additionakonfining pressure (as discussed in Sec@idn2.3,
without damaging the surrounding concrete, and withowinguynamic loading
effects. Loading continued until rdang a feeend slip of 0.25 inched.oading was not
discontinued untithe freeend slip of the bar was more than double the slip at maximum
pullout force

Time, load, and slip were instantaneously displayed on a laptop viewable during
testing using software iconjunction with an Optim MEGADAC data acquisition system,
which made it possible to monitor and record load anddrekslip. The research team
was thus immediately made aware of equipment malfunction, bar yielding, or testing
completion.

Based orsmal-scale trial pullout testing relationship between bondestgth
and concrete compressive strength was determined to estimate the necessary minimum
yield strength of the rebar (68 ksi) and maximum compressive strength of the concrete
(12,000 psi) tht would prevent steel yielding dog testing. This relationshipas
corroborated by research results from Khayat et al. (1997) and Stocker and Sozen (1970)
and was taken into consideration when seleaorgretemixture proportions, which are
describedn Section3.6.1, and when choosing to use deformed bars instead of-s@ken

strand, which is discussed in Secti®d.5
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Figure 3.16: Pullout testing configuration

It should be noted thaduring testing, steel yielding occurredanly one
instance.After strain hardening began, the pullout specimemeveda shearmpullout
failure, and he pullout strength result in that instance was acceptably similar to the
strergth resultdrom the surrounding specimens. Therefdresas enployed in the

uniformity analysis of the tested concrete, as described further in Sécti@n



3.4.4 Compressive Strength Assessment
Twelve standar@-inch-diametetby 12-inch-high cylinders were cast for each mixture.
They were used for compressive strength testing at each of the following ages: two days,
to coincide with form removal and the first iteration of UPV testing; six days, to coincide
with the second itation of UPV testing; 13 days, to coincide with pullout testing; and 28
days, to establish a standard compressive strength for each mixture.

SCC cylinders were cast in a single lift by pouring the concrete fromgadidn
bucket in a steady motion, filignthe molds in & 3 seconds. No rodding or
consolidation was used, but the outside of each mold was lightly tapped with a rubber
mallet to remove any air pockets caught against the inside of the mold walls.

Molds were removed from the cylinders at Hane time as form removal, at two
days. The cylinders were then left adjacent to the walls so that they would be exposed to

similar laboratory drying and curing conditions.

3.4.5 Other Hardened Tests Considered

3.4.5.1 Use of Deformed Bars Instead of Sevewire Strand

SCC to be used for precast, prestressed applications was the primary focus of this project,
SO severwire prestressing strand was the first choice for pullout testing. However,

during trial testing in the early stages of this project, strand that waetdor 2.5, (as
described in SectioB.4.3 consistently pulled out in an unwinding failure instead of in a
sheamullout failure. As described in Secti@®.2.3 bond to sevewire strand dep&ls

on torsional forces exerted as the strand attempts to rotate through the concrete.

Although Khayat (2003) and Stockand Sozen (1970) tested straasddescribed in

Section2.4.2.3 the Auburn Universityresearchers wergable to prevent an unwinding
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failure of sevenwire strandwvhen a bonded length of 2dgwas used. Evidence of this
failure mechanism is shown kigure3.17. In that figurethe surrounding concrete still
has spiral indentatres following the unwindindailure of a seveiwire strand, which

shows that shear failure of the surrounding concrete did not occur.
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Figure 3.17: Unwinding failure of sevemvire strand during trial testing

As mentioned by Stder and Sozen (1970), a pullout failure of this type indicates
that the concrete surrounding the strand is only bonded to the strand by adhesion and
surface friction, not by mechanical interlock. Deformed steel reinforcement, on the other
hand, is mechaaally locked into the surrounding concrete because of its deformations,

as illustrated irFigure 212. Because an unwinding, slipping failure cannot occur in this
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situation, shear failure occurs in the surrounaiogcrete, which is ideal for studying the
quality of that concrete (or lack thereof, if affected by segregation). For that reason, it
was decided that, as also done by Khayat (1998), Khayat, Manai, and Trudel (1997), and
Sonebi and Bartos (1999), deforngteel reinforcement would be used for pullout testing

in this research program.

Concrete failuranayhave been induced by using longer bonded lengths of strand,
which was possible in consideration of the strength of the strand (longer bond lengths
would not yield the strand). However, because short bonded lengths were preferred in
order to appoximate a uniform bond stresas(described in Secti@4.1.9, the use of

deformed bars was deemed acceptable and convenient.

3.4.5.2 Core Testing for Uniformity Analysis

Coring of samples from a large concrete element for uniformity testing, reviewed in
Section2.3.2.1 was considered but abandoned in favor of UPV testinging€basthe
advantage of being able directly analyze the strength and aggregate distribution within
a wall, but its flaws, listed in Sectidh3.2.1 made it a less preferred method when
compared to UPV testing.

UPV testing is equally capable of reflecticiganges in uniformity, and it offede
two distinct advantages: & nondestructive, so it could be conducted prior to pullout
testing without #ecting that testing; and isimuch faster, so it could be conducted with
much greater frequency and easée Test only offegindirect evidence of segregation,
but, as stated by ASTM C597 (2002), Cussigh (1999), Komlos et al. (1996), Naik,
Malhotra, and Popovics (2004), and Sdliarcano and Moreno (2008), it is very

effective for relative uniformity analysis.
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3.5 Fresh Concrete Testing
A primary objective of this research project was to identify test methods that provide a
guantitative assessment of the degree of stability of fresh SCC. From the test methods
described in SectioR.5, six were selected for further study in this project:

1. ASTM C 1611 (2005) Visual Stability Index (see Sectoh.2.),

2. ASTM C 1610 (2006) Column Segregation Test (see Se2tm@.2,

3. ASTM C 1712(2009) Rapid Penetration Test (see Secian?.3,

4. Sieve Stability Test (see Secti@rb.2.4 EPG 2005and Appendix A.},

5. Surface Settlement Test (see Secf2dn3.1 Khayat and Mitchell 20Q%nd

Appendix A.9, and
6. Multiple-Probe Penetratiohest(see Sectio.5.3.2 EI-Chabib and Nehdi 2006

and Appendix A.R

The VSI was chosen because it is the most frequently speaifiside quality
assurancéest method. The column segregation test was chsause itd the only
considered test that involves physically determining the aggregate distribution over the
height of a sampleand it is an ASTM standardized test metfmdcharaterization of
the static stability of SCC The rapid penetration test was chosen because it the fastest
test offering a completely objective result and is the most recently ASTM standardized
test toassesSCCstability.

The sieve ®bility test was slected because it is recommended by a European
consortium of concrete producers as the primary stability test in Europe (EPG 2005), and

the surface settlement test was selected because it is recommended in NCHRP Report
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628 (Khayatand Mitchell2009) as th primary stability test for precast, prestresSed
The multipleprobe test was also included because, although similar to the rapid
penetration test in speed and simplicity, it may detect nonuniform surface settlement due

to its use of four lightersblated probes (EChabib and Nehdi 2006).

3.5.1 Fresh Stability Test

All fresh stability test were conducted in accordance with the recommendations set forth
in Appendix A or, where available, their respective ASTM standards.teBhe

procedures given iAppendix A were derived from the most current version of test
instructions available to the researcher at the beginning of testing, November 2009, and

were not deviated from except as noted in Chapter 4.

3.5.1.1 Slump Flow, Rapid Penetration Test, and Visual Staihbity Index
During SCC placement, the slump fle@stwas first performed prior to initiating wall
placement, and then it was performed again to coincide with the other fresh stability tests.
During its second testing (after beginning the casting of yyaltie slump flow was tested
in conjunction with the rapid penetration test and the VSI. The rapid penetration test was
performed in accordance with ASTM C 1712 (2009), and the VSI was conducted in
accordance with ASTM C 1611 (2005erforming all threef these tests
simultaneously met the individual time tegements specified for each, so it was
convenient to conduct all three tests on the same sample.

The apparatus used to perform the three tests are shdwguine3.18, reading of

the penetration depth during the rapid penetration test is shdvigure3.19, anda
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slump flow test in progress following removal of the rapid penetration test apparatus is
shown inFigure3.20. The rapid penetration teapparatus could not be purchased from a
commercial concrete laboratory equipment suppdierthe equipment wasanufactured

by an Auburn University machinist to meet all tequirements of ASTM @712(2009).

Figure 3.18: Inverted slump cone and rapid penetration apparatus
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Figure 3.19: Penetration depth of 28 mm using the rapid penetration test apparatus

Figure 3.20: Performance of slumpdiv test
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3.5.1.2 Column Segregation Test
The column segregation test was the only test performed on all SCC and conventional
concrete placements. Testing @G was in accordance with AST® 1610 (2006),
and, during conventional concrete placements, testing wagleted similarly, except
thateach column segregation mai@sfilled in four lifts. For the conventional concrete
testing, ech lift filled approximately one quarter of the mold and was rodded 50 times as
specified in ASTM C 192 (2003).

Column segregtion testing was conducted using the apparatus shokigune
3.21A. The two column segregation tests were started simultanegsislyconcrete
collected from a single wheelbarrow. Although the white column segregation mold
shown has four segments, only the top and bottom portions of concrete were collected for
comparison. Collection was facilitated by using a metal pan with a curved lip that fit

around each moldyhich isshown inFigure3.21B.
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Figure 3.21: A) Two column segregation molds used during simultaneous testthg
B) metal plate used to separate column segregation test apparatus segments
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3.5.1.3 Sieve Stability Test

The sieve stability test, which measures theg@atiage of SCC passing through a sieve as
it falls from a predetermined height, was conducted according to the procedure outlined
in Appendix A.1. As suggested in the European Guidelines for SCC (EPG 2005) to
ensure a consistent pouring height, the sgtability test was operated with the use of a

pouring apparatus shown figure3.22.

o~

Figure 3.22: Sieve stability test with pouring apparatus, sieve, and scale

This pouring apparatus was made witiwood, 4x4lumber, screws, and bolts.

The bucket shown in the figure was marked with a dashed line to indicate the level to



which concrete should be filled to meet the required sample volume of 10 L .35 ft
The hinging mechanism for the bucket vastsiched parallel to the forward lip of the
bucket so that, regardless of the angle at which the concrete fell from the bucket onto the
sieve, the drop height would remain constant at approxima@efches.
A waterproof, rubberized scale with a precistd®.005lbs was used for the
sieve stability test. The European Projectupr¢2005) recommended using anfn
(0.20in.) sieve, but the Amrecan equivalent, a No. 4 (0.25)rsieve was used instead.
This was deemed acceptable considerinditieature reviewed in Sectiof.5.2.4 as
well as considering the practicality of using the same sieve required for the column

segregation test.

3.5.1.4 Surface Settlement Test

The surface settlement test, which measures the settlemeraafyéa plate into a

column of concrete, was conducted according to thegaiure outlined in Appendix A.2
andrecommended by NCHRP 628 (Khayat and Mitchell 2009). A linear variabl
differential trangormer (LVDT) was recommended by Khayat and Mitche0@2) to
continuously record the sadthent of the acrylic plate. Howeveeadings were only
necessary every five minutes, ahd Auburn University researchers desired to use a
measurement instrument offering the least risk of applying eitivenward pessure or
settlementesisting upwardiorceon the plate. Therefore springlesgligital dial was
used, as shown iRigure3.23A. The entire testing apparatus used for this test is shown

in Figure3.23B.
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Figure 3.23: A) Digital dial indicator used to measure settlement of an acrylic plate, and
B) four-piece constructed surface settlement test apparatus
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The digital dial indicatodisplayeddisplacements of up to 2 iwith a precision
of 0.0001 in., which met the requirements of Khayat and Mitchell (2009). The dial
indicator was supplied by Chicago Dial Instruments and was a Logic Basic model
BG2720. Themeasurement rodf the dial indicator was able to fall freely the plate
settled, and it weighed one gram, which was accounted for in manufacturing an acrylic
settlement plate of the required weight.

The testing apparatus shownFigure3.23B consisted of four pieces. The main
column portion of the mold was split vertically and thesaled with a rubber gasket. The
removable base was also sealed with a rubber gasket. This made it possibietie o
disassembléne apparatuafter each sample hardened in the mold. The portidmeof t
mold housing the dial indicator was detachable and was attached after filling the mold.
This made quick filling and strike off of the concrete at the top of the mold possible
without risk of damaging the indicator, and it made disassembly and renfidlval o

hardened sample more convenient.

3.5.1.5 Multiple -Probe Penetration Test

The multipleprobe penetration test, which measures the settlement of four independent
probes into a sample of SCC, was conducted according to Apper3dix Ae multiple

probe penett&on testapparatus was not available for purchase from any commercial
concrete laboratory equipment suppliers, so it was constructed by an Auburn University
machinist as shwn inFigure3.24. The probes were lathed from PVC btock and had

hollow cores that were capped by a metal washer. This construction was used in order to

achieve the necessary physical geometry without exceeding the required probe weight of
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25 grams (ElChabib and Nehdi 2006). A vinyl ruler with a emallimeter gradation
was laminated onto the side of each probe so that depth readings could be read at the

level of the steel frame as the probes penetrated into the SCC surface

Figure 3.24: Multiple-probe penetration apparatusise

3.5.2 Other Fresh Stability Tests Considered

3.5.2.1 Rheological Testing

Rheological testing, which involves testing of fresh SCC or sieved mortar to determine
yield stress and viscosity, was considered for use as both a potential indicator of stability

and as d®enchmark against which to assessfitbgh stability test. However, after

131



reviewing the literature described in SectiB.1 the research team decided against
using rheological testing for the following reasons:

1 Rheologichtesting would only indirectly assess stability, and the relationship
between rheological properties and stability is unclear (Assaad, Khayat, and
Daczko 2004; Koehler et al. 2007)

1 The least expensive rheological testing equipment available to the hesssarc
would have been approximately ten times the cost of the st stability tes,
and

1 For similar equipment costs, the researchers felt that UPV testing would be more

valuable because it could assesplased concrete uniformity.

3.5.2.2 Wire-Probe Peretration Test
In the wireprobe penetration test, like the rapid penetration(f&8TM C 1712 2009)
and the multipleprobe penetration test @habib and Nehdi 2006), the settlement of a
probe into a sample of SCC is measured. The research team duettitiecthcorporate
the test as it offered little advantage over the former two tests. Reasons for its exclusion
were that:

1 The test method is not standardized by any agency and is not widely used,

1 It measureshe same segregation mechanisnthasrapid peetration and

multiple-probe penetration test methodsad
9 It does not incorporate any form of stabilization to ensure that the wire probe

would settledirectly downwardnto the sample.
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3.5.3 Testing Order

A pair of each of the tests listed in Sect®B.1was performed in conjunction with the
casting of the four walls described in Sect®b As noted in SectioB.3.2.2 concrete
sampled for testing was drawn from a-§d8-volumeconcreteplacemenbucket after it
was used to fill the first of the four walls: thé iB. wall. This was done so that samg|
for the bulk of the fresh stabilityests came from the middle of the first bucket load and
not from the first conete placed from this bucket.

A total of 10 £ of concrete was needed to performfadbh stability tesng, so
wheelbarrows with a volume totaling 18 ftere filled for sampling. The first tests to
begin were the tests for air content, unit weightl temperature, all of which could be
conducted with a single sample. Additionally, the first stability testsluctedvere
always the slump flow, rapid petration test, and VSI. Thestsfor air content, unit
weight, and temperature were conducteahgls time, and the slump flow, rapid
penetration test, and V#ists wereuntwice, consecutivelyThe two iterations of these
tests were conducted consecutively so that a single opecatior conduct ther(to
eliminate betweetser variation) while ensing that the time spent evaluating ¥8l
of thefirst sample would not interfere wigtwaluation of the second samplehe order
of filling and initiation of the other tests which two samples were tested
simultaneouslywas as follows:

1. Sieve &bility test,

2. Column segregation test,

3. Surface settlement test, and

4. Multiple-probe penetration test.
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This order of preparation and initiation was used during eestingcycle so
that, although fresh properties may not have been identitta &eginning of eaciesh
stability test consecutive results from each test would be comparable to the results of
hardened testing described in SectiBk2and3.4.3 Also, to reduce the ksof time-
sensitive changes in fresh properties duthrgginitiation of all testdhydrationstabilizing
admixture was added to each batch inr#symix concretdruck to delay setting until
long after wall casting Information on the hydratiestabiizing admixture, as well the

other mixture constituents, can be found in Seddién

3.6 Mixture Proportions and Raw Materials

The selfconsolidating concrete mixtures used for this research were based on mixture
proportions use for precast, prestressed applications as developed by Roberts (2005).
Two primary SCC mixtures were chosen, SC@nd SC, each of which was
accompanied bgeveraimixtures that were deliberately adjusted to obtain varying levels
of stability. A conentional concrete mixture was also proportioned to mimic the-early
age strength characteristics of each primary SCC mixture while exhibiting workability

suitable for precast, prestressed applications. A totdl obdcrete mixtures were used.

3.6.1 Mixture Pr oportions
The mixtures reviewed in Secti@i2 generally contain a high cementitious content, high
s/aggratio, loww/cmratio, and low total aggregate content. They also tend to contain

large dosages of HRWR admixture, ara$d frequently, VMA. As stated in that section,
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these proportions tend to result in concrete mixtures that are highly flowable and that
attain high earhage compressive strengths.

SCG1 was proportioned to achieve relatively higher strebgthess fowability,
and SCG2 was proportioned to achieve moderate streagthigher flowability From
each of these two mixturesthermixtures of the same cementitious content, aggregate
content, and aggregate proportioning were created with varying ségbilithe stability
was adjusted by changing the water content, HRAfRixturedosage, or VM dosage,
or by changing a combination of them.

The degree of adjustment weslecteetweertesting cyclesdepending on the
degree of stability achieved in thaxtures. If a small adjustment in omeixture had
little effect on stability test results and hardened test results, a larger adjustment would be
used in subsequentixtures and if an adjustment resulted in a clearly segregating
concretea smaller adjstment was used in subsequeinttures

Two conventional concrete mixtures were selected as control mixtures to mimic
each primary SCC mixture and match conventional mixtures used in precast, prestressed
applications. The control mixtures employekigher w/cm lowers/agg and different
coarse aggregate gradation than the SCC mixtures. These changes were selected because
conventional concretes for precast, prestressed applications typically employ a larger
gradation of stone (No. 57) and love#aggthan recommended for SCC. Sitill, the
following were expected: that one mixture would have a relatively low samd@n
early-age compressive strength matching that of SC®hile the ¢her would have a

higher slumpand moderate eadgge compressive strgih matching that of SG@.
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As stated in SectioB.5.3 ahydrationstabilizing admixture was used in all
mixtures, both conventional and setinsolidating. This dosage was not varied except
when cementitious content was \&tj and it was the minimum effective dosage

recommended by the manufacturer. The proportions used are shoalnle 31.

3.6.2 Raw Materials
Materials used for this project were all locally available and within tt@menendations
set forth in Sectio@.2 Lafarge Type | portland cement was used because, as mentioned
in Section2.2.2 Type Il portland cement is characterized by rapid setting and-agely
strengt h gai ns. This could have jeopardized
tests while the concrete was still dormant, and the use of Type Il portland cement offered
no longterm benefits over Type | portland cemanterms oftestability.

All SCC-2 mixtures incorporated a 30% replacement of Type | portland cement
with Class C fly ash. As mentioned in Sect®6.1, SCG2 was proportioned to have a
greater flowability and relatively lower earage compressivetrength. Substitution of
some Type | portland cement with Class C fly ash made this possible, and it offered the
possibility of producing a concrete with a different characteristic reaction to adjustments
in stablity modifiers (water, HRWRA, and VMA).

The coarse aggregate and fine aggregate used for this research matched those used
in earlier studies of SCC conducted at Auburn University described in SB@idn As
mentioned in that section, the coarse aggregate useal M@s78 gradation crushed
limestone supplied by Vulcan Materials of Calera, Alabama. Fine aggregate was a well

graded natural sand taken fromtheready x concr et e pl antds gener
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Table 31: Proportons for eacltoncretemixture

CTRL- SCC- SCC-  SCC-  SCC |CTRL- SCC- SCC- SCC- SCC- SCC-
Item 1 1A 1B 1C 1D 2 2A 2B 2C 2D oF
Water (pcy) 270 270 310 295 270 | 290 270 270 270 290 270
Cement (pcy) 640 750 750 750 750 | 450 475 475 475 475 475
Fly Ash 0 0 0 0 0 190 0 200 200 200 200
wicm 042 036 041 039 036 | 045 040 040 040 043  0.40
Coarse Agg. (pcy) | 1977 1680 1680 1680 1680 | 1935 1663 1663 1663 1663 1663
Fine Agg. (pcy) | 1167 1342 1342 1342 1342 | 1125 1360 1360 1360 1360 1360
slagg 037 044 044 044 044 | 037 045 045 045 045 045
HRWR Admixture |, ; 6 6 11 9 2 11 12 13 5 9
(oz/cwt)
Type 1 VMA 0 2 7 2 0 0 0 0 0 0 0
(oz/cwt)
Type 2 VMA 0 0 0 0 0 0 0 0 2 0 2
(oz/cwi)
Hydration Stab. 3 3 3 3 3 3 3 3 3 3 3

Admix. (oz/cwt)

Note: Type 1 VMA = Rheomac 362 andpie/2 VMA = Rheomac 450



All chemical admixtures were supplied by BASFStuction Chemicals. The
HRWR admixturaused vas Glenium 7500. Two viscosityodifying admixtures were
used depending on the desired effect: Rheomac 362, a general purpose VM&eavas
when moderate viscosity modification was desired, while Rheomac 450, an underwater
concreting agent, was used wtsgnificantviscosity modificabn was desired. The
hydrationrstabilizing admixture used in all concrete mixtures was Delvo Stabilizer
was added in the minimum effective dosage recommended by BASF (2007), which was

expected t o rsesethyrapproxinhaely @nelmoagrr et e 0
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Chapter 4

Presentation and Analysis of Results

4.1. Introduction

The laboratory testing rekssi of the six fresh stability test methods and the two hardened
uniformity test methods are presented in this chapter. The correlations between the
results of the six fresh stability tests and between the fresh stability test resultssénd in
uniformity results are then evaluated. Since goals of this research included assessing the
accuracy antechnicianfriendliness of the fresh stability test methods, observations from
the research team that relate to the testing process are given in 8&fcand

conclusions that can be drawn from the experimental program are given in 3€gtion

4.2. Concrete Production

4.2.1. Concrete Mixture Properties

Using the proportions shown in Table 3.1, sehsolidaing concretes were produced

that exhibited varying degrees of filling ability and stability. Two conventional concretes
were also produced that exhibited varying levels of workability. Because of the varied
proportions, as well as because of fluctuationsatching, mixing, handling, and ambient
conditions, the concretes achieved different fresh and hardened properties. Some of

these properties are shownTiable 4.1, including slump flow,-50, air content, unit



weight, and compressive strengtf) (f SCC, and slump, air content, unit weight, and f

of conventional concrete.

Table 41: Fresh andhardenedproperties ottconcretemixtures

MiTg”e S(';:]”)‘p S|:I:Jor\rl1vp ('I;-eSCC)) C(;A\nitrent l\J/\;]ti.t , 2-?Cay 131‘(3 i zifay
- (in.) (%) | (Ibs/ft) | (psi) | (psi) | (psi)
CTRL-1| 55 - - 4.0 149.5 | 4,680 | 6,700 | 7,440
SCC1A | - 275 | 2.3 2.0 152.8 | 4,690 | 7,110 | 7,390
scciB | - 255 | 6.9 1.7 150.8 | 5,230 | 8,030 | 8,460
sccic| - 270 | 15 5.5 144.2 | 4340 | 6,320 | 6,780
SCG1D - 260 | 1.3 9.5 138.5 | 3,200 | 4,790 | 5,190
CTRL-2| 7.0 - - 2.3 148.9 | 2,460 | 5,000 | 5390
SCC2A | - 280 | 1.5 6.0 1446 | 2,510 | 5010 | 5530
scc2B| - 275 | 21 3.6 1485 | 1,820 | 4,160 | 4,410
scca2c| - 260 | 8.0 1.8 148.8 | 2,620 | 5,300 | 5,880
scca2p| - 255 | 1.5 2.3 145.2 | 2,200 | 4,370 | 5,060
SCC2E| - 260 | 4.0 3.5 145.3 | 2,720 | 4,890 | 5,290

4.2.2. Discussion of Concrete Mixture Properties
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The batch proportions for mixtur€&CG1A and SCCG1B wereintended to be similabut
the resultingconcretegxhibited differenfresh and hardendxzkhaviors. As stated in
Section3.3.2.1and Sectior8.6.1, admixtures were dosed to achieve a target slump flow
and VS| andwhen the dosage applied to SA& was applied to SCAB, the resulting
slump flow and VSI were differeitut still acceptable. Although the research team was
unable to verify it, they assume that this apparent inconsistency was the result of batching
fluctuationat the readymix plant. Although theproportics of SCGC1A and SCG1B
listed in Table 3.1 may bheaccuratetheinconsistencyvas deemed acceptable because
the proportions used in eanhixturewereless important than the resulting stability of
each

Similarly, the initial proportions o€TRL-1 andCTRL-2 were nearly the same
except thaCTRL-2 employed a 3 replacement of Type | cement with Class C fly,ash
and20 pounds of water per Ydf concretevere added to CTRR upon its arrival at the
laboratory The water was added because a sample brooghe front of the mixer
showed evidence of unhydrated powders, which was unexpestdtequently he
initial addition of 20z/cwtof Glenium 750@avethe concrete the desired slump

The research team is uncertain of how accurately the saadglant followed the
proportions supplied by Auburn University. Becatlsegoal of the research was to
assess how well fresh stability tests measusgtinuniformity ofa variety ofconcrete
mixtures fluctuations from the proportions listed in Table 3oindt affect the viability
of the data collected.

As shavn in Table 3.1, no SCQ mixtureswere proportioned with Rheomac 450,

and no SC& mixtureswere proportioned with Rheomac 362. This was decided upon
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by the research team as testing progressealisedle goal was to produceoncretes
acceptable for precast, prestressed applications that exlabaetrangeof stabilities

and fresh behaviors, regardless of the chemical admixtures used to achieve them.

4.2.3. Discussion of Concrete Mixing Procedures

Prior to theproductionof SCG1A, the researchers conducted a-fdaletrial of all fresh
testing and wall placementBhe trialmixture exhibited an excessively high air content
and low t, which the researehnsbelievecould have resulted from the udean

excessive rotation speed during the mixing of the concrete withnealgkrmix concrete
truck. In light of that trial, @ch subsequemtixture produced during this research
programwas mixed using a reduced rotation spead he only other time eelatively
high air content was discovered wasrnixture SCG1D. However SCGI1D achieved a
28-day compressive strength of approximateB0D psi, which was deemed acceptable
for inclusion of its results.

Although the amount of concrete ordered fromrradymix plantfor the fulk
scale tria] 2.5 yd, was sufficient for all testing andall placementsthe batch size &.5
yd®was insufficiento complete the necessary placemeitsixture SCG1A. The
deficiency was discovered during placemsothe research team decided to continue
placement, and the 54 in. wall was only filled to 50 inches. The consequences of that
incomplete placement on the results of hardened testing are discussed in 8ettlons
and4.4.2 Subsequent concrete ordenan the readynix plant were each f@ yd®, and

the batches received were all sufficient to complete the necessary placements.
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As a result of the fulkcale trialnine SCC and two conventional condse
placementsthe research team was able to observe sevé@ieetices in the production
of SCC and conventional concrete

1 When placing SCC, aleamsn the formwork had to be completely sealed. Any
points that were not sealed correctly leak@dor amounts of béed water and
paste.

1 Placement ofhe SCC inthe fourwalls required the assistance of two people for
approximately 25 minutes. One person weplired to maneuver the buckahd
the other was required to control tteéease of concrete frorhd bucket

1 Because SCC flowed quickly from the bucket during placement, care was
required in opening and closing the bucket to prevent overfilling and spillage

1 Consolidation of SCC was never needed,datiencevas needed to place the
SCCin order to preent entrapment of air bubbles against the formwork, which
would result in increased shallow bhgles.

1 When placing conventional concrete, labor demand increased imtooter of
laborersand time spentThe labor was needéd accommodate consolidation
efforts in wall placements and increasgfbrt in cylinder production.

1 Placement of conventional concretehie fourwalls required the assistance of
three people for approximately 70 minutes. One person was requireh&uver
the bucket, one was reiged to controthe release of concrete from the bucgket

and the other was required to consolidate theredaaising an internal vibrator.

14&



1 Because conventional concrete placement took moretdimplaceand the
concrete was less flowable, care was nexglin limiting the amount of time the
concree spent resting in the bucket.

1 Consolidation of conventional concrete within tall, narrow wall formwork was
laborintensive even though the wallgere essentially unreinforced. The CTRL

2 mixture, which was rre workablghan CTRL1, was easier to place.

4.3. Fresh Stability Tests
4.3.1. Stability Test Results
The results of the six fresh stability test methods conducted on each SCC are presented in
Table4.2. The rawtestdataused to calculatthese resultsan be found in Appendix B.
In the table, each result represents the average of the data collected from two tests
conducted simultaneously. The following exceptions apply:
1 Al VSI valuesand rapid penetration depths are the average ofests
conducted consecutively, peeviously discusseith Section3.5.3
91 During placement of SGTA, the acrylic settlement plate in one of the surface
settlement tests settled askew to the dial indicator, so the resulti@om t
apparatus was not used, and
1 During placement of SGTA, the sieved fraction result obtained from the sieve
stability test was extraordinarily different than the results of the other fresh
stability tests. The result of that test was not used, and¢iggilarity is

discussedn Sectior4.3.2.1
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Table 4.2: Mixture averagefreshstability testresults

Mixture Seg. Rapid Sieye Rate of | Max. | Multiple

D VSI Index Pen. | Fraction Set. Set. Probe
) | (mm) | ®%) | @M | (%) | (mm)
CTRL-1 N.A. 3.0 N.A. N.A. N.A. N.A. N.A.
SCC-1A 2 5.6 6.5 * 0.15 0.60 4.1
SCC-1B 0.75 0.0 5.0 6.5 0.15 0.35 8.9
SCC-1C 1.25 8.4 3.0 8.2 0.11 0.03 151
SCC-1D 1.25 17.5 8.5 15.8 0.02 0.01 12.3
CTRL-2 N.A. 5.3 N.A. N.A. N.A. N.A. N.A.
SCC-2A 1.75 8.0 9.0 13.8 0.05 0.02 204
SCC-2B 3 20 7.5 30.5 0.25 0.14 14.0
SCC-2C 1.75 3.0 7.5 9.0 0.12 0.09 20.7
SCC-2D 1.25 111 2.5 5.2 0.25 0.13 8.4
SCC-2E 1.75 16.6 3.5 14.3 0.17 0.18 10.4

Note: * = Sieve fraction result not considered. Seetiond.3.2.1for details.

4.3.2. Discussion of Stability Testing

Section4.3.2is divided intotwo subsections, the first of which includes a discussion of
the results presented in SectbB.1 Systematic and isolated irregularities in the testing
process that might have affected the obtained resultdsrdescribedn that sectiorand
are followed by the research teambs view
4.3.2.2includes a discussion of tkechnicianfriendliness okach test The qualitative

assessment provided in that section is necessary to fulfill the goal of the research project
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to assess the appropriateness ohdast method fofield useto assesprecast,

prestressed SCC.

4.3.2.1. Stability Test Results
In Table4.2, avisual stability index other than the dis@ealues discussed in Section
2.5.2.1(0, 0.5, 1, 15, 2, or 3)is listed frequently because the listed vakejgresents the
average of two VSI results. Although the two samples were obtained from the same
wheelbarrow, the two VSI tests were conducted consecutively, so identical test results
were not guarseed. As stated in Secti@rb.1.] the research team decided that it was
more important to maintain the strict timing of the slump flow, rapid penetration test, and
VSI than to conduct two tests simultaneoudfurthermoresince the other fresh stability
tests were started after completing the first iteration of these three tests, it was decided
that averaging the two values obtained consecutively would be comparable to the results
of those othefresh stability tesinethod.

As mentioned in Sectiof.3.2.] the acrylic settlement plate ofesurface
settlement tesapparatusank uevenlyinto the test sample during placement of SCC
1A, which rullified that result. This problem, which is shomrFigure 41, most likely
occurred due to impropstriking andeveling of the saple prior to test initiation.
However, it is also possible that the SCC being tested was simply unstable, and the
acrylic plate was too thin teesist being engulfed as it settlefihe result of the second
surface settlement tesh SCC1A, which is shown imTable4.2, wasin the unacceptably

high categoryaccording to the recommendation of Khayat and Mitchell (20095hwh
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reinforces the possibility that failure of the first apparatus was dilne tose of a highly

segregatingnixture and notestingerror.

Figure 4.1: Acrylic settlement plate sinkingnevenlyduringthe surface settlement
testng of SCC1A

Thetwo sieve stability testneasurements taken during the placement of-3&£C
were extraordinarily higher than the other fresh stability resuiiis possible that a
nonrepresentative sample of SCC was used to prepare each evtheegjregation tess
or thatthe test was not conducted in accordance with itsetjoeb set forth in Appendix
A.1. Considering the error encountered in the surface settlement test durfrgsthe

stability testing oSCG 1A, it is alsolikely that theconaete was very unstable and that,
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