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ABSTRACT

This research focuses on the valuable utilization of spray dryer ash (SDA) and investigates its
performance in concrete for structural and transportation applications. Based on the challenges associated
with coal ash (including SDA) and the economic costs linked to cement production, this research seeks to
develop an environmentally friendly and more cost effective concrete product by utilizing SDA in partial
replacement of cement in concrete. With the exception of a relatively higher sulfur content, SDA exhibits
excellent properties that are closely related to Class C fly ash and portland cement. The fineness and low
carbon content properties of SDA/Class C fly ash provide potential benefits of increased strength
(compressive and bond) and durability (freeze-thaw and corrosion) when used in concrete. In this study,
the addition of SDA in non-air entrained concrete provides a general increase in compressive and bond
strength with optimal limits ranging between 25-35% replacement. The presence of SDA produced a
negligible effect on the freeze-thaw durability of the concrete, which was air entrained. Corrosion results
are not as conclusive, but the 50% SDA mix provides performance similar to or slightly better than the
control concrete.
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EXECUTIVE SUMMARY

This research focuses on the valuable utilization of spray dryer ash (SDA) and investigates its
performance in concrete for structural and transportation applications. Based on the challenges associated
with coal ash disposal and the economic and environmental costs linked to cement production, this
research seeks to provide an environmentally friendly and more cost effective concrete product by
utilizing SDA in partial replacement of cement in concrete.

Residual products of energy production through coal burning such as fly ash and SDA exhibit excellent
properties that are closely related to portland cement and are vital to the concrete industry. SDA is similar
to fly ash in many ways and most closely resembles Class C fly ash. It is a relatively new product, and
limited research has been done on its application. This study is based on the hypothesis that it will
perform similarly to Class C ashes.

The fineness and carbon content of this type of fly ash/ SDA are key properties in determining its
reactivity and strength characteristics. The fineness of the SDA reduces the porosity of the concrete and
increases the volume-to-surface area ratio needed for the pozzolanic reaction, though it affects the amount
of air entrained in the concrete. The low carbon content of SDA, however, provides for an increase in the
workability and effectiveness of the air entrainer in the concrete, hence improving its reactivity and
strength development. With the exception of the relatively high sulfur content, the quality of the SDA
produced is quite safe for engineering use since it is very low in hazardous minerals (EPRI 1998).

This report describes research to study the use of large volumes of spray dryer ash in concrete. During
the project spray dryer ash obtained from a local power plant was used in the concrete tests. Varying
amounts of SDA were used in given mixes of concrete as a partial replacement of the cement (binder) and
fine aggregate (filler). Several design mixes were prepared, cured, and tested for their compressive and
bond strengths, durability (freeze-thaw), and corrosion properties. Test results were analyzed and
compared with the control concrete in order to draw conclusions about how the SDA can be best used.

Presented in this report are the results for the strength (compressive and bond) tests and durability (freeze-
thaw and corrosion) tests. The compressive strength tests show a general increase in the ultimate strength
of concrete with the addition of SDA with the best strength results obtained at 25-35% SDA replacement.
Beyond 35% SDA replacement reduced strengths are observed, although they still achieve the required
design strength. The best results in the bond strength are obtained when SDA utilized in concrete is
limited to 25% replacement. Doubling this quantity of SDA (50%) results in reduced bond strength;
however, it still exceeded the strength of the control specimens. The freeze-thaw test results indicate
that replacing proportions of cement with SDA requires more air entraining admixture. Despite the need
for more air entrainment, utilization of SDA produces a negligible effect on the freeze-thaw durability of
the concrete. Corrosion results are less conclusive. The 25% SDA mix appears to be worse than the
control mix, while the 50% SDA mix is slightly better. In general, the addition of SDA provides modest
benefits when used in certain proportions and demonstrates great potential for utilization as a structural
material in transportation infrastructures.






1. INTRODUCTION

1.1 Background

This research focuses on the potential for the valuable utilization of spray dryer ash (SDA) as a binding
agent in concrete and investigates its performance in concrete for structural and transportation
applications. SDA is a byproduct of electricity generation from coal and the scrubbing process used to
remove sulfur from power plant emissions. Based on the challenges associated with disposal of all types
of coal ash, including SDA and the economic and environmental costs linked to cement production, this
research seeks to provide an environmentally friendly and more cost effective concrete product by
utilizing SDA as a partial replacement of cement in concrete. Cement production is a rather expensive
venture, yet there is an abundance of coal ash such as SDA and fly ash that is disposed off in landfills that
could be utilized positively.

Spray dryer ash, also known as spray dryer absorber material, is a by-product of coal energy production,
obtained from the flue gas desulfurization (FGD) process. The SDA considered in this study is a self-
cementing coal ash material obtained in Northern Colorado at the Rawhide Power Station, managed by
the Platte River Power Authority. This material is unique to the mid-western and western regions of the
United States due to the unique FGD process, commonly referred to as ‘Scrubbing,” used in the removal
of sulfur dioxide from the residual gases during the coal based energy production processes. The SDA
material is a highly alkaline residual fly ash that is contaminated with sulfur in this scrubbing process
(Hoffman n.d.), disqualifying it from the Class C specification for fly ash use in concrete (ASTM C618)
that requires the sulfur content to be less than 6%. With the exception of the high sulfur, the quality of the
SDA produced is quite safe for engineering use since it is very low in hazardous minerals (EPRI 1998).
Despite the undesirably high sulfur content, this research will investigate its potential for beneficial use in
concrete.

Concrete, which is one of the most widely used construction materials, is a composite of aggregate,
cement and water. Concrete is produced at an estimated global rate of five billion cubic yards per year. It
is the second most widely consumed substance on earth, after water (PCA 2006). It has been used as one
of the major construction materials in some of the world’s largest infrastructure such as the Hoover Dam®,
Petronas Towers?, Jin Mao Tower® and Dames Point Bridge,* and it is a major component in much of the
highway infrastructure. For example, 67% of the U.S. Interstate highway and bridge system has been
built of concrete (NBI 1994).

Concrete, together with reinforcement, is well known for its high strength development, resistance to
large magnitudes of loads, and small deformations when compared to asphalt. When used in pavement
construction, concrete provides an average useful life of about 20-30 years before needing rehabilitation;
compared to an asphalt pavement that has a service life of 8-12 years (PCA 2009a). Construction of a
concrete pavement requires a higher initial investment, but it has a very low maintenance cost as
compared to asphalt (PCA 2009a). A high initial investment could be reduced by utilizing recycled
materials and waste products in substitution or replacement of cement. An extended service life and
reduced life cycle cost could also be actualized when these materials are used for bridge construction
(Daigle et al. 2006).

11244ft long, 726.4ft high (2" highest in the U.S.) dam located on Colorado river at Arizona-Nevada border
21378 ft high skyscraper building in Kuala Lumpur, Malaysia

% 1371ft high skyscraper building, Shanghai, China

* 2 miles long bridge, spans St. John River, Jacksonville, Florida



Portland cement production poses challenges of excessive energy usage and depletion of natural
resources. Cement is chemically manufactured from calcium, silicates, and aluminates in a process that
releases carbon dioxide as a by-product into the atmosphere and depletes the earth of mineral resources
(Bye 1999). In 2007, the world production of cement was approximately 2.6 billion metric tons, with 127
million produced and consumed within the United States (USGS 2008). But when a ton of coal ash is
used in place of cement, 55 gallons of oil required to produce a single ton of cement is saved, and an
equal amount of carbon dioxide that would be produced by the manufacturing process is prevented from
entering the Earth’s atmosphere (ACAA 2009), hence making a significant positive impact on the
environment and preservation of natural resources.

Portland cement is a hydraulic material, and it exhibits properties similar to the residual waste (fly ash and
SDA\) obtained from coal energy production. Fly ash has produced excellent results when used in
concrete, and in many instances concrete mixes including fly ash have outperformed standard concrete.
There exist different types of fly ash, and a lot of research has been conducted to investigate its beneficial
application in several engineering industries. SDA is closely related to Class C fly ash. It is a relatively
new product that and has not yet been the subject of extensive study. However, based on the previous
success of Class C fly ash in concrete, it appears that SDA could provide a suitable substitute for portland
cement and an environmentally friendly solution to the concrete industry.

Fly ash has, for so many years, been a hazard to the environment. Several millions of tons of fly ash and
SDA are disposed off annually in landfills and ponds, raising concerns of ground water contamination and
health hazards to the environment (EPRI 1998). Despite the disposal challenge, these materials possess
very excellent properties that produce distinct benefits when added to traditional concrete mixes such as
improved workability, reduced permeability, increased ultimate strength, and reduced heat of hydration
(King 2005).

In an attempt to improve the environment and enhance the concrete industry, it is essential to provide
more sustainable and ‘green’ options as solutions and better alternatives to existing products. Extensive
research has been done in an attempt to make concrete products more sustainable and cost effective. This
research has included recycling and utilizing valuable waste products such as car tires, glass, waste
plastics, slag, and fly ash, which have been used in kilns to improve the cement manufacture process and
in concrete production. The utilization of SDA is another attempt at reducing concrete’s carbon footprint
on the environment, thereby enhancing the sustainability of the transportation infrastructure constructed
with concrete.

1.2 Research Objectives

The main objective for this work was to carry out preliminary research on four different properties that
are instrumental to the transportation industry to demonstrate the viability of SDA as a suitable partial
alternative for cement in concretes. A more in-depth study into these properties would be recommended.
The research described in this report will only demonstrate the suitability of SDA for use in transportation
concretes by the following:
e Investigating and recommending quantities that would provide suitable results in terms of
compressive strength when SDA is used as a substitute for cement.
e Quantifying the bond strength behavior of SDA concrete through laboratory testing.
o Studying the durability of SDA concrete with an emphasis on the freeze-thaw performance of the
concrete.
e Examining the corrosive behavior of rebar embedded in SDA concrete when exposed to a
chloride environment.



1.3 Approach

To meet the above objectives, a research team assembled to carry out experimental work on the SDA
concrete. This work was carried out in the Concrete Laboratory and Engineering Research Center at CSU
through laboratory testing of specimens in accordance with the relevant ASTM standards. Concrete
samples with variable quantities of SDA were prepared, cured, and tested for their strength, durability,
and corrosion properties. The results from these investigations are analyzed and detailed within this
report.

This report provides an overview of previous studies done on SDA and fly ash in concrete (section two),
an outline of the experimental set-up of the research work (section three), an analysis of the results
(section four) and conclusions and recommendations for further studies (section five). Design tables and
raw data from testing are appended at the end of the report.






2. LITERATURE REVIEW

2.1 Introduction

Spray dryer ash (SDA) is one of the many residual products of coal-based energy production.
Collectively, these products have been termed as coal combustion products (CCP). The other CCPs
include fly ash, FDG gypsum, boiler slag, and bottom ash.

Numerous research projects have been conducted on the engineering application of these products,
particularly with fly ash. Engineers have utilized fly ash as an alternative product in replacement or
(partial) substitution of cement in concrete, as a structural fill, and as road base aggregates. CCPs have
also found application in many other sectors, such as agriculture, mining, cement production as raw feed
for the clinker, and waste stabilization, as illustrated in Figure 2.1.

i Others 10%

d Structural
Fills/Embankments

19%

i Gypsum Panel
Products 15%

[

(

M Aggregate 2% —

i Road base/Su-base
2%

M Concrete/ Concrete

B Waste Stabilization Products 26%

5%

H Raw Feed for

Clinker 9% 8 Mining Applications

12%
Figure 2.1 Overall CCP 2007 Production (ACAA, 2007)

SDA material is a relatively new CCP that has been in existence since the 1980s when power plants built
after 1978 employed the use of the flue gas desulfurization (FGD) process to limit the release of sulfur
dioxide in compliance with the Clean Air Act (EPRI 2007). Therefore, in comparison to fly ash, there is
not much research on the beneficial use of SDA. For this reason, this literature review will include
previous work with SDA when available, but will also draw from previous work with fly ash in concrete.

Fly ash is very useful in the concrete industry due to its pozzolanic behavior in forming cementitious
bonds. Concrete is characteristically defined by the strength of these cementitious bonds created between
the aggregates. The strength of these bonds is determined by the nature and type of pozzolanic material
used within the concrete.

A pozzolan is an alumino-siliceous material, which in the presence of water reacts with calcium
hydroxide to form compounds possessing cementitious properties. Generally, they have the ability to set
at room temperature without the use of any retarders or accelerators/ superplasticizers (King 2005).
Several types of pozzolans exist, in addition to fly ash, such as silica fumes, calcined clay (metakaolin),
ground granulated blast furnace slag (slag), and of recent production SDA. The pozzolans can be acquired



naturally when mined directly as volcanic tuffs, manufactured as metakoalin, retrieved as an industrial by-
product, or acquired from burning rice hull (Malhotra 1986). This research focuses only on SDA and its
use in concrete.

2.2 Concrete

Concrete is a composite material comprising aggregates and any binder/pozzolan mixed together in the
presence of water to form a hardened structure of durable quality and strength. The most commonly used
binder is portland cement. Other binders that contain pozzolans such as fly ash (and SDA), silica fumes,
ground granulated blast furnace slag, and metakoalin can be used in complete substitution or partial
replacement of portland cement (Malhotra 1986).

Some admixtures such as super-plasticizers or retarders can be added to any concrete to facilitate or retard
the hydration reaction process of the concrete. When these admixtures are added to the concrete, they
modify the concrete and form different types that are specific to the user’s application. Such modified
concrete could be referred to as high strength, high performance, shotcrete (Garshol et al. 2007), and
many other names, such as asphalt concrete, lime concrete, and glass concrete (Poutos et al. 2008) when
the cement or aggregates are substituted for other materials of similar properties.

2.2.1 Application of Concrete

Concrete is widely used in the construction and highway industries. An estimated global rate of five
billion cubic yards per year of concrete is produced (ACAA 2009). In the United States, concrete has
found a great application in bridge and pavement infrastructure. Presently, more than 50% of the bridges
in the United States are constructed out of prestressed concrete (TRB 2009).

Concrete has been used in isolation, referred to as mass concrete, or together with steel materials to form
reinforced or pre-stressed concrete. It has also been used in masonry to manufacture concrete blocks or
pavers and other concrete products such as pipes, culverts, and highway barriers (PCA 2009b). Concrete
has been used in the design and construction of structural elements such as columns, beams, slabs,
piles/caissons, shear, and retaining walls in buildings and piers, towers, and pavements in highway
construction. It has been used in the construction of other structures such as dams, swimming pools, water
tanks and silos. Concrete gains its popularity, in many instances, from its high strength development and
its high resistance to impact and bending.

‘Modified’ concrete has been used widely in bridge/highway construction and in other applications that
require early strength development and fast setting of concrete. For example, glass concrete has been
shown to improve the thermal insulation of buildings (Poutos et al. 2008). Limecrete (lime used with
concrete) has been used in flooring systems to enhance under-floor insulation and eliminate floor
dampness in the interiors of buildings. Limecrete is used in areas that are not exposed to weather
conditions. Shotcrete (concrete sprayed at high pressures) is normally used in tunneling, in areas where
seepage is a concern, areas with high water tables, and against vertical soil or rock surfaces (Garshol et al.
2007). In a bid to conserve the environment, sustainable materials such as fly ash have been utilized in
modifying the concrete. Concrete itself has been recycled and utilized as aggregate in new concrete or 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 concrete’s compressive strength. When improperly
designed, concrete members will ultimately fail due to the occurrence of significant tensile loads. The
presence of smaller tensile loads in concrete will induce cracks, which may cause serviceability limit
states to be reached.

Several classes of concrete strength are utilized based on their intended applications. For example, the
strengths will vary depending on whether concrete is for non-structural (general) use or for structural
applications such as drilled piers, concrete pavements (decks), girders, or repairs. Concrete may also be
specified to achieve high strength or early strength requirements. The typical range of strength used for
conventional reinforced concrete is 3000-4000 psi (21-28 MPa) while that used for prestressed (high
strength) concrete is 5000-6000 psi (35-41 MPa). Higher concrete strengths provide for a reduction in
weight of the members, and they experience smaller volume changes. Volume changes can affect the
proper functioning of the members, for example causing a loss of prestress in prestressed concrete
members (Tonias 2007).

Strengths required for transportation use tend to range between 4000-6000 psi (28-41 MPa). The
AASHTO LRFD specifications (1994) provide minimum requirements for the classes of strength to be
used for different applications. The Colorado Department of Transportation (CDOT) has narrowed down
the AASHTO specifications to suit Colorado environmental conditions. CDOT has the concrete classes
shown in Table 2.1. The classes specify the required field compressive strength at a given age of the
concrete.

Table 2.1 CDOT Concrete Classification (CDOT 2008)

Required Field Cementitious
Concrete Compressive Content: Minimum or  Air Content  Water Cementitious
Class Strength (psi) Range (Ibs/yd®) Range (%0) 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 for a specific purpose. For example, Class B is an air
entrained concrete and is utilized for general use while Class DT is used for deck resurfacing and repairs.
The final three classes in the table, classes S35-S50 are specified for high strength use in structural
applications such as bridge girder and pier construction (CDOT 2008). It is important that the concrete
utilized has a composition that limits the effects of forces such as shear, bending, torsion, and deformation
phenomena such as concrete creep, fatigue, shrinkage, or thermal expansion, and yet maintains sufficient



strength for the duration for which the structure was designed. This duration is usually 10-20 years for
concrete pavements (Tonias 2007).

2.2.2.2Bond Strength

For reinforced concrete to function as a structural material, it is important to maintain composite action,
which requires the transfer of load between the concrete and steel. This ability to transfer load is referred
to as the bond. The load transfer between concrete and rebar occurs through friction (local bond-slip
relationship) and the mechanical interaction between the reinforcing bar and the surrounding concrete.
Mechanical interaction is the dominant mechanism of load transfer at small to moderate slip levels, but
friction dominates at extreme slip levels and immediately upon load reversal. For reinforced concrete
structures subjected to moderate loading, the bond stress capacity (mechanical interaction) of the system
exceeds the demand, hence very small movements are observed between the reinforcing steel and
surrounding concrete. However, for systems subjected to severe loading, localized bond demand may
exceed the bond capacity and result in localized damage and significant movement between the steel and
concrete (Lowes et al. 2004).

Experimental investigation indicates that the bond response is determined by a number of parameters and
system variables. These parameters include composite material state, steel and concrete material
properties (compressive strength, tensile strength, and steel yield strength), steel ratios, and thickness of
concrete cover. The bond strength response is characterized as a function of compressive strength and bar
size. It is determined by slip damage of concrete at the rebar-concrete interface. Loss of bond strength
typically results from the development of localized cracks or due to concrete-rebar shear. Bond failure is
due to tensile cracking or shearing of concrete (Lowes et al. 2004). The relationship between the bond
strength (1) and compressive strength (f.) can be defined (Eligehausen et al. 1983) by

v k(f)P for (135 <1/) (2.1)

The standard (ACI 2008) simplifies the bond strength relationship above by equating = 1/2 and a
constant, k, that is dependent on the serviceability requirements for the different flexural members.
Under initial loading, the bond stresses are largest near the surface and tend to zero at the embedded end.
As the loaded reinforced concrete approaches its bond failure, the stresses along the reinforcing bar
become uniformly distributed. This maximum bond strength (zna) given below (2.3) is computed from
the equilibrium relationship (2.2) between maximum (bond/ tensile) load applied to the bar and the
internal bond slip load

Asfy = dslsTmax (2.2)

and is defined as a function of bar diameter (ds), development (slip) length (ls) and the steel’s yield
strength (f,) (Nawy 2000):

Ay _ Lds (2.3)

T = =
max = gg s 4l

Experimental investigations have considered the response of bars ranging in size from No. 6 to No. 10.
Variables such as the cyclic load history, type of concrete confinement, level of concrete damage, and
strain history will also determine the maximum strength attained (Lowes et al. 2004).



Consequently, it is important to have sufficient anchorage and flexural bond length that will provide good
development of local bond slippage, a well-defined bond zone length, and minimize cracking in the
concrete. As a result, the reinforcement should be able to attain its yield strength without failure of the
bond (Nawy 2000).

2.2.3 Concrete Durability

There are numerous durability concerns faced by concrete, and these include alkali-aggregate reaction;
chemical attack by sulfates, chlorides and other aggressive chemicals; freezing and thawing; and severe
exposure conditions (Joshi and Lohtia 1997). Concrete should be designed to resist weathering action,
abrasion, and chemical attacks, while maintaining its engineering purpose. When these concerns are not
addressed properly, they can cause serviceability problems, concrete deterioration, and corrosion of the
rebar imbedded within the concrete (Joshi and Lohtia 1997). This report focuses on the freeze-thaw
challenge and rebar corrosion problem in reinforced concrete.

2.2.3.1 Freeze-thaw

Concrete is most vulnerable to frost during its early ages (first week) due to relatively high capillary water
content and its low strength. It is essential to protect the premature concrete from the initial freezing
cycles. When exposed to very low temperatures, long periods of freezing, and/or subjected to frequent
cycles of freeze-thaw, concrete is at great risk of durability failure if no measures are taken. Damage
arises from the freezing of the pore water within the concrete that is accompanied by its expansion. In
mitigating this effect, air entrainment admixtures are utilized to provide extra air voids that provide space
for the freezing water to expand into, without causing damage to the concrete (Richardson 2002).

The amount of air content required depends on the volume of frozen water to be accommodated, which is
a function of the permeability and porosity properties of the concrete. It is minimized by lowering the
water-cementitious materials ratio used for the concrete (Richardson 2002). The amount of air required to
provide adequate freeze-thaw resistance is also dependent on the nominal maximum size of aggregate and
the level of exposure. The required air content will decrease with an increase in the maximum aggregate
size due to a reduction in the mortar content. Concrete mixes with a maximum aggregate size of 3/4 in (20
mm) containing air entrainment are designed to produce an air content approximately equal to 4-6% of
the concrete volume (ACI 211 1991).

Concrete subjected to alternate cycles of freezing and thawing experience primarily two types of
deterioration, namely surface scaling and internal cracking. Scaling is the most frequently observed form
of deterioration, and it is the progressive loss of small particles of mortar on a concrete surface subjected
to alternate freeze-thaw cycles, hence exposing the coarse aggregates. Cracking is formed due to the
internal pressures generated by the action of frost within the hardened concrete. The resistance of the
concrete to frost is dependent on various factors affecting the aggregate-paste interface such as the
strength of the interface, degree of saturation, creep and the pore structure of the paste (Pigeon et al.
1995).

Internal cracking is uncommon nowadays since most of this concrete has been protected by the use of air
entrainment, but is typical in the laboratory for concrete specimens that are fully saturated. The test
method described in ASTM C666 ascribes to measurement of the fundamental frequency (and relative
dynamic modulus of elasticity), whose reduction is an indicator of the extent of internal cracking in
concrete specimens (Pigeon et al. 1995).

This reduction in the measurement can also be influenced by the surface scaling when the concrete
specimens are subjected to freezing in the soaked water. The transverse fundamental frequency is a



function of the mass of the specimen; heavier specimens will have a higher frequency. Subsequently the
scaling effect, when severe, could significantly reduce the mass of the specimen, hence reducing the
durability factor below 60% without showing any significant micro-cracking (Pigeon et al. 1995).

The fundamental frequency reflects the internal disruptions within the concrete due to deficiencies in the
air-void characteristics or nature of aggregates while a weight loss is due to the scaling effect. A reduction
in fundamental frequency can occur without a decrease in the weight loss and vice visa. ASTM C260,
C494, and C1017 require that the relative (in relation to reference/control concrete) durability factor of air
entrained concrete with admixture under investigation should be at least 80%, but no minimum durability
factor or other requirements are given in the ASTM standards. Wang (2009) in his research defines a
good durable low permeability concrete as one that attains a durability factor of at least 85%.

The introduction of air entrainment in concrete involves a certain sacrifice in concrete strength though it
enhances its durability. Checks and controls on selected materials are essential to ensuring that the desired
strength for the desired design life in the given exposure conditions is attained. Design guides have also
made adjustments to the mix proportions to ensure a feasible compromise on the strength and durability
of concrete (Kosmatka et al. 2002).

2.2.3.2 Corrosion

The corrosion of steel rebar is the primary and most costly form of deterioration experienced by
reinforced concrete bridge structures. In the United States, maintenance and rehabilitation costs for
deficient bridges are very high and are measured in billions of dollars. (Wipf 2006).

The risk of corrosion of steel rebar can be minimized if a sufficient depth of concrete cover is provided
for the steel. It can also be minimized if the concrete is well designed, since concrete is highly alkaline
(pH ~12) and can provide a protective layer for the embedded steel. However, when the concrete is
subjected to corrosive conditions, oxygen, chemicals such as chlorides, sulfates, carbonates, and moisture
can ingress through the pores to reach the rebar surface and alter the alkalinity of the concrete and cause
the breakdown of the passive layer, hence causing corrosion of the steel (Bavarian et al. 2006).

Ingress of chlorides such as sodium chloride (de-icing salts) is one of the major causes of steel rebar
corrosion in concrete utilized in the transportation industry. The corrosion deterioration would begin with
the penetration of chloride ions into the concrete, then the breakdown of the passive layer, more acute
corrosion of the rebar, micro cracking, and eventually spalling of the concrete (Bavarian et al. 2006). The
breakdown of the passive layer can be brought about by many other interactions such as structural,
physical, chemical, and environmental considerations. For example, a structural failure of the reinforced
concrete can create cracks within the concrete that would eventually expose the embedded rebar to
corrosion. When the rebar is exposed to the environment, the steel is subjected to oxidation and ferrous
ions (rust) are formed, as shown in equation (2.4):

2Fe?* + 3H,0 = Fe,03+ 6HT (2.4)

The penetration of the chloride ion among other properties such as the resistance to sulfate attack and
alkali-silica reaction, are all functions of the permeability of concrete. It is important to ensure that the
concrete surrounding the embedded concrete has the ability to protect the reinforcing steel from
corrosion. The major factor that should be considered in designing a corrosion resistant concrete is the
water-cementitious ratio, which governs the permeability of concrete. The cement/material specification
also plays a significant role in determining the permeability of the concrete.
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A number of tests can be carried out to investigate the nature and extent and behavior of corrosion activity
in concrete subjected to severe environments. Some of these tests include acid-chloride content (ASTM
C1152); measures the chloride content in concrete, Polarization resistance (ASTM G59); measures
corrosion rates, electrochemical impedance spectroscopy (ASTM G106); measures concrete resistivity,
Chloride diffusion (ASTM C1556); measures relative diffusion rates of chlorides. This research will only
focus on studying the effect that admixtures, such as SDA, may have on the corrosion behavior of
concrete. This study was conducted in accordance with ASTM G109 and reference made to ASTM C876
will illustrate the probability of the formation of corrosion cells on the reinforcing steel (ASTM C876).

There has been a lot of research done on mitigating corrosion through increased concrete coverage, use of
admixtures, reduced permeability concrete, migrating corrosion inhibitors, and replacement of steel rebar
with alternative materials (Sharp 2004).

2.3 Cement

Cement is composed of free lime and siliceous and aluminous materials (pozzolans), which in the
presence of water will chemically react with the calcium hydroxide released by the hydration process to
form a cementitious paste that binds the inert materials in the concrete (ASTM C125). It is manufactured
industrially by heating a homogeneous mixture of limestone and clay materials in a kiln at a temperature
of 2642 degrees Fahrenheit (Bye 1999).

The most commonly produced and utilized pozzolan/cement is portland cement (Bye 1999). It is
categorized (ASTM C150) into five types, I-1V, depending on the ratios of the material compositions in
the cement. The different types of cement have been formulated to offer slightly different characteristics.
For example, Type Il is formulated to have improved early strength gain.

2.3.1 Cement versus Fly Ash

Unlike cement, which is a manufactured product, fly ash is a waste product of coal-based energy
production. Both cement and fly ash exhibit similar reaction compounds and characteristics but differ in
the amounts of their constituents. The compounds in portland cement, in the presence of water, will react
to form calcium silicate hydrate gel (C-S-H) or calcium aluminate hydrate gel (both cementitious
material), which bind the inert materials together (Neville 2006).

The standard cement hydration reaction equation is given by the following (Neville 2006):

Portland Cement Water C-S-H Lime

When fly ash is incorporated in the concrete matrix above, the lime produced will react with the
pozzolanic compounds present in the fly ash to 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 considerably with the type of ash used. The silica content
and the calcium oxide present in the fly ash will determine how much fly ash reacts in the matrix. The
pozzolanic activity of the fly ash is also dependent on other parameters, such as its unburned carbon
content and its fineness (Joshi and Lohtia 1997). The amorphous amino-silica compounds in the fly ash
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will further react with the free lime, over time, to form more C-S-H bonds/gel. Over time, the fly
ash/portland cement matrix will produce more C-S-H gel than that produced by portland cement alone
hence providing additional cementitious products that impart additional strength to the concrete.

Fly Ash Lime (more) C-S-H

Generally, pozzolans such as fly ash, in the presence of water, will react in a similar hydration reaction as
portland cement. Fly ashes containing high amounts of lime, such as the Class C type, are capable of
setting independently when mixed with water, hence making it self-cementing (Berry et al. 2009).

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

Its independent use is generally not recommended because the pozzolanic reactions are much slower than
the cement hydration reactions and would significantly affect the early strength and rate of strength gain
significantly.

2.4 Spray Dryer Ash

Spray dryer ash is a residual material of coal-based energy production, obtained from the flue gas
desulfurization process (FGD), commonly referred to as ‘scrubbing.” This process removes sulfur dioxide
from power plant emissions and is accomplished by adding calcium hydroxide (lime) to the flue gases
(contaminated with sulfur dioxide), while at the same time the heat of the flue gases assists in drying the
reaction products (Babcook et al. 1978). These products later collect with the fly ash produced and form a
unique material that has been termed as SDA.

Dry Reaction Products Fly Ash Spray Dryer Ash

The fly ash is produced from burning pulverized coal in a coal-fired boiler furnace. The fine-grained
waste product produced is then carried off in the flue gas and is collected from the flue gas using
electrostatic precipitators (bag houses) or mechanical collection devices (cyclones). About 30%-80% of
all the ash produced leaves the furnace as fly ash, depending on the boiler furnace used in the energy
production (Babcook et al. 1978). The general flow of the process resulting in fly ash is illustrated in the
following graphic.
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Coal
Coal Power Plant Pulverizer
Precipitator Flue Boiler Furnace
FLY ASH

Because SDA is collected together with fly ash, it is similar to fly ash in many ways and most closely
resembles Class C fly ash, which is predominant in the mid-west and western regions of the United
States. It is a relatively new product, and limited research has been done on its application. The present
research is based on the hypothesis that it will perform similarly to Class C ashes, therefore the following
sections will address content on fly ash used in concrete, which will be used for comparison with SDA
characteristics.

2.4.1 Types of Fly Ash

Several types of fly ash exist, all dependent on the type of coal and the coal combustion process, which
determine the chemical composition of the fly ash. The different types vary mainly in the amount of
calcium, silica, alumina, and iron they contain.

These have been classified (ASTM C618) into two basic classes:

Class F: This is obtained from burning anthracite and bituminous coal. This fly ash contains less than
10% lime (CaO), hence requires a supplemental cementing agent such as portland cement, quicklime, or
hydrated lime in order to react efficiently (King 2005). When Class F fly ash is subjected to a highly
alkaline environment such as sodium hydroxide or sodium silicate, a new material known as a geo-
polymer is formed (Tempest et al. 2009).

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

Based on its chemical composition, the spray dryer ash being used in this research would ideally be
categorized as a Class C fly ash except for its high sulfur content (>6%).

Table 2.2 compares the ASTM requirements for the different types of fly ash.
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Table 2.2 Fly Ash Classification as per ASTM C618

Component Moisture SiO, Al,O4 Fe,O4 SO, 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 highly variable in its properties and is dependent on the coal
combustion process that was used. Hence, fly ash is usually defined in terms of its chemical and physical
properties. The most essential properties that affect the fly ash’s reactivity include its fineness and loss on
ignition (LOI) (King 2005).

The loss on ignition (LOI) is a measure of the unburned carbon content in the fly ash, and it greatly
influences the chemical characteristics of the fly ash. The carbon content (LOI) present in the fly ash can
be approximated physically by observing the color of the fly ash. The color varies from gray (Class C) to
black (Class F). The lighter the color, the lower the carbon content or unburned carbon (Joshi and Lohtia
1997). The ASTM C618 specification limits the LOI to a range of 3%-6%. Fly ash containing larger
amounts of unburned carbon reduces the effectiveness of air entrainers and decrease the workability of
the concrete, hence impairing reactivity and strength development. Higher water content and more air
entrainer is required to maintain the required workability and air content (Joshi and Lohtia 1997).

The fineness of fly ash is a key property in determining its reactivity and strength characteristics. The fine
particle size reduces the porosity of the concrete and increases the volume-to-surface area ratio, which is
needed for the pozzolanic reaction. The fineness of the fly ash, however, does affect the amount of air
entrained in the concrete. It will increase the demand for the air entrainer needed to provide a target air
content. All fly ashes have a particle size less than 0.075 mm and are mostly amorphous in nature. Class
C type fly ash is generally coarser than Class F fly ash. The specific gravity usually ranges between 2.1
and 3.0. Increased particle fineness has been shown to increase the pozzolanic activity of the fly ash
(Joshi and Lohtia 1997).

The proportions of the chemical constituents present in fly ash define the type of fly ash and determine
the extent of its pozzolanic activity. Sufficient amounts of silica (SiO,), alumina (Al,O3) and iron oxide
(Fe,O3) are needed to react with lime, in the presence of water. The sum of these oxides must reach the
required minimum of 50% for Class C and 70% for Class F. Calcium oxide (CaO) is another significant
oxide that affects the pozzolanic activity of the fly ash. It governs the performance of the fly ash in
concrete, which is influenced by the amorphous nature of the fly ash and is responsible for the creation of
reactive (free) lime. Sulfur trioxide (SOs) is another oxide that great affects the early strength
development of the fly ash. The higher the sulfate content, the higher the resultant strength. A maximum
of 5% is permissible in the fly ash to avoid excess sulfates that may contribute to disruptive sulfate attacks
(King 2005).

The above physical and chemical properties of fly ash do provide improved workability, reduced

permeability, increased ultimate strength, reduced bleeding, improved surface finish, and reduced heat of
hydration when a fly ash-cement matrix is used in concrete (Joshi and Lohtia 1997).
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2.4.3 Utilization of Fly Ash

Fly ash has been used in several engineering applications such as structural fill, waste stabilization and
solidification, soil stabilization, aggregate and filler material, road sub-base, raw feed for cement clinkers,
production of geo-polymer materials, mine reclamation, grout, and as partial replacement/substitution of
cement (Joshi and Lohtia 1997). However, the amount of fly ash produced is still much greater than the
amount of fly ash that is put to beneficial use. Millions of tons of coal combustion products are produced
annually but less than 43% of the products are used beneficially. Utilization of fly ash in concrete offers
environmental and cost benefits by reducing the demand for virgin materials and minerals that are used in
the manufacture of cement, the amount of carbon dioxide released in the atmosphere through the cement
manufacture process, and the amount of coal ash disposed of in landfills (ACAA 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 (millions of tons) (ACAA 2010)

CCP Fly Ash Fly Ash Percentage
produced CCP re-used produced re-used re-used
2006 125 54.2 72.4 324 45%
2007 131 56 717 31.6 44%
2008 136 60.6 72.5 30.1 42%

These statistics indicate an increasing fly ash disposal challenge that requires an efficient solution. The
concrete industry seeks to contribute to the solution by utilizing fly ash in its applications. One incentive
for utilizing fly ash in amounts greater than 25% is that it would classify the concrete a LEED certified
product (PCA 2009).

2.5 Fly Ash Concrete

Fly ash mixed with concrete has shown results of increased strength and durability of the concrete. Its
utilization in the United States stretches back to 1929 when it was first used on the Hoover Dam (Smith
2006). Concrete with fly ash can be produced to achieve desired strengths at various ages, with a given
water-cementitious ratio, aggregate size, air content, and slump. Concrete with fly ash has been widely
used in the highway industry. Much of it is air entrained since the fineness of the fly ash provides a
challenge for the concrete to maintain sufficient air voids needed for the freeze-thaw cycles (Joshi and
Lohtia 1997).

In some instances, 100% fly ash (Class C) concrete has been produced and has been found to meet
acceptable concrete standards. It has been used on a number of projects that entailed the construction of
foundation walls and footings, floor slabs, and manufacture of precast panels. However, its use has not yet
found acceptance in the construction industry due to its highly sensitive handling and quality control, and
challenges experienced in adhering to the specified batching procedures. The order in which the materials
are introduced into the mixture and the duration of the mixing process is of vital importance in ensuring
proper setting of the concrete (Berry et al. 2009).

Fly ash concrete has been acknowledged as a ‘green’ product. Some states, such as California, have

recognized the benefits of fly ash concrete. California’s Department of Transportation (Caltrans) requires
all highway projects to use fly ash to blend all concretes (Maggenti 2009).
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2.5.1 Fly Ash and Concrete Strength

Concrete strength, defined by its compressive strength, is affected/determined by a number of factors such
as the water-cementitious ratio, setting time, workability, curing and pozzolanic activity — dependent on
the type of pozzolan used. For example, utilization of fast setting cement will reduce the setting time and
provide for its early strength development. Other pozzolans, in addition to fly ash, have been used and
have provided enhanced properties and added benefits in concrete.

The effects of fly ash (both Class C and Class F) can be recognized with as little as 20% fly ash
replacement of cement in the concrete. This amount can increase the setting time of concrete by about one
to two hours, and doubling this amount could further increase both initial and final setting times (Joshi
and Lohtia 1997). Several studies have been done to investigate the influence fly ash has on the strength
(early and ultimate) of concrete, but few studies have been done with SDA. Hence, guidelines for the
usage of fly ash (and its derivatives, SDA) are limited to Class C and Class F types. The ACI guidelines
limit the use of Class F fly ash to 15-25% and Class C fly ash to 20-35% (ACI 1996) replacement of
cement in the concrete.

Crouch et al. (2009) has made attempts to investigate a 50% usage for Class F fly ash, and their research
findings indicate an increment in the ultimate strength despite a reduced early strength development in the
concrete. Lower early strength development is the main setback when using Class F fly ash in concrete.
Despite this limitation, its utilization in concrete could be enhanced by activating it with an alkali, which
helps improve the hydration process. Such concrete could be referred to as geo-polymer/ alkali-activated
concrete. In some instances, glass aggregates (recycled glass) could be used to improve the hydration
process instead of alkalis. The recycled glass not only acts as filler material in the concrete but also plays
a role in the strength development (Trejo et al. 2004).

The percentage of Class C fly ash typically used in structural concrete is 20-35% (ACI 1996) though in
some instances 35-100% Class C Fly ash has been used to replace cement. In 1988, it was used to replace
up to 70% of the cement in a highways project in North Dakota, and in 1989 it was used for concrete
roads and parking lots (Golden et al. 2003). The concrete was designed for a target strength of 3500psi,
and its 35-day strength was found to have exceeded the target.

Berry et al. (2009), in their research confirmed that concrete using only Class C fly ash as the cementing
agent can exhibit outstanding performance in terms of compressive strength behavior. Early strength
gains, in excess of 4000 psi (27.6MPa) were achieved and strength of more than 8000 psi (55.2MPa) was
attained after 84 days. Its application is witnessed on the Orchard Gardens (2005)°, a $6.5 million project
that utilized 100% Class C fly ash in the community barn foundations and 35% Class C fly ash in the rest
of the foundations. Kumar et al. (2007) also found that 50-60% Class C fly ash replacement was adequate
to meet the strength requirements for concrete pavements.

Class C fly ash has an accelerated rate of chemical reaction when water is added due to the high calcium
content. At elevated curing temperatures, the setting times could be reduced and an increase in the early
strength development would be attained. On the other hand, the long-term strength and durability of
concrete cured at elevated temperatures is still suspect (Elsageer et al. 2009).

® Orchard Gardens, http://www.greencommunitiesonline.com
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2.5.2 Fly Ash and Concrete Bond Strength

Bond strength is a measure of interaction between the steel rebar and the concrete in terms of direct shear.
When loaded, the concrete surrounding the rebar induces stresses onto the rebar’s lateral surface, creating
shear/bond stresses along the bar. It is an important structural design property that is significant to the
effectiveness of the steel reinforcement in concrete and enables for the proper design and performance of
reinforced concrete. Structures, concrete pavements, and bridges are designed based on the interactive
behavior of the rebar with the concrete (Tonias 2007).

Strength of concrete is of paramount importance in determining the effective performance of the structure
and should not be compromised by the presence of a weak bond. Over the years, research has been done
addressing this challenge, and some attempts have been made to enhance the properties of the concrete by
utilizing energy efficient materials such as fly ash.

Considering the smaller particle size of the fly ash (and SDA), it is presumable that utilization of fly ash
in concrete would provide greater shear bond with the rebar. A number of studies carried out, though,
indicate relative bond strength produced with fly ash use. Chang et al. (2009) investigated the shear bond
behavior of fly ash based geo-polymer concrete beams and discovered that the bond strength was closely
related to that of normal concrete beams. Cross et al. (2005) had a similar finding that showed the
specimen containing 100% fly ash performed similarly to the plain reinforced concrete.

Experimental assessment of the bond strength of concrete has mainly used the conventional pull-out test
(ASTM A944) to investigate the strength. Other test methods such as the direct tension pull-out test
method and the beam-splice test method have also been used as alternatives or for comparison purposes.

2.5.3 Fly Ash, Durability and Rebar Protection

Durability and corrosion of the reinforcement in concrete are closely linked since failure of one would
inherently affect the other. For example, the wearing out of the concrete cover would expose the rebar to
the atmosphere and lead to corrosion. Durability of concrete is defined as the ability to withstand
chemical attack (chlorides, sulfates, and other corrosive materials), weathering action (frost, rain, and
high humidity) and abrasion while maintaining its desired engineering properties (PCA 2002). Corrosion,
on the other hand, is the oxidation/rusting of the rebar caused by the ingress of water or chemicals (such
as chlorides, sulfates, and carbonates) onto the rebar embedded within the concrete (PCA 2002).

Concrete utilized for pavement construction is usually exposed to inclement conditions and is very
susceptible to deterioration. It is important to protect the embedded rebar and design the concrete to be
able to withstand severe environmental conditions, for a long time, without significant deterioration.
Freeze-thaw and steel corrosion properties of concrete are vital concerns in the maintenance and longevity
of transportation infrastructure and, therefore, help define the scope for this report.

In addition to providing a sufficient concrete cover, innovative methods/designs should be introduced to
make concrete more resistant to attack and less porous to any ingression. Previous studies show that the
utilization of fly ash in concrete provides improved impermeability within the concrete, though other
chemical effects could cause its deterioration. In his thesis, Burden studied the effects of curing on the
carbonation and permeability of high volumes of Class C and Class F fly ashes and discovered that the
rate of carbonation increased and permeability decreased over time with an increment in the amount of fly
ash used (Burden 2006). He suggested that carbonation-induced corrosion could be offset by extending
the moist curing time and increasing the concrete cover.
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When not exposed to any chemical environment, fly ash concrete serves as a very durable material since
its water permeability and void content are reduced with an increase in fly ash used (Crouch et al. 2009).
This is due to the pore refinement that is provided by the fineness of the fly ash. The fly ash concrete
matrix also reduces the permeability to chlorides, and sulfates and carbon dioxide penetration in concrete,
hence reducing corrosion of reinforcement bars embedded within and improving the durability of the
concrete (Joshi and Lohtia 1997).

In the past century, a new method was introduced to make concrete exposed to freeze-thaw conditions
more resistant. Air entrainment admixtures were created and are presently being incorporated into
transportation concretes. The introduction of the admixtures produces small air bubbles, which allows for
flexibility in the freeze-thaw cycles that the concrete would be subjected to. Similar to the admixtures, the
use of fly ash has been observed to produce durable concrete. The utilization of the combination of fly ash
and air entrainment is observed to enhance the freeze-thaw durability of the concrete as long as the carbon
content of the fly ash is within a 6% limit (Russell et al. 2006).
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3. EXPERIMENTAL SET-UP

In this study, four sets of experiments were conducted to characterize the overall performance of the SDA
concrete. Varying amounts of SDA are used as a replacement of cement (binder) in the concrete mixes
used to manufacture the test specimens. Several design mixes are tested for their compressive strength,
each tested at 3, 7, 14, 28, and 56 days. Mixes were also prepared and tested in accordance to the
appropriate ASTM standards to determine bond strength (A944), corrosion related (G109 and C1152) and
durability/ freeze-thaw (C666) properties of the concrete.

3.1 Materials

3.1.1 Spray Dryer Ash

The SDA used in this research was obtained in Northern Colorado at the Rawhide Power Station,
managed by the Platte River Power Authority. The specific gravity of the SDA used is 2.71 g/cc. This
SDA has a significant amount of lime at 23.65% and a sulfur trioxide content of 6.19%, which exceeds
the ASTM C618 limits for Class C fly ashes for use in concrete, as shown in Table 3.1. The increased
lime (in addition to the lime content in the Class C fly ash) and sulfur contents are contributed by the
scrubber process.

Table 3.1 Partial Chemical Composition of the Spray Dryer Ash (SDA) Used®

S|Oz A|203 FeZO3 CaO SO3 LOI
SDA Composition (%) 39.76 14.31 5.56 23.45 6.19 1.65
ASTM requirement for i
Class C (%) Total >50 <5.0 <6.0

3.1.2 Other Materials

Type I/11 cement conforming to ASTM C150 “Standard Specification for Portland Cement” is used to
manufacture test specimens. The aggregates meet ASTM C33 “Standard Specifications for Concrete
Aggregates.” Well-graded, normal weight aggregates are used as coarse aggregates and natural sand for
fine aggregates. The material specifications are indicated in Table 3.2.

Table 3.2 Concrete Material Specifications

ifi . Bulk .

. . Description SpeC|_ ic Moisture Unit Fineness
Constituent Material Gravity  Content (%) wi  Modulus
Cement Type I/11 (ASTM C150) 3.15 NA NA NA
Coarse Aggregate Well-graded, 3/4" max. size 2.68 2.00 - NA
Fine Aggregate Natural sand (ASTM C33) 2.64 1.00 - 2.80

‘Micro-Air™” air entraining admixture (a BASF product) is used to make specimens for freeze-thaw
testing and conforms to the specifications of ASTM C260 “Standard Specification for Air Entraining

® SGS North America, Inc.
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admixtures for Concrete.” The admixture is an aqueous solution of alkyl aryl sulfonate, which is added to
the water used for concrete mixing.

3.2 Mix Design

The PCA Absolute Volume method (Komastka et al. 2002, Appendix A, Table 3.3) is used to design the
concrete mixes, with the constituent materials previously described (Table 3.2). The absolute volume
method computes the absolute volumes of the constituent concrete materials using the parameters given in
Tables 3.2 and 3.3 and later converts the volumes to weights (Tables 3.4 and 3.5) through the use of the
individual specific gravities.

The mix design is based on a Class S35, a dense high strength structural concrete that is specified by
CDOT for higher strength concrete and is normally utilized for bridge deck construction (CDOT 2008).
The concrete mixes are standardized against the Class S35 standard concrete mix design for a strength of
4500 psi (31MPa). To ensure that the desired strength of 4500 psi is met, the PCA method bases the
actual design on the target (required mean) strength, which accounts for any irregularities or flaws that
may occur in the concrete preparation process.

Table 3.3 Summary of the PCA Absolute Volume Method for a Cubic Yard (27 t°)

Non-Air Entrained Air Entrained Units
Concrete Concrete

Desired compressive strength 4500 4500 psi
Target compressive strength 5700 5700 psi
Water/cementitious ratio 0.525 0.440 -

Air content 2 5 %
Slump desired 1 1 in
Water content 5.45 4.90 ft*
Cementitious content 3.30 3.53 ft*
Coarse aggregate content 10.03 10.03 ft*
Fine aggregate content 7.70 7.20 ft*

The mixes used for the compressive and bond strength tests are non-air entrained while the durability
(freeze-thaw) and corrosion test mixes are air entrained. The details for the mixes used for the different
types of tests are shown within the test descriptions.

3.3 Compressive Strength Test

The concrete for the compressive strength tests was designed using the PCA absolute volume method for
a design strength of 4500 psi (31MPa) with a target strength (at 28 days) of 5700 psi (39MPa) and a
slump ranging between 1"-3" (25-75 mm), hence a water/cementitious ratio of 0.525 is used. The concrete
mixes were made using Type I/1l cement that conforms to ASTM C150 and without the use of any water
reducers. They are prepared and batched by weight with varying percentages of SDA added to replace
varying percentages of the cement and fine aggregates, as shown in Table 3.4.
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Table 3.4 Non-Air Entrained Concrete Mixes; Design Strength 4500psi /31MPa

Parameter Control Mix1l Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8

SDA (%) 0 15 20 25 30 35 40 45 50
Water (lb) 324 324 324 324 323 323 323 323 323
Cement (Ib) 648 550 518 486 453 421 389 356 324
SDA (Ib) 0 97 130 162 194 227 259 291 324
Coarse agg (Ib) 1707 1707 1707 1707 1707 1707 1707 1707 1707
Fine agg (Ib) 1279 1265 1261 1256 1252 1248 1243 1239 1234

The concrete is prepared according to ASTM C192 “Standard Practice for Making and Curing Concrete
Test Specimens in the Laboratory.” Both metal and plastic cylindrical molds were used to cast cylinders
and a small concrete mixer was used to manufacture the concrete. Three cylinders were manufactured for
each point required to be tested. The concrete samples were moist cured at a 99% humidity level and each
cylinder specimen was tested to failure using a compression tester (Figure 3.2) with a loading rate of
approximately 30.4 psi/sec (212 KPa/sec) after 3, 7, 14, 28, and 56 days of curing. The results of the three
cylinder tests are averaged for each point and tabulated. Results are discussed in Section 4.

Figure 3.1 Compression Testing Machine

3.4 Bond Strength Test

Bond strength tests were conducted at the Engineering Research Center, in accordance to ASTM A944 —
05 “Standard Test Method for Comparing Bond Strength of Steel Reinforcing Bars to Concrete using
Beam-end Specimens.” The test aims to determine the bond strength of concrete specimens containing
variable amounts of SDA.

Concrete beams of 24" x 9" x 17" (610 mm x 229 mm x 432 mm) were cast in wooden forms as shown in

the schematic in Figure 3.2. A No. 4 (No. 13) steel reinforcement bar was used as the main bar for the
bond/anchorage strength testing. The rest of the bars played a passive role in the test, but facilitated
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moving the specimens around the lab. The main rebar was placed from one end of the specimen to the
halfway point of the specimen, where it was linked to a %2 in (12.5 mm) diameter hollow steel conduit by
a polyvinyl chloride (PVC) bond breaker, as shown in Figure 3.2. The conduit allowed for access for
displacement measurement.

| ——

 I————

Figure 3.2 Beam/ Rebar Specimen set-up

Design mixes similar to the compressive strength test were used for the bond test. The concrete (Table
3.4) was prepared by machine mixing and was cast and compacted into the molds in three layers, using a
tamping rod. A total of nine specimens were made with three of each containing 0%, 25%, and 50% SDA
replacement. The specimens were moist cured at 99% humidity in a curing room for at least 28 days.

Figure 3.3 shows pictures of the actual laboratory implementation of this test. Each specimen was
positioned against the yoke linked to the actuators. The rebar at one end of the beam was gripped by the
wedge grip attached to the yoke, and a compression member was placed against the bottom edge of the
beam. The beam was held down on the opposite end by a tie down C- section to prevent rotation of the
beam specimen while the rebar was being pulled out.

Tie-down
C-section

TRy TR

Wedge grip | :
Figure 3.3 Schematic of Beam- End Specimen and Apparatus

The test method was conducted by pulling the No. 4 rebar from the concrete beam at a constant loading
rate of 0.05-0.1in/min, until failure. The variation of the bond strength (force) with the displacement of
the rebar was measured at the actuator by a software program, whose results correlate with the bond force
present at the concrete-rebar interface. Dial gages were also attached at either end of the rebar to measure
the relative displacement of the rebar as it was being pulled out of the concrete. The dial gage readings
were recorded manually at 10 second intervals, in synchronization with the actuator readings.

Concrete cylindrical samples were also cast and tested for 28-day compressive strength to determine the
strength of the concrete in the bond strength specimens. The results attained from the actuator’s software,
dial gages, and compression testing machine were recorded and results are analyzed in the successive
section.
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3.5 Durability (Freeze-Thaw) Test

This test’s aim is to determine the relative dynamic modulus of elasticity and durability factor of the SDA
concrete specimens when subjected to repeated cycles of freezing and thawing. The modulus and the
durability factor are a measure of the concrete’s deterioration and are a function of its fundamental
transverse frequency.

Due to the repeated cycles of freezing and thawing, concrete utilized for this purpose is usually air
entrained. The control concrete used in the freeze-thaw testing was designed for a similar design strength
of 4500 psi (31MPa) at 28 days, but with a 5% air content. Mixes for the concrete specimens containing
SDA were designed in reference to the control concrete mix, so as to allow for a comparison of the effect
of cement replacement by SDA. To maintain a consistent design strength with the standard concrete
utilized in the other tests, concrete containing air entraining admixture had its water/cementitious material
ratio adjusted to 0.44. The mix designs are shown in Table 3.5.

Table 3.5 Air-Entrained Concrete Mixes (Design Strength 4500psi (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 dosage of air entrainment required to provide the desired 5%
air content in each of the 0%, 25%, and 50% SDA concrete mixes. Varying amounts of air entrainer were
added to each trial mix; a sample of the concrete was taken from each trial and was tested for the air
content using the volumetric method (ASTM C173) and air indicator kit (AASHTO T196) as a
confirmatory test. These methods involved the addition of isopropyl alcohol atop a sample mortar paste
placed in the testing bowl (volumetair) as shown in Figure 3.4.

Figure 3.4 Air Entrainment Testing Apparatus
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The test apparatus was inclined at 45°, rolled across a flat surface and shaken until all the air in the mortar
paste was completely displaced by the isopropyl alcohol. The amount of air displaced was recorded as the
air content of the concrete sample. This test procedure was repeated several times until an air content of
5% was obtained. The amount of air entrainer that provided the 5% air content was noted as the sufficient
amount. Generally, more air-entrainer was required with increasing SDA quantities. The amount of air
entrainer used ranged between 6-17 fl. 0z. (177-503 ml) per 100 Ibs. (45 kg) of cementitious material.

Durability testing of the mixes was conducted in accordance with ASTM C666-97 “Standard Test
Method for Resistance of Concrete to Rapid Freezing and Thawing.” Three concrete prisms (Figure 3.5)
of 16" x 3" x 4" (406 mm x 76 mm x 102 mm) were prepared for each of the mixes containing 0%, 25%,
and 50% SDA. The specimens were soaked in water contained in stainless steel containers with internal
dimensions of 16.25" x 3.25" x 4.50" (413 mm x 83 mm x 114 mm), and subjected to repeated cycles of
freezing and thawing in a refrigerator. The freezing and thawing cycle involved alternating the
temperature of the specimen from 40 °F to 0°F (4.4-17.8°C) within four hours, with half the time given to
freezing and thawing respectively.

Figure 3.5 Concrete Prisms for Freeze-thaw Testing

After each set of 35 cycles, the specimens were weighed and tested for the fundamental transverse
frequency (ASTM 215) using an accelerometer linked between the specimen and a frequency analyzer as
shown in Figures 3.6 and 3.7.
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Accelerometer/
Amplifier Frequency Analyzer

(LabView Program)

Specimen

Figure 3.6 Schematic of Apparatus for Transverse Frequency Test

Figure 3.7 Picture of Appaatus for Frequency Testing

The specimen beng tested was placed on soft rubber supports, and an accelerometer was attached onto the
top edge of the specimen. An impact hammer, designed to the standard specifications (ASTM C215), was
used to strike the center of the specimen to induce vibrations within the specimen. The vibrations were
picked up and measured by the accelerometer and recorded using a frequency analyzer, which is a
program written using LabView software (Figure 3.8). The program recorded at least 5000 points of the
frequency waveform per iteration, and the peak frequency was recorded as the transverse frequency of the
concrete specimen. Several iterations/strikes were made and results averaged for each specimen.
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Figure 3.8 LabView Program

The results were tabulated and used to determine the relative dynamic modulus of elasticity and the
durability factor. The relative dynamic modulus of elasticity (RDM) is determined through its relationship
to the concrete specimens’ transverse frequencies (n.) at varying numbers of cycles (c) against its initial
transverse frequency (n), as shown in equation 3.1.

RDM = x 100 3.1)

n2

While the durability factor (3.2) is determined through its relationship with the RDM, number of cycles at
which RDM reaches the specified minimum value for discontinuing the test (N) or the specified number
of cycles at which the exposure is to be terminated (whichever is less) and the specified number of cycles
at which the exposure is to be terminated (M).

__ (RDM)N
M

DF (3.2)

The test, conducted in accordance to ASTM C 666, was terminated after 300 cycles of repeated freezing
and thawing exposures, since none of the specimen’s RDM dropped below 60% of its initial modulus.
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3.6 Corrosion Tests

The aim of these tests is to investigate the corrosion inhibition or acceleration properties of concrete with
SDA used as a binding agent and to evaluate its effect on the corrosion of steel in concrete. First,
specimens were prepared and cast in reference to ASTM G109 “Standard Test Method for Determining
the Effects of Chemical Admixtures on the Corrosion of Embedded Steel Reinforcement in Concrete
Exposed to Chloride Environments.”

The rebar required for the testing were prepared by power brushing to near white, and then later soaked in
hexane to clean them. They were allowed to dry. One end of the rebar was drilled and tapped to make
provision for contact screws and nuts. Both ends of the rebar were taped with electroplater tape and with
neoprene tubing, exposing 8 in (203 mm) within the middle portion. The ends of the tubing were filled
with two-part epoxy. The rebar specimens were then placed in the timber forms as shown in Figure 3.9
with each specimen containing two bars placed at the bottom and one positioned at the top.

e —

Figure 3.9 Timber Forms and Rebar for Corrosion Specimens

Air-entrained concrete designed to meet 4500 psi (31MPa) strength at 28 days (Table 3.5) was prepared
and cast in the timber forms. The concrete specimens were later moist cured for at least 28 days. On
removal from the curing room, the specimens were allowed to dry before 3" x 6" x 3" (76 mm x 152 mm
X 76 mm) plastic (Acrylic) dams were glued with silicone caulk onto the top surface. Epoxy was later
applied to the concrete on all four sides and top surface outside the dam (Figure 3.10b).

=" \,
"o nt.d sl
) with Plastic dams and Epoxy

Figure 3.10 a) Corrosion Specimens
The specimens were then supported on half-inch non-conducting supports, soaked in a 3% sodium

chloride (salt) solution at a depth of half-inch and stored at 50% humidity. The plastic dams were also
half filled with 3% sodium chloride (NaCl) solution.
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The specimens were soaked for 14 days in the NaCl solution, after which they were removed and allowed
to dry for another 14 days. At the end of the drying period, the total potential (TC) and voltage (V) across
the 100-Q resistor (between the top and bottom rebars) was measured and used to compute the macrocell
current (i), which is given in equation (3.3).

i = — 3.3
"~ 100 (33)

The total corrosion (corrosion potential) of the rebars was measured against a silver nitrate (AgNO3)
reference electrode (ASTM C876) placed in the plastic dam on top of each specimen measured. The
corrosion potential (TC) is measured in Coulombs and is given in equation (3.4).

TG = TGy + [(t = tj-1) * (i + §5-1)/2] (34)

The specimens were then re-subjected to the same cycle of soaking and drying for a total of five months.
At the conclusion of the electric potential testing, concrete samples were collected from the test
specimens and ASTM C1152 was used to determine the concentration of acid soluble chlorides at three
different depths in the specimens. The acid soluble chloride content is equal to the total chloride in most
circumstances (ASTM C1152). Samples of the concrete were collected using a concrete drill. The drill
was operated to a depth of approximately 1.5 in. (38 mm) to collect the “top” sample, to a depth of
approximately 3 in. (76 mm) to collect the “center” sample, and a depth of approximately 4.5 in. to collect
the “bottom” sample. The powered concrete was stored in air-tight plastic containers until titration testing
was conducted.

To prepare the solution for titration, 10 g of ground concrete was placed in a beaker with 75 mL of water
and 25mL of dilute nitric acid. The mixture was stirred with a glass rod. The standard called for the
addition of three drops of methyl orange indicator, but three drops did not produce the desired color
change, thus fifteen drops of methyl orange indicator were added to the beaker. Additional nitric acid
was added until a pink color persisted. The beaker was covered and heated to boiling. The solution was
filtered through coarse-textured filter paper and allowed to cool to room temperature. The beaker was
then placed on a magnetic stirrer and 2mL of 0.05 N NaCl solution was added. A 10mL buret filled with
0.05 N AgNO; was placed above the solution, and the solution was gradually titrated with the use of a
chloride selective electrode. The chloride content by percent mass of the concrete was calculated using
equation (3.5), where V; is the volume of AgNO; used for sample titration, V, is the volume of AgNO;
used for blank titration, N is the normality of the AgNQ; solution, and W is the sample mass (10g).
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4. RESULTS AND ANALYSIS

4.1 Compressive Strength

Test cylinders whose cement quantities were partially replaced with SDA varying from 0-50% were cast
and tested until failure as shown in Figure 4.1. The ultimate compressive strength of the test specimen at
failure was noted, and raw results from each test are given in Appendix B. The results indicated in the
following sub-sections are the average results for compressive strength of three-specimen samples.

Figure 4.1 Concrete Test Specimens at Failure

4.1.1 Early Strength Gain (0-7 days)

The results shown in Figure 4.2 it is apparent that the presence of SDA clearly decelerates the early
strength gain (within the first three to seven days). This is probably due to the slow activity of the
pozzolanic reaction occurring during the curing process. All mixes with SDA have a lower 3-day strength
than the control mix. As the amount of SDA increases, the difference in strength between the SDA mixes
and the control mix also increases. Approximately a 10% reduction in the strength is observed for
samples with small amounts of SDA replacement within the first three days. Larger reductions of
approximately 50% were observed for the larger SDA contents.
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Within the next four days, an increase in the concrete strength in excess of the 5084 psi (35MPa) achieved
by the control mix is observed for specimens with SDA varying between 20-35%. Beyond 35% cement
replacement by SDA, the strength gained at seven days of curing is much lower than the control.

4.1.2 Rate of Strength Gain

Concrete with SDA exhibits an initial low strength development (within the first seven days) but later
gains strength steadily. Generally, an increase in the rate of strength gain is observed at later stages in the
curing process (beyond seven days of curing) when increasing quantities of SDA are added to the
concrete as compared to standard (control) concrete (Figure 4.3). The trends in the results indicate that all
specimens attained about 70-80% of their 28-day strength within the first seven days of curing. Beyond
the seven days, specimens containing SDA had their strength increase steadily until they exceeded the
target strength of 5700 psi (39MPa) at 28 days. At 56 days of curing, all specimens with SDA varying
between 20-50% had a strength exceeding that of the control specimen by about 2-16%.
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Figure 4.3 Compressive Strength Against Age of Concrete
4.1.3 Ultimate Strength

The ultimate compressive strength of concrete is usually assessed by its 28-day strength, though with fly
ash mixes, a 56-day strength has also been considered. Figure 4.4 illustrates the results for the 28-day and
56-day strength in comparison to the control concrete mix.

It can be observed that the results of the entire set of specimens are within range of the control specimens
at both 28 and 56 days of curing. Specimens with SDA of 15% and 50% have a lower 28-day strength
gain than the control mix, though the magnitude of the difference is not significant compared to the target
design strength of 5700 psi. The strength of the rest of the specimens, containing 20-45% SDA, did
exceed the 28-day target strength and generally that of the control specimens.
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At 56 days of curing, the strength of all specimens in excess of 20% SDA exceeds the 6458 psi (45MPa)
attained by the control concrete. From the graph (Figure 4.4) it can be deduced that utilizing SDA would
provide some long-term strength benefits compared to the control (standard) concrete. The SDA provides
a 4-18% added benefit on ultimate strength gain of concrete at 28 days and approximately 6-15 % at 56
days.

The trends in Figure 4.4 show that concrete with SDA ranging between 25-35% provides the most
favorable results for compressive strength. Beyond 35% SDA, the trends seem to indicate a reduction in
the strength as more SDA is added to the concrete. It is probable that at some point beyond 50%
replacement, SDA would cease to provide added benefit when utilized in concrete.

The results also verify that the range of variable mixes chosen for the compressive strength test with 10-
50% SDA were viable, hence a reduced range was chosen for testing for the next three sets of tests. Due
to the time constraints for the research, only three different concrete mixes were considered for
experimental investigation. The chosen sample points for the rest of the tests are specimens with 0%
(control), 25%, and 50% of their portland cement content replaced by SDA. The points selected were
chosen to range about the recommended limits (ASTM C618) of 20-35% fly ash utilized in replacement
of cement in concrete.

4.2 Concrete Shear Bond

This section presents the results for the pull-out (bond) test (ASTM A944) that was carried out to
investigate the concrete-steel bond behavior in concrete specimens containing 25% and 50% SDA. The
bond specimens were cast from non-air entrained concrete in wooden forms. At the same time cylinders
for compressive strength tests were prepared to confirm the strength of the concrete used in the bond
specimens. Both tests were conducted after a minimum of 28 days (at 35 days) of moist curing.

The results in the following sub-sections address the compressive and bond strength of concrete
specimens containing 0%, 25%, and 50% SDA. The physical behavior and mode of failure of the beam
specimens are discussed in the first section. The next sections quantitatively examine the bond behavior
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of the specimens in terms of the displacements and strengths recorded during testing. The last section
presents the results of the compressive strength tests and discuss their relationship to the bond strength.

4.2.1 Mode of Failure

The beam specimens were loaded monotonically under a pull-out test (ASTM A944), and two types of
failure mechanisms were observed. These included longitudinal cracks and pull out of the steel rebar.
Longitudinal cracks of similar patterns were physically observed among most of the test specimens, with
the exception of two of the specimens, as reflected in Table 4.1.

One of the beam specimens with 50% SDA (B7) did not exhibit any physical failure mode despite the
increase in load. This could be attributed to the ductile behavior that was uniquely exhibited in this beam
(Figure 4.7). The other beam (B2) that did not display a failure mode simply did not exhibit cracks on the
surface despite reaching its peak load; based on the load at failure, this beam appears to have failed
prematurely.

Figure 4.5 Beam Loaded Indicating Shear Bond Failure

The cracks began to form gradually at the front of the specimen and continued to propagate up to the
approximate midpoint on the top face of the specimen as the maximum load was approached (Figure 4.5).
Upon failure, the initial crack widened and terminated in an inverted T, hence permitting the complete
pull-out of the rebar. At this point, the behavior of the bond-slip response was nonexistent.

4.2.2 Load-Slip Response

A total of nine beams were prepared for the pull-out test and tested after 35 days of moist curing. The
tests on the beams were carried out over several days and were subjected to variable loading rates. Three
loading rates (0.050, 0.075, and 0.100 in/min) were used in the test. An initial loading rate of 0.050 in/min
was used on the first specimen tested. The loading rate was later increased to 0.075in/min and 0.100
in/min for the rest of the specimens as illustrated in Table 4.1, since the first specimen took over 30
minutes to fail. The variable rates affected the duration at which the peak results were attained.
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Table 4.1 Summary of Bond Test Results

SDA | Beam LOI'\(”j‘:tleng Peak Load | Peak Slip Description of Failure
(%) Number (in/min) (kips) (in)
Bl 0.075 17.870 0.095* Longitudinal crack-Yaway center
0% B2 0.075 8.049 0.035 No visible crack
B3 0.05 16.969 0.035 Longitudinal crack-Yaway center
B4 0.075 19.486 0.452 Longitudinal crack-Y2way center
2504 B5 0.075 19.511 0.418 Longitudinal crack-Yaway center
B6 0.10 12.538 0.089 Longitudinal crack-Yaway center
B7 0.10 (20.906)** (0.500)** No visible crack
50% B8 0.10 17.471 0.183 Longitudinal crack-%2 center
B9 0.10 19.288 0.137 Mild crack formed at center edge

*value noted does not correlate to peak load (excluded from discussion)
**no peak values — specimen results simply plateaued out (last highest value is noted)
BX — values excluded from discussion.

The results of loads against the displacements (slip) of a No. 4 (0.5”) reinforcing steel bar are discussed in
the following sections. Various displacement measurements are recorded: one by the actuator and two by
the dial gages at both closed and open ends of the specimen apparatus. The load results are obtained from
the actuator measurements while the (actual) slip results used for analysis are obtained by computing the
difference between the dial gage readings at the closed and open end of the specimens. The computed slip
results denote the actual slip of the rebar. The actuator recorded redundant slip readings, hence they could
not be used to denote the actual slip, but only the peak loads. The curves generally exhibit a similar
polynomial trend; the curves peak to a maximum, and later descend as expected. Beyond the peak
value, there is no more concrete-steel bond relationship, and any increase in load simply pulls out the
steel bar.

4.2.2.1 Specimens with 0% SDA

Figure 4.6 shows the load-displacement response of the individual specimens with 0% SDA that were
tested as control specimens. The computer (actuator) measurements and dial gage readings at the closed
end convey similar patterns in the load-slip behavior (Figure 4.6). The variation of the dial gage readings
can be attributed to the strain occurring in the steel during pull out. Details of the strain discussion are
addressed in Section 4.2.4. The dial gage readings of 4.6 (a) and (c) do not correlate well with the
computer (actuator) readings due to poor synchronization of the manual and computer measurements.
Therefore, the actual bond-slip behavior is assumed to compare parallel to total slip (blue curve), and an
approximation of the maximum slip of 0.6 and 0.4 inches respectively is made.

Beam specimen B2 (Figure 4.6(b)) exhibits an expected trend but peaks at a much lower value than the
other specimens of similar mix design. An error in the consolidation of the concrete is presumed to be the
source of the poor bonding of concrete with the rebar. Hence, the beam (B2) is eliminated from the
subsequent discussion of results.
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4.2.2.2 Specimens with 25% SDA

Figure 4.7 illustrates the load-slip results (load results from actuator against actual slip results obtained by
computing the difference between the dial gage readings at the closed and open end) for the individual
specimens with 25% SDA, measured by the actuator and dial gages. Beams B4 and B5 exhibit very
similar behavior and both peak at about 20 kips. Beam specimen B6 peaks at a much lower value, and this
was due to slackness of the embedded steel bar in the concrete. The consolidation of this specimen is
inadequate; hence, inadequate concrete bond was actualized around the rebar. Therefore, beam B6 is
omitted from the discussion of the results, and only beams B4 and B5 are considered for analysis.
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4.2.2.3 Specimens with 50% SDA

The beams prepared with 50% SDA exhibit very similar behavior in all three specimens with the
exception noted with the peak/plateau behavior (Figure 4.8). Beam B7 exhibits an expected trend of an
increase in slip with an increment in load, except that it failed to peak. The beam simply plateaus and
displays very ductile behavior. The variations of the peak (plateau) values for the beams range between
17-21 Kips.
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4.2.3 Bond Strength

The control concrete specimens portray the lowest bond strength in this experiment. Their average peak
strength is the lowest at 17.420 kips, while the specimens with 25% SDA portray the highest average
peak value of 19.499 as illustrated in Table 4.2. In comparison to the control, the specimen with 25%
SDA exhibits the better bond-slip response.

Specimens with 50% SDA do exhibit a higher peak value than the control, though the trend of results
indicates a decrease in the peak load (bond strength) with an increase in the SDA content. However, it is
difficult to determine at what SDA content the peak values would start to drop below that of the control
specimen. The outcome is as expected when compared with the compressive strength results in Section
4.2.5, since the bond strength is directly proportional to the compressive strength of concrete.

Table 4.2 Average Results of Peak Loads (kips), Peak 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 SDA in concrete is seen to increase the shear bond behavior
of the concrete. Overall, SDA offers better bond strengths than the control specimen though the variations
of 12% (25% SDA) and 5% (50% SDA) are relatively small. From the result of observation and
comparison between the bond strengths, the best results are attained when SDA is utilized in concrete
within limits not exceeding 25% replacement.

4.2.5 Peak Slip and Strain

As seen in Figures 4.6, 4.7, and 4.8, the peak slips of the beam specimens are observed and the average
values are presented in Table 4.2 above. Results of the average maximum strains are computed from the
peak slips over the 12-inch embedded length of the steel bar and are presented in the same table. The
strains computed are a direct correlation to the steel rebar’s yield strain since the difference in the dial
gages measurements record the elongation in the rebar.

Addition of SDA to concrete reduces the slip between the rebar and the concrete. The trend of the results
also indicates a decrease in the slip length and strain with an increase in the SDA. This could be as a
result of an increased frictional resistance that the SDA offers the concrete.

4.2.6 Compressive Strength of Bond Test Specimens

In determining the bond behavior, a standard compressive strength test (ASTM C192) was performed to
determine the actual compressive strength used and investigate its influence on the bond behavior. A
standard compressive strength test (ASTM C192) was performed alongside the bond test specimens, on
three-sample cylinders per point to determine the actual compressive strength used. The average concrete
strengths shown in Table 4.3 indicate that the specimen meet the target design strength requirement of
5700psi.
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Table 4.3 28-day Mean Compressive Strengths (psi) for the Bond Test Specimen

SDA content (%0) 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 calculated from the compression-bond relationship illustrated
in equation 2.1. Comparison of the measured bond strength/stresses with the expected results indicates a
closeness in the range of results, with a greatest variation seen with the specimen with 25% SDA. The
closeness in results indicates that the compression-bond strength relationship is still applicable even with
SDA concrete. Examining the directly proportionality (compression-bond relationship) in the results
illustrated in Table 4.3, the compression strength test confirms the effect that it has on the bond strength
of concrete.

4.3 Concrete Durability (Freeze-thaw)

Alternate cycles of freezing and thawing subject concrete to durability concerns, which include mainly
two types of deterioration, namely surface scaling and internal cracking. Scaling (loss of small particles of
mortar on a concrete surface) is the most frequently observed form of deterioration. However, this
research will particularly consider the second form of deterioration: cracking that is caused by the internal
pressures generated by the action of frost within the hardened concrete. Among the various factors
affecting the resistance of the concrete to frost is the strength of the aggregate-mortar interface and the
pore structure of the mortar (Pigeon et al. 1995). This research utilizes ASTM C666 to study the effect
that SDA has on these factors that determine the freeze-thaw properties of concrete. The method in the
standard requires the measurement of the fundamental frequency (and relative dynamic modulus of
elasticity) and calculation of the durability factor, whose respective reduction and value are indicators of
the extent of internal cracking in concrete specimens (Pigeon et al. 1995).

The air entrained mixes utilized for the durability test are moist cured and the test procedure (including
freeze-thaw cycling) starts at 28 days after curing. They are subjected to 300 cycles of freezing and
thawing as specified in ASTM C666 and periodically tested according to ASTM C215. Each cycle
involved two hours for the freezing and thawing respectively, for a total of four hours. The following sub-
sections present the average results of three specimen samples of the freeze-thaw durability test and
discuss the variations caused by the freeze-thaw cycles in weight change, relative dynamic modulus of
elasticity, and the durability factor.

4.3.1 Weight Change

The change in weight (or mass) can be an indicator of deterioration of concrete specimens in instances
where surface scaling is observed. As shown in Table 4.4, the results of the present research show
negligible variations in the specimen weights, indicating no occurrence of surface scaling. This outcome
aligns with the assumptions on which this test (ASTM C666) was designed. The assumptions are based
on the fact that internal cracking would be the only expected form of deterioration experienced by air
entrained concrete specimens.
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Table 4.4 Average Percentage Weight Change of Specimens Over N Cycles

Average Percentage Weight Change

N AO% A25% A50%
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 A=) 0.26 0.46 0.48

Minor variations are observed within the specimens. The SDA specimens exhibit greater mass changes
than the control (0% SDA) specimen by about 0.20%. The minor variations in weight gain can likely be
attributed to the ingress of water within the internal cracks, and a weight loss can relate to minor abrasion
of the concrete.

4.3.2 Freeze-thaw Resistance

The primary measures of deterioration are the relative dynamic modulus of elasticity (RDM) and the
durability factor (DF), and they are calculated from the measurements of the fundamental transverse
frequency (ASTM C666). A reduction in fundamental frequency, hence a reduction in the RDM, signifies
internal disruptions/deteriorations within the concrete due to the alternate cycles of freezing and thawing.
All specimens utilized for this test are air entrained and contain an air content of approximately 5%.

Increasing amounts of air entraining admixture are utilized for every increase in SDA content, to achieve
a similar 5% air content. The results (Figure 4.9, Table 4.5) of these parameters (RDM and DF) are
deduced from the measurements of at least three hammer strike point records of the transverse
frequencies (ASTM C215) of air-entrained concrete specimens recorded after every 35 cycles of freezing
and thawing until the test reached 300 cycles.

Figure 4.9 shows a general decrease in the RDM with an increase in the number of freeze-thaw cycles,
signifying a decrease in the freeze-thaw resistance of the concrete over time. The trend indicates a close
relationship between the samples with 25% and 50% SDA, but compared to the control specimen, the
concrete specimen with 50% SDA provides a slightly higher freeze-thaw resistance after 300 cycles.
Overall, the SDA appears to slightly reduce the freeze-thaw resistance of the concrete.
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Table 4.5 shows the computed durability factors, which exceed 85% of contrasted threshold (Wang
2009); furthermore, the relative durability factors exceed the 80% threshold defined by ASTM C260. The
concrete specimens all possess excellent resistance to freeze-thaw, based on the RDF limits of ASTM
C260.

Table 4.5 Durability Factors and Relative Durability Factors

SDA (%) in concrete Durability Factor, % Relative Durability Factor (RDF),%
0% 90.940 (ref)
25% 88.057 96.8%
50% 89.045 97.9%

The variation between the SDA concrete specimens is rather insignificant, and it is therefore difficult to
determine or recommend the most favorable SDA content for use in concrete. Hence comparison is made
between concrete with and without SDA, which indicates that utilizing SDA in concrete would provide a
slight decrease in the freeze-thaw resistance of the concrete when designed at the same air content.

4.4 Concrete Corrosion

An important part of this research is to evaluate the corrosion performance of the rebar embedded in the
SDA concrete and to determine whether the SDA inhibits or accelerates the corrosion activity of steel in
concrete. This evaluation was conducted in accordance to ASTM G109, which calls for measuring the
half cell (corrosion) potential and the voltage drop across the 100-Q resistor placed across the bottom
(cathode) and top rebars (anode), whose results aid in determining the total integrated macrocell current
and the steel’s total corrosion. Potential measurements are generally used to determine corrosion of steel
embedded in concrete and also provide a semi-quantitative indication regarding corrosion in the sodium
chloride (NaCl) corrosive medium. The total corrosion (metal loss) is a measure of the thickness of the
bar lost to corrosion and a direct indicator of the extent of chloride ion penetration through the concrete,
while the total macrocell integrated current is a measure of the rate of corrosion activity due to the
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macrocell. This section discusses the results of the potential and current measurements and uses them to
analyze the effect that SDA has on the corrosion property of concrete.

Beam specimens prepared as described in Section 3 were moist cured for 28 days, and later were
subjected to 14 days of soaking in 3% sodium chloride (NaCl) solution followed by 14 days of drying.
The NacCl solution provides a necessary ion path in the corrosion reaction of the specimen. The tests were
carried out through five soak-dry cycles, and electrical potentials were measured across a 100-Q resistor
after each cycle between the top and bottom steel bars and against a silver nitrate (AgNOs) half cell
reference electrode (ASTM C876) using a voltmeter. At the end of the testing, concrete samples were
collected from the specimens and the chloride content of the concrete was measured.

4.4.1 Chloride lon Penetration (Total Corrosion)

The penetration of chloride ions is a function of the permeability of concrete and a measure of the total
corrosion experienced by the steel. The water-cementitious ratio is the major factor that governs the
permeability of concrete. Among other factors that play a significant role in determining the permeability
of concrete is the cement/material specification. Therefore, this section discusses the effect that SDA
would likely have on the permeability of concrete and thus the damage of structures subjected to chloride
environments. A corrosion test (ASTM G109) was carried out to investigate this property, and presented
in Table 4.6 are the average results of three sample reinforced concrete beam specimens carried out over
five months for each point containing 0%, 25%, and 50% SDA in concrete.

Table 4.6 Average Corrosion Potentials (Against Reference Electrode) of Specimens

SDA Content (%0) 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 steel bar embedded in the control specimen has decreasing
negative potentials over the whole testing period, whereas the specimens with SDA have decreasing
negative potentials for the first 84 days of soaking but later show slightly increased potentials. The large
negative values indicate corrosion is beginning to occur (transition state), while the smaller negatives
(less than -200mV) indicate no occurrence of corrosion.

Despite initially high values for the half-cell potentials (ranging between -200 and -350 mV for individual
specimens), when compared against the values in Table 4.7 the measured potentials generally indicate
only a 10% probability of the formation of corrosion cells on the reinforcing steel (ASTM C876). For the
given short period of testing, the results indicate that corrosion activity has not yet initiated and the
concrete specimens can be said to be in a passive state.
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Table 4.7 Probability of Corrosion (ASTM C876)

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

In spite of the absence of active corrosion activity, Figure 4.10 illustrates the variations of the resistance
of chloride ions (total corrosion) with time. The specimens experience moderate to high ion penetrability
with the specimen containing 25% SDA exhibiting the least resistance (largest chloride ion penetration) to
the chlorides. The specimen with 50% SDA exhibits the highest resistance to chloride penetration
compared to the control specimen, hence offering the best performance for corrosion resistance.
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Figure 4.10 Total Corrosion vs. Concrete Age

Figure 4.10 shows that large (50%) SDA contents increase the chloride inhibition properties of concrete.
It was expected that an increased SDA content would inadvertently decrease the resistance of the concrete
to chloride penetration. This is because the fineness of fly ash (and SDA) has been seen to provide added
impermeability to the property of concrete (Crouch et al. 2009).

4.4.2 Rate of Corrosion Activity

This sub-section addresses results of the measurements of the macrocell corrosion current between the top
and bottom steel bars embedded in concrete and investigates the rate of corrosion of the steel bars over
time. The corrosion rate (how fast or slow corrosion is occurring over time) depends on the amount of
current flowing through the macrocell specimen with corroding (anode) and cathodic members and gives
a quantitative indication of the corrosion tendency of the test specimen (Figure 4.11).
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The results from the specimens with 25% SDA illustrate an initial steep increase in the slope of curve
(corrosion rate) for the first three months indicating a high rate of corrosion activity. The rate of corrosion
activity after three months drops significantly. The control specimen presents a fluctuating and a
relatively steady rate of corrosion activity.

The results also show a steady and low increase in the macrocell current for the concrete specimen with
50% SDA, indicating that the replacement of 50% SDA in concrete provides a relatively low corrosion
rate. This would be expected, given that SDA is a much finer material than cement, hence would provide
a low chloride permeable material that would inhibit the rate of corrosion.

4.4.3 Acid Soluble Chloride Content

To measure the corrosion potentials and macrocell current, samples of concrete were taken from the
corrosion specimens and tested following ASTM C1152 to measure the total chloride content of the
concrete. This test allows for direct comparison of the amount of chloride ions penetrating the different
concrete mixes. Samples of concrete were taken at the top, center, and bottom of the corrosion
specimens. When possible, three repetitions of the titration were conducted. In four of nine cases, the
guantity of concrete collected only allowed for two. The quantities of AgNO; required to reach the
equivalence point for all specimens are provided in Appendix E.

Table 4.8 shows the average quantity of AgNO; required for each sample of concrete and the
corresponding percent of chloride ions present in the concrete. Two types of calculations are shown in
this table. Column 4 shows chloride concentrations calculated using equation (3.5) with V, equal to 2.971
mL. In this case, some concentrations are very slightly negative, which is not physically possible but
relates to small inaccuracies in the experimental procedure. Column 5 shows the concentrations calculated
with V, equal to 0 mL. The ASTM standard permits this calculation for non-referee analysis, and it is
appropriate in this case because comparison is only made between samples used in the present research.
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Table 4.8 Results of Acid-Soluble Chloride Testing

AgNO; to reach

Concrete  Sample %Chloride lons by Mass  %Chloride lons by Mass

Mix Location Equ(ir\T/]all_lf)ence of Concrete V,=2.971 mL of Concrete V,=0 mL
Top 8.322 0.0948 0.1475
Control Center 5.061 0.0370 0.0897
Bottom 2.482 -0.0087 0.0440
Top 5.466 0.0442 0.0969
25% SDA  Center 2.527 -0.0079 0.0448
Bottom 2.519 -0.0080 0.0447
Top 6.343 0.0598 0.1124
50% SDA  Center 3.147 0.0031 0.0558
Bottom 2.246 -0.0128 0.0398

The contours of chloride ion penetration (from column 5) for the three mixes are plotted in Figure 4.12.
This chart clearly shows that the chloride ion content in the control specimen is greater than the chloride
contents in either the 25% or 50% SDA concretes at the top and center of the specimens. The
concentration in all three specimens is very low at the bottom of the specimens.
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Figure 4.12 Chloride Content (% Mass of Concrete) vs. Depth
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The reduced chloride concentrations in the SDA concrete are anticipated because the small particle size of
the SDA should produce a more dense concrete that is more resistive to the penetration of water and ions.
However, these results are interesting in that the 25% SDA concrete shows a slightly lower degree of
penetration than the 50% SDA concrete. There appears to be a limit in the amount of benefit to be gained
by the addition of SDA. These results also deviate from the corrosion potential and macrocell current
measurements, where the 50% SDA mix appears superior, making a firm conclusion difficult to reach.
Based on assessment of all results, it appears the addition of SDA may provide a small amount of benefit
in concrete’s ability to prevent chloride-induced corrosion.
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5. RECOMMENDATIONS AND CONCLUSIONS

5.1 Conclusions

This report investigates the potential for valuable utilization of SDA and its performance in structural
concrete. Experimental work was carried out to determine the effect that SDA has on the compressive and
bond strength of concrete, its freeze-thaw durability, and its corrosion inhibition properties on steel rebar
embedded in concrete. Mixes with varying amounts of SDA were designed and tested in the accordance
to the appropriate ASTM standards.

In general, the addition of SDA provides modest benefits when used in certain proportions, and at the
very least it did not seem to degrade the properties much. It provides reasonable benefits on the
compressive and bond strength when utilized within the optimal limits. Despite the need for more air
entrainer, utilization of SDA produces a negligible effect on the freeze-thaw durability of the concrete
while an increase in the SDA provides an increased corrosion resistance and a reduced corrosion rate in
concrete. Based on the results of this research, SDA has great potential for its utilization as a structural
material in transportation infrastructures. The following conclusions can be drawn from the results of this
research.

5.1.1 Compressive Strength

Replacement of cement in concrete by SDA generally increases the ultimate strength of the concrete.
Generally, the strength attained at 28 and 56 days by concretes containing SDA superseded the strength
attained by the control (standard) concrete, indicating an added benefit of about 4-18% and 6-15%
respectively, on the ultimate strength gain of concrete.

The results of this study do not indicate at which point the continued replacement of cement with SDA
causes the compressive strength to decline below the strength observed from the control (standard)
concrete.

A 25-35% SDA replacement provides the best strength results of about 400-650 psi in excess of the target
strength at 28 days and about 1350-1800 psi at 56 days. Beyond 35% SDA replacement, the ultimate
compressive strength decreases, but mixes with higher replacement percentages still reach the desired
design strength.

Replacement of cement with SDA reduces the rate of early strength development/gain. Generally,
concrete with SDA exhibits an initial low strength development for the first three days but has its strength
accelerate steadily after that time.

5.1.2 Bond Strength

The addition of SDA to concrete provides an increase in bond strength of concrete, in comparison to the
control specimen, although the variations of 12% (for 25% SDA) and 5% (for 50% SDA\) are relatively
small. However, from the trend it is uncertain at what SDA percentage the bond strength will drop below
that of the control specimen.

The optimal results in bond strength are attained when SDA utilized in concrete is limited to 25%
replacement. Doubling this quantity of SDA (50%) results in reduced variations (decreased bond
strength compared to the control). Utilization of SDA provides a worse bond-slip behavior than plain
concrete with an increase in the SDA content.
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The compression-bond relationship is a direct proportionality (equation 2.1), and the compressive strength
test results confirm its effect on the bond strength of concrete. The test also confirms that the relationship
(equation 2.1) is still applicable to SDA concrete.

5.1.3 Freeze-thaw (Durability)

More air entraining admixture is required for increasing amounts of SDA replacement to achieve the
same air content in concrete. The dosages required in SDA concrete do exceed those used in plain
concrete by more than half.

Minor variations in the weight changes of the specimen have a negligible effect on the results on the
freeze-thaw testing.

The relative dynamic modulus of elasticity (RDM) of concrete generally decreases with an increase in the
freeze-thaw cycles, indicating a decrease in the freeze-thaw resistance of the concrete over time.

Concrete specimens with 50% SDA provide a slightly higher freeze-thaw resistance than the specimens
with 25% SDA when compared to the control, although the variations between the SDA concrete
specimens are relatively small. It is, therefore, difficult to determine or recommend the most favorable
SDA content for use in concrete. Hence, comparison is made between concrete with and without SDA,
which otherwise indicates that SDA in concrete offers a lower freeze-thaw resistance than the control
concrete.

Utilizing SDA in concrete provides a slight decrease in the durability factor, indicating a negligible effect
on the freeze-thaw resistance (durability) of the concrete when designed at the same air content.

5.1.4 Corrosion

For the given short period of testing, the results indicate a 10% probability of corrosion (formation of
corrosion cells on the reinforcing steel). Active corrosion has not yet been instigated, and the concrete
specimens are considered to be in a passive state.

In spite of the absence of active corrosion activity, the specimen with 50% SDA offers the best
performance for corrosion resistance. It exhibits the highest resistance to chloride penetration in the half
cell potential tests, and show fairly low values of chloride penetration in the direct measurement of acid-
soluble chlorides.

5.2 Recommendations

In utilizing SDA, the concrete industry does continue to recognize the importance of sustainable
development and the potential benefits that this material has to offer. This research provides an
introduction to a clearer understanding of the behavior and performance of this SDA material when used
in concrete, and the recommendations outlined below are proposed to complement this work.

Given the potential for the valuable use of spray dryer ash (SDA) and fly ash in general, its beneficial
properties, and the likely increase in its production, it is paramount that further research be carried out to
better understand the variable aspects and properties of this material.

Before this material can be routinely used, additional research should be carried out to investigate other

essential properties of the material, such as the dry density, stiffness, flexural strength, toughness,
abrasion resistance, sulfate resistance, and other long-term durability concerns. Other environmental
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performance and field handling characteristics need to be further investigated, and quality control
measures designed, to ensure its standard application. After considering its structural performance and
characteristics in totality, a design standard would be appropriate and useful for future use.

The tests carried out in this research require further in-depth study to determine the trends and behavior of
the material when more variable points are considered. In particular, the corrosion test would require a
longer duration to clearly establish the corrosion inhibition properties of the concrete. It is also
recommended that more study be carried out to determine the behavior of concrete when larger quantities
of SDA replacements, in excess of 50%, are used.

It is also recommended that a more detailed understanding of the SDA material is required to critically
understand the physical, chemical, and mineralogical properties of the material and its variations in
properties due to the variable processing methodologies utilized at the various coal plants. Additional
studies on the use of supplemental chemical activation materials, such as lime and alkali compounds,
could also be useful in improving the performance of the material.

This research focuses on the positive utility of the SDA in general, and very little concern is given to the

high sulfur content. The effect of the high sulfur content should be further investigated, and its role in
hardened concrete and non-structural applications should also be determined.
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APPENDIX A:

MIX DESIGN

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

Constituent Description Specific Moisture | Bulk Unit | Fineness
Material Gravity | Content(%) | Wt (pcf) | Modulus
Cement Type I, ASTM C150 3.15 NA NA NA
Coarse Aggregate | Well-graded, 3/4" max. size 2.68 2.00 NA
Fine Aggregate Natural sand (ASTM C33) 2.64 1.00 2.80
Density of water = 62.4  pcf
Desired compressive strength = 4500  psi
Required mean compressive strength = 5700 psi (reference Table 9-11)
Water/cement ratio = 0.525 (interpolated from Table 9-3, note
maximum from Table 9-1)
Air content = 2 % (entrapped air based on Table 9-5; we will
not use air-entrainment)
Slump desired = 1 in (based on Table 9-6)
Water content = 340 Ib (for a cubic yard of concrete, based on
Table 9-5)
Cement content = 648 Ib (water content)/(wi/c ratio)
Coarse aggregate content = 1674 1Ib (based on Table 9-4),(unit weight in pcf)
*(27ft%lyd®) * (bulk volume)
Admixture content = 0 fl oz
Determining fine aggregate content by volume:
Water = 545  ft3 (content in Ibs)/(specific gravity x
density of water)
Cement = 329 ft? (content in Ibs)/(specific gravity x
density of water)
Air = 054  ft3 (percent/100 x 27 ft°)
3 - - g -
Coarse aggregate = 10.03 ft (content in Ibs)/(specific gravity x
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density of water)




Total - fine aggregate = 19.31 ft?

Fine aggregate = 769  ft} [27 - (total - fine aggregate)]

Fine-aggregate content = 1267 Ib \(/?//;)tléerG x specific gravity x density of

Corrections for moisture content of aggregates:

Coarse aggregate = 1707 Ib (weight x (1 + MC/100))

Fine aggregate = 1280 Ib (weight x (1 + MC/100))

Wer - 1625 NC00)- (FA thy weightx M/100)
(reference page 164)

Final weights for one cubic yard of concrete:

Water = 324 Ib

Cement = 648 Ib

Coarse aggregate = 1707 1b

Fine aggregate = 1280 Ib

Final weights for indicated cubic feet of concrete:

Cubic feet of concrete desired = 0.2 ft®

Water = 2.4 Ib

Cement = 4.8 Ib

Coarse aggregate = 1265 Ib

Fine aggregate = 95 Ib
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APPENDIX B: COMPRESSIVE STRENGTH RESULTS

Day 3 Day 7 Day 14 Day 28 Day 56

Mean Mean Mean Mean Mean

Ve | loadldy | TR | wergh | losdk) | TP | sereh | loadla | e | sengh | Loy | o | seneh | loadld | oo | s

(si) (s (psi) (psi) (si)
123,000 | 4,350 150,000 | 5,305 157,500 | 5,570 171,000 | 6,048 184,500 | 6,525

(Cco ;] el 120750 | 4271 | #*®1 138750 | 4907 | >9®* | 160500 |s5677 | >®?3 | 156000 |s5517 | >7%° | 180750 | 6393 | 6428
134,625 | 4,761 142,500 | 5,040 159,000 | 5,623 162,000 | 5,730 180,000 | 6,366
102,750 | 3,634 153,750 | 5,438 152,250 | 5,385 168,750 | 5,968 168,000 | 5,942

xls);,l) 120,750 | 4271 | 3% | 129000 |4562 |*°'® |1s7500 |s5570 | >24 | 151,500 | 5358 | %0 | 175500 | 6207 | ©2%°
115,500 | 4,085 100,500 | 3,554 135,000 | 4,775 159,000 | 5,623 184,500 | 6,525
112,500 | 3,979 148,000 | 5,234 165,000 | 5,836 182,000 | 6,437 210,000 | 7,427

?ggf%z) 105000 | 3714 | 3814 | 145000 |[s5128 | > | 178000 | 6,295 | ®16® | 185000 |6,543 | &1 | 200000 | 7,074 | 7132
106,000 | 3,749 146,000 | 5,164 180,000 | 6,366 185,500 | 6,561 195,000 | 6,897
102,500 | 3,625 145,000 | 5,128 172,500 | 6,101 175,000 | 6,189 197,500 | 6,985

xlsxj) 103000 | 3643 | 350 | 147000 |5199 |>%70 | 160000 |5659 |>®> |176000 |6225 | &M% | 200500 | 7,001 | 7050
107,500 | 3,802 155,000 | 5,482 165,000 | 5,836 171,000 | 6,048 200,000 | 7,074
105,000 | 3,714 153,000 | 5,411 158,000 | 5,588 190,500 | 6,738 210,000 | 7,427

?;'BX;) 110,000 | 3890 | 3892 | 147000 |5199 |3 |161,000 |5694 |>® |195000 |6897 | &80 | 108000 |7,003 | 7262
107,500 | 3,802 153,000 | 5,411 160,000 | 5,659 192,000 | 6,791 208,000 | 7,356
110,000 | 3,890 156,000 | 5,517 147,500 | 5,217 180,000 | 6,366 210,000 | 7,427

(“Q'sxf) 107,000 | 3784 | 3737 | 141000 |4987 | %70 | 160500 |5677 |>°3> |180000 |6366 | %3 | 217500 | 7,692 | 716
100,000 | 3,537 150,000 | 5,305 161,500 | 5,712 180,000 | 6,366 210,000 | 7,427
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70,000 | 2,476 120,000 | 4,244 152,500 | 5,394 175,000 | 6,189 196,000 | 6,932

Mix 6

(a0%) | 70000 | 2,476 | 2*° | 131000 |4633 | **? | 148500 |5252 | >1%0 |182500 | 6455 | @130 | 187500 | 6631 | &8
72,000 | 2,546 130,000 | 4,598 140,000 | 4,951 162,500 | 5,747 201,000 | 7,109
50,000 | 1,768 120,000 | 4,244 141,000 | 4,987 165,000 | 5,336 185,000 | 6,543

Mix 7

(4s%) | 53000 |1874 | V%33 |118000 |4173 | 4?90 | 145000 |s5128 | > | 175000 |6189 | >°77 | 185000 | 6543 | ©692
61,000 | 2,157 119,000 | 4,209 147,500 | 5,217 167,000 | 5,906 190,000 | 6,720
50,000 | 1,768 115,000 | 4,067 135,000 | 4,775 161,000 | 5,694 198,000 | 7,003

Mix 8

(50%) | 61500 | 2175 | Y87 |10s500 | 3,731 |38 | 135000 |4775 |47 |146000 |5164 | > | 180,000 | 6366 | &861
46,000 | 1,627 110,000 | 3,890 134,500 | 4,757 163,000 | 5,765 204,000 | 7,215
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APPENDIX C:

BOND STRENGTH RESULTS

C-1: COMPRESSIVE STRENGTH RESULTS

SDA Content 0% 25% 50%
Load (lbs) Strength (psi) Load (lbs) Strength (psi) Load (lbs) Strength (psi)
Specimen 1 169,000 5,977 189,000 6,684 159,000 5,623
Specimen 2 159,000 5,623 190,000 6,720 157,500 5,570
Specimen 3 162,000 5,729 191,500 6,773 164,000 5,800
Average Load 163,333 5,777 190,167 6,726 160,167 5,665
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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 17.2575 16.8165 17.3315 17.0905 16.6440 16.5680 16.5145
35 17.1830 17.2790 17.3290 16.8950 17.3990 17.1640 16.6655 16.6600 16.6120
70 17.1890 17.2585 17.3200 16.8880 17.4005 17.1670 16.6920 16.6535 16.5905
105 17.1735 17.2605 17.6050 16.9320 17.4020 17.1625 16.6895 16.6660 16.5945
140 17.1765 17.2620 17.3135 16.8975 17.4020 17.1705 16.6760 16.6705 16.5935
175 17.1700 17.2453 17.3135 16.9030 17.3945 17.1675 16.6790 16.6755 16.5960
210 17.1730 17.2490 17.3200 16.8975 17.3940 17.1680 16.6655 16.6725 16.5930
245 17.1850 17.2530 17.3210 16.9040 17.4005 17.1730 16.6725 16.6780 16.6005
280 17.1885 17.2490 17.3125 16.9103 17.4060 17.1547 16.6741 16.6773 16.6196
300 17.1805 17.2550 17.3175 16.9003 17.4045 17.1662 16.6755 16.6785 16.6080
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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 N N, Ns N, Ns Ne 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 2081.460 | 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 | 1967.230 | 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) SPECIMEN RESULTS

N 0 35 70 105 140 175 210 245 280 300

RDM Pro Pn1 P2 Pra Pra Prs Pre Pn7 Prs Pco DF

Specimen Values of Relative Dynamic Modulii of Elasticity (%)
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 Elasticity

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, TC
SDA Content Specimen Resistogr, vV (mv) (LA) 28 (Vo) © 28
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

E-2: SPECIMEN RESULTS AT 56 DAYS

. Voltage across Macrocell Current, | Corrosion Potential Total Corrosion, TC
SDA Content Specimen Resistogr, v (mV) (UA) % v © %6
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, lg,

Corrosion Potential

Total Corrosion, TCgy

SDA Content Specimen Resistor. V (mV) (LA) (MVyer) ©)
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

E-4: SPECIMEN RESULTS AT 112 DAYS

Voltage across

Macrocell Current, 111,

Corrosion Potential

Total Corrosion, TCy1

SDA Content Specimen Resistor, V (mV) (LA) (MVyer) ©)

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, TC
SDA Content Specimen Resistogr, V (mV) (MA) “ against Ref.(mV) “
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
E-6: RESULTS OF TITRATION TO MEASURE ACID-SOLUBLE CHLORIDE CONTENTS
Blank Determination (water) : 2.971 mL
Concrete: Control SDA 25% SDA 50%
Location: Top Center Bottom Top Center Bottom Top Center Bottom
9.347 6.682 2.515 6.525 2.530 2.676 6.104 2.873 2.100
7.296 3.439 2.448 4.406 2.524 2.650 12.218* 3.685 1.974
2.779 2.232 6.582 2.882 2.665
Average: 8.322 5.061 2.482 5.466 2.527 2.663 6.343 3.279 2.037

*Omitted from computation of averages
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