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ABSTRACTOFTHESIS

VALUABLE UTILIZATION OFSPRAYDRYERASHAND ITSPERFORMANCE

IN STRUCTURALCONCRETE

This research focuses on the valuable utilizatibnSpray Dryer Ash (SDA) and
investigates its performance in concrete for stmattand transportation applications.
Based on the challenges associated with coal astuding SDA) and the economic
costs linked to cement production, this researaksdo provide an environmentally
friendly and more cost effective concrete prodyctublizing SDA in partial replacement
of cement in concrete. Cement production is a ratlpensive venture and yet there is
an abundance of coal ash that is disposed of difilenthat could be utilized positively.
The fineness and low carbon content propertiedD#¥/Slass C fly ash provide potential
benefits of increased strength (compressive and)bcand durability (freeze-thaw and
corrosion) when used in concrete. With the exceptwd high sulfur content, SDA
exhibits very excellent properties that are closelated to Class C fly ash and Portland

cement.

The addition of Spray Dryer Ash in non-air entr@ineoncrete provided a general
increase in its strength. The compressive stretwgh results indicate that replacing
proportions of cement with SDA would provide impeov strength and a most cost

effective solution. When utilized within optimalnits of 25-35% replacement, SDA



presents reasonable benefits to compressive andl $toength. The utilization of SDA
provided modest benefits when used in certain ptape and at the very least it did not
seem to degrade the properties much. It produasebhbgible effect on the freeze-thaw
durability of the concrete while an increase in 8i2A provided an increased corrosion
resistance and a reduced corrosion rate in cond@ated on the results of this research,
SDA has great potential for its utilization as austural material in transportation

infrastructures.

Carolyne A Namagga
Department of Civil and

Environmental Engineering

Colorado State University
Fort Collins, CO 80523
Spring 2010
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1 INTRODUCTION
1.1 Background

This research is funded by the Mountain Plains Gdnsn, a Federal Highway
Administration University Transportation Center ahdocuses on the potential for the
valuable utilization of Spray Dryer Ash (SDA) asbading agent in concrete and
investigates its performance in concrete for stmattand transportation applications.
SDA is a byproduct of electricity generation fromatand the scrubbing process used to
remove sulfur from power plant emissions. Basedthan challenges associated with
disposal of all types of coal ash including SDA @&hd economic and environmental
costs linked to cement production, this researaksdo provide an environmentally
friendly and more cost effective concrete prodyctblizing SDA in partial replacement
of cement in concrete. Cement production is a rakpensive venture and yet there is
an abundance of coal ash such as SDA and fly aghithdisposed off in landfills that

could be utilized positively.

Spray Dryer Ash, also known as Spray Dryer Absorbaterial, is a by-product of coal
energy production, obtained from the Flue Gas Desnhtion (FGD) process. The SDA
considered in this study is a self-cementing ccdl anaterial obtained in Northern
Colorado at the Rawhide Power Station, managedéyPtatte River Power Authority.
This material is unique to the mid-western and emestegions of United States due to
the uniqueFGD process, commonly referred to as ‘Scrubbinggduin the removal of
sulfur dioxide from the residual gases during tbal ®ased energy production processes.
The SDA material is &ighly alkaline residual fly ash that is contamathtvith sulfur in

this scrubbing process (Hoffmamgd), disqualifying it from the Class C specificatifor
1



fly ash use in concrete (ASTM C618) that requites gulfur content to be less than 6%.
With the exception of the high sulfur, the qualitiythe SDA produced is quite safe for
engineering use since it is very low in hazardousenals (EPRI, 1998). Despite the
undesirably high sulfur content, this research wllestigate its potential for beneficial

use in concrete.

Concrete, which is one of the most widely used ttanson materials, is a composite of
aggregate, cement and water. Concrete is producatestimated global rate of 5 billion
cubic yards per year. It is the second most widelgsumed substance on earth, after
water (PCA, 2006). It has been used as one of Hjermonstruction materials in some of
the world’s largest infrastructure such as the Hodvant, Petronas TowefsJin Mao
Tower® and Dames Point Briddeand is a major component in much of the highway
infrastructure being built. For example, 67% of theS Interstate highway and bridge

system has been built of concrete (NBI, 1994).

Concrete, together with reinforcement, is well knofer its high strength development,
resistance to large magnitudes of loads, and sdedtirmations when compared to
asphalt. When used in pavement construction, ctaprevides an average useful life of
about 20 - 30 years before needing rehabilitattmmpared to an asphalt pavement that
has a service life of 8 - 12 years (PCA, 2009a)ngbmiction of a concrete pavement

requires a higher initial investment, but it hageay low maintenance cost as compared

112441t long, 726.4ft high {2highest in the US) dam located on Colorado rivieAdzona-Nevada border
21378 ft high skyscraper building in Kuala LumphMalaysia
% 13711t high skyscraper building, Shanghai, China

* 2 miles long bridge, spans St. John river, Jackslen Florida

2



to asphalt (PCA, 2009a). A high initial investmentild be reduced by utilizing recycled
materials and waste products in substitution otamgpmnent of cement. An extended
service life and reduced life cycle cost could deocactualized when these materials are

used for bridge construction (Daigieal. 2006).

Portland cement production poses challenges ofsskee energy usage and depletion of
natural resources. Cement is chemically manufagdtdirem calcium, silicates and
aluminates in a process that releases carbon @&@sda by-product into the atmosphere
and depletes the earth of mineral resources (B3@9)1 In 2007, the world production of
cement was approximately 2.6 billion metric tongthwl27 million produced and
consumed within the United States (USGS, 2008).vihen a ton of coal ash is used in
place of cement, 55 gallons of oil required to pre a single ton of cement is saved and
an equal amount of carbon dioxide that would belpced by the manufacturing process
is prevented from entering the Earth’s atmosph&@AA, 2009), hence making a

significant positive impact on the environment g@neservation of natural resources.

Portland cement is a hydraulic material and it bithiproperties similar to the residual
waste (fly ash and SDA) obtained from coal energydpction. Fly ash has produced
excellent results when used in concrete, and inynrastances concrete mixes including
fly ash have outperformed standard concrete. Térist different types of fly ash and a
lot of research has been conducted to investigatéeneficial application in several
engineering industries. SDA is closely related tas€ C fly ash. It is a relatively new
product that and has not yet been the subject teheive study. However, based on the

previous success of Class C fly ash in concretapjtears that SDA could provide a



suitable substitute for Portland cement and anrenmientally friendly solution to the

concrete industry.

Fly ash has, for so many years, been a hazare tertvironment. Several millions of tons
of fly ash and SDA are disposed off annually indfdis and ponds, raising concerns of
ground water contamination and health hazardsa@tivironment (EPRI, 1998). Despite
the disposal challenge, these materials possegsexeellent properties that produce
distinct benefits when added to traditional coremixes such as improved workability,
reduced permeability, increased ultimate strengtit, reduced heat of hydration (King,

2005).

In an attempt to improve the environment and endathe concrete industry, it is
essential to provide more sustainable and ‘gregstions as solutions and better
alternatives to existing products. Extensive rade&as been done in an attempt to make
concrete products more sustainable and cost eféeciihis research has included
recycling and utilizing valuable waste productstsas car tires, glass, waste plastics,
slag and fly ash, which have been used in kilngntprove the cement manufacture
process and in concrete production. The utilizabB8DA is another attempt at reducing
concrete’s carbon footprint on the environment ébgrenhancing the sustainability of

transportation infrastructure constructed with cete

1.2 Research Objectives

The main objective for this work was to carry owlinary research on four different
properties that are instrumental to the transportahdustry, in order to demonstrate the
viability of SDA as a suitable partial alternatifigg cement in concretes. A more in-depth

4



study into these properties would be recommendbd.résearch described in this thesis

will only demonstrate the suitability of SDA foreig transportation concretes by:

* Investigating and recommending quantities that wqubvide suitable results in
terms of compressive strength when SDA is usedsabstitute for cement.

* Quantifying the bond strength behavior of SDA ceterthrough laboratory
testing.

» Studying the durability of SDA concrete with an drapis on the freeze-thaw
performance of the concrete.

» Examining the corrosive behavior of rebar embedoedDA concrete when

exposed to a chloride environment.

1.3 Approach

To meet the above objectives, a research team sgasndled to carry out experimental
work on the SDA concrete. This work was carried inuthe Concrete Laboratory and
Engineering Research Center at CSU through labgratesting of specimens in
accordance with the relevant ASTM standards. Gégerancrete samples with variable
guantities of SDA were prepared, cured and testedtHeir strength, durability and
corrosion properties. The results from these ingagbns are analyzed and detailed

within this thesis.

This thesis will provide an overview of previousidies done on SDA and fly ash in
concrete (chapter two), an outline of the experitmleset-up of the research work

(chapter three), an analysis of the results (chapoar) and conclusions and



recommendations for further studies (chapter fii@®sign tables and raw data from

testing will be appended at the end of the thesis.



2 LITERATURE REVIEW

2.1 Introduction

Spray Dryer Ash (SDA) is one of the many residuroducts of cal-based energy
production. Collectively these products have beemeéd asCoal Combustion Produc

(CCP) The other CCPinclude fly ash, FDG gypsum, boiler slagc bottom ash.

There arenumerous resear projects that have beeronductedon the engineering
application ofthese produc, particularly with fly ashEngineers have utilized fly ash
an altenative product in replacement or (pari substitution ofcement in concreteas a
structural fill, and asroad base aggregates. CCPs have falsoc application in many
other sectors such as agriculture, mining, cemerdyztion as raw feed for the clink

and waste stabilizati,, as illustrated in Fig. 2.1.

k4 Others 10%
[~ Structural
Fills/Embankments

19%

kM Gypsum Panel
Products 15%

M Aggregate 2%

L4 Road base/Su-base %
2% |
e i Concrete/ Concrete
M Waste Stabilization Products 26%
5%

H Raw Feed for

Clinker 9% H Mining Applications
12%

Fig. 2.1: Overall CCP 2007 Production(ACAA, 2007)

SDA material is a relatively new CCP t has been in existence since the 1980s v

power plants built after 1978 employed the usehef Elue Gas Desulfurization (FG!
7



process to limit the release of sulfur dioxide ampliance with the Clean Air Act (EPRI,
2007). Therefore, in comparison to fly ash, theae hot much research on the beneficial
use of SDA. For this reason this literature reviel include previous work with SDA

when available, but will also draw from previousriwavith fly ash in concrete.

Fly ash has found very positive usefulness in thecete industry due to its pozzolanic
behavior in forming cementitious bonds. Concreteharacteristically defined by the
strength of these cementitious bonds created batwee aggregates. The strength of
these bonds is determined by the nature and typezfolanic material used within the

concrete.

A Pozzolan is an alumino-siliceous material whinhthe presence of water reacts with
calcium hydroxide to form compounds possessing oéitreis properties. Generally,

they have the ability to set at room temperaturthaut the use of any retarders or
accelerators/ superplasticizers (King, 2005). Sauwgpes of pozzolans exist, in addition
to fly ash, such as silica fumes, calcined clay téka&olin), ground granulated blast
furnace slag (slag) and of recent production SDAe Jpozzolans can be acquired
naturally when mined directly as volcanic tuffs,matactured as metakoalin, retrieved as
an industrial by-product or acquired from burniriger hull (Malhotra, 1986). This

research focuses only on SDA and its use in coacret

2.2 Concrete

Concrete is a composite material that is compriesédaggregates and any binder/
pozzolan mixed together in the presence of watéorto a hardened structure of durable

guality and strength. The most commonly used bimgl&ortland cement. Other binders

8



include pozzolans such as fly ash (and SDA), sifiomes, ground granulated blast
furnace slag, and metakoalin can be used in complébstitution or partial replacement
of Portland cement (Malhotra, 1986).

Some admixtures such as super-plasticizers ordetaican be added to any concrete to
facilitate

or retard the hydration reaction process of theme. When these admixtures are added
to the concrete, they modify the concrete formiiféecent types that are specific to the
user’'s application. Such modified concrete couldréferred to as high strength, high
performance, shotcrete (Garshadl al. 2007), and many other names, such as asphalt
concrete, lime concrete and glass concrete (Poettad. 2008) when the cement or

aggregates are substituted for by other materfadsxolar properties.

2.2.1 Application of Concrete

Concrete has been widely used in the constructmgiiway industry. An estimated

global rate of 5 billion cubic yards per year ohceete is produced (ACAA, 2009). In the
US, concrete has found a great application in leridgmd pavement infrastructure.
Presently more than 50% of the bridges in the UsScanstructed out of prestressed

concrete (TRB, 2009).

Concrete has been used in isolation, referred tmass concrete, or together with steel
materials to form reinforced or pre-stressed cdecié has also been used in masonry to
manufacture concrete blocks or pavers and othecretsn products such as pipes,
culverts, and highway barriers (PCA, 2009bpncrete has been used in the design and

construction of structural elements such as colurbeams, slabs, piles/caissons, shear



and retaining walls in buildings and piers, towee)d pavements in highway
construction. It has been used in the constructbrother structures such as dams,
swimming pools, water tanks and silos. Concreteagyas popularity, in many instances,

from its high strength development and its highstaace to impact and bending.

‘Modified’ concrete has been used widely in bridgehway construction and in other
applications that require early strength developgneerd fast-setting of concrete. For
example

glass concrete has been shown to improve the thémsdation of buildings (Poutost

al. 2008). Another example is limecrete (lime usedhwibncrete) has been used in
flooring systems to enhance under-floor insulatma eliminate floor dampness in the
interiors of the building. The Limecrete is usedaneas that are not exposed to weather
conditions. Shotcrete (concrete sprayed at highspires) is normally used in tunneling,
in areas where seepage is a concern, areas withwaitgr tables and against vertical soil
or rock surfaces (Garshet al. 2007). In a bid to conserve the environment soatde
materials such as fly ash have been utilized inifyiog the concrete. Concrete itself has
been recycled and utilized as aggregate in newretmor in a road sub-base layer

(Buck, 1977).

2.2.2 Strength of Concrete
2.2.2.1 Compressive Strength

Concrete members are designed based on the cdsctetapressive strength. When

improperly designed concrete members will ultimatédil due to the occurrence of

10



significant tensile loads. The presence of smad#esile loads in concrete will induce

cracks, which may cause serviceability limit statebe reached.

Several classes of concrete strength are utilizeged on its intended application. For
example, the strengths will vary depending on wéettoncrete is for non-structural
(general) use or structural applications such aledlpiers, concrete pavements (decks),
girders, or repairs. Concrete may also be spéctiieachieve high strength or early
strength requirements. The typical range of stiengted for conventional reinforced
concrete is 3000 — 4000 psi (21 — 28 MPa) while tisad for prestressed (high strength)
concrete is 5000 — 6000 psi (35 — 41 MPa). Highmrcrete strengths provide for a
reduction in weight of the members and they expegesmaller volume changes.
Volume changes can affect the proper functioninthefmembers, for example causing a

loss of prestress in prestressed concrete membengag, 2007).

Strengths required for transportation use tenédnge between 4000 — 6000 psi (28 — 41
MPa). The AASHTO LRFD specifications (1994) providenimum requirements for the
classes of strength to be used for different appbos. The Colorado Department of
Transportation (CDOT) has narrowed down the AASHsp@cifications to suit Colorado
environmental conditions. CDOT has the concretssela shown in Table 2.1. The

classes specify the required field compressivengtheat a given age of the concrete.

11



Table 2.1: CDOT Concrete Classification (CDOT, 2008

Concrete | Required Field Cementitious Air content Water
Class Compressive  content: Minimum  range (%) cementitious
strength (psi) or range (Ibs/yd) ratio: max / range
B 4500 at 28 days N/A 5-8 0.45
BZ 4000 at 28 days 610 N/A 0.45
D 4500 at 28 days 615 — 660 5-8 0.44
DT 4500 at 28 days 700 5-8 0.44
E 4200 at 28 days 660 4-8 0.44
H 4500 at 56 days 580 — 640 5-8 0.38-0.42
HT 4500 at 56 days 580 — 640 5-8 0.38-0.42
P 4200 at 28 days 660 4-8 0.44
S35 5000 at 28 days 615 — 720 5-8 0.42
S40 5800 at 28 days 615 - 760 5-8 0.40
S50 7250 at 28 days 615 - 800 5-8 0.38

Each of the classes (Table 2.1) is designated $meaific purpose. For example Class B
is an air entrained concrete and is utilized forggal use while Class DT is used for deck
resurfacing and repairs. The final three classekeartable, Class S35 — S50 are specified
for high strength use in structural applicationshsas bridge girder and pier construction
(CDOT, 2008). It is important that the concretdizgd has a composition which limits
the effects of forces such as shear, bendingoi@nd deformation phenomena such as
concrete creep, fatigue, shrinkage or thermal esipan and yet maintains sufficient
strength for the duration for which the structur@swidesigned for. This duration is usually

10 — 20 yrs for concrete pavements (Tonias, 2007).
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2.2.2.2 Bond Strength

For reinforced concrete to function as a structunaterial it is important to maintain
composite action, which requires the transfer @dldetween the concrete and steel.
This ability to transfer load is referred to as Hond. The load transfer between concrete
and rebar occurs through friction (local bond-stgationship) and the mechanical
interaction between the reinforcing bar and surdiugm concrete. Mechanical interaction
is the dominant mechanism of load transfer at stoathoderate slip levels but friction
dominates at extreme slip levels and immediatelgnufwad reversal. For reinforced
concrete structures subjected to moderate loadiregbond stress capacity (mechanical
interaction) of the system exceeds the demand ehegry small movements are observed
between the reinforcing steel and surrounding aieciHowever for systems subjected
to severe loading, localized bond demand may exteedond capacity and result in
localized damage and significant movement betwbkersteel and concrete (Lowetsal.

2004).

Experimental investigation indicates that the boggponse is determined by a number of
parameters and system variables. These parametkride composite material state, steel
and concrete material properties (compressive giineriensile strength and steel yield
strength), steel ratios and thickness of concreteeic The bond strength response is
characterized as a function of compressive streagthbar size. It is determined by slip
damage of concrete at the rebar-concrete interfacess of bond strength typically

results from the development of localized crackslwe to concrete —rebar shear. Bond

failure is due to tensile cracking or shearing oharete (Loweset al. 2004). The
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relationship between the bond strengithand compressive strength)(can be defined

(Eligehauseret al. 1983) by

T o k(f.)P for (/3 <p<1/y) (2.1)
The standard (ACI, 2008) simplifies the bond sttbnglationship above by equating
B :1/2 and a constank that is dependent on the serviceability requireséat the

different flexural members.

Under initial loading the bond stresses are largeat the surface and tend to zero at the
embedded end. As the loaded reinforced concreteagipes its bond failure, the stresses
along the reinforcing bar become uniformly disttdmi This maximum bond strength
(tmay given below (2.3) is computed from the equililbniuelationship (2.2) between

maximum (bond/ tensile) load applied to the bar #edinternal bond slip load

Asfy = dslsTmax (2.2)
and is defined as a function of bar diametg), (development (slip) lengtis( and the
steel’s yield strength,j (Nawy, 2000):

o= Asly _ Tyds
max - gl 4l

(2.3)
Experimental investigations have considered thpaese of bars ranging in size from
No. 6 to No. 10. Variables such as the cyclic lb&dory, type of concrete confinement,
level of concrete damage and strain history wiloatletermine the maximum strength
attained (Lowegt al.2004).

Consequently it is important to have sufficient lsor@ge and flexural bond length that

will provide good development of local bond slippag well defined bond zone length
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and minimize cracking in the concrete. As a reghk, reinforcement should be able to

attain its yield strength without failure of therlab(Nawy, 2000).

2.2.3 Concrete Durability

There are numerous durability concerns faced bycred@ and these include alkali-
aggregate reaction; chemical attack by sulfatdsyides and other aggressive chemicals;
freezing and thawing; and severe exposure conditi@®ameshet al1997). Concrete

should be designed to resist weathering actionasaim and chemical attacks, while
maintaining its engineering purpose. When these@ms are not addressed properly,
they can cause serviceability problems, concreterideation and induce corrosion of the
rebar imbedded within the concrete (Ramesial1997). This thesis will focus on the

freeze-thaw challenge and rebar corrosion probiereinforced concrete.

2.2.3.1 Freeze-thaw

Concrete is most vulnerable to frost during itslyeages (first week) due to relatively
high capillary water content and its low strendths essential to protect the premature
concrete from the initial freezing cycles. When @sgd to very low temperatures, long
periods of freezing, and/or subjected to frequgntes of freeze-thaw concrete is at great
risk of durability failure if no measures are takBramage arises from the freezing of the
pore water within the concrete that is accompaibgdts expansion. In mitigating this
effect air entrainment admixtures are utilized toyide extra air voids that provide space
for the freezing water to expand into, without éagsdamage to the concrete

(Richardson, 2002).
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The amount of air content required depends on tleme of frozen water to be
accommodated, which is a function of the permegbdnd porosity properties of the
concrete. It is minimized by lowering the water-@itious materials ratio used for the
concrete (Richardson, 2002). The amount of airireduo provide adequate freeze-thaw
resistance is also dependent on the nominal maxisigenof aggregate and the level of
exposure. The required air content will decreasth van increase in the maximum
aggregate size due to a reduction in the mortateabnConcrete mixes with a maximum
aggregate size of ¥ in (20 mm) containing air émtnant are designed to produce an air

content approximately equal to 4 — 6% of the carcvelume (ACI 211, 1991).

Concrete subjected to alternate cycles of freeaing thawing experience mainly two
types of deterioration namely surface scaling artdrinal cracking. Scaling is the most
frequently observed form of deterioration and ithe progressive loss of small particles
of mortar on a concrete surface subjected to aterfreeze-thaw cycles, hence exposing
the coarse aggregates. Cracking is formed dueetinternal pressures generated by the
action of frost within the hardened concrete. Tasistance of the concrete to frost is
dependent on various factors affecting the aggeepaste interface such as the strength
of the interface, degree of saturation, creep ardobre structure of the paste (Pigedn

al. 1995).

Internal cracking is uncommon nowadays since mb#tis concrete has been protected
by the use of air entrainment, but is typical ie taboratory for concrete specimens that
are fully saturated. The test method describe iTM$666 ascribes to measurement of

the fundamental frequency (and relative dynamic uheglof elasticity), whose reduction
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is an indicator of the extent of internal crackimgconcrete specimens (Pigeen al.

1995).

This reduction in the measurement can also beantlad by the surface scaling when the
concrete specimens are subjected to freezing instieked water. The transverse
fundamental frequency is a function of the masthefspecimen; heavier specimens will
have a higher frequency. Subsequently the scaliffgcte when severe, could
significantly reduce the mass of the specimen heedecing the durability factor below

60% without showing any significant micro-crackifiRigeonet al. 1995).

The fundamental frequency reflects the internafugions within the concrete due to
deficiencies in the air-void characteristics orunatof aggregates while a weight loss is
due to the scaling effect. A reduction in fundaméritequency can occur without a
decrease in the weight loss and vice visa. ASTMOCZ894 and C1017 require that the
relative (in relation to reference/ Control conejetiurability factor of air entrained

concrete with admixture under investigation sholddat least 80%, but no minimum
durability factor or other requirements are givertie ASTM standards. Wang (2009) in
his research defined a good durable low permeglilincrete as one that attains a

durability factor of at least 85 percent.

The introduction of air entrainment in concretedives a certain sacrifice in concrete
strength though it enhances its durability. Chemkd controls on selected materials are
essential to ensuring that the desired strengthtiferdesired design life in the given

exposure conditions is attained. Design guides l#s® made adjustments to the mix
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proportions to ensure a feasible compromise onsttength and durability of concrete

(Kosmatkeaet al, 2002).

2.2.3.2 Corrosion

The corrosion of steel rebar is the primary and tnasstly form of deterioration
experienced by reinforced concrete bridge strustuire the United States, maintenance
and rehabilitation costs for deficient bridges aeey high and are measured in billions of

dollars. (Wipf, 2006)

The risk of corrosion of steel rebar can be minediif a sufficient depth of concrete
cover is provided for the steel. It can also beimized if the concrete is well designed
since concrete is highly alkaline (pH ~12) and paovide a protective layer for the
embedded steel. However, when the concrete is &edjeto corrosive conditions,
oxygen, chemicals such as chlorides, sulfates,ocatles and moisture can ingress
through the pores to reach the rebar surface dadtak alkalinity of the concrete and
cause the breakdown of the passive layer hencencacsrrosion of the steel (Bavarian

et al.2006).

Ingress of chlorides such as sodium chloride (degisalts) is one of the major causes of
steel rebar corrosion in concrete utilized in trengportation industry. The corrosion
deterioration would begin with the penetration blocide ions into the concrete, then the
breakdown of the passive layer, more acute comosfothe rebar, micro cracking and
eventually spalling of the concrete (Bavar&tral. 2006). The breakdown of the passive
layer can be brought about by many other interastisuch as structural, physical,

chemical and environmental considerations. For @ana structural failure of the
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reinforced concrete can create cracks within theckie that would eventually expose
the embedded rebar to corrosion. When the rebexgesed to the environment the steel
is subjected to oxidation and ferrous ions (rus® @rmed, as given by the equation
(2.4):
2Fe?* + 3H,0 = Fe,0,+ 6H* (2.4)

The penetration of the chloride ion among othermprties such as the resistance to
sulfate attack and alkali-silica reaction, arefafictions of the permeability of concrete.
It is important to ensure that the concrete sumoum the embedded concrete has the
ability to protect the reinforcing steel from casian. The major factor that should be
considered in designing a corrosion resistant @iacis the water-cementitious ratio,
which governs the permeability of concrete. The eeivimaterial specification also plays

a significant role in determining the permeabibfithe concrete.

There are number of tests that can be carriedoouvestigate the nature and extent and
behavior of corrosion activity in concrete subjecte severe environments. Some of
these tests include acid-chloride content (ASTM %2)1 measures the chloride content
in concrete, Polarization resistance (ASTM G59); asuees corrosion rates,
electrochemical impedance spectroscopy (ASTM Gl6®asures concrete resistivity,
Chloride diffusion (ASTM C1556); measures relattlifusion rates of chlorides. This
research will only focus on the studying the effeicadmixtures such as SDA may have
of the corrosion behavior of concrete. This studlf lse conducted in accordance to
ASTM G109 and reference made to ASTM C876 that Mulstrate the probability of the

formation of corrosion cells on the reinforcingesttASTM C876).
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There is lot of research done to mitigate corrosloough increased concrete coverage,
use of admixtures, reduced permeability concretigirating corrosion inhibitors and

replacement of steel rebar with alternative malte(@harp, 2004).

2.3 Cement

Cement is composed of free lime and siliceous dachiaous materials (pozzolans),
which in the presence of water, will chemicallyaewaith the calcium hydroxide released
by the hydration process to form a cementitiouseotigat binds the inert materials in the
concrete (ASTM C125). It is manufactured induslyidby heating a homogeneous
mixture of limestone and clay materials in a kilhaatemperature of 2642 degrees

Fahrenheit (Bye, 1999).

The most commonly produced and utilized pozzolané# is Portland cement (Bye,
1999). It is categorized (ASTM C150) into five tgpke— IV, depending on the ratios of
the material compositions in the cement. The dfiiertypes of cement have been
formulated to offer slightly different characteitst, for example Type 11l is formulated to

have improved early strength gain.

2.3.1 Cement versus Fly Ash

Unlike cement, which is a manufactured productai is a waste product of coal-based
energy production. Both cement and fly ash exhdimtilar reaction compounds and
characteristics but differ in the amounts of tleinstituents. The compounds in Portland

cement, in the presence of water, will react tonf@alcium silicate hydrate gel (C-S-H)
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or calcium aluminate hydrate gel (both cementitionaterial) which bind the inert

materials together (Neville, 2006).

The standard cement hydration reaction equationgiieen by (Neville, 2006):

Portland

Water C-S-H Lime
Cement

When fly ash is incorporated in the concrete mathwove, the lime produced will react
with the pozzolanic compounds present in the flp & produce the same C-S-H

compounds formed by the hydration of cement.

Portland

Cement Fly Ash Water C-S-H Lime

The pozzolanic reactions involving fly ash vary sioierably with the type of ash used.
The silica content and the calcium oxide presenhénfly ash will determine how much
fly ash reacts in the matrix. The pozzolanic atyiwaf the fly ash is also dependent on
other parameters such as its unburned carbon c¢oatehits fineness (Rameh al.
1997). The amorphous amino-silica compounds irflshash will further react with the
free lime, over time, to form more C-S-H bonds/g&ver time, the fly ash/Portland
cement matrix will produce more C-S-H gel than fiatduced by Portland cement alone
hence providing additional cementitious productscWwhmpart additional strength to the

concrete.

Fly Ash Lime (more) C-S-H

Generally pozzolans such as fly ash, in the presafiovater, will react in a similar

hydration reaction as Portland cement. Fly ashesagong high amounts of lime, such
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as the Class C type, are capable of setting indkgmely when mixed with water, hence

making it self-cementing (Bermt al. 2009).

Fly Ash Water C-S-H (Free) Lime

Its independent use is generally not recommendeduse the pozzolanic reactions are
much slower than the cement hydration reactionsvemdd affect the early strength and

rate of strength gain significantly.

2.4 Spray Dryer Ash

Spray Dryer Ash is a residual material of coal-blasaergy production, obtained from
the Flue Gas Desulfurization process (FGD), commoesferred to as ‘Scrubbing.” This
process removes sulfur dioxide from the power p&anissions and is accomplished by
adding calcium hydroxide (lime) to the flue gasesnfaminated with sulfur dioxide),
while at the same time the heat of the flue gasest@ in drying the reaction products
(Babcooket al. 1978). These products later collect with the # @roduced and form a

unique material that has been termed as a SDA.

Dry Reaction

Products Fly Ash Spray Dryer Ash

The fly ash is produced from burning pulverizedldoaa coal-fired boiler furnace. The
fine-grained waste product produced is then cawoféth the flue gas and is collected out
from the flue gas using electrostatic precipitattsadg houses) or mechanical collection

devices (cyclones). About 30 — 80 percent of &l @&lsh produced leaves the furnace as
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fly ash, depending on the boiler furnace used endahergy production (Babcoak al.

1978). The general flow of the process resultmflyi ash is illustrated below:

Coal
Coal Power Plant Pulverizer
Precipitator Flue Boiler Furnace
FLY ASH

Because SDA is collected together with fly astsisimilar to fly ash in many ways and
most closely resembles Class C fly ash, which sd@minant in the mid-west and
western regions of the U.S. It is a relatively ngmeduct and limited research has been
done on its application. The present researchaged) on the hypothesis that it will
perform similarly to Class C ashes therefore thHioiiong sections will address content

on fly ash used in concrete which will be useddemparison with SDA characteristics.

2.4.1 Types of Fly Ash

Several types of fly ash exist, all dependent entyjpe of coal and the coal combustion
process, which determine the chemical compositiothe fly ash. The different types

vary mainly in the amount of calcium, silica, aluvaj and iron they contain.

These have been classified (ASTM C618) into twadoelasses:
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Class F: This is obtained from burning anthracite and bitons coal. This fly ash
contains less than 10% lime (CaO), hence requisagplemental cementing agent such
as Portland cement, quicklime or hydrated limerateo to react efficiently (King, 2005).
When Class F Fly ash is subjected to a highly aikaénvironment such as Sodium
hydroxide or Sodium silicate, a new material knoa® a geo-polymer is formed

(Tempestet al.2009).

Class C:This fly ash is obtained from burning younger ligrand sub-bituminous coal.
It exhibits self-cementing properties because ittams a higher content of lime, more
than 10% (King, 2005). Unlike Class F, Class Cdbh does not require an activator

since it contains higher amounts of alkali (King03).

Based on its chemical composition, the Spray DAsi being used in this research

would ideally be categorized as a Class C fly astept for its high sulfur (>6%) content.

Table 2.2 compares the ASTM requirements for tfferdint types of fly ash.

Table 2.2: Fly Ash Classification as per ASTM C618
Component | Moisture SiIQ Al,O3 Fe03 SGs LOI
max. % min. % max. % | max. %
Class F 3 70 5 6
Class C 3 50 5 6

2.4.2 Properties of Fly Ash

Fly ash obtained from different coal plants is yghariable in its properties and is

dependent on the coal combustion process that sexk tience fly ash is usually defined
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in terms of its chemical and physical propertiglse Thost essential properties that affect

the fly ash’s reactivity include its fineness arwkt on Ignition (LOI) (King, 2005).

The Loss on Ignition (LOI) is a measure of the umled carbon content in the fly ash
and it greatly influences the chemical charactegsof the fly ash. The carbon content
(LOI) present in the fly ash can be approximategspally by observing the color of the
fly ash. The color varies from gray (Class C) tadil (Class F). The lighter the color, the
lower the carbon content or unburned carbon (Rareest, 1997). The ASTM C618
specification limits the LOI to a range of 3 - 68y ash containing larger amounts of
unburned carbon would reduce the effectivenessirofemtrainers and decrease the
workability of the concrete, hence impairing reaityi and strength development. Higher
water content and more air entrainer would be regquito maintain the required

workability and air content (Rameshal. 1997)

The fineness of fly ash is a key property in detemng its reactivity and strength
characteristics. The fine particle size reducespihisity of the concrete and increases
the volume-to surface area ratio, which is needmdtlie pozzolanic reaction. The
fineness of the fly ash, however, does affect theumt of air entrained in the concrete. It
will increase the demand for the air entrainer eeetd provide a target air content. All
fly ashes have a particle size less than 0.075 menaae mostly amorphous in nature.
The Class C type fly ash is generally coarser tharClass F fly ash. The specific gravity
usually ranges between 2.1 and 3.0. Increasedclgafineness has been shown to

increase the pozzolanic activity of the fly ashr{feahet al, 1997).

25



The proportions of the chemical constituents presefly ash define the type of fly ash
and determine the extent of its pozzolanic activ@ufficient amounts of silica (SKp
alumina(Al,O3) and iron oxide (F£3) are needed to react with lime, in the presence of
water. The sum of these oxides must reach thenesjminimum of 50% for Class C and
70% for Class F. Calcium oxide (CaO) is anothemnificant oxide that affects the
pozzolanic activity of the fly ash. It governs therformance of the fly ash in concrete,
which is influenced by the amorphous nature of fthieash and is responsible for the
creation of reactive (free) lime. Sulfur trioxid8s) is another oxide that great affects
the early strength development of the fly ash. igher the sulfate content, the higher
the resultant strength. A maximum of 5% is perrbigsin the fly ash so as to avoid

excess sulfates that may contribute to disruptivate attacks (King, 2005).

The above physical and chemical properties of $ly do provide improved workability,
reduced permeability, increased ultimate strenggduced bleeding, improved surface
finish and reduced heat of hydration when a fly-asdment matrix is used in concrete

(Ramestet al, 1997).

2.4.3 Utilization of Fly Ash

Fly ash has been used in several engineering apiplhs such as structural fill, waste
stabilization and solidification, soil stabilizatipaggregate and filler material, road sub-
base, raw feed for cement clinkers, production eb-golymer materials, mine
reclamation, grout and as partial replacement/ tiuben of cement (Ramesht al,
1997). However, the amount of fly ash producediisrsuch greater than the amount of

fly ash that is put to beneficial use. Millions wins of coal combustion products are
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produced annually but less than 43% of the prodaretsused beneficially. Utilization of
fly ash in concrete offers environmental and dmestefits by reducing the demand for
virgin materials and minerals that are used inntfamufacture of cement, the amount of
carbon dioxide released in the atmosphere throglcément manufacture process, and
the amount of coal ash disposed of in landfills A%C n.d). Table 2.3 illustrates the
utilization of coal ash (CCP) in the recent past:

Table 2.3:  CCP and Fly Ash Produced/ Re-used (mitins of tons) (ACAA, 2010)

CCP CCP Fly ash Fly Ash %age re-

produced re-used produced re-used used
2006 125 54.2 72.4 32.4 45%
2007 131 56 71.7 31.6 44%
2008 136 60.6 72.5 30.1 42%

These statistics indicate an increasing fly aspas$ial challenge that requires an efficient
solution. The concrete industry seeks to contribatthe solution by utilizing fly ash in
its applications. One incentive for utilizing flglain amounts greater than 25% is that it

would classify the concrete a LEED certified prad{@®CA, 2009).

2.5 Fly Ash Concrete

Fly ash mixed with concrete has shown results afeiased strength and durability of the
concrete. lIts utilization in the US stretches bsxki929 when it was first used on the
Hoover Dam (Smith, 2006). Concrete with fly ash t@nproduced to achieve desired
strengths at various ages, with a given water-cétiers ratio, aggregate size, air

content and slump. Concrete with fly ash has bedelwused in the highway industry.
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Much of it is air entrained since the finenesshs fly ash provides a challenge for the
concrete to maintain sufficient air voids neededtfi@ freeze-thaw cycles (Ramestal.

1997).

In some instances 100% fly ash (Class C) concieteoken produced and has been found
to meet acceptable concrete standards. It hasumsshon a number of projects which
entailed the construction of foundation walls andtings, floor slabs and manufacture of
precast panels. However, its use has not yet foomch acceptance in the construction
industry due to its highly sensitive handling andalgy control, and challenges
experienced in adhering to the specified batchiraggdures. The order in which the
materials are introduced into the mixture and tlkation of the mixing process is of vital

importance in ensuring proper setting of the carec{Berryet al.2009).

Fly ash concrete has been acknowledged as a ‘gpeetct. Some states like California
have recognized the benefits of fly ash concret® its1 Department of Transportation
(Caltrans) requires all highway projects to useadh to blend all concretes (Maggenti,

2009).

2.5.1 Fly Ash and Concrete Strength

Concrete strength, defined by its compressive gthens affected / determined by a
number of factors such as the water-cementitiotis, reetting time, workability, curing

and pozzolanic activity - dependent on the typparzolan used. For example utilization
of fast setting cement will reduce the setting tiaved provide for its early strength
development. Other pozzolans such as fly ash haen lused and have provided

enhanced properties and added benefits in concrete.
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The effects of fly ash (both Class C and Classdhr) lwe recognized with as little as 20%
fly ash replacement of cement in the concrete. @&hisunt can increase the setting time
of concrete by about 1 to 2 hrs, and doubling #m®unt could further increase both
initial and final setting times (Ramest al. 1997). Several studies have been done to
investigate the influence fly ash has on the stiefgarly and ultimate) of concrete, but
few studies have been done with SDA. Hence guidglfor the usage of fly ash (and its
derivatives, SDA) are limited to Class C and Claggpes. The ACI guidelines limit the
use of Class F fly ash to 15 — 25% and Class Cafly to 20 - 35% (ACI, 1996)

replacement of cement in the concrete.

Crouchet al. (2009) has made attempts to investigate a 50%eusaglass F fly ash and
their research findings indicated an incrementhim witimate strength despite a reduced
early strength development in the concrete. Lowaelyestrength development is the main
set-back experienced when using Class F fly astomtrete. Despite this limitation, its
utilization in concrete could be enhanced by atiti¢pit with an alkali, which helps
improve the hydration process. Such concrete coelceferred to as geo-polymer/ alkali-
activated concrete. In some instances glass aggse@g&cycled glass) could be used to
improve the hydration process instead of alkallse Tecycled glass not only acts as filler
material in the concrete but also plays a rolehim strength development (Tregd al.

2004).

The percentage of Class C fly ash typically usestinctural concrete is 20 - 35% (ACI,
1996) though in some instances 35 - 100% ClassyCasth has been used to replace
cement. In 1988 it was used to replace up to 70%hetement in a highways project in

North Dakota and in 1989 it was used for concresels and parking lots (Goldet al,
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2003). The concrete was designed for a targetgttiesf 3500psi, and its 35 day strength

was found to have exceeded the target.

Berryet al.(2009), in their research confirmed that concusiag only Class C fly ash as
the cementing agent can exhibit outstanding perdioce in terms of compressive
strength behavior. Early strength gains, in exa#s4000psi (27.6MPa) were achieved
and strength of over 8000psi (55.2MPa) was attamieer 84 days. Its application is
witnessed on the Orchard Gardens (2808)$6.5 million project that utilized 100%
Class C fly ash in the community barn foundatiomd 35% Class C fly ash in the rest of
the foundations. Kumaet al. (2007) also found that 50 - 60% Class C fly ash

replacement was adequate to meet the strengthreeggnts for concrete pavements.

Class C fly ash has an accelerated rate of chemgaation when water is added due to
the high calcium content. At elevated curing terapes the setting times could be
reduced and an increase in the early strength ojeveint would be attained. On the
other hand, the long-term strength and durabilify concrete cured at elevated

temperatures is still suspect (Elsageteal. 2009).

2.5.2 Fly Ash and Concrete Bond Strength

Bond strength is a measure of interaction betwéensteel rebar and the concrete in
terms of direct shear. When loaded the concretewunding the rebar induces stresses
onto the rebar’s lateral surface creating shearfdbstresses along the bar. It is an
important structural design property that is sigaifit to the effectiveness of the steel

reinforcement in concrete and enables for the pragesign and performance of

® Orchard Gardens, http://www.greencommunitiesontiom
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reinforced concrete. Structures, concrete pavenamdsbridges are designed based on

the interactive behavior of the rebar with the gete (Tonias, 2007).

Strength of concrete is of paramount importance dietermining the effective
performance of the structure and should not be comised by the presence of a weak
bond. Over the years research has been done addr#ss challenge and some attempts
have been made to enhance the properties of theratenby utilizing energy efficient

materials such as fly ash.

Considering the smaller particle size of the flyn gand SDA) it is presumable that
utilization of fly ash in concrete would provideegter shear bond with the rebar. A
number of studies carried out, though indicatetinedabond strength produced with fly
ash use. Chanet al. (2009) investigated the shear bond behavior offlg based geo-
polymer concrete beams and discovered that the simedgth was closely related to that
of normal concrete beams. Crossal. (2005)had a similar finding that showed the

specimen containing 100% fly ash performed simjleslthe plain reinforced concrete.

Experimental assessment of the bond strength oftrete has mainly used the
conventional pull-out test (ASTM A944) to investigahe strength. Other test methods
such as the direct tension pull-out test methodthadeam-splice test method have also

been used as alternatives or for comparison puspose

2.5.3 Fly Ash, Durability and Rebar Protection

Durability and corrosion of the reinforcement imceete are closely linked since failure
of one would inherently affect the other. For exéamihe wearing out of the concrete

cover would expose the rebar to the atmosphereleadi to corrosion. Durability of
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concrete is defined as the ability to withstandneioal attack (chlorides, sulfates and
other corrosive materials), weathering action (fromn and high humidity) and abrasion
while maintaining its desired engineering propert{iCA, 2002). Corrosion, on the
other hand, is the oxidation/ rusting of the rebaused by the ingress of water or
chemicals (such as chlorides, sulfates and carbshahto the rebar embedded within the

concrete (PCA, 2002).

Concrete utilized for pavement construction is Uguaxposed to inclement conditions
and is very susceptible to deterioration. It is ampant to protect the embedded rebar and
design the concrete to be able to withstand semeveonmental conditions, for a long
time, without significant deterioration. Freezewthand steel corrosion properties of
concrete are vital concerns in the maintenance kmdjevity of transportation

infrastructure and therefore help define the sdophis thesis.

In addition to providing a sufficient concrete covienovative methods/ designs should
be introduced to make concrete more resistantéckatind less porous to any ingression.
Previous studies done show that the utilizatioflyohsh in concrete provides improved
impermeability within the concrete, though othereriical effects could cause its
deterioration. In his thesis, Burden studied tHeat$ of curing on the carbonation and
permeability of high volumes of Class C and CladtyFashes, and discovered that the
rate of carbonation increased and permeabilityedssd over time with an increment in
the amount of fly ash used (Burden, 2006). He ssiggethat carbonation-induced
corrosion could be offset by extending the moistngutime and increasing the concrete

cover.
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When not exposed to any chemical environment,dty@ncrete serves as a very durable
material since its water permeability and void eomtare reduced with an increase in fly
ash used (Croucét al. 2009). This is due to the pore refinement thadravided by the
fineness of the fly ash. The fly ash concrete rrasrialso able to reduce the permeability
to chlorides, and sulfates and carbon dioxide patieh in concrete, hence reducing
corrosion of reinforcement bars embedded within amgroving the durability of the

concrete (Rames#t al, 1997).

In the past century, a new method was introducechd&e concrete exposed to freeze-
thaw conditions more resistant. Air entrainment itines were created and are
presently being incorporated into transportatiomoretes. The introduction of the
admixtures produces small air bubbles which alldarsflexibility in the freeze-thaw
cycles that the concrete would be subjected toil&ino the admixtures, the use of fly
ash has been observed to produce durable conCteteautilization of the combination of
fly ash and air entrainment is observed to enhaheefreeze-thaw durability of the
concrete for as long as the carbon content oflthash is with a 6% limit (Russedit al.

2006).
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3 EXPERIMENTAL SET-UP

Four different sets of experiments were conductedrder to characterize the overall
performance of the SDA concrete. Varying amountSDA were used as a replacement
of cement (binder) in the concrete mixes used toufescture test specimens. Several
design mixes were prepared and tested for theipoessive strength, each tested at 3, 7,
14, 28 and 56 days. Mixes were also prepared ateldén accordance to the appropriate
ASTM standards in order to determine bond strer(gt®44), corrosion (G109) and

durability/ freeze-thaw (C666) properties of thecete.

3.1 Materials

3.1.1 Spray Dryer Ash

The SDA used in this research was obtained in MantiColorado at the Rawhide Power
Station, managed by the Platte River Power Authofihe specific gravity of the SDA
used was 2.71 g/cc. This SDA had a significant arhof lime at 23.65 percent and a
sulfur trioxide content of 6.19 percent, which eed® the ASTM C618 limits for Class C
fly ashes for use in concrete, as shown in TaldleThe increased lime (in addition to the
lime content in the Class C fly ash) and sulfurteats are contributed by the scrubber

process.
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Table 3.1:  Partial Chemical Composition of the Spray Dryer Ash(SDA) Used

SiO, Al,O3 Fe03 CaO SG; LOI

SDA Composition (%)| 39.76 14.31 5.56 23.45 6.19 51.6

ASTM requirement for Total >50 - <5.0 <6.0
Class C (%)

3.1.2 Other materials

Type I/ll cement conforming to ASTM C150 “Standa8pecification for Portland

Cement” was used for manufacture of test speciméms.aggregates used met ASTM
C33 “Standard Specifications for Concrete Aggregat®Vell-graded, normal weight

aggregates were used as coarse aggregates andl rsaiod for fine aggregates. The

material specifications are indicated in Table 3.2:

Table 3.2:  Concrete Material Specifications

~ Moisture  Bulk )
] ] o Specific ~ Fineness
Constituent Material Description . Content Unit
Gravity Modulus
(%) Wit
Cemen Type /Il (ASTM C15() 3.1t NA NA NA
Coarse Aggrega Well-graded, 3/4" me. size  2.6¢ 2.0C - NA
Fine Aggregat Natural sand (ASTM C3 2.6£ 1.0C - 2.8(

‘Micro-Air’ air entraining admixture (a BASF prodtjowas used to make specimens for
freeze-thaw testing and conforms to the specibeati of ASTM C260 “Standard
Specification for Air Entraining Admixtures for Corete.” The admixture is an aqueous

solution of alkyl aryl sulfonate which was addedtte water used for concrete mixing.

5 SGS North America, Inc
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3.2 Mix Design

The PCA Absolute Volume method (Komastdaal 2002, Appendix A, Table 3.3) was
used to design the concrete mixes, with the camstit materials previously described
(Table 3.2). The absolute volume method computes dhsolute volumes of the
constituent concrete materials using the paramegteen in Tables 3.2 and 3.3 and later
converts the volumes to weights (Tables 3.4 anil tBfough the use of the individual

specific gravities.

The mix design was based on a Class S35, a degisestnength structural concrete that
is specified by CDOT for higher strength concretel & normally utilized for bridge
deck construction (CDOT, 2008). The concrete minese standardized against the
Class S35 standard concrete mix design for a strenfgd500psi (31MPa). In order to
ensure that the desired strength of 4500psi is thet,PCA method bases the actual
design on the target (required mean) strength whmdounts for any irregularities or

flaws that may occur in the concrete preparati@tess.
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Table 3.3:  Summary of the PCA Absolute Volume Method for 1 y§27 ft°)

Non-Air entrained  Air entrained )

concrete Concrete units
Desired compressive strength 4500 4500 psi
Target compressive strength 5700 5700 psSi
Water/cementitious ratio 0.525 0.440 -
Air content 2 5 %
Slump desired 1 1 in
Water content 5.45 4.90 3t
Cementitious content 3.30 3.53 3 ft
Coarse aggregate content 10.03 10.03 5 oft
Fine aggregate content 7.70 7.20  ft

The mixes used for the compressive and bond stréagts were non-air entrained while
the durability (freeze-thaw) and corrosion test @sixvere air entrained. The details for

the mixes used for the different types of testsshi@vn within the test descriptions.

3.3 Compressive Strength Test

The concrete for the compressive strength testsdeagned using the PCA Absolute
Volume Method for a design strengih4500 psi (31MPa) with a target strength (at 28
days) of 5700psi (39MPa) and a slump ranging betwe — 3' (25 — 75 mm) hence a

water/cementitious ratio of 0.525 was used. Thecka mixes were made using Type

I/l cement that conforms to ASTM C150 and withdhé use of any water reducers.
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They were prepared and batched by weight with waryiercentages of SDA added to

replace varying percentages of the cement andafyigeegates, as shown in Table 3.4.

Table 3.4:  Non —Air Entrained Concrete Mixes; Design Strengthd500psi /31MPa

Parameter Control Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8

SDA (%) 0 15 20 25 30 35 40 45 50
Water (Ib) 324 324 324 324 323 323 323 323 323
Cement (Ib) 648 550 518 486 453 421 389 356 324
SDA (Ib) 0 97 130 162 194 227 259 201 324
Coarse agg (b) 1707 1707 1707 1707 1707 1707 1707 1707 1707

Fineagg (Ib) 1279 1265 1261 1256 1252 1248 1243 1239 1234

The concrete was prepared according to ASTM Cl%&ntrd Practice for Making and
Curing Concrete Test Specimens in the Laboratd8gth metal and plastic cylindrical
molds were used to cast cylinders and a small et&anixer was used to manufacture
the concrete. Three cylinders were manufacture@dch point required to be tested. The
concrete samples were moist cured at a 99% huni&lisl and each cylinder specimen
was tested to failure using a compression testey. (8.2) with a loading rate of
approximately 30.4 psi/sec (212 KPa/sec) after,3,47 28 and 56 days of curing. The
results of the three cylinder tests were averageédch point and tabulated. Results are

discussed in Chapter 4.
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Fig.3.1: Compression Testing Machine

3.4 Bond Strength Test

Bond strength tests were conducted at the Engimg&esearch Center, in accordance to
ASTM A944 — 05 “Standard Test Method for CompariBgnd Strength of Steel
Reinforcing Bars to Concrete using Beam-end Spewsfhelhe test aims to determine
the bond strength of concrete specimens contawrangble amounts of SDA.

Concrete beams of 2& 9" x 17' (610mm x 229mm x 432mm) were cast in wooden
forms as shown in the schematic in Fig. 3.2. A Ndld.13) steel reinforcement bar was
used as the main bar for the bond/anchorage skréagting. The rest of the bars used
played a passive role in the test, but facilitatexting the specimens around the lab. The
main rebar was placed from one end of the specitnethe halfway point of the
specimen, where it was linked to a %2 in (12.5 mmjneter hollow steel conduit by a
polyvinyl chloride (PVC) bond breaker, as shownFig.3.2. The conduit allowed for

access for displacement measurement.
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Fig.3.2: Beam/ Rebar Specimen set-up

Design mixes similar to the compressive strengsh were used for the bond test. The

concrete (Table 4) was prepared by machine mixmveas cast and compacted into the

molds in three layers, using a tamping rod. A tafahine specimens were made with
three of each containing 0%, 25% and 50% SDA reptent. The specimens were moist

cured at 99% humidity in a curing room for at le28tdays.
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=) / R @
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~«——and Test Bar kaes
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-
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Fig.3.3: Schematic of Test Apparatus (ASTM A944-05)
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The schematic of the test configuration providethie ASTM standard is shown in Fig.
3.3. Fig. 3.4 shows pictures of the actual lalmygatimplementation of this test. Each
specimen was positioned against the yoke linketth@écactuators (Fig. 3.4). The rebar at
one end of the beam was gripped by the wedge dtgched to the yoke and a
compression member was placed against the bottgm efithe beam. The beam was
held down on the opposite end by a tie down Ci@e&o as to prevent rotation of the

beam specimen while the rebar was being pulled out.

Fig.3.4: Schematic of Beam- End Specimen and Apparatus

The test method was conducted by pulling the Neebér from the concrete beam at a
constant loading rate of 0.05 - 0.1lin/min, untildee. The variation of the bond strength
(force) with the displacement of the rebar was mesk at the actuator by a software
program whose results correlate with the bond fgpcesent at the concrete-rebar
interface. Dial gages were also attached at eghdrof the rebar to measure the relative
displacement of the rebar as it was being pulletl afuthe concrete. The dial gage

readings were recorded manually at 10 second @iernin synchronization with the

actuator readings.
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Concrete cylindrical samples were also cast artdddsr 28 day compressive strength to
determine the strength of the concrete in the bsmedngth specimens. The results
attained from the actuator’s software, dial gages @ompression Testing machine were

recorded and results will be analyzed in the sigieeshapter.

3.5 Durability (Freeze-Thaw) Test

This test’'s aim is to determine the relative dymamodulus of elasticity and durability
factor of the SDA concrete specimens when subjetctedpeated cycles of freezing and
thawing. The modulus and the durability factor aremeasure of the concrete’s

deterioration and it they are a function of itsdamental transverse frequency.

Due to the repeated cycles of freezing and thawdnggrete utilized for this purpose is
usually air entrained. The Control concrete usethenfreeze-thaw testing was designed
for a similar design strength of 4500psi (31MPaR&tlays, but with a 5% air content.
Mixes for the concrete specimens containing SDAewdesigned in reference to the
Control concrete mix, so as to allow for a comparief the effect of cement replacement
by SDA. In order to maintain a consistent desigersjth with the standard concrete
utilized in the other tests, concrete containing antraining admixture had its
water/cementitious material ratio adjusted to O-Bde mix designs are shown in Table

3.5.
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Table 3.5:  Air-Entrained Concrete Mixes (Design Strength 4500si (31MPa))

Parameter Control Mix 1 Mix 2
SDA (%) 0 25 50
Water (Ib) 305 305 305
SDA (Ib) 0 173 347
Cement (Ib) 693 520 347
Coarse aggregate (Ib) 1708 1708 1708
Fine aggregate (Ib) 1279 1256 1234
Air entrainer content(fl.oz) 19 35 52

Trial mixes were conducted to determine the dosafgair entrainment required to
provide the desired 5% air content in each of e 25% and 50% SDA concrete mixes.
Varying amounts of air entrainer were added to édgahmix; a sample of the concrete
was taken from each trial and was tested for theaitent using the volumetric method
(ASTM C173) and air indicator kit (AASHTO T19@s a confirmatory test. These
methods involved the addition of isopropyl alcohtdp a sample mortar paste placed in

the testing bowl (volumetair) as shown in Fig. 3.5.

Fig.3.5: Air Entrainment Testing apparatus
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The test apparatus was inclined at,46lled across a flat surface and shaken untihall
air in the mortar paste was completely displacethbyisopropyl alcohol. The amount of
air displaced was recorded as the air contentefttncrete sample. This test procedure
was repeated several times until an air conteri%fwas obtained. The amount of air
entrainer that provided the 5% air content was dhatethe sufficient amount. Generally
more air-entrainer was required with increasing SBdantities. The amount of air
entrainer used ranged between 6 — 17 fl. oz (1503 ml) per 100 Ibs (45 kg) of

cementitious material.

Durability testing of the mixes was conducted ircadance with ASTM C666-97
“Standard Test Method for Resistance of Concret®apid Freezing and Thawing.”
Three concrete prisms (Fig. 3.6) of"16 3' x 4" (406mm x 76mm x 102mm) were
prepared for each of the mixes containing 0%, 25% %0% SDA. The specimens were
soaked in water contained in stainless steel aoetsiwith internal dimensions of 16125
x 3.28 x 4.50 (413mm x 83mm x 114mm), and subjected to repeatekts of freezing
and thawing in a refrigerator. The freezing andaihg cycle involved alternating the
temperature of the specimen from %0to °F (4.4 — 17.8C) within 4 hours, with half

the time given to freezing and thawing respectively
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Fig.3.6: Concrete Prisms for Freeze-thaw testing

After each set of 35 cycles, the specimens wergtveei and tested for the fundamental

transverse frequency (ASTM 215) using an accelerenimked between the specimen

and a frequency analyzer as shown in Fig. 3.7 ad 3

Accelerometer/
' - Amplifier

Specimen

Frequency Analyzer
(LabView Program)

Fig.3.7: Schematic of Apparatus for Transverse Frequency T

Fig.3.8: Apparatus for Frequency Testing
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The specimen being tested was placed on soft rudalpgrorts and an accelerometer was
attached onto the top edge of the specimen. Angétripammer, designed to the standard
specifications (ASTM C215), was used to strike tleater of the specimen to induce
vibrations within the specimen. The vibrations wgieked up and measured by the
accelerometer and recorded using a frequency aralyhich is a program written using
LabView software (Fig. 3.9). The program recordeteast 5000 points of the frequency
waveform per iteration and the peak frequency wasnded as the transverse frequency
of the concrete specimen. Several iterations/esrikere made and results averaged for

each specimen.
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cquired, | = | | -
| 4| | el 2

Fig.3.9: LabView Program

The results were tabulated and used to determiaerdlative dynamic modulus of
elasticity and the durability factor. The relatidgnamic modulus of elasticity (RDM)

was determined through its relationship to the oetecspecimens’ transverse frequencies
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(nc) at varying numbers of cycles (c) against itsiahitransverse frequency (n), as given

by equation 3.1.

2
RDM = 2— x 100 (3.1)

While the durability factor (3.2) was determinedotigh its relationship with the RDM,
number of cycles at which RDM reaches the speciirrimum value for discontinuing
the test (N) or the specified number of cycles hictv the exposure is to be terminated
(whichever is less) and the specified number olesy@at which the exposure is to be

terminated (M).

__ (RDM)N

DF
M

(3.2)

The test, conducted in accordance to ASTM C 666 teeminated after 300 cycles of
repeated freezing and thawing exposures since nbilee specimen’s RDM dropped

below 60% of its initial modulus.

3.6 Corrosion Test

The aim of this test was to investigate the comosnhibition or acceleration properties
of concrete with SDA used as a binding agent anev&duate its effect on the corrosion
of steel in concrete. The specimens were prepardcast in reference to ASTM G109
“Standard Test Method for Determining the EffectsGhemical Admixtures on the
corrosion of Embedded Steel Reinforcement in CdacrExposed to Chloride

Environments.”

The rebar required for the testing was preparepdwyer brushing to near white, and then

later soaked in hexane to clean them. They weosvall to dry. One end of the rebar was
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drilled and tapped to make provision of contacessr and nuts. Both ends of the rebar
were taped with electroplater tape and with neapreibing, exposing 8 in (203 mm)
within the middle portion. The ends of the tubingre/filled with 2-part epoxy. The rebar
specimens were then placed in the timber formshasvis in Fig. 3.10 with each

specimen containing two bars placed at the bottodnose positioned at the top.

Fig.3.10: Timber forms and rebar for corrosion specimens

Air-entrained concrete, designed to meet 4500 EMPa) strength at 28 days (Table
3.5) was prepared and cast in the timber forms.chmerete specimens were later moist
cured for at least 28 days. On removal from thénguroom, the specimens were allowed
to dry before 3x 6" x 3' (76mm x 152mm x 76mm) plastic (Acrylic) dams weteed

with silicone caulk onto the top surface. Epoxy Water applied to the concrete on all

four sides and top surface outside the dam (Figt§.1

Fig.3.11: a) Corrosion Specimens b) with Plastic dams arigpoxy
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The specimens were then supported on half inchcoeoducting supports, soaked in a
3% sodium chloride (salt) solution at a depth ohth and stored at 50% humidity. The

plastic dams were also half filled with 3% Sodiummidide (NaCl) solution.

The specimens were soaked for 14 days in the NalQtien, after which they were
removed and allowed to dry for another 14 dayshAtend of the drying period the total
potential TC) and voltage \{) across the 10 resistor (between the top and bottom
rebars) was measured and used to compute the redaraaent {) which is given by

equation (3.3) below:

i =— (3.3)

The total corrosion (corrosion potential) of thdaes was measured against a Silver
Nitrate (AgNQ) reference electrode (ASTM C876) placed in thestgdadam on top of
each specimen were measured. The corrosion pdtéh@ais measured in Coulombs
and is given by equation (3.4) below:

TC; = TCj_y + [(t; — tj—1) * (j + j_1)/2] (3.4)
The specimens were then re-subjected to the saohe afysoaking and drying for a total

of 5 months.
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4 RESULTS AND ANALYSIS
4.1 Compressive Strength

Test cylinders whose cement quantities were pbrtiaplaced with SDA varying from

0 - 50% were cast and tested until failure as shiowkig. 4.1. The ultimate compressive
strength of the test specimen at failure was naed,raw results from each test are given
in Appendix B. The results indicated in the foliog sub-sections are the average results

for compressive strength of three-specimen samples.

Fig. 4.1: Concrete Test Specimens at Failure

4.1.1 Early Strength Gain (0 — 7days)

From the results shown in Fig. 4.2 it is appardrt tthe presence of SDA clearly
decelerates the early strength gain (within thet 8r— 7 days). This is probably due to the
slow activity of the pozzolanic reaction occurridgring the curing process. All mixes
with SDA had a lower 3 day strength than the Cdntnx. As the amount of SDA
increased the difference in strength between thé 8ixes and the Control mix also

increased. Approximately a 10% reduction in tmergith was observed for samples with
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small amounts of SDA replacement, within the fBstlays. Larger reductions of abt

50% were observed fore larger SDA contents.

Compressive strength (psi)
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2,499
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Fig. 4.2: Early Compressive Strength ofSDA Concrete

Within the next 4 days, an increase in the concsétength in excess of the 5084

(35MPa) achieved by thControl mix was observed for specimens with SDA vary

between 20 -35%. Beyond 35% cement replacement by SDA, thegtinegained at |

days of curing is much lower than tControl.

4.1.2 Rate of Strength Gair

Concrete with SDA exhibits an initial low strengthvelopment (within the first 7 day

but later has itstrengtl gain acceleratsteadily. Generally, an crease in the rate of

strength gain is observ at later stages in the curing process (beyond 8 daguring

when increasing quantities of SDA are added tocthrecrete accompared to standard

(Control) concret (Fig. 4.3). The trends in the results indicatd #il specimer attained

about 70 — 80% otheir 28 da strength within the first 7 days of curii Beyond the 7
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days, specimens containing SDA had their strengthease steadily ur they exceeded
the target strength of 5700psi (39MPa) at 28 days. Adays of curing, all specime
with SDA varying between 2+ 50% had a strength exceeding that of Control

specimen by about 26%

7500 -

H20% SDA
X 30% SDA
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N w A )] (@]
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1500 . . . . : . . . ; .
3 7 14 28 56
Age of Concrete (days)
Fig. 4.3: Compressive Strength against Age of Concre

4.1.3 Ultimate Strength

The ultimate compressive strength of concrete umllg assessed by its -day strength,
though with fly ash mixes, a -day strength has also been considered.4.4 illustrates

the results for the 28ay and 5-day strength in comparison tise Control concrete mi:

It can be observed that the results of the endite@tspecimens were within range of
Control specimenat both 28 and 56 days of curing. Specimens with $D15% anc

50% had a lower 28ay strength gain than tiControl mx, though the magnitude of ti
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difference is not significant in comparison to theget design strength of 5700 psi. ~
rest of the specimens, containi20 —45% SDA did have their strength exceed th-

day target strength and generally that of thntrol specimens.
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Fig. 4.4: Compressive Strength against SDA Concrete (for 28d 56 days

At 56 days of curing all specimens in excess of Z2BD#A had their strength exceedi
the 6458 psi (45MPa) attained by the Control carcrerom the graph (Fig.4) it can
be deduced that utilizing SDA would provide somag-term strength benefits
comparison to the Control (standard) concrete. $B& provides a4 — 18% added
benefiton ultimate strength gain of concrete at 28 daysagproximatehé — 15 % at 56

days.

The trends in Fig. 4.4 show trconcrete with SDAanging betweei25 — 35% provided
the most favorableesults for compressive stren. Beyond 35% SDA, the trends se

to indicate a reduction in the strength as more $Padded to the concr.. It is probable
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that at some point beyond 50% replacement, SDA advoahse to provide added benefit

when utilized in concrete.

The results also verify that the range of varialvixes chosen for the compressive
strength test with 10 — 50% SDA were viable, hefarethe next three sets of tests a
reduced range was chosen for testing. Due to the tionstraints for the research, only
three different concrete mixes were considered dgperimental investigation. The

chosen sample points for the rest of the tests g@eeimens with 0% (Control), 25% and
50% of their Portland cement content replaced by .Sthe points selected were chosen
to range about the recommended limits (ASTM C6182® - 35% fly ash utilized in

replacement of cement in concrete.

4.2 Concrete Shear Bond

This section presents the results for the pull{twind) test (ASTM A944) that was
carried out to investigate the concrete-steel bdettavior in concrete specimens
containing 25% and 50% SDA. The bond specimens wasé from non-air entrained
concrete in wooden forms. At the same time cylisder compressive strength tests were
prepared to confirm the strength of the concretdlus the bond specimens. Both tests

were conducted after a minimum of 28 days (at 3&)daf moist curing.

The results in the following sub-sections will aglsl the compressive and bond strength
of concrete specimens containing 0%, 25% and 50%. SMe physical behavior and
mode of failure of the beam specimens will be dised in the first section. The next
sections will quantitatively examine the bond bebawf the specimens in terms of the
displacements and strengths recorded during teslihg last section will present the
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results of the compressive strength tests and sBstheir relationship to the bond

strength.

4.2.1 Mode of Failure

The beam specimens were loaded monotonically uaderll — out test (ASTM A944)
and two types of failure mechanisms were obserVadse included longitudinal cracks
and pull out of the steel rebar. Longitudinal ciaok similar patterns of were physically
observed among most of the test specimens, witlexbeption of two of the specimens,
as reflected in Table 4.1.

One of the beam specimens with 50% SDA (B7) did exdtibit any physical failure
mode despite the increase in load. This could tréatted to the ductile behavior that
was uniquely exhibited in this beam (Fig. 4.7). Diieer beam (B2) that did not display a
failure mode simply did not exhibit cracks on theface despite reaching its peak load,

based on the load at failure this beam appearave failed prematurely.

Fig. 4.5: Beam loaded indicating Shear Bond failure

The cracks began to form gradually at the frontthed specimen and continued to
propagate up to the approximate midpoint on the feage of the specimen as the

maximum load was approached (Fig. 4.5). Upon fajlahe initial crack widened and
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terminated in an inverted T, hence permitting foe tomplete pull-out of the rebar. At

this point, the behavior of the bond-slip responas non-existent.

4.2.2 Load-Slip Response

A total of nine beams were prepared for the putlteat and tested after 35 days of moist
curing. The tests on the beams were carried out sexeral days and were subjected to
variable loading rates. Three different loadingsaf0.050, 0.075 and 0.100 in/min) were
used in the test. An initial loading rate of 0.080Mmin was used on the first specimen
tested. The loading rate was later increased té5thfmin and 0.100 in/min for the rest

of the specimens as illustrated in Table 4.1, sthedirst specimen took over 30 minutes

to fail. The variable rates affected the duratibwhich the peak results were attained.
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Table 4.1:

Summary of Bond Test Results

SDA| Beam | Loading | Peak Load| Peak Description of Failure
(%) | Number Rate (kips) Slip (in)
(in/min)
Bl 0.075 17.870 0.095* Longitudinal crack-Yaway eent
0% B2 0645 8-049 0635 Neo-visible-eraek
B3 0.05 16.969 0.035 Longitudinal crack-Yaway center
B4 0.075 19.486 0.452 Longitudinal crack-Y2way cente
25% B5 0.075 19.511 0.418 Longitudinal crack-Y2way cente
B6 010 12.538 0:089 | Lengitudinal-crackiway-center
B7 010 | {20906y | {0-500)* Neo-visible-eraek
50% B8 0.10 17.471 0.183 Longitudinal crack-% center
B9 0.10 19.288 0.137 Mild crack formed at centegesd

*value noted does not correlate to peak load (eketufrom discussion)

**no peak values — specimen results simply platdaué (last highest value is noted)

BX — values excluded from discussion.

The results of loads against the displacements) (sfia No. 4 (0.5”) reinforcing steel bar

are discussed in the following sections. Variouspldicement measurements were

recorded: one by the actuator and two by the digkeg at both closed and open ends of

the specimen apparatus. The load results werenalotdiom the actuator measurements

while the (actual) slip results used for analysesewbtained by computing the difference

between the dial gage readings at the closed aed end of the specimens. The

computed slip results denote the actual slip ofréiiiar. The actuator recorded redundant
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slip readings hence they could not be used to dethat actual slip, but only the peak
loads. The curves generally exhibit a similar polyimal trend;the curves peak to a
maximum, and then later takes on a descent as &xp8eyond the peak value, there is no

more concrete-steel bond relationship and any aserén load simply pulls out the steel bar.

4.2.2.1 Specimens with 0% SDA

Fig. 4.6 shows the load-displacement responsesointtividual specimens with 0% SDA
that were tested as Control specimens. The comgattuator) measurements and dial
gage readings at the closed end convey similaenpattin the load-slip behavior (Fig.
4.6). The variation of the dial gage readings camaftributed to the strain occurring in the
steel during pull out. Details of the strain dissioa will be addressed in section 4.2.4.
The dial gage readings of 4.6 (a) and (c) do notetate well with the computer
(actuator) readings due to poor synchronization tké manual and computer
measurements. Therefore the actual bond-slip behavill be assumed to compare
parallel to total slip (blue curve) and an appraodion of the maximum slip of 0.6 and

0.4 inches respectively is made.

Beam specimen B2 (Fig 4.6(b)) exhibited an expett=al but peaked at a much lower
value than the other specimens of similar mix desém error in the consolidation of the
concrete is presumed to be the source of the poodibg of concrete with the rebar.

Hence the beam (B2) will be eliminated from thesaguent discussion of results.
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4.2.2.2 Specimens with 25% SDA

Fig. 4.7 illustrates the load-slip results (loagules from actuator against actual slip
results obtained by computing the difference behntee dial gage readings at the closed
and open end) for the individual specimens with Z5PD#, measured by the actuator and
dial gages. Beams B4 and B5 exhibited very sinbliravior and both peaked at about
20 kips. Beam specimen B6 peaked at a much lowae\and this was due to slackness

of the embedded steel bar in the concrete. Theotidaon of this specimen was
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inadequate; hence inadequate concrete bond waaliaetlaround the rebar. Therefore
beam B6 will be omitted from the discussion of teeults and only beams B4 and B5

will be considered for analysis.
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Fig. 4.7: Load vs. Slip for beams (B4, B5, B6) with5% SDA

4.2.2.3 Specimens with 50% SDA

The beams prepared with 50% SDA exhibited very laimbehavior in all three
specimens with the exception noted with the petdtepu behavior (Fig. 4.8). Beam B7
exhibited an expected trend of an increase invglip an increment in load except that it
failed to peak. The beam simply plateaued disptayery ductile behavior. The

variations of the peak (plateau) values for therieeanged between 17 — 21 kips.
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4.2.3 Bond Strength

The Control concrete specimens portrayed the lowestl strength in this experiment.
Their average peak strength was the lowest at Q&#z while the specimens with 25%
SDA portrayed the highest average peak value of9®as illustrated in Table 4.2. In
comparison to the Control the specimen with 25% SExhibited the better bond-slip

response.

Specimens with 50% SDA did exhibit a higher peaki#dahan the Control, though the
trend of results indicates a decrease in the pasdk (bond strength) with an increase in
the SDA content. However, it is uncertain to tetimh the results, at what SDA content
that the peak values would start to drop below d¢iidhe Control specimen. The outcome
is as expected when compared with the compressieagth results in section 4.2.5,

since the bond strength is directly proportionaht® compressive strength of concrete.
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Table 4.2: Average Results of Peak Loads (kips)eBk Slips (in) and Rebar Strains

SDA (%) Peak Load (kips) Peak Slip (in) Rebar Strain
0% 17.420 0.500* 0.0417
25% 19.499 0.435 0.0363
50% 18.380 0.160 0.0134

* approximated from curve comparison

Deducing from the results, the utilization of SDAdoncrete can be seen to increase the
shear bond behavior of the concrete. Overall, SEéred better bond strengths than the
Control specimen though the variations of 12% (252A) and 5% (50% SDA) are
relatively small. From the result of observationd acomparison between the bond
strengths, the best results are attained when SDAilized in concrete within limits not

exceeding 25% replacement.

4.2.4 Peak Slip and Strain

From Fig. 4.6, 4.7 and 4.8 the peak slips of thenbspecimens are observed and the
average values are presented in Table 4.2 abogeltRef the average maximum strains
are computed from the peak slips over the 12 imshezlded length of the steel bar and
are presented in the same table. The strains cexhjaue a direct correlation to the steel
rebar’s yield strain since the difference in thal djages measurements recorded the

elongation in the rebar.

Addition of SDA in concrete reduced the slip betwehe rebar and concrete. The trend

of results also indicates a decrease in the shgthleand strain with an increase in the
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SDA. This could be as a result of an increasedidnal resistance that the SDA offers

the concrete.

4.2.5 Compressive Strength of Bond Test Specimens

In determining the bond behavior, a standard cosgive strength test (ASTM C192)
was performed to determine the actual compresdisngth used and investigate its
influence on the bond behavior. A standard compresdrength test (ASTM C192) was
performed alongside the bond test specimens, aetbmmple cylinders per point to
determine the actual compressive strength usedaVémge concrete strengths shown in
Table 4.3 indicate that the specimen met the tadgsign strength requirement of

5700psi.

Table 4.3:  28- day mean Compressive Strengths (p$or the Bond test specimen

SDA content (%) 0% 25% 50%
C. Strength (psi) 5777 6726 5665
Expected B. Strength (psi) 924 1034 973
Actual B. Strength (psi) 912 984 903

The expected bond strength (bond stress) is caédcllrom the compression-bond
relationship illustrated in equation 2.1. Compamisof the measured bond strength/
stresses with the expected results indicates @méss in the range of results, with a
greatest variation seen with the specimen with 25B¥A. The closeness in results
indicates that the compression-bond strength ogishiip is still applicable even with

SDA concrete. Examining the directly proportionalitompression-bond relationship) in
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the results illustrated in Table 4.3, the compm@sstrength test can be observed to

confirm the effect that it has on the bond strerajtboncrete.

4.3 Concrete Durability (Freeze-thaw)

Alternate cycles of freezing and thawing subjeatarete to durability concerns, which
include mainly two types of deterioration, namelyface scaling and internal cracking.
Scaling (loss of small particles of mortar on aaete surface) is the most frequently
observed form of deterioration. However, this aesk will particularly consider the
second form of deterioration, cracking that is eauBy the internal pressures generated
by the action of frost within the hardened concrémong the various factors affecting
the resistance of the concrete to frost is thengtreof the aggregate-mortar interface, and
the pore structure of the mortar (Pigestnal. 1995). In this research we utilize ASTM
C666 to study the effect that SDA has on theseofadhat determine the freeze-thaw
properties of concrete. The method the standard requires the measurement of the
fundamental frequency (and relative dynamic moduluglasticity) and calculation of
the durability factor, whose respective reductiad salue are indicators of the extent of

internal cracking in concrete specimens (Pigeioal. 1995).

The air entrained mixes utilized for the durabiligst were moist cured and the test
procedure (including freeze-thaw cycling) startéd2@ days after curing. They were
subjected to 300 cycles of freezing and thawingspscified in ASTM C666 and
periodically tested according to ASTM C215. Eacltleyinvolved 2 hours for the
freezing and thawing respectively, for a total digurs. The following sub-sections will

present the average results of three-specimen samoplthe freeze-thaw durability test
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and discuss the variations caused by the freeze-tiyales in weight change, relative

dynamic modulus of elasticity and the durabilitgtta.

4.3.1 Weight Change

The change in weight (or mass) can be an indicafodeterioration of concrete
specimens in instances where surface scaling isredd. As shown in Table 4.4, the
results of the present research show negligibleatvans in the specimen weights,
indicating no occurrence of surface scaling. Thicome aligns with the assumptions on
which this test (ASTM C666) was designed to be catet. The assumptions are based
on the fact that internal cracking would be theyoekpected form of deterioration

experienced by air entrained concrete specimens.
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Table 4.4:  Average %age Wight change of specimens over N cycles

Average %age Weight change

N Aow A2s9% As0%
0 0.00 0.00 0.00
35 0.33 0.43 0.42
70 -0.05 0.00 0.00
105 -0.06 0.08 0.03
140 0.03 -0.05 -0.02
175 -0.04 -0.01 0.02
210 0.03 -0.01 -0.04
245 0.03 0.03 0.04
280 -0.02 -0.01 0.04
300 0.01 0.01 -0.02
(Total 4=) 0.26 0.46 0.48

Minor variations are observed within the specimefise SDA specimens exhibited
greater mass changes than the Control (0% SDA)repacby about 0.20%. The minor
variations in weight gain can likely be attributéa the ingress of water within the

internal cracks and a weight loss can relate tomatrasion of the concrete.

4.3.2 Freeze-thaw Resistance

The primary measures of deterioration are the ivelaiynamic modulus of elasticity
(RDM) and the durability factor (DF) and they amdoulated from the measurements of

the fundamental transverse frequency (ASTM C666).refluction in fundamental
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frequency, hence a reduction in the RDM, signifigernal disruptions/ deteriorations

within the concrete due to the alternate cycleseszing and thawing.

All specimens utilized for this test were air emeal and contained an air content of
approximately 5%. Increasing amounts of air eningimdmixture were utilized for every
increase in SDA content, so as to achieve a sirdarair content. The results (Fig. 4.9,
Table 4.5) of these parameters (RDM and DF) areicktifrom the measurements of at
least three hammer strike point records of thestrarse frequencies (ASTM C215) of
air-entrained concrete specimens recorded aftey ke cycles of freezing and thawing

until the test reached 300 cycles.

Fig. 4.9 shows a general decrease in the RDM witinerease in the number of freeze-
thaw cycles, signifying a decrease in the freezsvthesistance of the concrete over time.
The trend indicates a close relationship betweensdmples with 25% and 50% SDA,
but in comparison with the Control specimen theccete specimen with 50% SDA
provided a slightly higher freeze-thaw resistanéiera300 cycles. Overall the SDA

appears to slightly reduce the freeze-thaw resistahthe concrete.
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Table 4.5 shows the computed durability factors ciwhexceed 85% of contrasted

threshold (Wang, 2009) furthermore the relativeadllity factors exceed the 80%

threshold defined by ASTM C260. The concrete spensrcan all be defined to possess

excellent resistance to freeze-thaw, based on Effe IRnits of ASTM C260.

Table 4.5:

Durability Factors and Relative Durability Factors

SDA (%) in concrete

Durability Factor, %

Relative Durability Factor (RDF),%

0%

25%

50%

90.940

88.05"

89.04:

(ref)
96.8%

97.9%

The variation between the SDA concrete specimenmatiser insignificant and it is

therefore difficult to determine or recommend thestrfavorable SDA content for use in

concrete. Hence comparison is made between conaitteand without SDA, which
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indicates that utilizing SDA in concrete would piaer a slight decrease the freeze-thaw

resistance of the concrete when designed at the aamontent.

4.4 Concrete Corrosion

An important part of this research was to evaltlagecorrosion performance of the rebar
embedded in the SDA concrete and to determine whéle SDA inhibits or accelerates
the corrosion activity of steel in concrete. Thisleation was conducted in accordance to
ASTM G109, which calls for measuring the half ¢ethrrosion) potential and the voltage
drop across the 10Q-resistor placed across the bottom (cathode) gmdetoars (anode),
whose results aid in determining the total integplamacrocell current and the steel's
total corrosion. Potential measurements are gdperséd to determine corrosion of steel
embedded in concrete and also provide a semi-qatwi indication regarding corrosion
in the Sodium Chloride (NaCl) corrosive medium. Tb&l corrosion (metal loss) is a
measure of the thickness of the bar lost to casroand a direct indicator of the extent of
chloride ion penetration through the concrete wthketotal macrocell integrated current
is a measure of the rate of corrosion activity dueghe macrocell. This section will
discuss the results of the potential and currergsmements and use them to analyze the

effect that SDA has on the corrosion property afarete.

Beam specimens prepared as described in Chaptere moist cured for 28 days, and
later were subjected to 14 days of soaking in 3%iBo Chloride (NaCl) solution

followed by 14 days of drying. The NaCl solutioropided a necessary ion path in the
corrosion reaction of the specimen. The tests warged out through 5 soak-dry cycles

and electrical potentials were measured acrosOa@sistor after each cycle between
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the top and bottom steel bars and against a Svteate (AgNQ) half cell reference
electrode (ASTM C876) using a voltmeter. At the efdhe testing the specimens were
broken open to visual inspection to determine thierg of corrosion activity of the

embedded steel.

4.4.1 Chloride lon Penetration (Total Corrosion)

The penetration of chloride ions is a function bé tpermeability of concrete and a
measure of the total corrosion experienced by teel.sThe water-cementitious ratio is
the major factor that governs the permeability @iarete. Among other factors that play
a significant role in determining the permeabilitythe concrete is the cement/material
specification. Therefore this section will disctiss effect that SDA would likely have on
the permeability of concrete and thus damage aictires subjected to chloride
environments. A corrosion test (ASTM G109) was iedrout to investigate this property
and presented below (Table 4.6) are the averagdtgesf three sample reinforced
concrete beam specimens carried out over 5 monthsaich point containing 0%, 25%

and 50% SDA in concrete.
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Table 4.6: Average Corrosion Potentials (againseference Electrode)

SDA Content (%) 0% 25% 50%
Time (days) Half cell (Corrosion) Potential (mV)

0 0.00 0.00 0.00
28 -256.82 -276.11 -272.30
56 -183.90 -195.99 -219.91
84 -161.42 -163.68 -145.90
112 -144 .47 -202.30 -150.50
140 -135.33 -232.37 -167.07

The results (Table 4.6) indicate that the steeldmabedded in the Control specimen has
decreasing negative potentials over the wholenggieriod whereas the specimens with
SDA have decreasing negative potentials for thet 84 days of soaking but later show
potentials that have increased slightly. The langgative values indicate corrosion is
beginning to occur (transition state) while the Bemanegatives (less than -200mV)

indicate no occurrence of corrosion.

Despite initially high values for the half-cell poittials (ranging between -200 and -350
mV for individual specimens), when compared agathst values in Table 4.7 the
measured potentials generally indicate only a 10%bability of the formation of

corrosion cells on the reinforcing steel (ASTM CB7Bor the given short period of
testing the results indicate that corrosion agtivias not yet initiated and the concrete
specimens can be said to be in a passive statee kdsting such as measuring the

chloride content (ASTM C1152) and chloride diffusigASTM C1556) would be
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recommended to assist in determining the effedt $iXA may have on the corrosion of

embedded steel in concrete.

Table 4.7: Probability of Corrosion (ASTM C876)

E (MVef) Probability of corrosion Corrosion state
More positive than -200m\f 10% Passive corrosion
Range -200 to -350 mV uncertain transition
More negative than -350m 90% Active corrosion

In spite of the absence of active corrosion agtivitig. 4.10 illustrates the variations of
the resistance of chloride ions (total corrosionthwime. The specimens experienced
moderate to high ion penetrability with the specgingentaining 25% SDA exhibiting the

least resistance (largest chloride ion penetrationdhe chlorides. The specimen with
50% SDA exhibited the highest resistance to chéopénetration in comparison to the
Control specimen, hence offering the best perfooedar corrosion resistance.
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Fig 4.10: Total Corrosion vs. Concrete age
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From the figure (Fig. 4.10) large (50%) SDA consenaéin be observed to increase the
chloride inhibition properties of concrete. Thisas expected, that an increased SDA
content would inadvertently decrease the resistaotethe concrete to chloride

penetration. This is because the fineness of fity(asd SDA) has been seen to provide

added benefit to the impermeability property of @ete (Crouclet al. 2009).

4.4.2 Rate of Corrosion activity

This sub-section addresses results of the measntemithe macrocell corrosion current
between the top and bottom steel bars embeddeohicrete and investigates the rate of
corrosion of the steel bars over time. The cormosaie (how fast or slow corrosion was
occurring over time) depends on the amount of carflewing through the macrocell
(specimen with corroding (anode) and cathodic mes)band gives a quantitative

indication of the corrosion tendency of the tegtcsmen (Fig.4.11).
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Fig. 4.11: Macrocell Current vs. Time of testing (©rrosion rate)
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The results of the specimens with 25% SDA illugtian initial steep increase in the slope
of curve (corrosion rate) for the first 3 monthdigating a high rate of corrosion activity.
The rate of corrosion activity after the 3 monthseéen to drop significantly. The Control

specimen presents a fluctuating and a relativelgdst rate of corrosion activity.

The results also show a steady and low increasigeimacrocell current for the concrete
specimen with 50% SDA, indicating that the replaeetof 50% SDA in concrete would

provide a relatively low corrosion rate. This wolle expected given that SDA is a much
finer material than cement, hence would provideva thloride permeable material that

would inhibit the rate of corrosion.
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5 RECOMMENDATIONS AND CONCLUSIONS

5.1 Conclusions

This thesis investigated the potential for valualtiBzation of SDA and its performance
in structural concrete. Experimental work was eafrout to determine the effect that
SDA had on the compressive and bond strength ofrets its freeze-thaw durability
and its corrosion inhibition properties on steddaieembedded in concret@ixes with
varying amounts of SDA were designed and testatienaccordance to the appropriate

ASTM standards.

In general, the addition of SDA provided modest diger when used in certain
proportions and at the very least it did not seendegrade the properties much. It
provided reasonable benefits on the compressiveband strength when utilized within
the optimal limits. Despite the need for moreegitrainer, utilization of SDA produced a
negligible effect on the freeze-thaw durability tbe concrete while an increase in the
SDA provided an increased corrosion resistanceaargdiuced corrosion rate in concrete.
Based on the results of this research, SDA hast gratential for its utilization as a
structural material in transportation infrastruesir The following conclusions can be

drawn from the results of this research:

5.1.1 Compressive Strength

Replacement of cement in concrete by SDA genenadlseases the ultimate strength of
the concrete. Generally, the strength attainedBaarl 56 days by concretes containing

SDA superseded the strength attained by the Co(gtahdard) concrete, indicating an
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added benefit of about 4 — 18% and 6 — 15% resmdgton ultimate strength gain of

concrete.

The results of this study do not indicate at whpdint the continued replacement of
cement with SDA would cause the compressive stretmtdecline below the strength

observed from the Control (standard) concrete.

A 25 - 35 % SDA replacement provides the best gtreresults of about 400 — 650psi in
excess of the target strength at 28 days and di3&@ — 1800psi at 56 days. Beyond 35
% SDA replacement, the ultimate compressive sthedgtreases but mixes with higher

replacement percentages are still able to reactidbieed design strength.

Replacement of cement with SDA reduces the rateadly strength development/ gain.
Generally, concrete with SDA exhibits an initiaiMetrength development for the first 3

days but has its strength accelerate steadily tiféertime.

5.1.2 Bond Strength

The addition of SDA to concrete provides an inceeas bond strength of concrete, in
comparison to the Control specimen, although thieatrans of 12% (for 25% SDA) and 5%
(for 50% SDA) are relatively small. However frometitrend it is uncertain at what SDA

percentage that the bond strength will drop beloat 6f the Control specimen.

The most optimal results in the bond strength #eereed when SDA utilized in concrete

is limited to 25% replacement. Doubling this quigndf SDA (50%) resulted in reduced
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variations (decreased bond strength in comparisothé Control). Utilization of SDA

provides a worse bond-slip behavior than plain cetecwith an increase in the SDA content.

The compression-bond relationship was a direct gtagnality (equation 2.1) and the
compressive strength test results confirmed itscéfbn the bond strength of concrete. The

test also confirmed that the relationship (equa®dr) was still applicable to SDA concrete.

5.1.3 Freeze-thaw (Durability)
More air entraining admixture is required for irmsgng amounts of SDA replacement in
order to achieve the same air content in conciiédie.dosages required in SDA cogte do

exceed those used in plain concrete by more thién ha

Minor variations in the weight changes of the spexi had negligible effect on the

results on the freeze-thaw testing.

The relative dynamic modulus of elasticity (RDM) adncrete generally decreases with
an increase in the freeze-thaw cycles indicatirperease in the freeze-thaw resistance

of the concrete over time.

Concrete specimens with 50% SDA provided a slighilyher freeze-thaw resistance
than the specimens with 25% SDA, when comparedh® €ontrol although the
variations between the SDA concrete specimens aagively small. It is therefore
difficult to determine or recommend the most fabdeaSDA content for use in concrete.
Hence comparison is made between concrete withwatidut SDA, which otherwise,
indicates that SDA in concrete offers a lower feezaw resistance than the Control

concrete.
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Utilizing SDA in concrete provides a slight decreas the durability factor indicating a
negligible effect on the freeze-thaw resistancedpility) of the concrete when designed

at the same air content.

5.1.4 Corrosion

For the given short period of testing the resuittidated a 10% probability of corrosion
(formation of corrosion cells on the reinforcingel). Active corrosion has not yet been

instigated and the concrete specimens are conditiekee in a passive state.

In spite of the absence of active corrosion agtivtiite specimen with 50% SDA offered
the best performance for corrosion resistance.xtibited the highest resistance to
chloride penetration in comparison to the Contrpecsmen, while the specimen
containing 25% SDA exhibited the least resistartasgést chloride ion penetration) to

the chlorides. The corrosion resistance of condneteases with an increase in SDA.

The specimen with 50% SDA provides the least carosate (low increase in the
macrocell current) as would be expected given 82& is a much finer material than
cement. Drawing from the previous conclusion a goaaosion resistant (a low chloride

permeable) material would inhibit the rate of ceron.
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5.2 Recommendations

In utilizing SDA, the concrete industry does coo#@nto recognize the importance of
sustainable development and the potential bengfas this material has to offer. This
research provides an introduction to a clearer rgtaleding of the behavior and
performance of this SDA material when used in cetecrand the recommendations

outlined below are proposed to complement this work

Given the potential for the valuable use of Sprayed Ash (SDA) and fly ash in general,
its beneficial properties, and the likely increasats production, it is paramount that
further research be carried out to better undedstia@e variable aspects and properties of

this material.

Before this material can be routinely used, addélaesearch should be carried out to
investigate other essential properties of the rateuch as the dry density, stiffness,
flexural strength, toughness, abrasion resistasuéate resistance and other long term
durability concerns. Other environmental perforneaad field handling characteristics
need to be further investigated and quality Contraasures designed to ensure its
standard application. After considering its struakperformance and characteristics in

totality, a design standard would be appropriaté wseful for future use.

The tests carried out in this research would regfuirther in-depth study to determine the
trends and behavior of the material when more bbgigooints are considered. In
particular the corrosion test would require a landearation to clearly establish the

corrosion inhibition properties of the concretaslalso recommended that more study be
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carried out to determine the behavior of concreteerw larger quantities of SDA

replacements, in excess of 50% are used.

It is also recommended that a more detailed ural®igig of the SDA material be carried
out to critically understand the physical, chemiaall mineralogical properties of the
material and its variations in properties due te Hariable processing methodologies
utilized at the various coal plants. Additionaldis on the use of supplemental chemical
activation materials such as lime and alkali cormpisucould also be useful in improving

the performance of the material.

This research focused more on the positive utditghe SDA in general and very little
concern was given to the high sulfur content. Tifeceof the high sulfur content should
be further investigated and its role in hardenedcoete and non-structural applications

should also be determined.
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APPENDIX A:  MIX DESIGN

(PCA Absolute Volume Method (Komastkaet al. 2002) for a cubic yard)

Constituent Description Specific | Moisture Bulk Fineness
_ Gravity | Content Unit Modulus
Material (%) Wi (pCf)
Cemen Type I, ASTM C15 3.15 NA NA NA
Coarse Aggrega | Well-graded, 3/4" ma size 2.68 2.0C NA
Fine Aggregat Natural sand (ASTM C3 2.64 1.0C 2.8C

Density of water = 62.4
Desired compressive strength 4500
Required mean compressistrength : 5700

Water/cement ratio 0.52°¢

Air content - 2

Slump desired 1

Water content  34C

Cement content = 648

Coarse aggregate content 4674

0
Admixture content =

Determining fine aggregate content by volume:

Water = 5.4t

Cement: 3.29

psi

psi

%
will

Ib

Ib
pcf)
fl oz

ft3

ft3

87

(reference Table 9-11)

(interpolated from Table -3, note
maximum from Table 9-1)

(entrapped air based on Tabl-5; we
not use air-entrainment)

(based on Table 9-6)

(for a cubic yard of concrete, based
Table 9-5)

(water content)/(w/c ratio)

(based on Table 9-4),(unit weight in
*(27Cyd®) * (bulk volume)

(content in Ibs)/(specific gravity
density of water)
(content in Ibs)/(specific gravity
density of water)



Air= 054 ft

3
Coarse aggregate =10.03 ft

Total - fine aggregate =19.31 ft®
Fine aggregate = 7.69  ft°

Fine-aggregate content =1267 b

Corrections for moisture content of aggregates:

Coarse aggregate =1707 1Ib
Fine aggregate =1280 Ib

Water = 16.25 b

Final weights for one cubic yard of concrete:

Water= 324 1Ib
Cement= 648 |Ib
Coarse aggregate =1707 Ib

Fine aggregate =1280 Ib

(percent/100 x 273

(content in Ibs)/(specific gravity
density of water)

[27 - (Total - fine aggregate)]

(volume x specific gravity x density
water)

(weight x (1 + MC/100))
(weight x (1 + MC/100))

(weight of water)- (CA dry weight x
MC/100) - (FA dry weight x MC/100)

(reference page 164)

Final weights for indicated cubic feet of concrete:

Cubic feet of concrete desired =0.2  ft°

Water= 24 Ib
Cement= 4.8 |Ib
Coarse aggregate =12.65 Ib

Fine aggregate = 9.5 Ib
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APPENDIX B:

COMPRESSIVE STRENGTH RESULTS

Day 3 Day 7 Day 14 Day 28 Day 56

Mix Load | strength st'\r/leenzrlh Load | strength st,\r/:igrlh Load | strength st,\rlleenag:h Load | strength st,\r/:igrlh Load | strength st'\r/leenzrlh

type (kips) (psi) (0s) (kips) (psi) (0s) (kips) (psi) (ps) (kips) (psi) (0s) (kips) (psi) (0s)

123,000 4,350 150,000 5,305 157,500 5,570 171,000 6,048 184,500 6,525

contrel 120,750 4,271 4,461 138,750 4,907 5,084 160,500 5,677,623 156{000 ,5178 5,765 180,750 6,393 6,428
©) 134,625 4,761 142,500 5,040 159,000 5,623 162{000 ,7305 180,000 6,36¢
. 102,750 3,634 153,750 5,438 152,250 5,385 168,750 5,968 168,000 5,942

Mlxol 120,750 4,271 3,997 129,000 4,562 4,518 157,500 5,570,243 151{500 ,3585% 5,650 175,500 6,207 6,225
(5% 115,500 4,085 100,500 3,554 135,000 4,775 159{000 ,6235 184,500 6,52%
. 112,500 3,979 148,000 5,234 165,000 5,836 182,000 6,437 210,000 7,427

M|X02 105,000 3,714 3,814 145,000 5,128 5,175 178,000 6,29%,166 185(000 ,5436 6,514 200,000 7,074 7,132
(20%) 106,000 3,749 146,000 5,164 180,000 6,366 185{500 ,5614 195,000 6,897
. 102,500 3,625 145,000 5,128 172,500 6,101 175,000 6,189 197,500 6,985

M3 103,000 3,643 3,690 147,000 5,199 5,270 160,000 5,65%,865 176/000 ,2256 6,154 200,500 7,091 7,050

0,

(#5%) 107,500 3,802 155,000 5,482 165,000 5,836 171{000 ,0486 200,000 7,074
. 105,000 3,714 153,000 5,411 158,000 5,588 190,500 6,738 210,000 7,427

b 110,000 3,890 3,802 147,000 5,199 5,341 161,000 5,694,647 195/000 ,8976 6,808 198,000 7,003 7,262

0,

(30%) 107,500 3,802 153,000 5,411 160,000 5,659 192{000 ,79146 208,000 7,35¢
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. 110,000/ 3,899 156,000| 5,517 147,500 5217 180,000 6,366 210,000| 7,427

('\g;yf) 107,000 3,784 3737 | 141000  4987%270 | 160500 5677530 180000 3666 ©366 | 217500 7,602 7516
100,000 3537 150,000 5305 161,500 5712 180/000 366 210000 7427

_ 70,000 2,476 120,000 4,244 152,500 5394 175,000 6,189 196,000 6932

chyf) 70,000| 2,476 2499 | 13100 4,633 4492 148500  5,252199 182)500 4556, 8130 | 187500 6,631 6891
72,000 2,546 130,000 4,598 140000 4,951 162/500 7475 201,000 7,109

. 50,000| 1,768 120,000 4,244 141,000] 4,987 165,000 583§ 185000 6543

ZI;I;O/Z) 53000 1874 1933 | 11800 417134209 | 145000 5128111 175000 1896, >977 | 185000 6,543 ©:602
61,000| 2,157 119,000 4,209 147500 5217 167/000 9065 190000 6,72

_ 50,000| 1,768 115,000 4,067 135000 4,775 161,000 5,694 198,000 7,003

('\Q;yf) 61,500| 2175 1857 | 105500 3741389 | 135000  4,774:769 146000 1645, >4 | 180,000 6,366 ©861
46,000 1,627 110000 3,890 134500 4757 163/000 7655 204,000 7,218
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APPENDIX C:

BOND STRENGTH RESULTS

C-1: COMPRESSIVE STRENGTH RESULTS
SDA Content 0% 25% 50%

Load (Ibs) Strength (psi) Load (Ibs) Strength (psi) Load (Ibs) Strength (psi)
Specimen 1 169,000 5,977 189,000 6,684 159,000 35,62
Specimen 2 159,000 5,623 190,000 6,720 157,500 05,57
Specimen 3 162,000 5,729 191,500 6,773 164,000 05,80
Average Load 163,333 5,777 190,167 6,726 160,167 665,
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APPENDIX D:

FREEZE-THAW RESULTS

D-1: WEIGHTS OF SPECIMENS

Specimen weights (Ibs)
Number of cycles F1 F2 F3 F4 F5 F6 F7 F8 F9

0 17.0945 17.2690 17.257% 16.8165 17.3315 17.09056.6440 16.5680 16.5145
35 17.1830 17.2790 17.3290 16.8950 17.3990 17.16406.6655 16.6600 16.612(
70 17.1890 17.2585 17.3200 16.8880 17.4005 17.16706.6920 16.6535 16.5904
105 17.1735 17.2605 17.6050 16.9320 17.4020 17.162%6.6895 16.6660 16.5945%
140 17.1765 17.2620 17.313b 16.8975 17.4020 17.170%6.6760 16.6705 16.593%
175 17.1700 17.2453 17.313% 16.9030 17.3945 17.167%6.6790 16.6755 16.596(
210 17.1730 17.2490 17.3200 16.8975 17.3940 17.16806.6655 16.6725 16.5930
245 17.1850 17.2530 17.3210 16.9040 17.4005 17.17306.6725 16.6780 16.600%
280 17.1885 17.2490 17.312% 16.9103 17.4060 17.15476.6741 16.6773 16.6196
300 17.1805 17.2550 17.317% 16.9003 17.4045 17.16626.6755 16.6785 16.608(
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D-2:

TRANSVERSE FREQUENCY SPECIMEN RESULTS

No. of cycles, N 0 35 70 105 140 175 210 245 280 300
Frequencies, n n ] 1] N3 Ny Nsg Ng ny Ng Ng
Specimen Transverse Frequencies (Hz) of Specimen
F1 2113.827 2082.046| 2073.580| 2069.592| 2077.249 2076.594| 2067.357| 2044.235| 2027.128 2020.531
F2 2108.627 2098.052 2077.139| 2074.838 2088.375| 2084.751| 2061.373| 2040.126| 2022.174| 2010.982
F3 2109.156 2081.596/ 2061.436| 2043.567| 2064.042| 2060.241| 2052.496| 2038.934| 2018.548 2006.463
F4 2081.46Q 2047.932 2023.852| 2026.220 2023.238| 2019.809 2005.575| 1988.983 1960.385 1948.248
F5 2093.413 2062.223 2034.641| 2029.213| 2034.141] 2035.677| 2024.236| 1999.234| 1971.732 1962.532
F6 2096.846 2062.817| 2047.701| 2043.845| 2044.014) 2041.672| 2029.800 2001.278 1983.457| 1974.531
F7 1993.339 1947.169 1939.403| 1947.342 1960.468 1953.203 1937.064| 1919.934( 1908.345 1897.564
F8 2063.989 2033.577| 2006.201| 2005.815| 2010.305/ 2013.207| 2002.835 1958.358 1939.002 1931.345
F9 2004.587 1967.2301 1938.517| 1938.527| 1948.033 1951.721| 1934.348 1915.458 1902.463 1890.623
Average Transverse Frequencies (Hz) of Specimen

0% 2110.537| 2087.231] 2070.718 2062.666| 2076.555 2073.862| 2060.409 2041.098| 2022.617| 2012.659
25% 2090.573 2057.657| 2035.398 2033.093| 2033.798 2032.386| 2019.870, 1996.498| 1971.858 1961.770
50% 2020.638 1982.659| 1961.374 1963.895| 1972.935 1972.710| 1958.082 1931.250| 1916.603 1906.511
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D-3: RELATIVE DYNAMIC MODULI OF ELASTICITY (RDM) SPECIME N RESULTS
N 0 35 70 105 140 175 210 245 280 30(
RDM Pno Pn1 Pn2 Pn3 Pna Pns Pne Pn7 Pns Pco DF
Specimen Values of Relative Dynamic Modulii of Eldgity (%)
F1 100.000, 97.016| 96.228| 95.858| 96.569| 96.508| 95.652| 93.524| 91.965| 91.368| 91.368
F2 100.000, 98.999| 97.036| 96.821| 98.088| 97.748| 95.568| 93.608| 91.968| 90.953| 90.953
F3 100.000, 97.404| 95.526| 93.877| 95.768| 95.415| 94.699| 93.452] 91.593| 90.499| 90.499
F4 100.000] 96.804| 94.541| 94.763| 94.484| 94.164| 92.841| 91.312| 88.705| 87.610| 87.610
F5 100.000, 97.042| 94.464| 93.961| 94.417| 94.560, 93.500| 91.205| 88.713| 87.887| 87.887
F6 100.000, 96.781| 95.367| 95.009| 95.024| 94.807| 93.707| 91.092| 89.477| 88.674| 88.674
F7 100.000, 95.421| 94.662| 95.438| 96.729| 96.014| 94.433| 92.771] 91.654| 90.621| 90.621
F8 100.000, 97.075| 94.479| 94.442| 94.866] 95.140| 94.162| 90.026] 88.255| 87.560| 87.560
F9 100.000, 96.308| 93.517| 93.518| 94.437| 94.795| 93.115] 91.305| 90.071| 88.953| 88.953
Average Values of Relative Dynamic Modulii of Elastity
0% 100.000, 97.806| 96.263| 95.519| 96.808| 96.557| 95.306] 93.528| 91.842| 90.940| 90.940
25% 100.000, 96.876| 94.791| 94.577| 94.642| 94.510| 93.350| 91.203| 88.965 88.057| 88.057
50% 100.000, 96.268| 94.219| 94.466| 95.344| 95.316| 93.903| 91.367| 89.993| 89.045| 89.045
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APPENDIX E:

CORROSION TEST RESULTS

E-1: SPECIMEN RESULTS AT 28 DAYS

_ Voltage across Macrocell Current, Corrosion Potential Total Corrosion,
SDA Content Specimen _
Resistor, V (mV) l2g (MLA) (MVref) TCy5(C)

CF1 167.99 1,679.90 273.50 2,032.01

0% CF2 140.71 1,407.10 264.44 1,701.97
CF3 178.99 1,789.90 232.53 2,165.06

CF4 176.65 1,766.50 278.14 2,136.76

25% CF5 125.00 1,250.00 252.26 1,512.00
CF6 137.16 1,371.60 297.94 1,659.03

CF7 161.71 1,617.10 273.65 1,956.04

50% CF8 107.83 1,078.30 272.75 1,304.25
CF9 115.57 1,155.70 270.51 1,397.93
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E-2: SPECIMEN RESULTS AT 56 DAYS

Voltage across

Macrocell Current,

Corrosion Potential

Total Corrosion,

SDA Content Specimen Resistor, V (mV) 56 (LA) (MVer) TCs6(C)
CF1 182.50 1,825.00 209.80 4,239.53
0% CF2 150.35 1,503.50 170.62 3,520.60
CF3 104.10 1,041.00 171.28 3,424.26
CF4 182.31 1,823.10 172.41 4,341.98
25% CF5 199.14 1,991.40 193.85 3,920.80
CF6 164.54 1,645.40 221.70 3,649.30
CF7 161.04 1,610.40 240.70 3,903.98
50% CF8 102.22 1,022.20 208.22 2,540.70
CF9 129.62 1,296.20 210.83 2,965.82
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E-3: SPECIMEN RESULTS AT 84 DAYS

Voltage across

Macrocell Current,

Corrosion Potential

Total Corrosion,

SDA Content Specimen Resistor, V (mV) lga (LA) (MVrer) TCs4(C)
CF1 63.70* 1,637.00 154.26 4,187.64
0% CF2 149.72 1,497.20 126.85 3,629.65
CF3 92.76* 1,927.60 203.16 3,590.82
CF4 261.00 2,610.00 162.10 5,362.28
25% CF5 288.70 2,887.00 143.45 5,900.91
CF6 179.94 1,799.40 185.49 4,166.83
CF7 180.00 1,800.00 164.57 4,125.22
50% CF8 131.22 1,312.20 149.87 2,823.69
CF9 113.65 1,136.50 123.28 2,942.59

*Omitted from computation of averages
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E-4: SPECIMEN RESULTS AT 112 DAYS

Voltage across

Macrocell Current,

Corrosion Potential

Total Corrosion,

SDA Content Specimen Resistor, V (mV) 1112 (LA) (MVrer) TC112(C)
CF1 67.50* 1,675.00 153.00 4,006.20
0% CF2 146.55 1,465.50 147.10 3,583.68
CF3 110.15 1,101.50 133.30 3,664.00
CF4 162.72 1,627.20 175.60 5,125.32
25% CF5 196.10 1,961.00 214.40 5,864.14
CF6 196.74 1,967.40 216.90 4,556.32
CF7 76.66* 1,766.60 158.60 4,314.16
50% CF8 128.50 1,285.00 155.70 3,141.57
CF9 140.35 1,403.50 137.20 3,072.38

*Omitted from computation of averages
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E-5: SPECIMEN RESULTS AT 140 DAYS

Voltage across

Macrocell Current,

Corrosion Potential

Total Corrosion,

SDA Content Specimen Resistor, V (mV) [ 140 (LA) against Ref.(mV) TC140(C)
CF1 61.30* 1,613.00 112.00 3,977.16
0% CF2 139.30 1,393.00 131.10 3,457.64
CF3 145.00 1,450.00 162.90 3,086.29
CF4 167.30 1,673.00 213.90 3,991.92
25% CF5 201.30 2,013.00 246.90 4,806.95
CF6 144.40 1,444.00 236.30 4,126.43
CF7 68.60* 1,686.00 161.10 4,176.26
50% CF8 158.20 1,582.00 164.80 3,467.92
CF9 132.00 1,320.00 175.30 3,294.35

*Omitted from computation of averages
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