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Due to increasing design requirements and theredvaent in technology, deep
foundations have become larger and more congestrdite years. Reinforcement
congestion required to resist high lateral forbes, lead to an increased interest in
alternative solutions to minimize problems assecatith congested reinforcing cages.
Self-consolidating concrete (SCC) is a highly flé®Weaconcrete that is not completely
recognized by the U.S. construction industry, alesif the precast/prestressed industry.
This thesis presents research supported by theafatbepartment of Transportation

(ALDOT) to study the effectiveness of SCC for drillshaft applications. The study



determines and presents an SCC mixture to be osédef construction of the middle
two piers of the B.B. Comer Bridge in Scottsbortal#ama.

The experimental program consists of a serie<a® Sixtures that vary in water-
to-cementitious (w/cm) ratio from 0.42, 0.40, an83)and sand-to-aggregate (S/Agg)
ratio varying from 0.45, 0.50, and 0.55. Nine mness are developed by pairing each of
the w/cm with each of the S/Agg, and the freshlzdiened properties are tested and
compared to a mixture representing the conventidnégd shaft concrete currently used
in construction. One of the 9 SCC mixtures is emo®r an experimental field test
where 3 drilled shafts will be constructed; twalod shafts will be constructed using the
conventional concrete and the SCC mixture cho3éw third shaft will be constructed
with a mixture similar to that of the SCC mixtuexcept that 10% of the cementitious
material will be replaced with a non-cementing lsto®e powder in order to study its
effectiveness for reducing excess bleed water.

The fresh properties tested in the laboratory atediof the slump flow,
including the Fp and VSI, slump flow retention, air content, ungight, a Modified J-
Ring, and the segregation column. The hardeneukpties tested were the compressive
strength, modulus of elasticity, drying shrinkageq the permeability. The tests
revealed that SCC provided a more workable coneviteut any signs of segregation.
The material also provided workability over a longeriod of time compared to the
conventional mixture. The SCC provided a sounddunmdble concrete with low
permeability and compressive strengths well beytbedequired minimum. The SCC
also showed less drying shrinkage compared todheentional concrete. One of the
SCC mixtures tested will be used in the constractibthe B.B. Comer Bridge.
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CHAPTER 1

INTRODUCTION

1.1 PROBLEM STATEMENT

Deep foundations, such as drilled shafts, are asedmeans to support and transfer loads
induced by the structure it supports. Over thesg/da need for larger, stronger drilled
shafts has been required as structures grow irasidenagnitude. These larger drilled
shafts are designed with more reinforcement testrésgjher bending moments created by
lateral loads such as wind and seismic forces. if¢rease in reinforcement has caused
tighter reinforcement configurations within the ieawhich in turn causes congestion.
Research has shown that the denser reinforcinggagest the flow of concrete in the
shafts and cause deformities (Brown 2004). A nfloid concrete is needed in order to
improve the integrity of the shaft and reduce bémek problems caused by congestion.
Blockage problems are caused by less fluid conemedethe bridging of aggregates
between reinforcement bars, which restricts the fdd concrete and causes large voids
within the shaft. Another big concern in drilldabadt construction is the loss of
workability of the concrete over time (Brown 2004)eep foundations are mass concrete
placements and can take many hours to complete.piidilonged placements, usually

associated with large-diameter drilled shaft cartdion, lead to a loss of workability in



the concrete that have been proven to cause vodistauctural defects (Brown 2004).
Lastly, drilled shafts can also create high pressgaused by the massive amount of
concrete accumulated over the depth of the sAdfese high pressures can cause an
excessive amount of water to “bleed” from the ceteiand rise to the top of the shatft.
The bleed water causes a loss of bond betweerorein§ bars and the concrete, a larger
interfacial transition zone between the concrestgand aggregate, and bleed water
channels that could ultimately reduce the strutintagrity of the shafts (Mindess et al.
2003).

Problems incurred with drilled shaft concrete hkgeto an increase interest in
alternative solutions to minimize defects. Altaivwamaterials, such as self-
consolidating concrete (SCC), have been introdasegossible solutions to problems
associated with drilled shaft construction. SC@idely used in the construction
industry overseas, but typically only used for pistfprestressed construction in the
United States. Improved workability, passing apilsegregation resistance, and reduced
bleeding are fresh properties of SCC that may teelpduce such problems with drilled
shaft concrete. The typical requirements of sugfaéSCC mixtures are as follows
(Khayat 1999):

» Excellent deformability: an increase of deformabpitian be achieved by the use
of a high-range water-reducing (HRWR) admixturechhiisperses cement
particles and reduces inter-particle friction. Timer-particle friction may also be

reduced by increasing the paste volume (Khayat 1999



» Good stability: stability of the mixture can be iraped by lowering the water-to-
powder ratio and by using a viscosity-modifying axtore (VMA) to increase
the cohesiveness of the mixture.

» Low risk of blockage: blockage can be reduced loyaasing the viscosity of the
mixture such that segregation does not occur Wimleing. It is also necessary
to control the volume of coarse aggregate andve hasmall maximum
aggregate size in order to decrease collisionsdstvaggregates.

Although SCC seems to be a sufficient replacen@ntdnventional drilled shaft
concrete, it is not currently used in practice.C3€ a relatively new product to the
construction industry since its introduction to thé. concrete industry in 1999. The
acceptance of a new construction product in theddrstates is typically a long and
arduous process, which is why increased reseatlexgrerience is needed in the actual
use of SCC. As the construction community becomee experienced and comfortable
with SCC, the more likely mixing and testing progess will be accepted and specified

for use in drilled shaft construction.

12 RESEARCH OBJECTIVE

The primary objective of this research projedbisletermine the effectiveness of SCC
for drilled shaft application. Comparisons will tede between two different types of
SCC concrete and conventional drilled shaft coecrdthe problems of conventional
drilled shaft concrete are discussed and the adgastof SCC are presented along with
any concerns that may result from the researchitipfes SCC mixtures were tested in a

controlled laboratory setting to examine the frpsbperties including filling ability,



passing ability, segregation resistances, sustaueekiability, reduced bleeding, and
extended setting times. The hardened properties also tested at specific ages to
compare compressive strength, modulus of elastidriying shrinkage, and permeability.
The laboratory results will lead to an experimefidd study at which point test shafts
will be constructed and their properties compar€de flow of drilled shaft concrete will
also be studied using different colored mortar sutinstructed in the lab and introduced
into the concrete at different stages of the plas@mThe primary focus of this research
is the application of SCC in the drilled shaft istly. The expectation is to introduce the

potential benefits and to further encourage theoiSCC in drilled shaft construction.

1.3 SCOPE OF WORK

Following the introduction chapter, Chapter 2 iduoes past literature related to
extensive development and testing of SCC. SCftisduced with a brief overview of
its purpose and development in the constructionstrg. Current procedures used to test
SCC in its fresh state are reviewed alongside @dgson of the fresh and hardened
properties of SCC. Chapter 2 concludes by revigwist experiences with drilled shaft
construction. Potential problems involved withldd shafts are discussed along with a
review of past research conducted using SCC ifedrdhafts.

Chapter 3 provides an in-depth look at the expemial program implemented
with this research, as well as the requirementfostt as a level of quality control for the
SCC produced. The materials used in the produci®@CC were also discussed to

further understand the SCC’s composition.



Chapter 4 introduces the procedure used to battmeax the raw material in the
laboratory. The chapter continues to describedsemethods that examine the fresh and
hardened properties as well as the storage condifithe concrete between testing
periods.

Chapter 5 presents the results recorded from #te performed in Chapter 4.

This presentation will include and in-depth discoissand analysis of the results obtained
from SCC testing as well as a comparison betwedd &€l conventional drilled shaft
concrete.

Chapter 6 details an experimental field studigga@onducted in Scottsboro,
Alabama for a bridge to be constructed over then€esee River. This chapter gives the
construction details for the test shafts and teeste be performed in the field. This field
study will compare the fresh and hardened promedie&sCC and conventional drilled
shaft concrete in a field application as well asualy of concrete flow in a drilled shatft.

Finally, Chapter 7 provides conclusions and reconmdagons based on the

results and analysis provided in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

The following chapter reviews past literature olf-sensolidating concrete (SCC). This
review will introduce SCC and consider the histangl existing applications, current

testing procedures, and the fresh and hardenedetemroperties of SCC.

21 INTRODUCTION TO SELF-CONSOLIDATING CONCRETE

Concrete is derived from the Latin vezbncretuswhich means to grow together, and
concrete dates back to ancient civilizations suchgyptians, Greeks, and Romans
(Mindess et al. 2003). The first proclaimed usearicrete was by the Greeks and
Romans when they learned to add lime and watealtoned limestone (Neville 1996).
There are many different types of concrete, depgndn the cementing material, but the

most commonly used concrete today is portland cécurcrete.

211 HISTORY OF SELF-CONSOLIDATING CONCRETE

The development of self-consolidating concrete (pREgan in Japan in the early
1980’s, where durability became an increasing conegth concrete structures
(Okamura and Ouchi 1999). These concerns wersudt ki poor vibratory
consolidation of the concrete by construction la®r Throughout the 1980’s the issue

became more prevalent as the number of skilledtagri®n laborers became less and
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less. Hajime Okamura, professor at the UniveitJokyo, began research and
development of concrete that had the ability tosotidate without the assistance of
external vibration. From Okamura’s research tret pirototype of SCC was developed
in 1988 (Okamura 1999). SCC is defined as conevlieh has the ability to flow under
its own weight and consolidate without externakatton while still maintaining
homogeneity (Day 2005). In the Technical ReportB&y (2005) continues to define
three fresh properties required of SCC as:
1. Filling Ability: the ability to flow into and completely fill afipaces within the
formwork under its own weight.
2. Passing Ability: the ability to flow through and around confingzhses between
steel reinforcing bars and other inclusions witheegregation or blocking.
3. Segregation resistance (also called stability): the ability to remain hogeneous
both during transport and placing, i.e. in dynaogaditions, and after placing,

i.e. in static conditions.

212 CURRENT APPLICATIONS

After the development of SCC, studies spread quittkloughout the research
community to further understand the propertiesapplications of SCC. SCC was first
used in Japan on a construction site in June 1880aker employed in a cable-stayed
bridge in 1991 (Okamura 1999). The initial reasgriior using SCC as opposed to
conventional concrete was to shorten constructeiogds, assure consolidation within
formwork, and to eliminate noise due to externbfaiion. Other advantages of using

SCC are the flexibility of reinforcing detailing éthe reduction in excess (bleed) water



(Okamura 1999). These advantages are used maranggverseas, as opposed to their
infrequent application in the United States. Thaigy and arduous process is part of a
progression that any new technology has to undergader to become accepted in its
respective field. SCC is a relatively new techgglthat requires the acceptance and
coordination within the construction field; whicarcbe broken down into owners,
engineers, architects, contractor, and concretaifaaturers (Khayat and Daczko 2003).
Just as mixing and test procedures become mordastiined by organizations such as
AASHTO, ASTM, and RILEM, so will the acceptance ars® of SCC in the American

construction industry rise and gain precedencherfuture.

2.2 CURRENT TESTING PROCEDURES

As stated earlier, the three properties of fresE @€ filling ability, passing ability and
segregation resistance. These properties canabeated through a series of tests that
are performed on the concrete before placemerdsiora the concrete’s acceptance.
There are many different test procedures useddlate SCC; procedures relevant to
this project will be discussed in the upcoming ieest along with hardened property

testing procedures.

221 SLUMPFLOW TEST

The slump flow test is one of the more popular tsstd for the evaluation of concrete’s
filling ability due to the simplicity of the procade and apparatus (Takada and
Tangtermsirikul 2000). The slump flow test procediias been standardized in ASTM C
1611 (2005). The slump flow test determines tHerdeation capacity and filling ability

of the concrete. Other properties can also be méted from the slump flow test; the rate
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of deformation, viscosity, of the concrete is detieed by measuring thed the time
needed for the concrete to flow 20 inches (50 engiameter. The third property that
can be determined from the slump flow test is thbibty of the concrete. The stability
is determined by visual inspection and is refetceds the Visual Stability Index (VSI).
The slump flow test is performed using the slumpecfrom the traditional slump
test and placing it, upright or inverted, on a lesgermeable surface. The upright and
inverted methods are shown in Figure 2.1 and FigWeespectively. Past results have
shown that similar slump flow values are given weetusing the upright or inverted
method; however, it is recommended that either otktised should be performed
consistently throughout concrete production (P@3)0 After the method is determined,
the cone is filled with concrete, and once it iledi, the mold is lifted. The cone is lifted
until emptied and the average diameter of the tiegutoncrete patty is measured to give

the slump flow (ASTM C 1611 2005).

SLUMP
CONE

Figure 2.1: Upright slump cone method (PCI 2003)
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Figure 2.2: Inverted slump cone method (PCI 2003)

Takada and Tangtermsirikul (2000) state that theplflow only determines concrete
filling ability without any obstructions and doestmeflect the concrete’s passing ability.

The viscosity of the concrete, which is the resise to flow, is determined by
measuring the final flow time or theol' The final flow time is the time recorded from
the start of the test until the completion of flamd the ¥ is the time recorded from the
start of the test until the concrete reached a éianof 20 in. (50 cm). The final flow
time is affected by the slump flow value and i®aabjective to the operator’s judgment;
therefore, the & is the value more readily used to evaluate therete’'s relative
viscosity (Takada and Tangtermsirikul 2000). Takadd Tangtermsirikul (2000) go on
to state that thesp cannot determine the viscosity independently efslump flow

because as the slump flow changes tqewlll also change even if the viscosity of the

10



mixture is held constant. Therefore, it shoulchb&ed that the sh can only evaluate the
relative viscosity of concrete for mixtures withngparable slump flows. Thesdalso
indicates possible inconsistencies of subsequertureis and identifies quality control
problems between multiple concrete batches. EpésThot usually used as a factor to
reject a mixture, but instead as a quality cordragnostic test (PCI 2003).

The Visual Stability Index (VSI) evaluates the crte’s resistance to segregation
during transport and placement, which is also reteto as the dynamic stability of the
mixture. The VSI is a numerical rating that isetatined by visual observation of the
homogeneity of the concrete mixture after perfogrtime slump flow test. The VSI
rating system shown in Figure 2.3 gives values withresponding criteria to
gualitatively evaluate the stability of the conerdt should be noted, however, that the
VSl is not suitable to quantify the concrete’sistatability. The VSI rating is considered
a dynamic stability rating when observed from thenp flow patty directly after mixing
because the concrete can exhibit some non-unifextare from the mixing and
transportation. The VSI rating can also includme@ssessment of the static stability
when SCC is observed from the wheelbarrow or theemafter the concrete has
undergone a period of rest (Khayat, Assaad, anadk®e2004). Much like thesp, the
VSI rating is also used as a form of quality cohtnhether it is recorded from the
dynamic or static state. However unlike thg, The VSI rating can be used as a criterion

for rejecting mixtures due to material segregai®@l 2003).
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VSI = 0 — Concrete mass is homogeneous and no VSI = 1 — Concrete shows slight bleeding observed
evidence of bleeding as a sheen on the surface

VSI = 2 — Evidence of a mortar halo and water shed$! = 3 — Concentration of coarse aggregate at
center of concrete mass and presence of a mortar
halo

Figure 2.3: Visual Stability Index rating (ASTM C 1611 2005)

222 J-RING TEST

The passing ability of SCC is an important frestparty because it is influential to the
strength and durability of hardened SCC (Noguchi, &d Tomosawa 1999). The J-
Ring is a test used to indicate the passing almfitgCC and is shown in Figure 2.4. The
J-Ring test is performed much like the slump fl@sttexcept that the J-Ring has

reinforcement placed in a circular arrangemenintBes in diameter, providing

12



obstructions around which the concrete must pagpical J-Ring dimensions are shown
in Figure 2.4. According to PCI (2003) the spaamgeinforcement can be placed at

different intervals as long as normal reinforcenreguirements are met.

Figure 2.4: J-Ring testing apparatus (ASTM C 1621 2006)

The testing apparatus shown in Figure 2.4 is placdalilt into a non-absorptive
base plate. The process is then performed muehhik slump flow test. A slump cone
is placed in the center of the J-Ring, uprightnwerted, and filled with concrete. The
cone is lifted leaving a concrete patty. The J-Rlog is the average of two diameters,
measured perpendicular from one another, of thereta patty. The difference of the

slump flow and J-Ring flow indicates the concrefggssing ability (ASTM C 1621
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2006). Assessment of passing ability, also refetoeas the blocking potential, is shown

in Table 2-1.

Table 2-1: Interpretation of J-Ring results (ASTM C 1621 2P06

Difference Between Slump .
Flow and J-Ring Flow Blocking Assessment
Oto1lin. No visible blocking

>11t02in. Minimal to notlceable

blocking
. Noticeable to extreme

>2in. -
blocking

2.2.3 SEGREGATION COLUMN

The third required property of SCC is its resis&atesegregation, or what is also called
the mixture’s stability. The key to a successfGICSis the mixture’s cohesiveness, for if
not properly proportioned, the mixture may beconmsptible to segregation.
Cohesiveness is important for all SCC mixtures,ibistespecially important for deep
sections such as walls and columns (ASTM C 161®R00he segregation column is a
plastic pipe made of Schedule 40 PVC that measumeshes in diameter and stands 26
inches tall. The column is cut into four sectionth each section measuring 6.5 inches.
The complete testing apparatus consists of theegagjon column and collector plate

shown in Figure 2.5.
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Schedule 40 PVC Pipe le— 8 in_ {200 mm) —»
Sections (4)

\’( D)
Spring Clamps (12) ﬁ_/
\ )

6.51n. (165 mm)

8.5in. (165 mm])

26 in. (660 mm)

Laminated Plywood

6.5 in. (165 mm)

6.5 in. (165 mm)

\3,’4 in. {20 mm)
!
A
f

PP D AT T T LTV FETE T T T T T T
‘| 16 in. {400 mm)

A4

Column Mold

‘«— 10 in. (250 mm) 4—| Plywood
£

‘4— 8.5in, (215 mm|

20m (_ _ _ ______ R .. J_

(510 mm)

1/2 in. {15 mm)

4
L 20in. (510 mm) I |

Collector Plate

Figure 2.5: Segregation column test apparatus (ASTM C 1610)
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The test is performed by filling the column witls@mple of concrete in one lift
and without the use of mechanical vibration. Theess concrete is then struck off the
top of the column and the concrete is left undistdrfor 15 minutes. After the rest
period, the concrete in the top and bottom sectdnise column are recovered into
separate buckets and washed over a number 4 siegmbve all fine material. The
coarse aggregate of each section is brought toasatlisurface-dry condition and then

weighed. The percent static segregation (S) mutated using Equation 2.1.

S=2* {M}mo Equation 2.1
(CA, +CA)

Where, CAs is the weight of coarse aggregate of the bottastiag Ibs, and
CAr is the weight of the coarse aggregate of the égfian, Ibs (ASTM C
1610 2006).
A tolerable percentage of static segregation hagetdeen determined, but ACI

Committee 237R (2007) states that a segregatiertes 10% is acceptable for SCC.

23 FRESH CONCRETE PROPERTIES

The properties defined while in a deformable stalis) referred to as fresh properties, of
SCC are what separates it from conventional coacr8CC has the ability to flow
around obstructions without the use of externalatibn while remaining viscous enough
to withstand potential segregation and maintaihiktya As described earlier, the three
fresh properties required for an adequate SCC maxdte filling ability, passing ability,
and resistance to segregation. These propertiebemliscussed in the forthcoming
sections to provide a better understanding of SBa@.the term rheology must first be

discussed to help understand the science behirfdetsie properties of SCC.
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231 RHEOLOGY

All fluid materials move and act differently whiclan be dependent on many different
properties. Rheology is the science which deails thie deformation and flow of
material under stress (Mindess et al. 2003). Tiwess on a material can be attributed to
many different causes, but there are different eptecthat explain flow characteristics.
The Newtonian model is used to describe simplelfluand is accurate for materials
containing a very low volume of suspended solidswever, the Newtonian model
becomes inaccurate as the volume of suspended $aambmes larger (Mindess et al.
2003). Concrete can be described as a susperfgiamticles that are very broad in size
and contains time-dependent properties that résuft chemical reaction (Khayat and
Tangtermsirikul 2000). Based on the descriptiorkKbgyat and Tangtermsirikul,
concrete cannot be described by the Newtonian madelis most often defined by the
Bingham model, which is graphically depicted inl¥ig2.6. In the figurer, refers to

the initial shear stress apdefers to the plastic viscosity. The Bingham masle
comparable to the Newtonian model, but the Binghaodel defines a shear strength
which must be exceeded before flow can begin taro@dindess et al. 2003). The initial
shear stress that must be overcome is mainly infle@ by inter-particle friction and free
water content, each of which will be discussedmfbllowing sections (Khayat and

Tangtermsirikul 2000).
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Shear Stress (psi)
[y

Strain Rate (1/Seconds)

Figure 2.6: Bingham model (Khayat and Tangtermsirikul 2000)

The plastic viscosity and yield stress are usathtoacterize the behavior of fresh
concrete (Khayat and Tangtermsirikul 2000). Rhdenseand viscometers are devices
that have been developed over the years that camedely measure the plastic viscosity
and yield stress of fresh concrete. These instnisrtgave helped researchers to
understand the effects that different variablet@vthe rheology of SCC. However,
these instruments are not readily available fddfiesting due to cost and machine
design. As mentioned earlier, tests have been tiotmg and compare fresh SCC testing
to the concrete’s rheology in order to accurategdpt rheological characteristics of
fresh concrete from field tests (Emborg 1999).skneroperty tests are used today to
accept or reject SCC. In the future, smaller andencost-effective rheometers will be

designed, as it is conceivable that they coulddasl dor field applications.
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232 FILLINGABILITY

Conventional-slump concrete is placed into a fonu #nen consolidated, typically by
vibration, whereas SCC is capable of filling thenegorm without the assistance of any
consolidation methods. This is typically refertedas the concrete’s filling ability,

which characterizes how far from the point of plaeat the material can flow, known as
its deformation capacity, and the speed at whiflbwis, known as the velocity of
deformation. There must be a good balance bettveeconcrete’s deformation capacity
and velocity of deformation in order to achieve gdiling ability (Khayat and
Tangtermsirikul 2000). To ensure good deformaphilitis important to reduce the inter-
particle friction, which refers to the friction @ted by adjoining solid particles.
Decreasing the aggregate content and increasingaste volume can reduce inter-
particle friction by increasing the distance betwadjacent particles (Khayat et al.
2004). As opposed to increasing the water contgmth reduces both the yield stress
and viscosity of the concrete paste, Khayat andyfeemsirikul (2000) suggest using a
high-range water-reducing (HRWR) admixture, alsown as a superplasticizer, to
reduce friction because it decreases the yieldstéthe paste with minimal reduction in
its viscosity.

Admixtures, such as a HRWR admixture, are syrttedtemical admixtures that
are used during the concrete mixing phase to @eeconcrete’s performance. A HRWR
admixture attaches and gives the cement partiahegjative charge which causes them to
repel each other, called electrostatic repulsiBigure 2.7 shows the HRWR admixture
attaching to the cement particles and dispersiamthy electrostatic repulsion. By doing

so, the cement patrticles are held apart to allotemta attach to a larger surface area of
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the particles, or steric hindrance, which in tunproves the cement’s hydration and
decreases the inter-particle friction providing enarorkable concrete (Bury and
Christensen 2003). As far as mixing is concerigljlle (1996) suggests that the first
dosage of the HRWR admixture should be soon ditemater comes into contact with
the cement; for if the water is allowed to begimtation of the cement particles, the
HRWR admixture will not be able to attach itselth@ cement and repel surrounding

particles.

st

Figure 2.7: Dispersion of cement particles due to electrostaflsion (Bury and
Christensen 2003)

The concrete’s ability to flow decreases over tame¢he cement particles hydrate;
how quickly the cement hydrates depends on margrdiit factors. A major
contributing factor affecting the loss of flow lsetloss of moisture, whether it is due to
dry aggregates or evaporation of water. The lo$®w is greater with dry aggregates
because the water is absorbed by the aggregatdébenefbre decreases the amount of

water provided for hydration of the cement pardNeville 1996). Water is also lost
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due to evaporation. Mindess et al. (2003) stdasflow decreases as ambient
temperatures increase: higher temperatures incbedlkehe rate of evaporation and the

rate of hydration. Figure 2.8 shows a graph demgdhe loss of slump versus

temperature.
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Figure 2.8: Slump versus temperature (Mindess et al. 2003)

To avoid this problem during summer conditions, yneontractors try to place concrete
either in the early mornings or late afternoonavoid the high temperatures of the day.
There are many ways to control the loss of workigbilvhether it is changing the
materials used in the mixture or using hydrationtomling admixtures to control the
concrete setting time. The most common form dfrgetontrol is the use of admixtures,
because they allow an increase in flow without agdvater or changing materials.
Addition of water into the mixture, also known asampering, is usually discouraged,
because it increases the water-to-cement ratiacchwdan be highly detrimental to

properties of the hardened concrete (Mindess €08ai3).
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2.3.3 PASSING ABILITY

The previous section discussed SCC’s ability tavféond fill formwork, but most
concrete structures have reinforcing to increasestfength and ductility of the structure.
SCC not only has to be capable of filling the formhalso must be able to flow around
and through obstacles that are within the formwadrke passing ability of SCC is the
second fresh property required for a successful 8G@ure. The passing ability is
closely related to the filling ability and is a fttiron of the viscosity of the mixture and
the size of the aggregate used. There has torbpatility between the size and
amount of coarse aggregate in SCC, the spacingeketthe reinforcing bars, and
formwork openings in order for the concrete to ssstully pass. If compatibility is not
achieved, arching may occur at openings, whichresalt of the particles changing their
flow paths and colliding with one another in areatpt to pass through the openings.
Arching is depicted in Figure 2.9 and occurs whHenrhaximum aggregate size is too
large and the content of the coarse aggregate isigh (Khayat and Tangtermsirikul
2000). Khayat and Tangtermsirikul (2000) also doded that in order to achieve good
passing ability, the mixture must provide the faling:
1. Enhanced cohesiveness to reduce aggregate segregati
» Use a low water-to-powder ratio, and
» Use a viscosity-modifying agent.
2. Compatible clear spacing and coarse aggregateatbesics:
* Use alow coarse aggregate volume, and

* Use alow maximum aggregate size.
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Figure 2.9: Blocking mechanism (Khayat and Tangtermsirikul 2000

Khayat et al. (2004) also report that the key \@eia that affect the passing ability of
SCC through confined spaces include the clearaeteeen reinforcing bars, aggregate
volume and rheological properties of the pasteis Was shown by the research of
Khayat et al. (2004) when studying the confinedspagability of SCC by using the J-
Ring, L-box, and U-box. The test results showed 8CC mixtures with 843 Ib/§¢500
kg/m®) of cement with relatively low viscosity had greapassing ability with closely
placed obstructions. The mixtures with 649 IB/&B5 kg/mi) of cement with a higher
coarse aggregate content appeared to have coltisksnamong the coarse particles,
which led to greater blockage between reinforciagslwhen not consolidated. A similar
test was also done to determine an effective caggeegate-to-concrete volume ratio
and the results showed that mixtures with a coagggegate-to-concrete volume ratio of
0.27 and 0.31 had adequate passing ability companektures at 0.35 and 0.39 (Kim et
al. 1998). Aggregate size is important when dgyelpa SCC mixture to perform well
in the presence of obstructions. The maximum aggeesize used for SCC depends on
the type of construction, but the most common maxmnaggregate size used in SCC

ranges from 0.63 inches to 0.79 inches (Peters3s8)1
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234 SEGREGATION RESISTANCE

One of the major concerns for SCC is its potemtiaegregate. SCC is more likely to
segregate than conventional concrete due to higaggnof HRWR admixtures, which
reduce the yield stress of the paste. The useH®\WR admixture increases the
workability of the concrete, as discussed earhat,this extreme workability results in
concerns about segregation. Segregation of frestrete is described as distribution of
constituent materials such that the mixture isamgér homogenous. There are different
types of segregation, which may include water blegdseparation of paste and
aggregate, blocking of coarse aggregate, and nidoronity in air-pore distribution;
these should never occur in either the stationafiowing state of SCC placement
(Khayat and Tangtermsirikul 2000).

The segregation of coarse aggregate from the pastbe difficult to recognize
when placing concrete because one cannot seedinibdaliion of material beneath the
surface; therefore, precautions must be takenar@apn of aggregates from the paste
can be reduced by increasing the viscosity of theumre. By increasing the viscosity,
the coarse aggregate is able to stay suspendeid withmixture, which prevents the
segregation of aggregates. The introduction oitiaahal fine material is one way to
increase the viscosity of the mixture. Additiohaé material, sometimes referred to as
“filler”, can either be cementitious or non-ceméntis. Introducing additional fines
helps improve the viscosity without using extra eem Extra cement not only will
increase the strength of the concrete, but italgb increase its cost and temperature
(Khayat 1999). The use of a viscosity-modifyingréxture (VMA) is another way to

increase the concrete’s viscosity. While incregsire viscosity of the concrete, a VMA
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can also decrease the sensitivity of the concraenvadditional water is introduced
(Berke et al. 2003). This is especially relevatihé moisture content of the aggregates is
not calculated accurately at the batch plant, wharhoften be the case because of the
aggregate’s frequent change in water content de&teynal storage. By increasing the
viscosity, however, VMAs inherently decrease tloevfbf SCC and therefore should be
used in conjunction with HRWR admixtures to achitheeadequate rheology required
for SCC (Berke et al. 2003). Additional fine ma@éand VMAS can be used separately
or together in order to obtain the viscosity regdito prevent SCC from segregating.
Another form of segregation happens when excessrwiaes to the top of freshly
placed concrete; this movement of water is calledding. Water, having the lowest
specific gravity, will float to the top if it is n@dsorbed by the solid constituents of the
mixture (Neville 1996). As the water rises it de=alocalized channels and can leave
small water pockets at the mouth of each chanfileése pockets and channels have a
tendency to form under coarse aggregate particlakag reinforcing bars causing weak
zones in the concrete and reducing concrete bagdr@-2.10). These channels can even
form along the surface of the formwork causing estlaetically unpleasing finish

(Mindess et al. 2003).

25



Bleed water

e
r,/\ A g Gt o __Bleed
/ e 2
e ( — = waler

‘7/ Reinforcing bar

N F
o Y Bleed water

e’
R

Figure 2.10: Illustration of bleeding in fresh concrete (Mindessal. 2003)

Bleeding initially occurs at a constant rate anitkjy decreases as the concrete
stiffens to a point that water cannot pass thratu@keville 1996). There are a number of
ways bleeding can be reduced (Mindess et al. 2003):

1. Increasing finely ground materials (cementitiousion-cementitious),

2. Increasing rate of hydration of the cement,

3. Using an air entrainment admixture, and

4. Reducing the water content.

24 HARDENED CONCRETE PROPERTIES

Design engineers usually specify concrete baseatiefinal product or hardened
properties. It is the hardened properties thagrdahe the concrete’s long-term

performance in the structure. Previous researstshawn that SCC acts quite differently
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than conventional concrete while in the fresh staie studies have proven that the
hardened properties of SCC are comparable tot ibetber than, the hardened properties
of conventional concrete (Carbo 2003). The hardgmeperties that pertain to this study
are compressive strength, modulus of elasticityindrshrinkage, and permeability.

These will be discussed in this section.

241 COMPRESSIVE STRENGTH

Concrete is widely utilized in today’s constructioaustry because of its ability to
withstand high compressive loads. The compresgiremgth of concrete is typically
used for the design of concrete structures andaag@arement used for quality control
and quality assurance. There are many factorsriflaénce the compressive strength of
concrete such as the water-to-cement ratio, presanfdlers (cementitious or non-
cementitious), curing conditions, type of cemeypetof admixtures, and the size and
type of aggregates (Tragardh 1999). However, Ne{1996) states that the two primary
factors that determine the compressive strengttoontrete made with specific materials
at any given age are the water-to-cement raticla@diegree of compaction, when cured
at a given temperature.

The largest single factor used in practice toraeitee the strength of concrete is
the water-to-cement ratio (Neville 1996). Todag sitrength of concrete is considered to
be inversely proportional to the water-to-cememti$i ratio, shown in Figure 2.11, when
the concrete is fully consolidated (i.e. 1% airdg)j whereas the original “rule” used to
determine concrete’s strength was defined by Dbifains in 1919 as Equation 2.2

(Neville 1996):
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f, =—= Equation 2.2

Where f; is the compressive strength of the concrete,

K1 andK; are empirical constants, and

w/c is the water-to-cement ratio.
Figure 2.11 shows that at around w/c = 0.38 treeedhange in relation between cement-
to-water ratio and strength. The shallower sldpa at water-to-cement ratios less
than 0.38 (i.e. greater than c/w = 2.6) is dueess than 100% of the cement particles
being hydrated. Therefore, the strength will iase as lower water-to-cement ratios
approach a water-to-cement ratio of 0.38, indicatirat more cement particles are being
hydrated. It should also be noted from Figure 2kt as the water-to-cement ratio

increases, the strength of the concrete decreases.
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Figure 2.11: Strength versus cement-to-water ratio of paste Eipeville 1996)
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The use of the water-to-cement ratio to predietstnength of concrete is
acceptable in normal design applications, butithea oversimplification of the structure
and strength of the concrete. The water-to-cemagit does not take into account the
thin area between the aggregate and the cemest gakd the Interfacial Transition
Zone (ITZ). The ITZ is typically 20-40m thick and has a lower density and strength
compared to the cement paste and therefore gratheases the bond strength between
the aggregate and the cement paste (Mindess2Q8). Cracking typically occurs
within the ITZ because it is more prone to crackimgn either the aggregate or the
cement paste. Therefore, it is considered the “vieék of concrete. The strength of the
ITZ depends on the roughness of the aggregate daweynt of bleeding, preparation
technique and the size of the pores in the ITZ (Mdss et al. 2003).

One of the most efficient ways to increase thengjth of concrete is by
decreasing the volume of pores, which affects Tlzestrength and the cement paste as a
whole. Neville (1996) expressed the relationsliipare volume to concrete strength as a
power function shown in Equation 2.3. Equationsh8ws that as the porosity increases

the strength will decrease, which is also depiateeigure 2.12.
fo=f,0-p)" Equation 2.3

Where,p is the porosity (volume of pores divided by th&ateolume of
concrete),
fc is the concrete’s compressive strength at porgsity
fcois the concrete’s strength at zero porosity, and

n is a variable.
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Figure 2.12: Compressive strength versus percent porosity (helf196)

Mindess et al. (2003) mentions that filler mate(@mentitious or non-

cementitious) is an effective way to decrease iteed pores and also increase the

strength of the ITZ as well as the concrete. T$eaf fillers eliminates large pores and

creates a denser ITZ by decreasing internal blggdiiindess et al. 2003). Focusing on

the ITZ, Tragardh (1999) investigated the micradinee of conventional bridge

concretes to self-consolidating concretes. Abhaf concretes had water-to-cement ratios

within the range of 0.40-0.45, but the self-corgatiing concrete was made with a

limestone filler. The results showed a larger amaif coarse pores were present in the

ITZ of the conventional concrete and in turn insexhthe porosity of the ITZ. The self-

consolidating concrete showed a significantly loperosity and the pores were more

evenly distributed and smaller than the conventionacrete. These results indicated
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that microbleeding, causing increased pores inftdewas greatly reduced in the self-
consolidating concrete due to the use of the lioresfiller (Tragardh 1999). By
introducing the limestone filler, the microstruewof the ITZ was improved, which led to

stronger concrete as indicated in Figure 2.13.
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Figure 2.13: Compressive strength versus water-to-cement ra&C& and
conventional-slump concrete (Tragardh 1999)

242 MODULUSOF ELASTICITY

The modulus of elasticity is a property closelyatet to the concrete’s compressive
strength. The modulus of elasticity is a measfiteestiffness of the concrete and can
be estimated from the concrete’s compressive dinergis defined as the slope of a line
on the compressive stress-strain curve of the etecirawn from 50 microstrains to a
stress corresponding to 0.40fASTM C 469, 2002). ACI 318 (2005) approximates t
concrete’s modulus of elasticity based on the sguzot of the compressive strength and

the density of the concrete as shown in Equatidn 2.
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E, = Wj‘533\/f7c' Equation 2.4
Where, Eis the modulus of elasticity of the concrete in ps
W is the unit weight of the concrete in 1B/fand
f' ¢ is its compressive strength in psi.
It should be noted that this equation should omlyibed for unit weights,wbetween the
90 and 155 Ib/ft(ACI 318 2005). The modulus of elasticity is munbre sensitive to

the density of the concrete than to the strength@toncrete, as shown in Figure 2.14.
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Figure 2.14: Elastic modulus as a function of strength and weadltoncrete (Pauw
1960)
The modulus of elasticity is related to the strar@ftthe concrete, and factors
affecting strength will influence the modulus ofstleity, especially the porosity of the

concrete: as the water-to-cement ratio increasesntidulus of elasticity will decrease.
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Unlike compressive strength, the modulus of elagtisimore sensitive to the amount
and properties of the aggregate than to the meistointent (Mindess et al. 2003). The
amount of aggregate becomes an important factor wiesidering SCC because it
typically has a lower total aggregate volume andyhdr sand-to-aggregate ratio as
compared to conventional-slump concrete.

A study conducted by Leemann and Hoffmann (2005) ewatpnine different
SCC mixtures with four different conventional-sluegncrete mixtures while using the
paste volume and the sand-to-aggregate volumerebles. The aggregate consisted of
sand and gravel that contained a high percentagelbfounded particles with a
maximum size of 0.63 in. and 1.25 in. for the S@@ eonventional-slump concrete,
respectively. The powder material used was Typetlgpa@ cement and fly ash, which
created the paste when combined with the HRWR adneiénd water. The S/Agg
ranged from 0.40 to 0.60 for the SCC mixtures angl Waz2 for the conventional-slump
concrete. Leeman and Hoffmann (2005) concludedthigatodulus of elasticity of SCC
was approximately 15% less than the conventionaiyslaoncrete of similar
compressive strength, which was attributed to theeamed paste volume of SCC. The
data also showed that as the S/Agg of the SCC mitnoeeased from 0.40 to 0.60 the
modulus of elasticity decreased. However, Leemadroiffman (2005) noticed that
the relationship between the compressive strengthradulus of elasticity of SCC and
conventional-slump concrete were similar when theimam aggregate size and the
paste volume were identical. Turcry et al. (2008)ducted similar tests by comparing
two SCC mixtures with sand-to-aggregate ratios a2 @ 0.49 and two conventional
concrete mixtures with sand-to-aggregate ratios ae41. One of the conventional-
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slump mixtures and the SCC with S/Agg = 0.52 were mgdef Type | cement,
siliceous sand, and rolled coarse aggregate, anskitond mixtures were made up with
Type Il cement, siliceous sand, and crush coargesggte. Turcry et al. (2003) also
concluded that the modulus of elasticity of SCC ieas than that of the conventional
concrete due to the larger paste volume within theture. The data also showed that,
despite having similar paste volumes, the modulwdasticity increased from the first to
the second SCC mixture, which contained crushedseaeggregate.

In another study reported by Schindler et al. (3027 SCC mixtures were
developed with No. 78 dolomitic limestone and vagyiwcm, S/Agg, and cementitious
material. The mixtures incorporated different camakions of Type Il cement, Class C
fly ash, ground-granulated blast-furnace slag,adédnsified silica fume. It was
concluded that the modulus of elasticity was nduericed by changes in S/Agg for the
SCC mixtures containing fly ash. However, the SC&tunes containing ground-
granulated blast-furnace slag experienced a mieoredise in the modulus of elasticity
when the S/Agg was increased from 0.42 to 0.46 (Stdried al. 2007). These finding
are in agreement with work performed by Bailey (200810 also concluded that the
modulus of elasticity was not significantly affectegchanges in sand-to-aggregate
ratios for SCC mixtures containing fly ash. Bai(@p05) did not have any work that
supported the effect of varying S/Agg on the modoluslasticity for SCC mixtures

containing ground-granulated blast-furnace slag.
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243 CONCRETE SHRINKAGE

Shrinkage is a time-dependent property of condretecannot be avoided. Shrinkage is
defined as the reduction in volume of concrete wittibe presence of external loads due
to the loss of water (Rusch 1983). The change e is a result of autogenous and
drying shrinkage. Autogenous shrinkage is defireetha macroscopic volume change
resulting from the hydration of cement particlesvimch no moisture is transferred to the
surrounding environment (Holt 2004). Drying shringag the strain produced within
hardened concrete due to the loss of water andearflbenced by surrounding
conditions such as temperature, relative humidity &ind velocity (Neville 1996).
Shrinkage can be detrimental to concrete structaasing cracking and warping if not
considered during design.

Shrinkage occurs within the paste of the concneteisirestrained by the
aggregate of the mixture (Mindess 2003 et al.). rAggte is the most important factor
because it helps restrain the paste from shrinkiffge paste of concrete can deform as
much as ten times that of the aggregate (Chopah 2003). The size and grading of the
aggregate does not necessarily determine the ambsahtinkage; but the more
aggregate within the mixture, resulting in a leametture, the larger the decrease of the
amount of shrinkage (Neville 1996). The water-to-eatratio is also an influencing
factor for shrinkage. If the water-to-cement ragitield constant and the cement content
is increased, then shrinkage will increase duedddatger volume of paste. However, if
the water content is held constant and the cememnébis increased, then shrinkage will

either be unaffected or will decrease due to thaaed water-to-cement ratio (Neville
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1996). The relationship of aggregate content artédmta-cement ratio with respect to

shrinkage is shown in Figure 2.15.
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Figure 2.15: Influence of water-to-cement ratio and aggregateesdron shrinkage
(Neville 1996)

Chopin et al. (2003) compared the shrinkage vadfi@sSCC and a conventional
concrete mixture. The raw materials of the mixtwese composed of cement, river
sand, and river gravel, but the SCC mixture inctlddimestone powder that increased
the binder material of the SCC by approximately 40Pke SCC mixture had a water-to-
cement ratio of 0.38 and a paste volume of 32.3%yeds the conventional concrete had
a water-to-cement ratio of 0.33 and a paste volun25d%. The two mixtures were
heat-cured for 18 hours and then placed in a clediradry environment for storage and

testing. After approximately a year, Chopin e{(2003) found that the SCC had about a
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20% higher shrinkage than the conventional concréteese results were attributed to
the higher paste volume of the SCC, which was dileet@ddition of a limestone filler
used to increase the viscosity of the paste togmtesegregation. It is also possible that
the increase in water-to-cement ratio used coule h&en the reason why the SCC
mixture exhibited increased drying shrinkage. Howgadest was conducted by
Raghavan et al. (2003) where the water content wlasdonstant and the cementitious
content was 1268 Ib/jdand 992 Ib/ydifor the SCC and the conventional-slump concrete,
respectively. The same materials were used for diotie mixtures, except that the SCC
mixture used both cement and fly ash and the cdioreal-slump concrete only used
cement. The results, shown in Figure 2.16, revediathe shrinkage of the
conventional concrete was 25% higher than for STRIs test demonstrated that by
increasing the powder content, which decreases thert@powder ratio, the shrinkage
of the SCC was reduced. However, in the researcithynder et al. (2007) previously
mentioned in Section 2.4.2, the 112-day shrinkadees for the SCC and conventional-
slump mixtures were compared and the SCC mixturesdstrated similar or less drying
shrinkage than the conventional-slump concretee sthdy also concluded that changes
in S/Agg had no significant effect on the 112-dayimly shrinkage of the SCC mixtures

(Schindler et al. 2007).
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Figure 2.16: Drying shrinkage of SCC and conventional-slump cetec(Raghavan et al.
2003)

244 PERMEABILITY

Concrete is inherently considered a very durablieria; however, if exposed to the
certain aggressive exposure conditions for an ebegmperiod of time, it can be broken
down and deteriorated. The deterioration of coreortan be caused by external or
internal factors. Moisture that is absorbed byctete can go through freezing and
thawing cycles, as well as contain harmful chemitteds$ break the concrete down.
Consequently, the permeability of the concretenigygortant factor for the durability of
the concrete (Mindess et al. 2003). Permeabsithe flow of a liquid or gas through a
porous medium and is controlled by the hardeneceo&€mcapillary porosity (Neville
1996). Permeability, however, is not solely depahda the porosity of the concrete,
which is the percentage of concrete occupied bysydidt it also depends on the size,

distribution, shape, and continuity of the poresvile 1996).
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The water-to-cementitious ratio is the largestuafice on permeability because
the porosity decreases as the water-to-cementitadicsdecreases. Figure 2.17 shows
the relationship between permeability and the wattereiment ratio. Mindess et al.
(2003) states that permeability is significantlfeated as water-to-cement ratios increase
beyond a value of 0.42. Neville (1996) also sttas as the water-to-cement ratio
decreases from 0.75 to 0.45, the permeability @fcttncrete decreases by 2 orders of
magnitude. Furthermore, Neville (1996) notes thatwdpgng from 0.75 to 0.26,

permeability can decrease up to 4 orders of mag@itu
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Figure 2.17: Coefficient of permeability versus water-to-cemeatio (Neville 1996)

Aggregate can also have an effect on the permaabilihe concrete. The flow
of fluid through concrete will naturally follow theafh of least resistance, which is most
often interrupted by aggregates. If the aggrebgatea lower permeability than the

cement paste, then the flow path of the fluid miestal around the aggregate, therefore
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increasing the effective path and reducing the pabiity (Neville 1996). When
considering the aggregates and their effect on @a&lpitity, the interfacial transition zone
(ITZ) should also be considered. As mentioned@&athe ITZ is more porous than the
bulk cement paste and prone to microcracking, whrdwould expect to increase
permeability. Tragardh et al. (2003) reportedrammaase in porosity near the surface of
the aggregate due to fewer unreacted cement gnadharaincreased hollow-shell
configuration in the ITZ compared to the bulk ceinegsste. However, Neville (1996)
discovered that even though the ITZ had a highevgty, the ITZ did not seem to
contribute to flow, and the permeability of the caete is still controlled by the bulk of
the hardened cement paste.

The presence of higher fines in SCC typically caduthe water-to-cementitious
ratio, which may lead to a denser microstructurelangr the permeability of the
concrete. Tragardh (1999) compared SCC with a atrorel concrete while holding
the water-to-cement ratio at 0.40. The SCC was mattidimestone powders, a HRWR
admixture and placed without the use of vibratidhe use of the limestone powder
increased the viscosity of the concrete paste wigidhced microbleeding, resulting in a
less porous ITZ. Likewise, Raghavan et al. (20@3gared the durability of multiple
SCC mixtures with other conventional-slump concreibetures. The rapid chloride
permeability test ASTM 1202 (1997), was performeddtermine the permeability of the
concrete by applying a voltage to either side efdbncrete specimen and measuring the
total charge that passes over a 6-hour period. r@hdts shown below in Figure 2.18
reveal that the SCC specimens passed 1,100-1,%06ngls across the specimen
compared to 4,000 coulombs passed by the convehttoncrete. Raghavan et al.
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(2003) concluded that the lower permeability of #&C was due to the high powder
content and low water-to-powder ratio which provideteaser, less permeable,

microstructure than the conventional-slump concrete
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Figure 2.18: RCPT values of SCC and conventional concrete (Raghat al. 2003)

25 THE EFFECT OF FINELY GROUND LIMESTONE POWDER IN SCC
SCC is a highly workable, non-segregating concteaédan flow under its own weight
to fill formwork without external consolidating meitis. Changes, from the
conventional-slump concrete, in the mixture projpoihg must be made in order to
produce such a highly workable, non-segregatingm@a. Nehdi et al. (2003) states that
the changes needed are as follows:

* Reduce coarse aggregate content and its maximumleaize,

» Incorporate high volumes of powder material to iaseecement paste and

improve concrete stability, and

* Introduce chemical admixtures to achieve requireg@rties of SCC.
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The reduction in coarse aggregate content and memiaggregate size helps to reduce
inter-particle friction. However, this reductionagregate content requires a higher
volume of cement, which increases concrete cospo@ment temperatures (Nehdi et
al. 2003).

The temperature of the concrete must be considened placing, especially
large volumes of concrete. An increase in condeeteeratures accelerates the
hydration process which will in turn reduce the cetels workability (Brown and
Schindler 2007). As a result, SCC typically usgsaih, ground-granulated blast-furnace
slag, and silica fume as supplementary cementirtgnaés (SCMs) to reduce the amount
of cement while maintaining the paste content regliirkKhayat (1999) suggests that
using one or more of the SCMs can improve parpeleking density and reduce inter-
particle friction due to the different grain-sizstdbution of the materials. Another form
of powder that is less commonly used in concretelyaction is that of a finely ground
limestone powder.

Research was performed by Khayat et al. (2006) tqeoethe performance of
SCC with different levels of limestone powder. Thseaarch included 4 SCC mixtures:
the first of which was made with 100% Type | cement the remaining 3 mixtures
were made with 10%, 15%, and 20% limestone powdeacepient by mass of the
cement. All mixtures contained the same water-talximatio as well as the same
amount of fine and coarse aggregate. The fineeggde was a natural siliceous sand,
and the coarse aggregate was a crushed limestona wigximum size of 0.55 in. The
results of the testing showed that the demand of HRMRixture needed to obtain a
targeted slump flow was decreased with increasingdione replacement. Khayat et al.
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(2006) reports that by lowering the HRWR demand wii#o115%, and 20% limestone
powder, the unit cost of the SCC was reduced by 3%, hnd 25%, respectively.
Khayat et al. (2006) also concluded that the presehtimestone powder led to an
acceleration of cement hydration while slightly @gsming the maximum temperature of
the concrete. Omya (2007) states that “Calciurs {@a++) of finely ground calcitic
limestone filler help to accelerate the crystati@a process of the Calcium-Silicate-
Hydrate phases (C-S-H) within the first 10 hours”, ehiould decrease concrete setting
time. The one-day compressive strength of the 8G@®ure with 10% replacement was
approximately 10% higher than the SCC mixture withtba powder. However, the
mixtures with 15% and 20% replacement experiencewdniosses in strength at the
same age. As the concrete matured to an age afy28tke strengths of the SCC
mixtures containing the limestone powder were lowanttine mixture without the
powder, and the strengths decreased with increasplgaement percentages.

Similar mixtures and tests were performed by Omyadnd the results were
evaluated and presented in July of 2007. OmyaARaiBo concluded that the HRWR
admixture demand decreased as the percentageasttime powder increased, which
resulted in a lower concrete unit cost. Furtheirigdy Omya (2007) indicated similar
stability between SCC mixtures without the limestpoeider compared to the mixture
with a 10% limestone powder replacement. HoweverStB€ mixtures containing 15%
and 20% limestone replacement had as much as ancséase in static stability. The
use of a limestone powder also showed a significaotedise in bleeding as indicated by

Figure 2.19. In Figure 2.19, T10-REF refers toS@C mixture without the limestone
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powder, T10-10% refers to 10% limestone powder rephant, and T10-15% refers to

15% limestone powder replacement.
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Figure 2.19: Bleeding of SCC mixtures containing limestone pow@nya 2007)

In summary, tests were performed by Khayat et aDg§2and Omya (2007) to

show the effect of using a limestone powder in STB8e results indicated that a

limestone powder could be used effectively in SOGe use of a limestone powder

would help to decrease segregation and bleed water.addition of a limestone powder

may also decrease the cost of the mixture by redutie amount of chemical admixtures

needed for SCC mixtures. And curing temperaturesddoe reduced by replacing a

portion of the cement content with a limestone powkewever, concrete compressive

strengths may be negatively affected at later ages.
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26 EXPERIENCEWITH DRILLED SHAFT CONCRETE

The purpose of this research is to compare and gheeffectiveness of SCC in drilled
shaft construction compared to the conventionahplgoncrete used today. The
previous sections have discussed the propertieteatidg procedures of a new
innovative concrete called self-consolidating cetei(SCC). The following subsections
will briefly discuss the ongoing problems with drdlshaft concrete currently used and
recent studies using SCC for drilled shaft applicet. However, the discussion will not
include details of the design and constructionrdfed shafts. It is recommended that
the FHWA Drilled Shaft Manual, “Construction Proceelsiand Design Methods”

(O’'Neill and Reese 1999), be used as reference.

26.1 CONCERNSAND PROBLEMSWITH DRILLED SHAFT CONCRETE

With recent developments in non-destructive intggasting used for drilled shafts,
engineers and contractors are able to evaluatéssifedr completion. This form of
evaluation has revealed areas of concern aboujudiéy of drilled shafts cast with
current materials and designs. According to Browd942, the most common problems
and concerns that compromise the quality of driflbdfts are due to a failure to consider
one or more of the following:

» Proper workability and ability to maintain workabjlithroughout the duration of

the placement,
» Compatibility between concrete mixture and congestedorcement cages, and

« Control of segregation and bleeding of concrete.
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2.6.1.1 Maintaining Workability

Workability is used to describe the fresh propeftgoncrete and typically encompasses
many different meanings: consistency, flowabilitygbitity, pumpability, and
compactibility (Mindess et al. 2003). Workabilitas been defined many different ways,
but is generally considered as, “that propertyrestily mixed concrete or mortar which
determines the ease and homogeneity with which ibeamixed, placed, consolidated,
and finished” (ACI 116R-90 1994). Workability ispegially a big concern with drilled
shafts because the concrete is placed without amgotidation methods; therefore the
concrete must be able to fill the forms without axyernal energy. O’Neill and Reese
(1999) state that the concrete used in drilledtshakt have “the ability to flow readily
through the tremie, to flow laterally through théae cage, and to exhibit a high lateral
stress against the sides of the borehole.”

The most common test used to determine the woikgabflconcrete is the slump
test defined in ASTM C 143 (2009)he Standard Test Method for Slump of Hydraulic-
Cement ConcreteFor drilled shaft applications it is recommendeat the slump value
be 6 in. or greater for dry-hole construction ahkbast 8 in. for casing or wet-hole
construction (O’Neill and Reese 1999). Brown and saller (2007) suggest that coarse
aggregates with a No. 67 or 78 gradation and anasera the sand content in
proportion to the coarse aggregate will provideremmdase in workability. Figure 2.20
and Figure 2.21 show two mixtures with proper workghiklump greater that 6 in., but
Figure 2.20 has a high content of large aggregdigh is not ideal for tremie-placed

concrete.
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Figure 2.20: Concrete with adequate workability but large aggedat tremie
placement (O’Neill and Reese 1999)

Figure 2.21: Concrete with proper workability and mixture designtremie placement
(O’'Neill and Reese 1999)
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Workability is an essential fresh property of drllshaft concrete needed to
ensure a properly constructed shaft. If the cdadeenot fluid enough then it will not
have the ability to flow out of the tremie throudje treinforcement cage to the edge of
the shaft. If the concrete has the proper workigliiien there will not be more than a
few inches difference in the concrete height betwbennside and outside of the
reinforcement cage. However, if the concrete isflnat enough to flow through the
reinforcement cage, then there will be a noticedlfference between the height of the
concrete inside and outside the reinforcement eagdhown in Figure 2.22. Figure 2.23
and Figure 2.24 depict the results of concretedithhot have the required workability.
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Figure 2.22: Concrete flow under tremie placement (Brown and Sitair2007)
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Figure 2.24: Shaft defects due to improper workability (Brown 2D06
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It is important to have good workability when placegrilled shaft. Not only
does the concrete have to be workable when it aravd®e site, it must also maintain its
workability throughout the duration of placemenheTFHWA Drilled Shaft Manual
states that a slump of at least 4 inches be magdad hours after mixing (O’Neill and
Reese 1999). However, Brown (2004) suggests thaisthist adequate for most
conditions. If the concrete is placed at a sluip 8 inches and by the end of the
placement has a slump of 4 inches, there are twtures in the shaft with different fresh
properties. The presences of two different mixtwasslead to unwanted material, or
debris, entrapped in the concrete. As the conandtee shaft begins to lose its
workability and stiffen, it rises up the reinforcemeage and around the tremie. The
fresh concrete flowing through the tremie is thencéd out and can tend to “burp
through” the stiffer concrete and entrap any detia$ may be on the surface, depicted in
Figure 2.25 (Brown 2004). The entrapped debriglied laitance, which is described as
the contaminated concrete that sits atop the risihgmn of concrete (Brown and
Schindler 2007). Figure 2.26 and Figure 2.27 aearples of drilled shafts with laitance

exposed after construction.
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. Fresh, fluid concrete
— Trapped Laittance

prs

Old, stiff concrete

Figure 2.25: Entrapped debris due to loss in concrete workal{iBrpwn and Schindler
2006)

Figure 2.26: Entrapped laitance found after casing removal (Brawth Schindler 2006)
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Figure 2.27: Entrapped laitance found after casing removal (Brawth Schindler 2006)

The process of placing a drilled shaft can takeytaours and may undergo many
interruptions that could lead to problems. These@ccur because of problems such as
equipment breakdown and long interruptions betweerete deliveries. If such
problems are not taken care of in a timely mantherconcrete will begin to lose its
workability if not properly retarded. A Texas Depagtmhof Transportation (2008)
publication states that if the concrete begindiffea around the tremie then it must be
“broken” free to restore flow sometimes leadingie tremie being lifted out of the
concrete. The publication also states that ititgcally important that the tremie maintain
a minimum 5 feet of embedment; failure to do so weyse the entrapment of soil
cuttings, sediment, and washed out concrete inhtatt ETexas Department of
Transportation 2008). The FHWA Drilled Shaft Mah(i99) also recommends that
the embedment of the tremie remain 5 ft below tipeofithe fresh concrete (O’Neill and

Reese 1999). This concern of tremie embedmerpetkd below in Figure 2.28.
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(A) Fresh concrete with sufficient (B) Interruption in concrete supply

workability being placed within allows concrete to loss its workability

the shaft. within the shaft As concrete placement
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Figure 2.28: lllustration of entrapped debris seams due to etitna of the tremie (Bailey
2005)
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2.6.1.2 Congested Reinfor cement Cages

Over the years, with the development of construgti@ctices and equipment,
contractors have had the ability to construct latg@meter shafts. Engineers have taken
advantage by increasing the design of drilled shaftvithstand larger lateral design
forces. This also allows the engineer the abibtyse a smaller footprint for design,
which is advantageous when working on congested Siéeswuse they are able to design
one large drilled shaft rather that many smallexsoto withstand the same loadings
(Brown 2004). The minimum reinforcing bars usediitied shafts are usually No. 8,
which is 1 inch in diameter; however, larger sizesaten used. The bars must be
spaced in order allow sufficient passage of condretaugh the reinforcement cage
without the use of external consolidation. The ichmacing between bars should be a
minimum of 5 times the size of the largest aggregat3 inches, whichever is larger
(O'Neill and Reese 1999). Brown (2004) states thiatduideline is routinely violated
in practice, especially in areas were seismic laadircritical.

As stated earlier, if concrete has the proper wolighit will not have more than
a few inches of difference in concrete height betwberinside and outside of the
reinforcement cage. However, even if the concreseanaple filling ability, the
configuration of the reinforcing cage along with giee and shape of the aggregate can
restrict the concrete from passing (Brown and Sdaim2D07). If the lateral flow of
concrete is significantly obstructed the concretkagintinue to rise inside the
reinforcement cage and tend to become much higimapared to the concrete outside the

cage, as shown in Figure 2.29. As the hydraulicsuresbuilds inside the reinforcement
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cage the concrete is pushed sideways through #r@laeinforcement, which can entrap
debris. The entrapment of debris due to a denstoreement cage is illustrated in
Figure 2.30, and Figure 2.31 shows the effect afregested reinforcement cage, which

leads to poor concrete coverage.

Figure 2.29: Restriction of lateral flow by reinforcing cage (Bno and Schindler 2007)
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Figure 2.30: Entrapment of debris due to congested reinforcaggedBailey 2005)
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Figure 2.31: Shaft defect due to congested reinforcement cagie(B2005)

2.6.1.3 Segregation and Bleeding

The previous sections have shown the importandeeotoncrete’s workability in drilled
shaft construction, but increased workability an@roper mixture proportioning causes
concern for segregation of the concrete. As stat&kction 2.3.4, segregation is the
separation of constituent materials such that #reyno longer homogenous. Factors that
cause increased segregation are as follows (Miretesls 2003):
» Larger maximum particle size over 1 inch and praporof the large patrticles,
* A high specific gravity of the coarse aggregate carag to that of the fine
aggregate,
* A decreased amount of fines,
» Changes in the particle shape away from smooth, nwetided particles to odd-
shaped, and rough particles, and
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* Mixtures that are either too wet or too dry.

Bleeding is a specific form of segregation thateasy common in drilled shaft
construction. Bleeding of concrete occurs wherstiigl constituents are unable to
absorb all of the mixing water and the free watagi® the surface (Neville 1996). The
most common bleeding problems occur when drilledtslzae constructed using a
casing, which prevents the excess water from esgapia the surrounding soil (Brown
2004). Bleeding is even more of a concern ineltibhaft applications because of the
increased hydrostatic pressures caused from the amasunts of concrete. Bleed water
travels along the path providing the least amofinésistance creating bleed water
channels along the reinforcement, tremie pipehempermanent casing (Brown and
Schindler 2007). Bleed water channels may seem amalinsignificant, but they can
reduce the bond between the concrete and the re@mf@nt reducing the cover of the
concrete and reinforcement, which can lead to piateshiirability problems. Excessive
bleeding can also cause weaker concrete in theaxp of the shaft causing expensive
and time-consuming repairs (Brown and Schindler 20@& previously mentioned in
Section 2.3.4, bleed water can also form on the nsiate of the aggregate, leading to the
formation of the ITZ which weakens the concrete.uFeg2.32 and Figure 2.33 show

bleed water channels on the interior and exteridghefdrilled shaft, respectively.
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Figure 2.32: Bleed water channel on the interior of drilled si{Bitown and Schindler
2007)

Figure 2.33: Bleed water channels of exposed surface of drilledt§Brown and
Schindler 2007)
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2.6.2 APPLICATIONSOF SCC INDRILLED SHAFT CONSTRUCTION

With the growing performance concerns of the conweeat-slump drilled shaft concrete
currently being used, alternative solutions aredp@ivestigated to produce quality in-
place drilled shafts. This has led to researclygamms applying the use of SCC for
drilled shaft construction. The following sectionlntroduce past research and discuss
the results comparing the use of SCC and convealtslamp concrete in the

construction of drilled shafts.

Case Study 1 (after Hodgson et al. 2005)

In this particular research project five drilldthfis were constructed, examined
and compared using five different mixtures. Thwéwhich used conventional-slump
concrete and the other two used SCC. The mixopqgptions of the five mixtures are
given in Table 2-2. Two of the shafts were consedaising conventional-slump
concrete with No. 57 crushed limestone, one shafoo¥entional-slump concrete with
No. 7 uncrushed river gravel, and two shafts of SIS asing No. 7 uncrushed river
gravel. All five shafts were approximately 3 feetiameter and 25-feet deep. The fresh
properties of the concrete were tested using thegslslump flow, Fo, L-Box, and V-
Funnel test methods. It was noted that the sluow, fls, L-Box, and V-Funnel were
performed on the conventional-slump concrete fongarison purposes even though they
are not typically used when testing conventionatrgliconcrete. The target slump
differed for the conventional-slump concrete but wgscally 9.5 + 0.5 in., and the target

slump flow for the SCC mixtures was 24-28 in. Thedkaed properties tested were the
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compressive strength, modulus of elasticity, andgem'’s ratio; each of which was tested

at a concrete age of 28 days. The results oftteshafts are shown in Table 2-3.

Table 2-2: Mixture proportions for test shafts (Hodgson ef8l05)
Shaft Identification

Parameter TS-1 TS-2 TS-3 TS-4 TS-5
Type of concrete Conventional  Conventional Conwe@ti  Self-Consolidating  Self-Consolidating
Cement (Iblyd) 588 607 588 418 418
Fly Ash (Iblyd) 148 152 147 228 226
GGBF Slag

Water (Ib/yd) 261 256 260 322 322
Coarse Aggregate

SSD (Iblyd) 2012 2073 2020 1222 1229
Fine Aggregate

SSD (Iblyd) 1131 1070 1130 1596 1591
w/cm 0.35 0.34 0.35 0.43 0.43
Air entraining

agent (mL/yd) 70 70 70 0 0
High range water

reducing 0 0 0 522 522
admixture

(mL/cwt)

Note: TS=test shaft; and GGBF=ground granulatest ilanace.

Table 2-3: Properties of concrete mixtures used in test slidftslgson et al. 2005)
Shatft Identification

Parameter TS-1 TS-2 TS-3 TS-4 TS-5
Type of concrete Conventional  Conventional Conwergti  Self-Consolidating  Self-Consolidating
Aggregate size 57 7 57 7 7
(number)

Slump (in) 8.5 9.0 7.0 10.0 10.5
Air content (%) 15 3 2 4 7
Slump Flow (in) 18.0 12.0 10.5 24 25
T50 (s) - - - <1 <1
L-box (in/in) 0 0 0 0.78 1
?g;’”ar V-funnel 6.4 2.4 . 3.8 15
Compressive 6048 5830 6208 4757 4975
Strength (psi)

(EI('SSI'C modulus 5800 3568 5500 3757 3800
Poisson’s ratio 0.20 0.16 0.12 0.17 0.18

Note: TS=test shaft
61



The three shafts made with conventional-slump c&rarvere constructed to have
a clear reinforcement spacing of approximatelych@s, whereas the shafts with SCC
were designed slightly denser. The concrete wagg@lasing a tremie, and the concrete
height was recorded inside and outside the reinfoece cage using plumb bobs. A head
difference between the inside and outside of thEesmement cage was recorded as high
as 18 inches for the conventional-slump concreteamty 4 inches for the SCC. It was
also observed that the conventional-slump concliet@ot fill in a uniform manner; the
concrete flowed within the reinforcement cage untkgain head of concrete developed
and the concrete spilled over the hoops and “roliedhe outer edge. This “rolling”
action is very capable of collecting and encapswdadebris, whereas the SCC mixtures
showed a uniform upward flow along the entire lendtthe shaft, which is not as likely
to entrap debris. The shafts were also constrwetttdsand bags placed in specific
locations to represent debris to examine encajsglability of the concrete.

Four months after construction the shafts were exdujrmleaned, and visually
inspected for comparison. It was noted that thedamoventional-slump mixtures made
with No. 57 crushed limestone displayed multiple tmres of honeycombing and unable
to fully encapsulate the artificial debris. TheGG@nd the conventional-slump mixture
with No. 7 uncrushed gravel showed no sign of honeypoagnand were able to fully
encapsulate the artificial debris. The mixtureslenaith No. 7 river gravel also
appeared to have a more consistent distributiaoafse aggregate along the shaft cross
section and showed fewer instances of aggregat&ibtpat the reinforcement cage,;
whereas the mixtures with No. 57 crushed limestoné#@gHd more segregation by
displaying more areas of aggregate and mortar ctratens. Vertical segregation was
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also observed in the mixtures containing No. 57leddimestone and the other three
mixtures did not show any signs of vertical segregat

The SCC mixtures displayed higher air voids comghdoethe conventional-slump
concrete, which was attributed to extra mixing causeddditional dosage of the HRWR
upon arrival to the site. The SCC mixtures metstinength requirements after 91 days of
curing; whereas the conventional-slump mixturestimeistrength requirements after
only 28 days of curing. This slower strength depeient was attributed to the higher
water-to-cementitious materials ratio and the higtreounts of supplementary
cementing materials used in the SCC mixtures. Atthmpletion of the research, the
authors stated that SCC was a promising solutiaiiled shaft concerns but more

research was recommended to evaluate its performamaee-scale applications.

Case Study 2 (after Brown et al. 2007)

This project took place in South Carolina and tmtsion was performed at the
Lumber River Bridge on US-76. This project was fuhtg the Federal Highway
Administration (FHWA) to evaluate SCC in drilled shapplications by constructing
experimental castings. Two experimental shafts wenstructed 6 ft in diameter and 30
ft deep to compare the conventional-slump drilleafisconcrete used in South Carolina,
referred to as the SC Coastal mixture, and SC miilxture proportions for the two
drilled shaft mixtures are given in Table 2-4. otlBshafts were constructed using
temporary casing and a drilling slurry. The shaftse placed, exhumed, and cut to

visually inspect the cross section as well as tiniase quality.
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Table 2-4: Mixture proportions for drilled shafts (Brown et 2D07)

ltem Mixture Type
SCC SC Coastal
Target consistency requirement 18-24 in. Slump Flow 0.9-In. Slump
Type | cement content, Ib/yd 500 540
Class F fly ash content, Ib/d 250 162
Water content, Ib/yt 306 283
No. 67 coarse aggregate, SSD, IB/yd 1,071 1,020
No. 789 coarse aggregate, SSD, IB/yd 395 775
Fine aggregate content, SSD, Iblyd 1,366 1,149
Water-to-cementitious material ratio 0.41 0.40
Sand-to-total aggregate ratio (by volume 0.48 0.39
Extended-set control admixture, oz/cwt 9 4
Viscosity-modifying admixture, oz/cwt 2 0
Midrange water reducing admixture, oz/cwt 4 0
HRWR admixture, oz/cwt 10 9

Note: SSD = saturated-surface dry

Upon placing the concrete, the slump of the SC tabasxture was measured
around 10 to 10.5 in., and the slump flow for theCS&as around 24 to 27 in. The SC
Coastal mixture lost 2 in. of slump for the firgttth placed and 0.5 in. of slump for the
second batch after 2 hours from the time of placem&he SCC lost 8 and 3 in. of
slump flow after 2.5 hours from the time of placetfen the two batches, respectively.
Once the shafts were completed and the casing wayeeimooticeable amounts of
bleed water had accumulated at the top of the shhé&snajority of which was
concentrated at the location from which the tremis reanoved. It should be noted that
when tested in accordance with ASTM C 23fgandard Test Methods for Bleeding of
Concrete the SCC mixture accumulated significantly lesseldiwater than the SC
Coastal mixture.

The shafts were extracted, pressure washed, aradteu® to 8 days to visually
inspect the cross-sections. The exterior surfaeach shaft showed no sign of
irregularities despite the excess amount of blegdnthat accumulated after placement.

However, once cut the interior of each shaft showédemble bleed channels that
64



ranged from 3 to 38 in. long. Even with the desi§a congested rebar cage for each
shaft, both mixtures were capable of passing thrabhghiebar cages and filled void
spaces with sound concrete. Despite the fluidithhefmixtures, there was not any
indication that segregation had occurred. Howevapped laitance or silt was
discovered within a shaft, shown in Figure 2.34,thatinclusions were small enough so

that the structural integrity of the shaft was ritected.

R |

& | CSL Tube

.,; i

¢

.1"1- Soil Inclusions

Figure 2.34: Soil inclusions discovered in shaft (Brown et al02p

Temperature probes were positioned in the shafesciord temperature data

throughout the placement and curing of the shaitsplacement, the temperature of the
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shafts was approximately 50 °F. The temperatui@shesl as high as 106 °F and 97 °F in
the center of the SC Coastal and SCC shaft, ragphct The recorded temperatures
prove that the higher cementitious content of t6€ $nixture does not necessarily
increase temperature within the shaft. Even thahgl8CC mixture had a larger
cementitious content, the SC Coastal mixture hiaglaer portland cement content,
which was attributed to the higher 28-day compressirength of the SC Coastal
mixture. Both mixtures surpassed strengths of G ¥ at 28 days, meaning that even
though the SCC mixture had a lower strength, botttures were well within the
requirements. Cores were also taken at variouhd@btthe shafts to compare the
hardened properties of the in-place concrete &drdifit depths. Results of the in-place
compressive strengths were all within the designirements, but it was noted that cores
taken at a depth of 7.5 ft from the top of the &hh&d lower strengths. This reduction of
strength was thought to have been caused by therme®f bleed water channels.
Permeability tests were also taken at various lonatwithin the shaft, and the tests
showed that both mixtures had moderate to low peritityalinterestingly enough, the
lowest permeability was recorded in the cover regitine reinforcement cage,
compared to the interior region of the shatft.
Concluding Remarks About Case Studies

Both projects showed the use of SCC as a feasiplacement for conventional-
slump drilled shaft concrete. The improved workibproved beneficial where
detailing requirements resulted in congested reteiment cages. The SCC used in the
shafts was able to pass through the congesteareamhent cages and uniformly fill the
cover region without signs of segregation. Bothligtsi showed that SCC met the
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compressive strength requirements but took longeachieve the required strengths due
to the use of supplementary cementing materiald§C However, the use of SCMs
lowered the in-place temperatures within the shafsch can prove to be beneficial
when constructing large diameter shafts that magulseeptible to thermal cracking.
SCC has been proven to have improved fresh pregestinile maintaining adequate
hardened properties, compared to those of convaitglump concrete. Through
continued research SCC may be accepted as a suitgdbhcement for the drilled shaft

concrete currently used in practice.
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CHAPTER 3

LABORATORY TESTING PROGRAM AND MATERIALS

31 INTRODUCTION

SCC is relatively new to the construction industng & used more regularly overseas
than in the United States. In order for a new teldgyg such as SCC, to be approved for
use in the United States its properties must beuated. This project will be used to help
introduce SCC to drilled shaft construction in Alatza

The objective of this research project was to dategrthe effectiveness of SCC
for drilled shaft application. A number of SCC nurés were produced in the laboratory
and the fresh and hardened properties will be eteduand compared to conventional-
slump drilled shaft concrete. From the test resait SCC mixture was chosen to be used
alongside a conventional-slump concrete shaftfullacale test for further comparison
under typical field conditions. The results will peesented to the Alabama Department
of Transportation (ALDOT) for approval of SCC for tbenstruction of the middle piers

of the B.B. Comer Bridge in Scottsboro, AL.
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3.2

SCC REQUIREMENTS

The requirements for the SCC mixtures were determinamel agreed upon prior to

mixing. The objective of this section is to disstise requirements for the fresh and

hardened concrete used for acceptance of the raixtur

3.2

1 FRESH PROPERTIES

The fresh properties used for acceptance or rejecti each mixture are the slump flow,

VSI, percent air, slump flow retention, and settimget The targeted values are as

follows:

Filling Ability: The concrete slump flow was recorded at two diffestages of the
mixing process, before and after a 50-minute trartaion period. The details of the
mixing procedure are discussed in Section 4.2arfet of 26 in. was used for
reference prior to transportation (i.e. when leatlmgbatch plant), accounting for a
loss in slump flow during the transportation perid&fter transportation, the
specified slump flow was 21 * 3 in. to provide profiding ability.

Passing Ability: The passing ability of the concrete was testeddigrmining the
difference between the slump flow and J-Ring valueSTM C 1621 (2005) states
that a difference greater than 2 in. is “noticedblextreme blocking”. However, the
dimensions of the J-Ring were modified to simulaieforcement in deep
foundations; the modifications are detailed in ®ecti.4.4. Therefore, a passing
requirement was not determined due to the unceytairthe concrete’s passing

ability determined from the Modified J-Ring compéte actual field conditions.
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« Stability: The concrete patty resulting from the slump flesttwas required to have
a VSl rating no greater than 2.0, because segregla¢icomes a concern for higher
values.

» Workability Retention: To ensure proper flow throughout construction,3i@C
was required to have a conventional slump, perforimedcordance with ASTM C
143, of no less than 6 in. after 6 hours. It wasneded that these shafts will be
completed in six hours. Therefore, it is also regfuthat the concrete reach final set
no earlier than 18 hrs. from the time of placement.

e Total Air Content: The total air content was also required to be withrange of 4 +
2% after the transportation period.

If the defined parameters were not met, the conevatediscarded and remixed. Other

fresh properties were recorded such as #eJIRing value, segregation index, and unit

weight, but these were not used as a means of acgeptrejecting the concrete.

3.2.2 HARDENED PROPERTIES

The average compressive strength)(Bf three concrete cylinders was specified to be no
less than 5,200 psi at a maturity of 28 days. Vhilge was chosen to ensure a specified
compressive strength {f'of 4,000 psi, based on the requirements of ACI D85)

shown in Table 3-1. Other hardened properties ssichaglulus of elasticity, drying
shrinkage and permeability were not specified, buevséill monitored and recorded for
quality control of the concrete specimens and tagare to the values from the

conventional-slump concrete.
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Table 3-1: Required average compressive strength when dateoaeyailable to
establish a sample standard deviation (ACI 318 2005)

Specified compressive Required aver age compressive
strength, ps strength, ps
f' ¢ <3000 for = f'c + 1000
3000< ' < 5000 o =Fc+ 1200
f' ¢ > 5000 fer = 1.10 i + 700

33 EXPERIMENTAL PROGRAM

The experimental program was split into two phadée first phase was the
development of two SCC mixtures in the laboratofje SCC mixtures were to be
placed in a test shaft alongside a similar shafteraf the conventional-slump drilled
shaft concrete used by ALDOT. The fresh and hardpnggkerties were tested for each
mixture and compared. At a later date the testsmall be exhumed and inspected for
defects. The second phase of the project will shelihe use of one of the SCC mixtures
for the foundation construction of the B.B. ComeidBe in Scottsboro, AL. The
research provided herein was for the first phasbeproject, which was the laboratory
development and testing of the SCC mixtures.

The mixtures were developed to evaluate the effiedifferent combinations of
water-to-cementitious material ratios (w/cm) and stmdggregate ratios (S/Agg) on
fresh and hardened properties. Three w/cm and SMegg chosen, and each w/cm was
paired with each of the S/Agg resulting in a totahimie SCC mixtures to be tested.
Table 3-2 lists the different w/cm and S/Agg and gittee name used to identify each
mixture. It should be noted that 30% of the to&hentitious content was replaced with
Class F fly ash for each of the 9 mixtures. Theéemals used for the mixtures include
Type | Cement, Class F Fly Ash, limestone powder,a@aise and fine aggregate. Each

of the materials are discussed in Section 3.5. lifiestone powder was used to create a
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modified version of Mix 2, referred to as Mix 2 (L.Fh an attempt to reduce bleed water.
Mix 2 was chosen because it had the better freghepties and will be used in the field
study discussed in Chapter 6; therefore, Mix 2 (WB% created to evaluate the
performance of limestone powder in large SCC aptitina.

Table 3-2: SCC w/cm and S/Agg vales used for experimental progra

w/cm
tem 038 | 040 | o042
0.45| Mix3a | Mix 2a Mix la
S/Agg | 0.50| Mix3 | Mix2* | Mix 1
0.55| Mix3b | Mix 2b Mix 1b

* Mix 2 was also made with limestone powder; that mngtis denoted as Mix 2 (LP)
Another purpose of this research will be to moniter flow of concrete in a

drilled shaft when placed using a tremie. To stadg understand the flow of concrete
better, different-colored 1/2-in. mortar cubes Ww#él placed into the tremie at different
stages of the concrete placement. Mortar cubes eleysen because they have a specific
gravity similar to that of concrete, meaning theeyt will not float or sink when placed in
the concrete. Five different colors — red, bludlow, green, and orange — of mortar
cubes were made using a powder coloring agent. Appat&ly eight thousand 1/2-in.
mortar cubes were made for each color to be dis&tbbetween the test shafts
constructed in the field. A record will be kept ofevheach color is put into the tremie
and how much concrete has been placed at that ¥een the test shafts are exhumed
they will be sawed in half, along the longitudinalsaxo expose the mortar cubes. The
shafts will be visually inspected, and the differerdrtar cubes will be located and their
position within the shaft noted. The data will lmenpared with the time at which the

cubes were placed.
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34 CONCRETE MIXTURE PROPORTIONS

The nine SCC mixtures shown in Table 3-2 were made Type | cement and 30%
Class F fly ash. The w/cm ranged from 0.38 to @d@ the S/Agg ranged from 0.45 to
0.55. The conventional-slump drilled shaft corere¢ferred to as the “Control” mixture,
used 25% Class F fly ash and had a w/cm of 0.4@e®/dgg of 0.36. Mix 2 was chosen
to be used in the field study discussed in Chaptdn an effort to reduce the amount of
bleed water, a related tenth SCC mixture, Mix 2 (lM@¥ developed. It was designed to
have the same proportions as Mix 2, except thesliom® powder made up 10% of the
powder material (cement, fly ash, and limestone poyated 30% of the cementitious
material (cement and fly ash) was fly ash. Formpimgose of this research, the limestone
powder was considered an inert material and was edigted to contribute to the
compressive strength of the concrete. Therefoeeptesence of limestone powder in
Mix 2 (LP) reduced the amount of cementitious matemnd increased the w/cm to 0.44.

Detailed mixture proportions are given in Table ®3all ten SCC mixtures as well as

the Control.
Table 3-3: Concrete mixture proportions
tem | Water, | Cement, Fly ash, ng\fvfjtg:e agcgorgrgszfte’ aggr'ggate’ HRWRA, | HSA,
Ib/yd Ib/yd Ib/yd Iblyd® Iblyd? Iblyd? oz/cwt oz/cwt
Control 280 525 175 0 1892 1080 6* 4
Mix 1 280 470 201 0 1496 1489 10 2.5
Mix 1a 280 467 200 0 1646 1346 8 2.5
Mix 1b 280 467 200 0 1343 1642 12 2.5
Mix 2 274 475 209 0 1493 1493 12 2.5
Mix 2(LP) | 274 432 185 69 1492 1492 8.5 2.9
Mix 2a 274 475 209 0 1645 1346 9 2.5
Mix 2b 274 475 209 0 1343 1642 12 2.5
Mix 3 267 483 219 0 1493 1493 12 2.5
Mix 3a 267 483 219 0 1644 1345 10 2.5
Mix 3b 267 483 219 0 1344 1643 11 2.5

Notes: HRWRA = high-range water-reducing admixtureAHShydration-stabilizing admixture

* Used a water-reducing admixture
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35 RAW CONCRETE MATERIALS

The raw materials used to develop the SCC mixturee wade up of powder material,
chemical admixtures, and coarse and fine aggre@dte.materials used for this research
were obtained from a concrete plant located in Sbotb, AL which is where the B.B.
Comer Bridge is located. The following sectionsciié® each raw material used, its

source and specific details.

351 POWDER MATERIAL

The powder material used throughout the courseietésearch included Type | portland
cement, Class F fly ash, and finely ground limestpowder. The cementitious material
was composed of a cement and fly ash mixture. iRedyfground limestone powder was
used as a filler and consisted of mostly inerticatlccarbonate material. All mixtures
were prepared with Type | cement and Class F fly lashthe limestone powder was

only used in one of the SCC mixtures.

3.5.1.1 Typel Portland Cement

The Type | portland cement use for this project masiufactured by National Cement
Co. in Ragland, Alabama. Type | portland cemeatgeneral purpose cement and
commonly utilized in general construction as weltaed shaft construction. It was
used in the Control mixture as well as the SCC megu The chemical composition of

the cement was tested by a commercial laboratorysamebvided in Table 3-4.
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Table 3-4: Chemical composition of National Type | portland egrin

Item % by Weight

Silicon Dioxide (SiQ) 20.47
Aluminum Oxide (A}O3) 4.59
Iron Oxide (FeO3) 3.31
Calcium Oxide (CaO) 63.40
Magnesium Oxide (MgO) 2.61
Sodium Oxide (N#D) 0.05
Potassium Oxide (¥O) 0.77
Total Alkalies as NgD 0.56
Titanium Dioxide (TiQ) 0.24
Manganic Oxide (MgD5) 0.04
Phosphorus Pentoxide,(By) 0.06
Strontium Oxide (SrO) 0.05
Barium Oxide (BaO) 0.03
Sulfur Trioxide (SQ) 2.81
Tricalcium Silicate (GS) 58.99
Tricalcium Aluminate (GA) 6.56
Dicalcium Silicate (GS) 14.18
Tetracalcium Aluminoferrite (§\F) 10.06

3.5.1.2 Class F Fly Ash

The Class F fly ash was provided by SEFA, Inc. andufactured in Cumberland,
Tennessee. Fly ash is a by-product of coal buramtyis collected from the stacks of
coal plants. Itis a fine material that providesnenting properties when mixed with
cement and water. Fly ash is less expensive thdlapd cement and is specified for
both the conventional-slump and SCC mixtures. @&bb details the chemical

composition of the Class F Fly Ash provided for hisject.
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Table 3-5: Chemical composition of SEFA Class F fly ash

ltem % by Weight
Silicon Dioxide (SiQ) 47.45
Aluminum Oxide (AbOs) 19.05
Iron Oxide (FeOs) 17.60
Calcium Oxide (CaO) 8.30
Magnesium Oxide (MgQO) 1.36
Sodium Oxide (NgD) 0.75
Potassium Oxide (O) 2.17
Titanium Dioxide (TiQ) 1.01
Manganese Dioxide (Mn£p 0.05
Phosphorus Pentoxide(B) 0.13
Strontium Oxide (SrO) 0.05
Barium Oxide (BaO) 0.07
Sulfur Trioxide (SQ) 1.44

3.5.1.3 Finely Ground Limestone Powder

Omya Canada Inc. out of Quebec, Montreal provideditiely ground limestone powder
used during the course of this research. The pohaidia mean particle size of
approximately 3im and was introduced in an attempt to control bigatér. Results
collected by Khayat et al. (2006) showed that corarentaining limestone powder
experienced an increase in early strength, butr@ivengths were reported at an age of
28 days. Since early strength is not requiredifdled shafts, it was assumed that the
limestone powder would not contribute to the compvesstrength of the concrete. The
powder was used to adsorb excess water not consurtiesl liydrating process. The
limestone powder is finer than the cement, thergboogiding more surface area for
attachment of excess water and ultimately reduciegcdowater. The limestone powder
was used in the SCC mixture labeled Mix 2 (LP), #tredchemical composition of the

material is given in Table 3-6.
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Table 3-6: Chemical composition of Omya 8y limestone powder

ltem % by Weight
Silicon Dioxide (SiQ) 3.46
Aluminum Oxide (AbOs) 1.29
Iron Oxide (FeOs) 0.30
Calcium Carbonate (CaGpD 93.08
Magnesium Carbonate (MgGD 1.64
Sodium Oxide (NgD) 0.03
Potassium Oxide (O) 0.29
Titanium Dioxide (TiQ) 0.01
Manganese Dioxide (Mn£p 0.01
Phosphorus Pentoxide(B) 0.01
Strontium Oxide (SrO) 0.02
Barium Oxide (BaO) 0.01
Sulfur Trioxide (SQ) 0.01

352 CHEMICAL ADMIXTURES

Chemical admixtures alter the performance of cdedi provide favorable results such
as increased workability, reduction in water conteh&nges in setting times, and
increase durability, just to name a few. Threeeddht admixtures were used in this
project to increase the workability and settingdiof the concrete. Grace Construction

Products provided the admixtures discussed indlhewing sections.

3.5.2.1 Water-Reducing Admixture

WRDA® 64 is the water-reducing admixture used fordbeventional-slump drilled
shaft concrete specified by the Alabama Departmemtarisportation (ALDOT). lItis a
polymer-based aqueous solution that reduces thermnod water needed to obtain a
certain level of workability (Grace 2008). The dosad this admixture was obtained
from approved mixture proportions developed by Katjzk Concrete Co. and tested in

the laboratory for verification. WRDA® 64 is spied to meet the requirements of
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ASTM C 494 (2005) Type A and Type Btandard Specification for Chemical

Admixtures for Concrete

3.5.2.2 High-Range Water-Reducing Admixture

The high-range water-reducing admixture, sometiraéssned to as a superplasticizer,
was ADVA® 380. This admixture is a high-efficiencylyiarboxylate solution chosen
to aid in the production of SCC. ADVA® 380 was sé&delcbecause of its ability to
provide increased workability while maintaining cagter stability. ADVA® FLEX and
ADVA® Cast 555 are HRWR admixtures that were usedeb#yinning of the
experimental program. However, the use of thesexdres resulted in high total air
content from extended mixing times of the transgtayh period. After many trial
batches, ADVA® 380 gave the best results and was chodemused in the SCC
mixtures. The dosage was determined through latmyrégsting and later tested at a
concrete production plant to find the full-scalesage rates. ADVA 380 is designed to

comply with ASTM C 494 (2005) and was used in the potidn of all SCC mixtures.

3.5.2.3 Hydration-Stabilizing Admixture

The hydration-stabilizing admixture used for tlimarete produced throughout this
study was called Recover®. Recover® provided delagiting times to compensate for
the lengthy placements associated with drilledtstaistruction. The dosage rate was
initially tested in the laboratory and then latested at a concrete batch plant to
determine dosage for full-scale production. Theagde was selected to achieve final set
no earlier than 18 hours after the placement ofir. Recover® was used for all SCC

and conventional-slump concrete mixtures, andmmlaes with ASTM C 494 (2005).

78



353 COARSE AGGREGATE

The coarse aggregate was supplied by Vulcan Mat&@lsn Scottsboro, Alabama. The
coarse aggregate chosen was a crushed limestoreotissted of No. 67 and No. 78
gradation for the conventional-slump concrete &@d3CC, respectively. The maximum
aggregate size of the No. 67 was 3/4 inch and th&8lbad a maximum aggregate size
of 1/2 inch. The smaller aggregate size was chfiseghe SCC mixtures in order to
increase the flowing and passing ability of the cetee The No. 78 aggregate was
transported from Scottsboro, Alabama, and a stoekypéls created at Twin City Concrete
in Opelika, Alabama. As needed, the coarse aggregeteshoveled into 55-gallon
barrels and stored in the Harbert Engineering Cedaberatory on the Auburn University
campus for testing. However, the No. 67 aggregateshigped directly to Auburn
University in three 55-gallon barrels; due to theBmmount of material needed, a
stockpile was not necessary. Once the No. 78 mateasdelivered, its gradation,
specific gravity, and absorption capacity were deieed. These tests were not
performed for the No. 67 aggregate because a steakps never created; therefore an
adequate representative sample could not be achiewv¢éesting. However, the
information was provided by Vulcan Materials Co. HBpecific gravity (SSD) and
absorption capacity were 2.73 and 0.64%, respeytifal the two aggregates. The
gradation for the No. 78 aggregate is provided gufé 3.1 along with the gradation
requirements from Table-1 of the American AssociatibBtate Highway and

Transportation Officials (AASHTO) M 43-88 (1997).
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Figure 3.1: No. 78 coarse aggregate gradation

354 FINE AGGREGATE

The fine aggregate was provided by Madison Matefiate Summit, Alabama. The
material was required for the conventional-slumfiettishaft concrete, and the material
was also used for the SCC mixtures for consistehdye the No. 78 aggregates, the
material was delivered and stockpiled at Twin Cityn@ete in Opelika, Alabama. When
needed for testing, the material was shoveled iftgdlon barrels and stored in the
laboratory. The material was tested for its spegfavity, absorption capacity, and
gradation. The specific gravity (SSD) and absorptiapacity were 2.71 and 1.58%,

respectively, which was consistent with the valuewigled by the supplier. The
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gradation of the fine aggregate was tested and ¢gedvin Figure 3.2 along with the

maximum and minimum requirements of AASHTO M 6-93 (299
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Figure 3.2: Fine aggregate gradation
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CHAPTER 4

LABORATORY MIXING AND TEST PROCEDURES

41 INTRODUCTION

Auburn University has a concrete mixing facility wittthe Harbert Engineering Center.
The mixing facility, shown in Figure 4.1, was complkin the summer of 2003 and
allows for a more controlled environment for conengtixing and testing. This area has
a 12-ff concrete mixer, drainage tank, area for moistoreection and a material weight
station. Along with the mixing facility, Harbert Emgiering Center also has a concrete
testing laboratory. The concrete testing laboyabhmuses a moist curing room for
specimen curing, two Forney compression machinpermaeability machine and a

length comparator for drying shrinkage readingbe €oncrete research facility at
Auburn University provides the necessary state-ofattiequipment needed to accurately

mix and test concrete specimens.

82



Figure4.1: Auburn University Concrete Mixing Facility (Bailey @)

42 BATCHING AND MIXING PROCEDURE

All raw materials were shipped and stored in 55-gatlarms in the concrete research
laboratory. Batching of materials began by weigtatgpowder material, cement, fly ash
and/or limestone filler in 5-gallon buckets progestaled with a lid to keep out and seal
in moisture. Once the powder material was batchedloeicoarse and fine aggregate
were ready to be batched. The aggregates were battbes-gallon buckets to an
estimated amount. Moisture corrections were peroron the aggregates to determine
their moisture state. Once the moisture correctiegr® done, the exact amount of
aggregates and water could be determined. Thegajgseand water were then weighed
out in 5-gallon buckets and sealed to keep anytom@igrom escaping. After all the raw

materials were properly weighed out, they were plamed to the mixer on top of the
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mixing deck. The chemical admixtures were then measusing 10- and 60-mL
syringes.

Before any mixing began, a “butter batch” was pregdy taking a small
amount, about 5 pounds, of cement and fine agggegitie cement and fine aggregate
were thrown into the 12¥concrete mixer, shown in Figure 4.2, with some water
properly coat the wall of the mixer so the cemest@af the mixing concrete would not
stick and be lost to the mixer wall. Once the mixas “buttered”, the concrete was
ready to be made. Due to the size of the mixertla@@mount of concrete needed for
testing, two batches were created for each concreteng The mixing procedure for
the second batch of concrete is slightly differfeoin the first, and both procedures are
shown in Table 4-1 and Table 4-2. The first bagduired two additional air readings
and a slump flow reading in the “Mixing at Batchmlasection of Table 4-1 to
determine the fresh properties before transportatuereas these values were not
required for the second batch. As mentioned ini@e&.5.2.2, other HRWR admixtures
increased the total air content throughout the mgixirocess; therefore, the additional
total air content tests were performed to moniterdbvelopment of air throughout the
mixing process. Likewise, the additional slump fieas determined at the end of the
“Mixing at Batch Plant” section to ensure the cotrdosage of HRWR admixture was
used to obtain desired filling ability after tharisportation period. A slump flow of 21 +
3 in. was required once the concrete arrived ajoihste; therefore, a slump flow of
approximately 26 in. was targeted at the batch plottounting for a loss in slump flow
during transportation. The slump flow, Modified (R total air content, unit weight
and temperature were tested at the end of the mptmgedures for both batches. Other
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tests performed from the first batch of concretduded: the slump flow retention,
segregation column, setting time, a 6 in. @ x 1Zyinder to be placed in a semi-
adiabatic calorimeter, as well as three 6 in. @ x12ylinders to be tested for
compressive strength and modulus of elasticitygtality control purposes. The
hardened properties were to be tested using theaterfcom the second batch, which
included: the compressive strength, modulus otielas drying shrinkage, and

permeability.
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Table 4-1: Procedure used to create batch No. 1

otherfresh and hardened concrete properties. (Slump flow = 21" +

Step Phase
1. Butter the mixer. 4
©
2. Add coarse and fine aggregate into the mixer. E)’
()}
(@]
3. Add 80% of the mixing water. <
o
4. Mix for 1 minute. E’
=
. [8)
5. Stop the mixer. o
6. Add all cementitious materialStart Time).
7. Add the rest of the mixing water.
8. Mix for 2 minutes. While mixing add S
+—= O
+ Retarder (“Recover”) g
0P
9. Stop the mixer and takeveater slump reading £ 3in.) andtotal air f_; g-;.
| G o
content reading. g <
o =
=
10. Mix for 5 minutes, while mixing add :§ 5
)
=
* Any HRWR admixture (“ADVA 380") S
11. Stop Mixer.
12. Test theslump flow (= 26 in.) and takéotal air content reading.
£ _
23
13. Run the mixer for an additional 10 minutes whilee®d. L ® =
= o
n_->
14. Stop the mixer and leave mixer off for addition@lrBinutes. e § 5
C Qo
o Lo}
15. Run the mixer for an additional 10 minutes whilee®d. = (g, 5
€ cXx
o % O
16. Stop mixer and takeotal air content reading (4% +2%) along with all %g a
S 7S
= Qs
5 x
2=

3in)
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Table 4-2: Procedure used to create batch No. 2

all otherfresh and hardened concrete properties. (Slump flow =

Step Phase
1. Butter the mixer. D
©
2. Add coarse and fine aggregate into the mixer. ?
()}
(@)
3. Add 80% of the mixing water. <
o
4. Mix for 1 minute. g
=
. <8}
5. Stop the mixer. o
6. Add all cementitious materialStart Time). T
o
7. Add the rest of the mixing water. =
3 -
8. Mix for 2 minutes. While mixing add a §
R “ ” % 2l
. etarder (“Recover”) M o
= £
9. Stop Mixer and takevater slump reading € 37). > é
X B
10. Mix for 5 minutes, while mixing add = g
(@)
-
* Any HRWR admixture (“ADVA 380") =
g Il
11. Run the mixer for an additional 10 minutes whilee®d. ;5;,9
Qo e
=2 - o
12. Stop the mixer and leave mixer off for addition@lrBinutes. ‘g '8 ;
S Qo
13. Run the mixer for an additional 10 minutes while@ed. 2 7] 0
T o0
£ cXx
14. Stop mixer and takeotal air content reading (4% +2%) along with 8% S
o]
=2s=
5 =
2=

21" + 3in)
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The two mixing procedures shown in Table 4-1and Tdkteare divided into
three phases, “Blending of Aggregates”, “Mixing at&h Plant”, and “Transportation to
Site”. This was done to simulate the mixing prodess would occur during the
construction of the B.B. Comer Bridge. It was assdrhat the concrete would remain
in the concrete truck for approximately 50 minuéer batching; this took into account
the commute from the batch plant to the jobsite@lé as any delays that might occur
once at the jobsite. It should also be notedtti@mixing speed was specified to imitate
speeds that would occur while the concrete was icdherete truck. When the material
is first place into the concrete truck it is mixatchigher revolutions-per-minute (rpm),
but the speeds significantly slow down once the agrdruck begins the commute to the
jobsite. It was assumed that the initial mixing #&@shsportation speeds of the concrete
truck were 18 and 7 rpm, respectively. However, theekt speed of the laboratory
mixer was 18 rpm. In order to properly simulate [t mixing speeds during
transportation, the laboratory mixer was raisedofaraximately 5° off vertical. By doing
so the agitation experienced by the concrete itaheratory was reduced to match that
of the concrete truck during transportation. Thiging procedure was also credited with
reducing the entrapped air of the concrete duéddianal agitation from higher mixing
speed, and therefore reducing the total air coratktiite mixture upon arrival to the

construction site.
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Figure4.2: 12-f concrete mixer (Bailey 2005)

43 MORTAR MIXING AND CUBE PREPARATION

Mortar cubes, discussed in Section 3.3, were maidg sgica fume, Type | White
Cement, Madison Sand and water. The silica fumesmiadb% of the total cementitious
material and was used to modify and strengthen tivéams pore structure. The mixture
proportions for the colored mortar cubes are ginehable 4-3. The material was
batched much like the concrete, using 5-gallon btsctio weigh out the material. The
fine aggregate was estimated and then weighed aftsture corrections were
performed. The material was placed into the mixer @lowed to mix for two minutes,
at which point the concrete color and HRWR admixtuas added. The concrete color
was a powder admixture provided by L.M. Scofield Camp Initial proportions were
calculated for the coloring admixtures, but addiéibcoloring was typically added as

needed to obtain the desired appearance as noledbia 4-3. The material continued
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mixing for five minutes until the mortar was suféaitly mixed. Once completed, the

mortar was placed into a wheel barrow and transpootéie location where the cubes

were made.
Table 4-3: Mixture proportions for colored mortar cubes
— . " .
tom | Water,| Cement| SHE | T i, HRWRA
3 ) 1
Ib/ft Ib/ft Ib/ft® b/ft® Ib/ft3 oz/cwt
Red 14 44 2 107 3 24
Blue 14 44 2 107 2 21
Yellow 14 44 2 107 6 24
Orange 14 44 2 107 g+ 24
Green 14 44 2 107 3 24

Notes: HRWA = high range water reducing admixture

*Additional color was added as needed for desirgubapance

**Comprised of 2 Ib of Red and 6 |b of Yellow

A 2 ft. by 4 ft. Polystyrene light diffuser paneltivil/2 in. spacing, shown in

Figure 4.3, often utilized as a florescent light@g was used as the form to make the
cubes. The lighting fixture was attached to a p@ct4-inch plywood using screws,
washers, and wing nuts, shown in Figure 4.4. A plasiset was placed between the
plywood and form, the form was then sprayed with WDsprevent the cubes from
sticking to the forms. The mortar was then plagediteowelled to sufficiently fill the
forms. After placing the mortar, a belt sandeot@cted by a plastic cover, was used to
consolidate the mortar in order to guarantee adequamnsolidation. The forms were then
covered with a wet burlap cloth, which was also covésed plastic sheet to help
maintain the burlap’s moisture. After the forms vélled, 2-in. cube specimens were
made in accordance with ASTM C 1@andard Test Method for Compressive Strength

of Hydraulic Cement MortarsAll equipment and procedures met the requirements
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specified in ASTM C 109. The 2-in. mortar cubes wstoged in the moist curing room
covered with a burlap cloth for a period of 24 hoafser which they were stripped from
the form and placed into a lime bath until testiffidne 2-in. cubes were tested in a 400-
kip Forney compression machine at an age of 28.dafter 24 hours from the time of
mixing, the 1/2 in. mortar cubes were stripped ftbeir forms, shown in Figure 4.5, and
placed into 5-gallon buckets and stored in the treaiesng room for 28 days. The
buckets had 3/16-in. diameter holes drilled in® Itlottom and sides of the bucket to
allow any standing water to drain. Twenty-eight dafgyer mixing, the compressive
strength of the 2-in. cubes was determined, an8-@lon buckets with the 1/2-in.

cubes were placed into dry storage.

Figure 4.3: Polystyrene light diffuser panel used for mortaoedorm
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Figure4.4. Screw, washer and wing nut configuration used to @netortar cube form

Figure4.5: Colored 1/2 in. mortar cubes

44  FRESH PROPERTY TESTING

The fresh properties of the concrete were testeddar to quantify the rheological
performance of each mixture. The slump flow, sldlop retention, segregation

column, unit weight, air content, and setting timese used to determine the fresh
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properties of the SCC. The J-Ring test was alsimpred, but the dimensions of the J-
Ring were modified to represent a reinforcementisigatiore suitable for drilled shaft
projects; therefore, for the remainder of this rgpowill be referred to as the Modified

J-Ring to differentiate from the J-Ring specifiaddSTM C 1621 (2005).

441 WATERSLUMP

The water slump was measured in accordance with ASTIM3J2005) Standard Test
Method for Slump of Hydraulic-Cement Concrelde water slump was taken before the
addition of the HRWR admixture for each SCC mixtufde water slump was

performed to determine the consistency of the @irdvefore the addition of the HRWR
admixture. Materials used to perform the test atletpecifications and are shown below

in Figure 4.6.

Figure 4.6: Water slump testing equipment and setup
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442 SLUMPFLOW

As discussed in Chapter 2, the slump flow test chariaes the filling ability of SCC.

The test was done in accordance with ASTM C 1611 (R@i&ndard Test Method for
Slump Flow of Self-Consolidating Concreféhe slump flow was taken before and after
the 50-minute transportation period for the firatdh of concrete mixed; the slump flow
test was only taken at the end of the mixing pefiwdhe second batch of concrete. The
SCC mixtures tested for this project were all penied with the slump cone in the
inverted position, as illustrated in Figure 4.7%r Ehe specifications, all surfaces were
moistened before the concrete was placed into the itoone lift using a 5-gallon
bucket. The cone was then lifted 9 + 3 in. fromlihse plate, allowing the concrete to
flow into a circular spread. The diameter of theegp was measured in two
perpendicular directions, and the average of thewa® recorded as the slump flow. The
required slump flow after the transportation pemas 21 = 3 in. The testing equipment

and setup are shown in Figure 4.7.

Figure 4.7: Slump flow testing equipment and setup
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The slump flow test was performed by one personalagcond person was
needed to determine thgpfime. The second individual started the stopwatute the
cone was lifted and stopped it once the concretshesha diameter of 20 in. The time
required for the concrete to flow from the initi@gition to a 20 in. diameter was
recorded as thesd. It should be noted that there was not a requaade for the J
time, but it was recorded as a means to compar@gbesity of different mixtures.

The Visual Stability Index (VSI) rating was also aetaed from the concrete
patty obtained after the slump flow test was condlictEhe VSI is a measure of the
dynamic stability, because the slump flow was peréatmirectly after mixing. The
concrete was considered unstable and was rejedteel fS| rating was greater than 2.0.
When moistening the slump flow table precaution wasdéto remove as much excess
water from the table, because if standing water ne@taon the table the VSI rating

would appear higher. The criteria for the VSI ratang shown in Figure 2.3.

443 SLUMPFLOW RETENTION

The workability of SCC is important, but it is juesd critical to maintain workability
when placing deep foundations. Deep foundationgalemultiple hours to complete
and there can also be delays while placing duefficuties, which is why the concrete
must maintain its workability. To do so, the slufigw, described in Section 4.3.2, was
performed every 30 minutes for a total of 6 hodtsracompleting the mixing process,
which is referred to as the Slump Flow Retentione THst two tests, 5.5 and 6 hours

after mixing, were performed by the water slump testhods described in Section 4.4.1.
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444 MODIFIED J-RING

As mentioned in the introduction to Section 4.4,3Heing specified in ASTM C 1621
(2005) was modified, as permitted by PCI (2003}%itoulate the reinforcement in deep
foundations. The J-Ring specified in ASTM C 162Q0R2) uses a 12-in. diameter ring
with sixteen 5/8-in. diameter smooth dowels to olusttivie concrete’s flow. This creates
a 1.74-in. clear spacing between the dowels. Thisceasidered too congested to
accurately represent drilled shaft applicationbe @owel spacing was modified based on
a maximum spiral pitch of 3 in. required for thetpm of concrete below the pile cap in
a Zone 2 seismic area (AASHTO 2005). It is also ingodrto note that the ring and
dowel diameter were held constant at 12 in. andrb/8aspectively, for the Modified J-
Ring. In doing so, the number of dowels was reddicad 16 to 13, which increased the
clear spacing from 1.74 in. to 2.27 in.

Sizing requirements for spiral reinforcement argdobon the minimum
volumetric spiral reinforcement ratipgf for compression members as defined in ACI
318 (2005) by Equation 4.1. Equation 4.1 can bdifigal to determine the minimum
size of reinforcing bar required based on conaiatesteel properties, shaft geometry,
and pitch spacing as shown by Equation 4.2 and kouét3. Utilizing Equations 4.2
and 4.3, a 5.5-ft diameter shaft designed in a Zoseismic area (i.e. spiral spacing less
than or equal to 3 in.) with 4,000 psi concrete @adsverse steel with a yield strength of
60,000 psi would require No. 5 (5/8-in. diameteryapieinforcing bars, which are the

bars specified for both the ASTM C 1621 (2005) Jgrand the Modified J-Ring.
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Psreqa = OAE(i—lJ e Equation 4.1
An )Ty

Where, A is the gross area of the concrete shaft i in.
Aqn is the area of concrete confined by the spirag doin?,
f' ¢ is the compressive strength of the concrete ingsl
fyt is the yield strength of the transverse reinforeetin psi.

And ps, reqaCan also be written as,

7D 4
Psreqa = VD )A, - 2A Equation 4.2
| D¢ Delsp
4 s

Where, R is the diameter of the spiral core, in., measangdo out,
lsp is the spiral pitch, in., and
Aspis the cross-sectional area of the spiral reirgorent, if.
Therefore, substituting Equation 4.2 into Equadohand solving for the area of the

spiral,

Equation 4.3

_ 048D, (A N1
g 4 (A, )1

yt

The procedure used for the Modified J-Ring test svaslar to the slump flow
test. The base board and slump cone were moisteitied damp sponge. The Modified
J-Ring was placed in the middle of the base boaddtlae slump cone was placed, in the
inverted position, in the middle of the ring. Téwncrete was placed into the cone, using

a 5-gallon bucket, in one lift. The cone was thiéed straight up 9 + 3 in. and the
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diameter of the spread was measured in two diresfp@rpendicular from each other.
The average of the two diameters was recordedhéModified J-Ring reading. The
difference between the slump flow and the ModifieRing flow was used as an
indication of the concrete’s passing ability, wharéifference less than 1 in. was
considered good passing ability and a value grélager 2 in. was poor passing ability

(ASTM C 1621 2005).

1.5"

13 bars of
diameter 5/8”
spaced
evenly
around ring

2.27" 4

Figure 4.8: Modified J-Ring
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445 SEGREGATION COLUMN

As the name suggests, the segregation columndestaines the concrete’s resistance to
segregation. The procedure was performed in aaccedwith ASTM C 1610 (2005),
Standard Test Method for Static Segregation ofGelfsolidating Concrete Using
Column TechniqueThe equipment used for the segregation colusingeshown in

Figure 4.9.

Figure 4.9: Segregation column equipment and setup (Bailey 2005

The segregation column test was constructed ostlegdule 40 PVC pipe 8
inches in diameter and 26-inches tall. The coluvas divided into four 6.5-inch tall
sections. Each section was held together by cldntipg) down onto L-brackets attached

in four locations around the outside of each sactibhe column is attached to a rigid
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non-absorbent base plate. A collection plate Wss @nstructed out of a rigid non-
absorbent square plate with a semi-circular cutotite middle of the plate measuring
8.5 inches across.

The test was performed by first assembling theegggion column and placing it
on a level surface, as shown in Figure 4.9. Fecesiltrete was placed in the column
using a 5-gallon bucket. Once full, the excessete at the top was removed by using a
strike-off bar. The concrete was left, undisturdadhe column mold for 1 hour. ASTM
C 1610 (2005) specifies the concrete be left, uahed, for only 15 minutes. The
extended period of time used for this project wededed to more closely match the
lengthy placement times associated with deep fdioda After the resting period, the
top and bottom sections were removed and placedparate 5-gallon buckets using the
collector plate; the two middle sections were dided. The top and bottom sections
were then washed over a No. 4 sieve to removéalines. The remaining coarse
aggregates were brought to a saturated-surfacstaligy and then each section was
weighed to the nearest 0.1 pound. The percemt stgregation was then calculated
using Equation 2.1. If the mass of the coarseexgge happens to be greater in the top

than the bottom, then there is considered to b&tata segregation.

446 UNIT WEIGHT AND AIR CONTENT

The total air content and the unit weight of theaaete was tested in accordance with the
procedure listed in ASTM C 138 (2005tandard Test Method for Unit Weight, Yield,
and Air Content The test was performed to determine the weightpbic foot and the

percentage of air voids within the concrete. Ajlipment, shown in Figure 4.10, used
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was within specifications described in ASTM C 1328(@5). The procedure was followed
as closely as possible for SCC mixtures with sorodifitations to account for SCC
fresh property characteristics. The 1ebntainer was filled in three lifts using a 5-
gallon bucket, and each lift was tapped, usingodeu mallet, 10-15 times around the
outside of the container. This was done in ordeetluce the possibility of any large
voids that might form around the edge of the car@awhile maintaining minimal
consolidation. The excess concrete on the topthesremoved using a strike-off plate,
and the container was weighed to determine thehweigthe concrete per cubic foot.

The air content was then determined immediatebr dfte container was weighed.

Figure 4.10: Air content and unit weight equipment
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44,7 SETTING TIME

Setting time of the concrete was tested in acca@anth the procedure listed in ASTM
C 403 (2005)standard Test Method for Time of Setting of Coeckdiktures by
Penetration ResistanceThe test was performed in order to determinerthial and final
setting times of the concrete mortar by measutmgesistance to penetration. All
equipment, shown in Figure 4.11, was within speatfons described in ASTM C 403
(2005). ASTM C 403 (2005) specifies that when dateing the setting time of
concrete, the sample must be taken by placing etmower a No. 4 sieve and placing it
on a vibration table in order to remove the maitam the concrete. It is not acceptable
to use prepared mortar that is intended to reptesermortar portion of the concrete
mixture. The concrete mortar was placed and sealad aluminum container and was
tested as needed, using a penetration resistapeeadips, to ensure at least six
penetrations from the time of initial to final sé&.hole, 3/16 inches in diameter, was
drilled into the side of the aluminum container anithermocouple wire, connected to a
maturity meter, was placed inside the concretéabthe temperature could be recorded
at the time of each reading. Prior to taking gaehetration reading, the container was
lifted at a slight angle and the excess bleed wa#srremoved. Initial and final set times
were specified as the time it took for the concratetar to reach a resistance of 500 and
4,000 psi, respectively. For the use of this mripjthe final set time was targeted to be no
earlier than 18 hours after placement. The coattm of deep foundations may take
many hours, and it is necessary that the conceetain viscous until the shaft is

completed; therefore, it is required that the ceteenot reach final set until 18 hours after
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mixing. This ensures that the concrete in thetsh@#s not set in layers, causing weak
planes throughout the shatft.

The setting time of the concrete was also morstdnethe use of semi-adiabatic
calorimetry. A 6-in. diameter by 12-in. high cydier was placed into a semi-adiabatic
calorimeter, and the temperature change in theretsmwas recorded. The data collected
from the calorimeter were used to generate senaibadic temperature profiles for
estimation of the initial and final setting timefstioe concrete. The setting times of the
concrete were estimated using the “Derivatives’hodt which defines final set as the
time of the maximum first derivative and the inisat as the time of the maximum
second derivative of the temperature versus timéler(Sandberg and Liberman 2007).

The data could then be compared to the results fin@npenetration test.

Figure4.11: Setting test equipment
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45 HARDENED CONCRETE PROPERTIES

451 MAKING AND CURING SPECIMENSIN THE LABORATORY

The concrete specimens were made and cured indaste with the procedure listed in
ASTM C 192 (2005)standard Test Method for Making and Curing Conciiedst
Specimens in the LaboratonAfter the concrete was made in the laboratorpyna
specimens were created for testing. The speciused for testing consisted of 6-in.
diameter by 12-in. high cylinders, 4-in. diametgr@in. high cylinders and 3 in. by 3 in.
by 12 in. prisms. The procedures were followedlasely as possible for SCC mixtures
with some modifications to account for SCC fresbparty characteristics. The 6-in.
diameter by 12-in. high cylinders were cast in ¢hseparate lifts and tapped, using a
rubber mallet, 10-15 times around the outside efaylinder for each lift. The 4-in.
diameter by 8-in. high cylinders and 3 in. by 3bg.12 in. prisms were cast in two lifts
and tapped, using a rubber mallet, 10-15 timesratdioe outside of the molds. Once the
cylinders were created they were securely cappeatrder to retain all moisture, and
stored in the laboratory until the concrete reacedge of 24 hours or twice that of the
initial set. Once the concrete reached the ap@tepage, the specimens were demolded
and placed into the moist curing room. The maising room had a constant
temperature and humidity of 73 °F and 100%, respelgt The cylindrical specimens
were left in the moist curing room until testin@nce the prism molds were filled, they
were covered in moist burlap and promptly placed the moist curing room to ensure
the burlap remained wet. The prisms were then tisdmfter they reached an age of 24

hours or twice initial set and placed into a lins#th The concrete prisms remained in
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the lime bath for 7 days and were then removedpdanckd into air storage during the

testing period.

452 COMPRESSIVE STRENGTH

The compressive strengths,fivas determined in accordance with the procedstedlin
ASTM C 39 (2005)Standard Test Method for Compressive Strength fdical
Specimens The equipment used to determine the compressigagth of the concrete
met all the requirements specified by ASTM C 390&0 The compressive strength was
tested at ages of 7, 28 and 56 days using a Faormapression machine capable of
applying 600,000 pounds of force, shown in Figue4 The specimens were tested
using unbonded caps that met the requirements ®VAS 1231 (2005)Standard
Practice for Use of Unbonded Caps in Determinatdi@ompressive Strength of
Hardened Concrete Cylinder€ach 6-in. diameter by 12-in. high cylinder i@eded at

a rate of 35 psi/s, which corresponds to 60,000rivs and loaded until failure. The
ultimate load applied was recorded in pounds auadield by the surface area of the
cylinder to give the ultimate compressive stressnits of psi. The ultimate compressive
stress was determined for three specimens, aravérage was recorded to the nearest

10 psi.
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FORNEY

alt

Figure 4.12: 600-kip Forney compression machine (Bailey 2005)

453 MODULUSOFELASTICITY

The modulus of elasticity,;Ewas determined in accordance with the procedsted|in
ASTM C 469 (2005)standard Test Method for Static Modulus of Elastiand

Poisson’s Ratio of Concrete in Compressidre equipment used to determine the
elastic modulus of the concrete met all the reaquinets specified by ASTM C 469
(2005). The modulus of elasticity of the concnetes tested at the same ages as the
compressive strength using unbonded caps spebifiddSTM C 1231 (2005). A
Humboldt compressometer with a digital gauge wasl s determine the modulus of
elasticity. The compressometer was securely plaogalthe middle of the concrete
cylinder and then placed into the Forney compressiachine, as shown in Figure 4.13.
The specimen was loaded to 40% of its compressigagth, without recording any data,

in order to properly seat the equipment. The speciwas then reloaded at a rate of
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60,000 Ibs/min; the data was recorded, and the fuedi elasticity was determined
using Equation 4.2. After an initial seating laaatle, the modulus of elasticity test was
performed three times for each specimen and thegeef the three readings was
recorded. The test was performed on two of theetleylinders used during compressive

strength testing and the average of the two spedmeas recorded to the nearest 50 ksi.

E= _&mS) Equation 4.4
(¢, —0.00005

Where, E is the Chord Modulus of elasticity, psi,
S, is the stress corresponding to 40% of the compessrength, psi,
S, is the stress corresponding to a longitudinairswé50 millionths, psi,
and,

g2 IS the longitudinal strain produced by. S

Figure 4.13: Concrete cylinder with compressometer attached€B&i005)
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454 DRYING SHRINKAGE

The drying shrinkage was determined in accordarittetive test procedure outlined in
ASTM C 157 (2005)Standard Test Method for Length Change of Hardéthttaulic-
Cement Mortar and Concretelhe equipment used to determine the drying khga

met all the requirements specified by ASTM C 4630&). The test was run using 3 in.
by 3in. by 12 in. prisms described earlier. Afttez prisms were removed from the lime
bath and placed into air storage, their lengthsatfxe to a reference bar) were measured
atl, 2, 3,7, 14, 28, 56, 91, 180 and 365 days fieir removal. The lengths were
measured using a Humboldt length comparator witabgauge, shown in Figure 4.14,
and the drying shrinkage was calculated using Eodt3. The test was performed on

three specimens for each mixture, and the averatpe three readings was calculated.

(CRD- initial CRD)
G

AL = Equation 4.5

Where,AL is the length change of specimen at any age,asii@in,
CRD is the difference between comparator readirgpetimen and
reference bar, and

G is the gage length, 10 in.
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Figure 4.14: Humboldt length comparator with concrete specimsh@ism mold

455 PERMEABILITY

The permeability of the concrete was determineacitordance with the test procedure
outlined in ASTM C 1202 (20055tandard Test Method for Electrical Indication of
Concrete’s Ability to Resist Chloride lon Penetoati The equipment used to determine
the permeability met all the requirements specifigldASTM C 1202 (2005). The test
was performed on 4-in. diameter by 2-in. high cetespecimens cut from 4-in.
diameter by 8-in. high cylinders described earli€he specimens were cut from the top
2 inches of the concrete cylinder. Two specimeasfrom two different cylinders of the
same concrete batch, were tested for each conuretere at ages of 91 and 365 days.

Proove’ It cells and a Model 164 Test Set with LEE@douts, automatic shut off, and
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automatic processing equipment, shown in Figurb,4rkre used to determine the
permeability of the concrete specimens.

The test specimens had to be properly prepareaddie permeability test was
performed. The specimens were cured in the margaig room until the day before
testing, at which point they were removed, cut prepared for testing. Once the
specimens were cut, they were placed into a vaaesitcator for a three-hour period.
At the end of the three-hour period, the contamas filled with de-aerated water while
the pump continued to run. The specimens weresldfinerged in the de-aerated water
for another hour, at which point the vacuum wasédroff and the top was removed
from the vacuum desiccator. The specimens wetsidimerged for 18 hours, then
placed into the Proove’ It cells. One side of Bmeove’ It cell was filled with NaOH
while the other was filled with NaCl. The cellsnedhooked up to the Model 164 Test
Set and tested for a 6-hour period. The testtewdre printed out and the average of

the two test specimens was determined.

Figure 4.15: Model 164 test set and Proove’ It cells (Bailey 200
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CHAPTER 5

PRESENTATION AND ANALYSISOF LABORATORY RESULTS

51 INTRODUCTION

As so often stated, this research compares SQ@tmt conventional-slump concrete for
drilled shaft application. The following chapteillweport and discuss the results
obtained from the laboratory study of both the @ntional-slump and SCC mixtures.
The mixtures include a conventional-slump concceiteently used in drilled shafts,
which will be referred to as the ‘Control mixtureThe remaining mixtures are SCC with
varying water-to-cementitious and sand-to-aggregates; resulting in a total of nine
SCC mixtures as shown in Table 3-2. In additiore 8CC mixture was made with
limestone powder, which will be referred to as ‘NaXLP)'.

The results include data from fresh property tgstia well as hardened property
testing. All tests and data was performed ancectd@d at Auburn University’s Harbert
Engineering Center laboratory. The data are ptedealong with conclusions formed
and trends recognized throughout the experimettdl/s The chapter also includes

results documented from SCC mixtures that wereymed at a concrete plant in
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Scottsboro, Alabama. The results are compareabtaratory data collected from
equivalent mixtures. The chapter concludes wghimmary of the results presented

from SCC and conventional-slump concrete testing.

5.2 FRESH PROPERTIES

The fresh properties that were tested include Iltrags flow and slump flow retention,
modified J-Ring, setting time, and segregating mwiwata. The tests were performed in

accordance with the procedures described in Chdpter

521 SLUMP FLOW

The target slump flow value for SCC mixtures ptmthe 50-minute transportation
period was approximately 26 inches. The valuegwested from the first batch of
concrete and were recorded between 26 and 28 imabieMix 3b having an apparently
low value of 22.5 inches, see Figure 5.1. Thisaagpt low value could have been
adjusted by the use of additional HRWR admixtudewever, these values were not
used for quality control measures and strictly usedn indicator in order to obtain

adequate indication of flow at time of placement.
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SCC Mixture ID

Figure5.1: SCC slump flow values at plant (before 50-minugéas$portation period)

The slump flow values were measured from both estdi concrete after the 50-
minute transportation period to represent the atraat the time of placement. The
values provided in Figure 5.2 were above the |dimat of 18 inches; however, the
mixtures with a HRWR admixture dosage of 12 ozAsete higher than the proposed
upper limit of 24 inches. Despite the higher sluiopr values, the concrete remained
stable, therefore allowing the mixture to be uswddsting. As long as the concrete was
stable and of good quality, the higher slump flaadues will be beneficial for drilled

shaft applications. The stability of the concnetl be discussed later in this section.
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Figure5.2: Slump flow and corresponding HRWR admixture dodag&CC mixtures
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Tso times were recorded with each slump flow, andviilees are plotted in

Figure 5.3 and Figure 5.4 for the first and sedoath, respectively. Slump flow values

greater than 22 inches have lows Times except for the SCC mixture containing the

limestone powder. This may be a result of the pavedbsorbing excess water and

ultimately increasing the viscosity of the mixtuwehich would increase thesdtime. It

should also be noted that gyTime was not recorded for Mix 3a from the firstdlaand

Mix 2a from the second batch because the slumpWa® less than 18 inches and the

flow patty must reach a diameter of 20 inches fdgxgtime to be recorded. Mix 3b had

significantly higher §, values for both batches of concrete. This highevaould be

attributed to the low w/cm of 0.38 and the high &j/f 0.55 creating a thicker more

viscous paste and increasing thg fime.
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Figure5.3: Slump flow and ¥, values recorded at jobsite for first batch
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The VSI was also determined for each slump floWgseed in order to
determine the stability of each mixture. The mtinethod is very subjective and is based
on the visual observation of the technician. TEB&3nixtures were stable with VSI
ratings ranging from 0.0 to 1.5. These values wezk within the requirements set forth
at the beginning of the project.

The slump flow retention was also recorded fohe®€C mixture to determine
each mixture’s ability to maintain workability. &slump flow retention was determined
from the first batch of concrete. The slump fle@tention data for each of the concrete
mixtures is shown in Figure 5.5.

Each SCC mixture had better slump values afterusshinan the conventional-
slump concrete; in fact most of the SCC mixturgseet Mix 1a, Mix 2 (LP), and Mix
3b, exhibited greater slump values 6 hours afterngithan the Control at the time of
placement. These values clearly fall within theoramendations of the FHWA Drilled
Shaft Manual that states a slump of at least 4egchust be maintained for 4 hours after
mixing (O’Neill and Reese 1999). All SCC mixturescluding Mix 1a, averaged a
slump of 8 inches 6 hours after placement. Mixvaa slightly lower at a slump of 4.5
inches 6 hours after placement, but still well witthe requirements of the FHWA
Drilled Shaft Manual. It should also be noted tit SCC mixtures only used 2.5 oz/cwt
of hydration-stabilizing admixture compared to @entrol at 4.0 oz/cwt, given in Table

3-3.
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Figure5.5: Slump flow retention of SCC mixtures with (A) w/cD.42, (B) w/icm =
0.40, (C) w/icm = 0.38
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522 TOTAL AIR CONTENT AND UNIT WEIGHT

The total air content and unit weight of the cotemas measured at the plant as well as
the jobsite for quality control measures. The fualbntrol limits for the total air content
ranged from 2-6% once the concrete arrived todbsife. The values recorded for the
total air content and the unit weight are givefable 5-1. When tested at the jobsite, all
concrete mixtures were within the requirementdat at the beginning of the program.
The total air content increased within the 50-menwansportation period for all SCC
mixtures from the first batch of concrete. Oridipall SCC mixtures were designed
using an air-entraining admixture. Early in thiedeatory mixing program it was
discovered that the total air content significamtigreased during the transportation
period to the point at which the total air contehthe concrete was no longer acceptable.
It was believed that air was being entrapped irctiverete from the extra mixing
occurring during the transportation period, thergtzyeasing the total air content.
Because of this observation, the air-entrainingiatime was removed from the design
and more acceptable concrete resulted.

The unit weight of all concrete mixtures was deieed and these values are also
shown in Table 5-1. The average unit weight of Sfi€&tures at the plant and jobsite
were 147.4 pcf and 145.7 pcf for the first batcleaficrete, respectively. This was a
1.0% decrease in unit weight for the SCC mixtuwdsch can be attributed to the
increase in total air content. The second batckhi® SCC mixtures had an average unit
weight of 145.5 pcf at the jobsite, but the valwese not recorded at the plant.

However, the Control mixture experienced a 2.0%sdase in unit weight from the plant

to the jobsite. Similarly, the average unit weigh6CC at the plant was approximately
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3% higher than the Control mixture; whereas, théwaight for both batches of SCC
was less than a percent lower than that of therGomixture at the jobsite. The
relatively low difference between the unit weighttee SCC and Control shows a

consistency of the unit weight of SCC with thatohventional-slump concrete.

Table 5-1: Air content and unit weight of all concrete mixtsire

First Batch Second Batch

Plant Values Jobsite Values Jobsite Values

Iltem Air Unit Air Unit Air Unit
Content | Weight | Content | weight | Content | weight

) | ech | @) | e | % | (pch

Control 5.50 143.4 3.50 146.4 3.00 145.6

Mix 1 2.25 147.5 5.25 142.8 4.00 145.2

Mix 1a 1.75 145.9 3.50 145.6 4.00 143.9

Mix 1b 2.50 145.4 4.50 143.0 6.00 140.4

e Mix 2 2.00 146.4 3.25 145.9 2.00 147.1
% Mix 2 (LP) 1.25 147.8 2.00 147.4 2.00 147.5
g Mix 2a 2.75 146.9 6.00 142.2 6.00 142.6
Mix 2b 1.50 147.2 2.00 146.6 4.00 143.8

Mix 3 1.00 150.5 1.75 150.8 2.00 148.0

Mix 3a 1.00 148.3 3.50 145.2 2.00 148.9

Mix 3b 2.50 148.0 2.50 147.2 2.50 147.0

5.2.3 MODIFIED J-RING TEST

The Modified J-Ring test was performed at the enth@ transportation period for each
SCC mixture. The difference between the slump o the Modified J-Ring flow
provided an indicator of the passing ability of tocrete, and these results are shown in
Figure 5.6. Based on the difference between thasiflow and the J-Ring flow, ASTM

C 1621 (2005) assigns a “blocking assessment’@&tC. A difference in flow greater
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than 2.0 inches is considered “noticeable to exg¢rblacking” as shown in Table 2-1
(ASTM C 1621 2005). Most of the SCC mixtures toe second batch of concrete
exhibited a difference in flow of 2.50 in. or lefise exceptions being Mix 2 (LP) and
Mix 3b that had blocking assessments of 3.50 id.&B5 in., respectively. These two
mixtures had high viscosities which were indicdtgahe high T, times of 10.6 and 23.0
seconds, respectively. However, the first batcbooicrete exhibit much larger
differences between the slump flow and the ModifleRling flow, but it is not apparent if

these mixtures will exhibit acceptable passingitghiinder actual field conditions.
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SCC Mixture ID
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Figure 5.6: Difference in slump flow and Modified J-Ring valules SCC mixtures

120



524 SETTING TIME

The concrete was specified to not reach finalrsgthefore 18 hours after placement.
The setting time was determined using the congnetduced from the first batch. In
ASTM C 403 (1999) initial and final setting corresyls to a penetration resistance of
500 and 4,000 psi, respectively. This requireneaisures the concrete remain in a fresh
state until the drilled shaft is completed. Thsutts of the setting test are given in Figure
5.7. Of the mixtures shown in Figure 5.7, findlisg times were recorded beyond 18
hours after mixing except for Mix 2 (LP), which obed final set around 14 hours. The
use of the limestone powder significantly decreabedsetting time by approximately
40%. This early setting time is similar to theules of Khayat et al. (2006) that found the
addition of limestone powder accelerated the hyainaif the cement. The same dosage
of hydration-stabilizing admixture, 2.5 oz/cwt, wased for both Mix 2 and Mix 2 (LP),
Table 3-3; therefore further, testing should bdqgrered in order to determine the correct

dosage to provide an adequate setting time.
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Figure5.7: Setting times for all concrete mixtures

Two SCC mixtures, Mix 1a and Mix 3a, experiencedyesetting and the data
were not recorded. Based on previous setting terelts, the author returned to perform
the first penetration test for these three mixtatesn age of approximately 15 hrs, but at
this stage these samples had already past firtalgsetHowever, the concrete
temperature data was also recorded using semiatdiadalorimetry in an effort to
estimate setting times using the “Derivative” metliiscussed in Section 4.4.7. The
results from the semi-adiabatic calorimeter arsgméed along with the results from the
penetration test in Table 5-2. The first derivatdf the semi-adiabatic temperature
profile, used to estimate the final setting timetaf concrete, gave an obvious maximum
value; however, the maximum value of the seconivdive, used to estimate the initial
setting time, was not as distinct. The resulteftbe semi-adiabatic calorimeter did

produce relatively close values to those recordeah the penetration test, with the
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exception of Mix 3. Also the data shows that Madnd Mix 3a experienced early
setting times of 16.0 and 15.7 hours, respectively.

Mix 2a reached final set at approximately 18.5 tmisich was early compared to
the other mixtures, but still above the targetisgttime of 18 hrs. The three mixtures
that experienced early setting times each had SOA§gA5 compared to the remaining
mixtures which had S/Agg of 0.50 and 0.55. Likeayithe Control had a relatively low
S/Agg of 0.36 which required a higher amount ofriayidn-stabilizing admixture
compared to that of the SCC mixtures. Due to Hrgy/esetting times of Mix 1a, Mix 2a,
and Mix 3a, the dosage of the retarding admixtutealo need to be increased. This
leads to the conclusion that as the S/Agg decretiseapparent setting time of the
concrete will decrease, which may be a resultlofrer sand content in the mortar sieved
from the concrete. Further testing should be peréal to determine the proper dosage
for these three SCC mixtures in order for the cetecto remain fresh for at least a period

of 18 hours.
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Table 5-2: Initial and final setting times from the penetratie@st and semi-adiabatic

calorimeter
Standard Setting Calorimeter .
Times Setting Times Difference
Item Initial | Final | Initial | Final | Initial | Final
(hr.) (hr.) (hr.) (hr.) (hr.) (hr.)
Control 22.0 23.9 20.0 23.8 2.0 0.1
Mix 1 26.0 28.2 * *

Mix la * * 14.0 16.0
Mix 1b 20.2 21.9 20.5 20.5 -0.3 1.4
Mix 2 21.3 23.0 19.8 22.3 1.6 0.8
Mix 2a * 18.5 16.3 16.8 1.8
Mix 2b 25.3 27.2 26.3 26.5 -1.0 0.7
Mix 3 20.2 21.8 16.3 25.3 3.9 -3.5

Mix 3a * * 15.0 15.7
Mix 3b 20.1 21.8 22.3 23.5 2.2 -1.7
Mix 2 (LP) | 12.3 13.7 13.3 18.0 -1.0 -4.3

* Data not recorded

525 SEGREGATION COLUMN

The static segregation of the concrete from the liatch produced was determined using
the segregation column test. As previously meetibim Chapter 4, the concrete
remained in the column for a period of 1 hour ttadyeaepresent drilled shaft conditions.
The percentage of static segregation was compaitbdhve corresponding S/Agg and
w/cm shown in Table 5-3. It was previously stateat all SCC mixtures had relatively

low VSI rating, which indicated good dynamic stéiil
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Table 5-3: Static segregation with corresponding S/Agg andmiar concrete mixtures

Value
ltem Static
S/Agg wiem Segregation, %
Control 0.36 0.40
Mix la 0.45 0.42
Mix 1 0.50 0.42

Mix 1b 0.55 0.42
Mix 2a 0.45 0.40
Mix 2 0.50 0.40
Mix 2 (LP) | 0.50 0.40
Mix 2b 0.55 0.40
Mix 3a 0.45 0.38
Mix 3 0.50 0.38
Mix 3b 0.55 0.38

oOO'SOO\IOwO@w.h

All mixtures showed a low percentage of static eggtion; the values ranged
from 0.0 to 10.3% with an average of 4.7% statgregation for the SCC mixtures.
These values were considered acceptable by théastisdetermined by AClI Committee
237 (2007) which stated that the percentage okegggion of SCC should be less than
10%. The mixture that produced the highest peacgnof segregation was Mix 3a at
10.3%, a value slightly above the general requirgmef ACI Committee 237 (2007).
The higher values could be a result of the mixateiv S/Agg of 0.45, which indicates it
has the most coarse aggregate. However, the ffreplerties indicated the mixture was
quite viscous and stable from the low slump flows, @nd VSI values, suggesting that
error may have occurred during separating, sievangyashing of the aggregates.
Nonetheless, the mixtures with a S/Agg of 0.55 #wilewer potential for segregation.
This may be attributed to the decreased coarseggtg content which improves the

mixture’s stability. Mix 3b revealed no potentiat segregation indicating a highly
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viscous mixture, which corresponds to the highvBlues reported during the slump flow

test.

5.3 HARDENED CONCRETE PROPERTIES

The hardened properties that were tested inclugledmpressive strength, modulus of
elasticity, drying shrinkage, and permeability lvé toncrete. The tests were performed
on all concrete mixtures produced from the secatdibof concrete and tested in

accordance with the procedures described in Chdpter

531 COMPRESSIVE STRENGTH

The compressive strength results for the convealisltump concrete and the SCC are
presented in Figure 5.8. As discussed in Chaptére3average compressive strength was
to be at least 5,200 psi at an age of 28 daysmadlures were well above the required
strength; in fact most mixtures had strengths greaian 6,000 psi at 28 days. The
Control mixture had a w/cm = 0.40, which was ideaitio Mix 2, Mix 2a, and Mix 2b of
the SCC mixtures. Figure 5.8b illustrates the lsirties between the compressive
strength of the mixtures with w/cm = 0.40. MixLP) exhibited an average decrease of
about 7.0% in compressive strength compared toaMiXhis reduction in strength was a
result of a 10% replacement of the cementitiousenwltwith a limestone powder, thus
creating Mix 2 (LP). As shown in Table 3-3, theterato-powder ratio remains constant
for both Mix 2 and Mix 2 (LP), but due to the certigous replacement by the limestone
powder, a non-cementitious material, the w/cm iaseel to 0.44. The reduction of

cementitious material, which increased the w/crsillted in a decrease in strength.
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However, the compressive strength of Mix 2 (LP) w@lsapproximately 1,000 psi
greater than required.

Neville (1996) stated that the most influentiadtta of a concrete’s compressive
strength is the w/cm; the two are inversely praposl to one another. This trend was
evident in Figure 5.8 as the w/cm of the SCC mpsulecrease from Figure 5.8a to
Figure 5.8c the compressive strength of the coagnereases. On average the data
showed about an 11.0% increase in strength frormw/©.42 to w/cm = 0.40 and a
16.0% increase from w/cm = 0.40 to w/cm = 0.38eréhwere no significant differences
in the strength of the concrete as S/Agg variedeathie w/cm remained constant. The
largest difference, approximately 20.5%, occurretieen Mix 3 and Mix 3b at a
maturity of 7 days; however, this difference betwédee mixtures decreased to 10.4%
and 2.3% at ages of 28 and 56 days, respectividig. remaining SCC mixtures
experienced a difference in strength at varyinggg/af less than 10%. This was
consistent with Bailey (2005), who stated thatdtrength of SCC mixtures containing

fly ash were not influenced by changes in S/Agg.
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5.3.2 MODULUSOF ELASTICITY

The modulus of elasticity of the concrete was dated from the same cylinders used
during compressive strength testing. The datg@sented in Figure 5.9 according to
w/cm of the SCC mixtures. The modulus of elastitor the mixtures increases with
respect to age, similar to that of the compressirkength. This should be expected since
the stiffness of the concrete is a function of¢bhmpressive strength. However, stronger
concrete does not necessarily imply a stiffer cetgcr For instance the Control mixture
had a higher modulus of elasticity compared toSG€ mixtures at all ages, whereas the
Control mixture was not the strongest concretee difference is clearly shown when
comparing the compressive strengths and moduletasficity of the Control mixture to
Mix 3, Mix 3a, and Mix 3b from Figure 5.8c and Figub.9c, respectively.

The stiffness of the concrete did not show much wénd with varying w/cm at
the early ages. As the concrete matured the ssiffincreased as the w/cm decreased.
At a maturity of 56 days the concrete stiffnessaased by an average of 2% from w/cm
= 0.42 to w/cm = 0.40, but when the w/cm was lowdrem 0.40 to 0.38 the stiffness
increased by an average of 11%. Furthermore,dti@n of the limestone powder
decreased the modulus of elasticity by an aver&@@oo This loss of stiffness would be
expected due to the decrease in cementitious rabterbe hydrated. The data also
showed that the modulus of elasticity was not $icgmtly affected by a variation of

S/Agg. These results match the trends found bie3§2005).
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The modulus of elasticity at different ages wa® astimated using ACI 318
(2005) in order to compare its applicability to SCEqguation 2.4 from Chapter 2 was
used to estimate the concrete’s modulus of elasti@sed on the unit weight and
compressive strength of the concrete. The restittse comparison are given in Figure
5.10. The results show that the equation provimedCl 318 (2005) accurately predicts
the modulus of elasticity of the SCC mixtures deped in this research and therefore is

sufficient to be used for design.
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5.3.3 DRYING SHRINKAGE

The drying shrinkage was measured for each conspeteimen and the results are given
in Figure 5.11. The data clearly show the amotidirging shrinkage is decreased as the
w/cm is lowered. As the w/cm decreased from 004Q.88, the 180-day shrinkage
dropped about 30% from an average of 810 to 56@asti@ins. A variation of S/Agg

did not show any significant trends for a constaftm. However, the shrinkage was
slightly reduced for Mix 2 by replacing 10% of tbementitious material with a
limestone powder. The 91-day shrinkage was redappdoximately 17% by using the
powder replacement. This reduction in shrinkag®otsintuitive because by replacing a
portion of the cementitious material with a non-eeitious powder the w/cm was
effectively increased. The studies by Khayat ef24106) and Omya (2007) did not look
at the effects of limestone powder on drying shagefor comparison. It should also be
noted that all SCC mixtures, with the exceptioMat 1a, exhibited less drying
shrinkage compared to the Control mixture. Thsules also counterintuitive due to the
higher paste volume provided by the SCC mixturdschvis where shrinkage occurs
(Mindess 2003). However, the SCC mixtures conthaérger dosage of Class F fly
ash, and this pozzolan is effective in reducingpbsity of the concrete over time
(Manmohan and Mehta 1981). This reduction in pyaoray explain the reduced drying

shrinkage measured for the SCC mixtures.
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534 PERMEABILITY

The permeability of concrete was estimated by m@&agits resistance to chloride ion
penetration. This test was performed in accordanttethe procedure listed in Chapter
4, and the results are given in Figure 5.12. TWeelowest results were recorded for Mix
1 and Mix la at 450 and 490 coulombs, respectiv@&lye remaining results ranged from
640 to 850 coulombs with an average of 770 andradsird deviation of 90 coulombs. It
should be noted that there was a 44% increasemgability between Mix 2 and Mix 2
(LP). According to ASTM C 1202 (2005) two concrstamples obtained from the same
batch may vary up to 42% from one another, whidvisles a means to compare
differences between results. However, all concsataples recorded results less than
1,000 coulombs, which indicates a very low perm@gASTM C 1202 2005).
According to the results in Figure 5.12, all mixdsishould provide sound, durable

concrete for design.

5000 —_
High
e A e L L L L L S T S A -
=
E
£
E L B o e e e e e e e e Waoderate
£
E ZOND o= --= o= oo o oo o ool -
£ Ly
0]
B 11 T PRI r
I l l I I I I I I I I “ery Low
0 - o

G -, 3 , ™, T 3 & @ !
S 3 ok T S A
End o o e =
o SFogr 2 ¥ & o A @ g

Concrete Mixture 1D

Figure5.12: 91-day permeability results
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54 COMPRESSIVE STRENGTH OF MORTAR CUBES

As mentioned in Chapter 4, 2 x 2 x 2 in. coloredtanocubes were made and the
compressive strength was determined at 28 days.cdmpressive strength was
determined to assure that the cubes are strongykeriowithstand any abuse that may
occur during the placement of the concrete. Toersake the cubes are strong enough,
they were designed to be much stronger than theretnto be placed. Table 5-4 gives
the results of the compressive test and showshbkatubes should be strong enough to

not be damaged during placement in the shafts.

Table 5-4: 28-day compressive strength of colored mortar cubes

28-da
ggﬁﬁ Compres);ive_z
Strength, psi
Red 14,720
Blue 7,950
Yellow 10,930
Green 11,880
Orange 13,060

55 COMPARISON OF LABORATORY AND FIELD MIXTURES

Of the ten SCC mixtures developed in the laboratiovg are to be compared to the
conventional-slump drilled shaft concrete in adistudy that will be discussed in the
following chapter. Mix 2 and the Mix 2 (LP) weigettwo SCC mixtures chosen. Mix 2
was chosen because the w/p was identical to the@anixture, see Table 3-3. The
SCC mixture containing the limestone powder, M{LR), was chosen to compare its

effects on bleeding under full-scale applicatioftsacounterpart, Mix 2.
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To prepare for the placement of the concrete tnadrilled shafts in the field
study, the SCC mixtures were first prepared anedest a concrete plant located close to
the proposed field site. A 3-ydoncrete batch was prepared at a ready-mix cancret
plant in order to ensure the dosage of the cheradalixtures resulted in concrete similar
to that which was created in the laboratory. Tiggprtions of a concrete mixture often
do not transfer from small production, such as liab@ratory, to larger production, such
as field work, and adjustments may be needed. frbisess helps to alleviate any
problems associated with the concrete during fedlestesting.

The coarse and fine aggregates were first loaaed the stock pile into a bin
shown in Figure 5.13. The aggregates were thatetbanto the truck from the bin using
a conveyor belt, and the cementitious materialew@aded from overhead silos as
shown in Figure 5.14. Initially the truck was leadwith cement, fly ash, hydration-
stabilizing admixture, water, and the coarse ane figgregate. The truck was allowed to
mix for a few minutes as it pulled away from thading dock to a platform used as a
wash station. The high-range water-reducing (HR\&Rhixture required for an SCC
mixture was not initially added with the raw magésibecause the plant did not have
access to the admixture for automated dispengdityvever, this allowed for a concrete
sample to be obtained from the truck and testedrbeftroducing the HRWR admixture.
After the concrete was tested, the HRWR admixtuae poured into the truck using the
wash station platform shown in Figure 5.15. OmeeHHRWR admixture was added, the
truck mixed the material for five minutes beforsaanple was taken for testing. The
batching process for Mix 2 (LP) was identical exdiat the limestone powder was
introduced into the truck along with the HRWR adiie, shown in Figure 5.16. After
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initial testing was done, the truck continued ta fior 50 minutes at a mixing speed
typically used during transport, approximately Bpw. At the conclusion of the
transportation period, the concrete was once atjaaginarged and sampled to test the

fresh and hardened properties.

Figure5.14: Loading of concrete truck with raw materials
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Figure5.16: Addition of HRWR admixture and limestone powdepicbncrete truck
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The fresh properties from the field and laboratests are shown in Table 5-5 for
comparison. The HRWR admixture dosage for Mix thmfield was initially 11 oz/cwt,
which resulted in a slump flow of 17 inches. Therp flow was unsatisfactory,
therefore an additional 2 oz/cwt was immediatelgextiand mixed for 5 minutes
resulting in a slump flow of 23.3 inches. It shibbk noted that the air content for the
mixtures are comparable for the laboratory andifiebts. The mixing speed during
transportation was different between the laboratoixer and the concrete truck. Typical
mixing speeds for a concrete truck during transgtimm were approximately 6 rpm, but
the lowest speed for the laboratory mixer was I8.r{herefore, the laboratory mixing
drum was raised to approximately 5° from verticabider to reduce agitation of the
concrete and simulate lower mixing speeds, as skszliin Section 4.2. Even though the
laboratory mixing process was altered there wélcsticern of entrapping air due to
constant mixing. However, this was not a probland the air content was acceptable.
The difference in mixing procedures may have adsullted in the lower slump flow
values recorded in the field compared to the laiooya The continuous mixing of the
concrete truck may have caused more agitation caedpa the laboratory procedure
which incorporated periods of rest. However, ttdanot be officially concluded without
more information to assess the amount of agitgironided from each mixing procedure.
The air temperatures for the field and laboratoeysihhown in Table 5-5. The higher
temperatures during the field study of Mix 2 (LRncave adverse effects on the

concrete, such as lower slump flow values anderagétting times.
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Table 5-5: Fresh properties from laboratory and field testing

SCC Mixtures
Item Mix 2 Mix 2 Mix 2 Mix 2 (LP)
(Lab) (Field) (LP) (Lab) (Field)
Avg. air temperature, °F 75 46 75 78
HRWRA dosage, oz/cwt 12 12 8.5 8.5
o é Wet slump, in. 0.50 1.75 0.50 3.25
S3
oz
o+ Air content, % 25 2.2 2.0 2.0
Slump flow, in. 28.0 23.3 26.5 24.0
= VSiI 1.0 0.5 1.0 0.5
3
= Tso, SEC 4.62 3.78 6.94 1.50
Air content, % 2.0 2.7 1.3 1.2
Slump flow, in. 26.5 20.0 21.0 20.5
VSiI 1.0 0.5 0.0 0.5
% Tso, SEC 4.75 7.31 12.00 2.50
o]
S Air content, % 3.3 4.0 2.0 15
Unit weight, pcf 145.9 145.6 147.4 151.2
Modified J-Ring, in. 22.5 18.0 17.3 19.0

Note: HRWRA = high range water reducing admixture

The slump flow retention was also tested at thetbplant and compared to the
laboratory results, see Figure 5.17. Mix 2 follomaesimilar trend in slump flow loss
between the laboratory and field mixture, whichutesl in an 8.5 in. and 7.0 in. slump
after 6-hours for the respective mixtures. Desihigefact that Mix 2 produced in the
field began the 6 hour period at a much lower sldloy, the mixture only lost 2.75
inches of slump flow in 4 hours. This was not $shene case for the field mixture
containing the limestone powder. The slump flosslfor this mixture was 6 inches in

the 3 hours after placement, compared to the 4attes lost in the laboratory. The
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concrete continued to stiffen, and a 2-inch coneeal slump was measured 4.5 hours
from the time of placement. These values for M(x.R) were unacceptable and may be
attributed to the high temperature experiencedutinout the day. This mixture was
prepared midday in the month of May, at which pdinet temperatures reached into the
mid 80’s. These are higher temperatures than coedga the constant temperature of
75° F in the laboratory; whereas, Mix 2 was testethe batch plant in the middle of
February when the temperatures were much lowegproduced again in temperatures
above 80° F, it is recommended that the dosageedfiydration-stabilizing admixture be

increased to compensate for the higher temperatures
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Figure 5.17: Slump retention for laboratory and field mixtures
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The segregation column was also taken to the ctenbedch plant to test each
mixture’s resistance to segregation. The laboyadod field results are presented in
Table 5-6. There were no signs of segregatiothi@field mixtures. The mixtures
appeared to have a higher viscosity compared todherete produced in the laboratory,
which might look apparent when comparing the VSutes in Table 5-5. However, the

lower Tso results suggest a loss in viscosity between therédory and field mixtures.

Table 5-6: Static segregation of laboratory and field mixtures

SCC Mixtures
ltem Mix 2 Mix 2 Mix 2 (LP) | Mix 2 (LP)
(Lab) (Field) (Lab) (Field)
Static Segregation, % 6 0 7 0

Lastly, the compressive strength of the concretdures was tested, and the
results are given in Figure 5.18. The field baitMix 2 clearly showed higher
strengths, an increase of approximately 11%, coetptar the results from the laboratory.
However, Mix 2 (LP) showed significantly lower rétsucompared to the laboratory, with
an average decrease of 27.6%. The mixture wasviibrequired strength of 5,200 psi
at a concrete age of 28 days, which was unacceptdihie increased water slump and
low Tsp values of this mixture produced in the field ampared to when it was produced
in the laboratory both suggest increased waterectntThe rapid loss in filling ability
also suggests an increase in water content beeaube excess water evaporates the
concrete will loose its filling ability. An increa in water content will lead to an

increased w/cm, which would explain why this mietsrfield trial produced low
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strengths. It is thus plausible that this mixtwaes batched with too high a water content.
Due to the unsatisfactory results returned fromstoenp flow retention and the
compressive strength tests, further large-scatmteshould be performed in order to

understand and correct the problems encounterédtietfield production of Mix 2 (LP).
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Figure 5.18: Compressive strength comparison of laboratory &id batches

56 SUMMARY OF RESULTS

Based on the laboratory work performed, the follgywesults were found:
* The average slump flow for the SCC mixtures afla@t was 26.5 inches, and
this value can be used as a reference, but ngufaity control measures.
» All slump flow values recorded were above the lolirait of 18 inches, but most
mixtures with HRWR admixture dosage of 12 oz/cvetiged slump flows greater

than 24 inches at the time of placement.
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The use of the limestone powder significantly iasexd the viscosity, which may
be a result of the powder absorbing excess water.

Due to the low slump flow of Mix 3a for the firsatch of concrete and Mix 2a for
the second batch, agltime was not recorded which may be attributedhéo t
lower w/cm and the higher S/Agg creating a thickieyer mortar.

All SCC mixtures appeared to be stable with VShgd ranging from 0.0 to 1.0.
Except for Mix 1la, Mix 2 (LP), and Mix 3b, the SGxtures had a higher slump
after 6 hours from the time of placement compaoeithé Control mixture at the
time of placement. All SCC mixtures were withie tRHWA Drilled Shaft
Manual requirement by maintaining a slump gredtent4 inches after 4 hours
from the time of placement.

The total air content was within the requiremend af 2% for all mixtures. No
air-entraining admixtures were used in the SCC uned in order to minimize the
increase in total air content due to agitation dkiertransportation period.

The unit weight of the SCC mixtures was consistdttt the unit weight of the
Control mixture.

SCC mixtures had a difference between the slump #iod Modified J-Ring flow
of 2.25 inches or less for the second batch of mtagroduced, except for Mix 2
(LP) and Mix 3b which experienced extreme blockilug to their high viscosity.
The first batch of concrete showed much largeeddfices, but it is not apparent
that these mixtures will not provide adequate pagability in actual field

conditions.
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Most mixtures reached final set after 18 hoursepkéor Mix 2 (LP), which had
a final setting time of 14 hours. Additional hytioa-stabilizing admixture will
be required to extend the setting time of this omet

Setting time significantly decreased for sand-tgragate ratios below 0.50,
which caused the SCC mixtures with a sand-to-aggeetio of 0.45 to
experience earlier setting times.

The SCC mixtures had an average static segregaitio¥, which was below the
acceptable value of 10%. These mixtures shoulsl tbonain stable after
placement in a deep foundation. The mixtures wiiand-to-aggregate ratio of
0.55 showed a lower potential for segregation duethicker, more stable
mortar.

All mixtures recorded compressive strengths grethem 5,200 psi at 28 days; in
fact, most mixtures had strengths that exceed€@D6i at 28 days.

Replacing 10% of the cementitious material withdgtone powder reduced the
strength of the concrete by an average of 7%,Hsutoncrete’s strength was still
well above the required strength.

The strength of the concrete increased as the w@sFmentitious ratio
decreased, however there was no influence frorsahd-to-aggregate ratio on
the strength of the concrete.

The Control mixture recorded higher modulus of tdétg values than all of the
SCC mixtures, indicating a higher stiffness desthigshigher compressive

strengths recorded by many of the SCC mixtures.
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The replacement of cementitious material with a&btone powder resulted in a
7% decrease in the modulus of elasticity, a redactimilar to that measured for
the compressive strength.

Like that of the compressive strength, the modofuslasticity of the concrete
was not affected by variations of sand-to-aggreggttes.

Results show that the modulus of elasticity of #@&C was accurately predicted
using the equation provided in ACI 318 (2005).

Drying shrinkage decreased approximately 30% asmatcementitious ratio
decreased from 0.42 to 0.38 at an age of 180 thaysever, there was no
significant change due to varying sand-to-aggregstes.

With the exception of Mix 1a, all SCC mixtures expaced less shrinkage than
the Control mixture, which could be attributed e higher percentage of Class F
fly ash used in the SCC mixtures

The 91-day drying shrinkage was reduced approximna#o by replacing a
portion of the cementitious material with a limest@owder.

All mixtures had very low rapid chloride ion perrbddy values, indicating that

these mixtures should be durable.

Based on batching and testing two mixtures in igsld fthe following results were found:

The HRWR admixture dosage was increased in the fiet batch of Mix 2 from
11 oz/cwt to 13 oz/cwt to increase the slump floent 17 to 23.3 inches prior to
transportation.

Both field mixtures showed no signs of static sggten.
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The field trial of Mix 2 showed an approximate 1iférease in compressive
strength compared to the laboratory mixture.

The field trial of Mix 2 maintained a 7 inch slurafier 6 hours and only lost 2.75
inches of slump flow in 4 hours.

It is suspected that the field trial of Mix 2 (LRas batched with an increased
water content, which led to the following results:

o The water slump significantly increased from thsolatory to the field
for Mix 2 (LP), and

o0 Mix 2 (LP) had lower ¥, results between the laboratory and field
mixtures.

o0 Mix 2 (LP) was unsatisfactory with a 2-inch slump #iours from the
time of placement. This may have been attributegktess water
evaporating from the warmer weather experiencedeabatch plant,
causing loss in filling ability.

0 Unsatisfactory compressive strengths at 28 dayshakere caused by

higher water-to-cementitious ratios from the excgater.
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CHAPTER 6

PROPOSED EXPERIMENTAL FIELD STUDY

6.1 INTRODUCTION

The primary purpose of the field stuidyto evaluate the use of SCC as a viable material
for use in drilled shaft construction. This fiedtidy will provide a means to compare the
fresh and hardened properties of self-consolidatongrete and ordinary drilled shaft
concrete under actual field conditions. A briefatdission of the proposed field study is
presented in this chapter. This discussion induigail of the test shafts, fresh concrete
property testing, hardened concrete property gsfilacement monitoring, temperature
measurement, cross-hole sonic logging testing, rxiy of shafts and testing of
exhumed shafts. The proposed site for this fieldysis located in Scottsboro, AL on the
north side of the B.B. Comer Bridge on AL-35 shawirigure 6.1. All testing
procedures listed in this chapter should be comdugsing current ASTM or AASHTO

standards.
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Figure 6.1: Proposed field site (adapted from Mapquest 2008)

6.2 TEST SHAFTS

Three test shafts will be constructed and exhun#dbtest shafts shall be exhumed at 28
days, or later, after placement for visual inspctind testing. The shafts are to be
reinforced as shown in Figure 6.2. Each shatft iset constructed using a sono tube for
casing with sand fill around the outside of casifigpe casing is to be filled with polymer
slurry. In addition a fine sand should be addetth#oslurry to act as contaminant to help
evaluate the performance of the concrete mixtufeschematic of the shafts is given in

Figure 6.3. The three shafts are as follows:
149



* Ordinary Drilled Shaft Concrete (ODS): One - 6.@fk 25 ft test shaft made
with ordinary drilled shaft concrete with w/cm =0, S/Agg = 0.36 and No. 4
hoops at 4 in. on center.

* SCC Mixture 1 (SCC-1): One - 6.0 ft @ x 25 ft tebaft made with SCC with
w/cm = 0.40, S/Agg = 0.50, and No. 4 hoops at 4incenter.

 SCC Mixture 2 (SCC-2): One - 6.0 ft @ x 25 ft tebaft made with SCC with a
limestone powder resulting in a w/cm = 0.44, w/@.40, S/Agg = 0.50 and No. 4

hoops at 4 in. on center.

26 Bars #11

6 CSL Tubes
(Typ.)

~_ Hoops #4

A
Y

61_011

Figure 6.2: Cross section of shaft
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Figure 6.3: Longitudinal section of shaft

6.3 FRESH CONCRETE PROPERTY TESTING

The fresh properties of the concrete shall be degp®n arrival to the jobsite by the
following test methods: slump test, slump flow téstal air content and unit weight,
Modified J-Ring, segregation column, and settingpbgetration resistance.

The slump of the concrete shall be tested in @eatare with ASTM C 143 (1999)
and be performed on all ODS concrete batches atainplacement. The slump of the
ODS concrete batches, at the time of placement, lsh& to 9 inches. The ODS
concrete’s ability to maintain slump will be monid for 6 hours after the time of
placement. To do so, an ODS sample shall be t&enthe first truck, and the slump
test will be performed every 30 minutes for a dorabf 6 hours after placement. The

slump shall be no less than 4 inches after 6 hoons the time of placement.
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The slump flow test shall be performed in accoreéanith ASTM C 1611 (2005) on
all SCC batches at the concrete plant and thedinpdacement. The slump flow of the
SCC mixtures, at the time of placement, shall be: 3linches. The filling ability of the
SCC will also be monitored for 6 hours after plaeatrfrom a sample taken from the
first concrete truck. The slump flow test shalldeformed every 30 minutes for a
duration of 6 hours after placement. The slump fteading shall be no less than 6
inches after 6 hours from the time of placement.

The total air content and unit weight shall begddor all concrete mixtures and
batches upon arrival to the construction site. fBisés are to be performed in accordance
with ASTM C 138 (2001). The air content shall 8¢ # 2% for all mixtures.

The passing ability of all SCC mixtures shall b&teel according to ASTM C 1621
(2006). However, the dimensions of the J-Ring gjgekin ASTM C 1621 (2006) are
too confining for drilled shaft applications. ARlng that has been modified to better
simulate drilled shaft applications shall be pr@ddy Auburn University and used for
testing. The Modified J-Ring test shall be perfedhon all SCC batches at the time of
placement.

The concrete’s ability to resist segregation shaltested using the segregation
column test specified in ASTM C 1610 (2006). Tkgregation column test is to be
performed on most SCC batches at the time of planénirhe concrete shall be allowed
to stand undisturbed in column mold for one hdBecause of this extended testing
period, it is assumed that all SCC batches willbetested, but the test shall be

performed on as many batches as possible.
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Finally, the setting time for all concrete mixtusdsall be determined by ASTM C
403 (1999) Standard Test Method for Time of Setting of Coeckéiktures by
Penetration ResistanceThe test shall be performed for each of theetlméxtures from a
concrete sample taken from the first truck of esttdft. The mortar of the concrete
sample shall be obtained by wet sieving the coadtebugh a No. 4 sieve. The mortar

shall then be placed in a 7.5 inch @ x 6.0 inclncylcal container for testing.

6.4 HARDENED CONCRETE PROPERTIES

The compressive strength, modulus of elasticityingdy shrinkage, and permeability are
the hardened properties to be tested in the expatahfield study. The following
section details these tests.

Three 6 @ x 12 inch molded specimens shall bepersiesting age for each concrete
mixture. The specimens are to be demolded nceedinian 2 x initial set and cured in
accordance with ASTM C 38tandard Practice for Making and Curing Concretestle
Specimens in the FieldThe compressive strength and modulus of elasstiall be
determined for the specimens by the proceduregllist ASTM C 39 (2005) and ASTM
C 469 (2002). These tests shall be performedex afy7, 28, 56 and 91 days.

Three 3 x 3 x 12 inch molded specimens shall bepsrsmixture, and the drying
shrinkage of the concrete shall determined byeékgrg procedure listed in ASTM C 157
(2004). A wet burlap cloth shall be placed over $pecimens until they can be
demolded, no earlier than 2 x initial set. At whoint the specimens are to be placed in

a lime-saturated bath for a period of 7 days. feeds, the specimens shall be removed

153



from the lime bath and placed in air storage. 3jecimens shall be tested at 1, 2, 3, 7,
14, 28, 56, 91, 180, and 365 days after removah fime-saturated bath.

Lastly, the permeability of the concrete mixtural lae determined by testing the
concrete’s resistance to chloride ion penetratigtfireed in ASTM C 1202 (1997).
Cylindrical specimens measuring 4 inch @ x 2 inhta be cut from the top of 4 inch @
x 8 inch concrete molds cast in the field. 3 specis shall be cast per testing age for
each mixture and tested at ages of 91 and 365 ddyes curing of the specimens shall be

done in accordance with ASTM C 31 (2003) and desubldo earlier than 2 x initial set.

6.5 PLACEMENT MONITORING

During concrete placement for each shaft, the élavalifference between the inside and
outside of the reinforcing cage shall be determimgthe use of plumb-bobs attached to
a nylon measuring tape. The elevations shall berded for comparison of the
concrete’s flow through the reinforcing cage. Athoing concrete placement, 1/2-inch
colored mortar cubes shall be added to the conoreti shafts at different times during
the placement for all shafts. The cubes are foldeed at the specific concrete heights
shown in Figure 6.4. The shafts will be exhumed kter date and cut to examine the
final placement of the colored mortar cubes. Thalfocation of the cubes will be
recorded and compared to the initial placementrgime=igure 6.4. The final placement
of the mortar cubes was also predicted based oimitied placement of the cubes and the
placement of the tremie throughout the pour. Tieeligted final location of the mortar

cubes is shown in Figure 6.5 and will also be dsedomparison.
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6.6 TEMPERATURE MEASUREMENT

Temperature probes are to be placed in each shaftier to monitor the temperature
development at different areas of the shaft. Engperature will be monitored by data
loggers referred to as iButtons. The iButtonsadtached to a two-wire 20-gauge
telephone wire that is connected to a computembig L1 telephone jack attached at the
other end. The iButton are encapsulated with axefo protect and waterproof the data
logger. The temperature development will be maadalong the cross section of the
shaft by placing the iButtons at the edge of tredtshat longitudinal steel inside the rebar
cage, and close to the center of shaft. Due tdéottedion of the tremie, the iButton will
not be able to be placed in the middle of the stwadt should be placed as close to the
middle as possible. To keep the iButtons secyeyged throughout the concrete
placement, the iButtons should be fixed firmly twibhontal steel bars that will be
attached to the reinforcing cage prior to the itetian of the cage. The horizontal bars
should be located 3-feet below the surface of tiadtsat mid-depth of the shaft, and 3
feet from the bottom of the shaft as shown in Fegbu6. There shall be 3 iButtons per
bar and 9 iButtons per shaft, making a total of2#ttons used for the field study. The
temperature data shall be sampled at 30-minutevadtefor the first 28 days after

placement.
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Note: 3 iButtons per bar, 9 iButtons per shaft.

— 22
6"

—| |-

— 25

]
6-0"

Figure 6.6: Location of temperature sensors
6.7 CROSS-HOLE SONIC LOGGING (CSL)
The concrete will be tested for voids and irregties within the cross section of each
shaft by cross-hole sonic logging. Six metal C&hets shall be used and attached to the
transverse reinforcement for testing concrete soess along shaft height. Cross-hole

sonic logging shall be performed when concreteexaseded a maturity of seven days.

6.8 EXHUMING OF SHAFTS

All shafts shall be exhumed at an age no earlem 28 days after placement. Each shaft
shall be pressure washed and cleaned of all dabdiprepared for testing. The testing

procedure of the shaft is discussed in the follgvsaction.

157



6.9 TESTING OF EXHUMED SHAFTS

Once exhumed and cleaned, each shaft will be @ugy @swire-saw in order to inspect
aggregate distribution, locate any possible bldeohoels, evaluate any voids and/or
debris entrapments, and to locate the final plac¢mwiethe colored mortar cubes. Each
shaft will be cut longitudinally for initial insp&on. After making the longitudinal cut,
two cross-sectional cuts shall be made horizongdllpcations determined from initial
inspection. The horizontal cuts are predictedetariade approximately 7 ft and 20 ft

from the top of the shaft as shown in Figure 6.7.

Legend:
$e3g% | B Red Cubes
1 ¥ Yellow Cubes

)o
it

7’ Expect
Blue -

. ®B|ue Cubes
Estlmate

Cut Plane \ Cores
20" Expect. ¥
Orange

25’ -

Y

@ Green Cubes

A Orange Cubes

/f /

Figure 6.7: Cutting and coring of exhumed shafts

Cores shall be taken at each cut cross sectiomgpidy determined from visual
inspection. The cores shall be extracted betwaehaft surface and rebar cage (area of
concrete cover) as well as at the center of thesesection. Three cores shall be tested
for compressive strength, modulus of elasticityd parmeability. Three 4 inch @ x 10

inch cylindrical specimens, cut to a testing sizé mch @ x 8 inch, shall be cored from
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each of the locations described and tested tordeterthe compressive strength and
modulus of elasticity according to ASTM C 39 (20@8d ASTM C 469 (2002). These
specimens are to be tested at an age of 56 dakswike, three 4 inch @ x 4 inch
cylindrical specimens, cut to a testing size afi¢hi@ x 2 inch, shall be cored from each
of the locations described and tested to determsrgermeability by ASTM C 1202
(1997). The specimens are to be tested at anf&ljedays. There are to be 12 cores per

horizontal cut at the locations shown in Figure §i8ing a total of 24 cores per shatft.

No. 4 Hoops

/‘

Legend:

® 4'g x 10" Cores

® 4”g x 4” Cores

[}
Y

6-0"

Figure 6.8: Coring detail of exhumed shafts
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CHAPTER 7

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1  SUMMARY OF EXPERIMENTAL PROGRAM

This research was funded by the Alabama Departofeitansportation (ALDOT) to
determine the effectiveness of self-consolidatiogotete (SCC) in deep foundations
relative to the conventional-slump concrete cutyelm¢ing used. The experimental
program took place at Auburn University, where saV8CC mixtures were developed
and tested. There were a total of 10 SCC mixttirasvaried between 3 water-to-
cementitious ratios and 3 sand-to-aggregate rafibge water-to-cementitious ratios used
were 0.42, 0.40, and 0.38 and the sand-to-aggregts were 0.45, 0.50, and 0.55.
Nine mixtures were created by pairing each of theaBer-to-cementitious ratios with
each of the 3 sand-to-aggregate ratios. The tantture was derived from one of the 9
mixtures such that 10% of the cementitious matevad replaced by a non-cementitious
limestone powder. Three experimental test shaftsabe constructed in north Alabama
where one of the original 9 SCC mixtures was ch@deng with the mixture containing
the limestone powder to be compared with the cotimeal-slump concrete. From the

results of the test shafts it will be decided & ®CC is acceptable
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for the construction of the middle two piers of 8. Comer Bridge in Scottsboro,
Alabama.

All ten SCC mixtures and the conventional-slumparete were developed in the
laboratory, and the fresh and hardened properties vested and compared. Fresh
properties were determined from the following tete slump flow, which included the
Tso and VSI, slump flow retention, air content, ungéight, Modified J-Ring, setting
time, and segregation column. The hardened priegdgsted included the compressive
strength, modulus of elasticity, drying shrinkaged permeability. Once the tests were
completed, two mixtures were chosen for a fieldlgtuHowever, the two mixtures were
first tested at a concrete batch plant to assuatetiie concrete produced at the ready-mix
plant was comparable to the concrete produceceitettoratory.

Another study incorporated in this program wasfln of concrete within the
shaft during tremie placement. To do so, thousahdsferent colored 1/2-in. mortar
cubes were fabricated. These cubes are to baaddsato each shaft at different stages
of the placement. The shafts are to be exhumeddaid cut open to expose the mortar
cubes along with any deformities. The initial dimél location of the cubes will be

compared and any assumption and hypothesis withdwe.

7.2 CONCLUSIONSFROM RESULTS

The following sections summarize the conclusiortemteined in Chapter 5. Conclusions
were drawn from the fresh and hardened propertidsecconcrete, as well as

conclusions from the test mixtures performed atctrecrete batch plant.
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7.21 FRESH PROPERTIES

The following conclusions were drawn from the fr@sbperty tests conducted in the

laboratory:

High-range water-reducing (HRWR) admixture dosaigk2c0z/cwt produced
slump flow values beyond the maximum requiremeribin., but the stability of
the mixtures was not compromised.

The use of a limestone powder significantly incesbthe viscosity of the
concrete, indicated by an increase g fime, which may be a result of the
powder absorbing excess water.

The VSI ratings for the SCC mixtures ranged frott0.1.0, indicating that the
mixtures were stable and showed no signs of setioega

The SCC mixtures used less hydration-stabilizingiature than the Control
mixture, but most SCC mixtures were able to mam#aslump value 6 hours
from the time of placement equal to or greater ti@Control mixture’s value at
the time of placement.

All SCC mixtures had slump values significantly lneg than the 4 in. after 4
hours that is required by the FHWA Drilled Shaftival (1999), but the Control
mixture was unsatisfactory, yielding a 3 in. slufnpours from the time of
placement. Therefore, more hydration-stabilizidghature is needed for the
conventional-slump drilled shaft concrete.

A 50-minute mixing period was designed to simutagtransportation period
from the concrete plant to the jobsite. It wagoi®red at the laboratory that air

was being entrapped in the concrete during thimgetue to high amounts of
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agitation; therefore, the mixing procedure at tit@katory was altered and the air
entraining admixture was removed from all SCC nmesuto meet the required air
content of 2-6%.

Higher Tso times could potentially reduce the concrete’s ipasability.

The SCC mixtures required lower dosages of hydnagtabilizing admixture in
order to keep the concrete in a fresh state fodtiation of construction. The
use of a limestone filler significantly reduced #wegdting time of the concrete.
Setting times decreased significantly for mixtunéth sand-to-aggregate ratios of
0.45 relative to higher sand-to-aggregate ratios.

Mixtures with a higher sand-to-aggregate ratio stabvess potential for

segregation.

7.22 HARDENED PROPERTIES

The following conclusions were drawn based on #reléned property results

determined in the laboratory:

Results indicated that the compressive strengthinvassely related to the water-
to-cementitious ratio of the concrete mixture; hegre the sand-to-aggregate
ratio provided no influence on the compressivengjiie of the concrete.
Replacing 10% of the cementitious material witim@ektone powder reduced the
concrete’s strength and modulus of elasticity byagrage of 7%.

The concrete’s modulus of elasticity was relatethostrength of the concrete

and followed a progression similar to that of tbenpressive strength.
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» The modulus of elasticity was not influenced byrdes in the sand-to-aggregate
ratio.

* The modulus of elasticity of SCC can be predictezleately by the equation
used for conventional-slump concrete in ACI 3180&0

* Drying shrinkage for SCC was decreased with lowatewto-cementitious ratios,
but no significant change was indicated by variaim sand-to-aggregate ratios.

* The use of a limestone powder reduced the effdatsyong shrinkage.

» All mixtures produced highly durable concrete iradex by very low rapid

chloride ion permeability results.

7.3 RECOMMENDATIONS

Further research is needed to better understantshtnduce SCC in the U.S.
construction industry. The following are recommatnths and suggestions based on
experiences from the author for future researcB@E in drilled shaft applications.

* Increase the dosage of the hydration-stabilizingtumés for sand-to-aggregate
ratios below 0.50.

» When testing for specific construction situatioc@nsider the time required for
transportation and possible delays in order toinlitaxtures in the laboratory
comparable to what would be placed in the field.

» A pressurized bleeding test should be performedliomixtures to simulate high
concrete pressures of drilled shafts.

» All mixtures should be produced and tested at tmerete batch plant to correct

any problems associated with the mixture prioraostruction.
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SCC Mix 2 and Mix 2 (LP) should be used for thegueed field study outlined
in Chapter 6. It is strongly recommended that RItP) be reproduced at the
batch plant to obtain better fresh and hardenepepti@s. There is reason to
believe that Mix 2 (LP) created in the field wasdbeed with more water than
specified.

Increased hydration-stabilizing admixture dosagmikhbe considered when
placing concrete at higher temperatures.

If there is an excess of compressive strengtmedyfiground limestone powder
may be used to reduce the amount of bleed watgngishrinkage, and setting
time of the concrete.

Further research should be conducted on the peitityeab SCC for varying

water-to-cementitious and sand-to-aggregate ratios.
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