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ABSTRACT

This study was performed to examine the effects of cement replaced by high
volumes of Class C fly ash on durability characteristics of concrete up to 120 days.
Specifically, this study investigates the possibility of amending American Society for
Testing and Materials (ASTM) to allow High Volume Fly Ash (HVFA) concrete to cure
until later ages prior to testing instead of 28 days. Five mix designs were compared with
varying fly ash percentages from 0 to 70% (by total cementitious mass). No other
additives were present in any of the five mix designs. Water-to-cementitious ratio (w/cm)
and total cementitious material remained constant as 0.40 and 750 pounds per cubic yard

respectively.

Both plastic concrete and hardened concrete properties were examined. The
replacement of cement by fly ash resulted in the concrete exhibiting adequate 28-day
strength, stiffer moduli, lower chloride permeability, improved resistance to freezing and
thawing, and improved abrasion resistance at 50% fly ash replacement when compared to
a baseline mix. At 70% fly ash replacement, the concrete never reached equivalent
properties to the other mixes. As the age and compressive strength of all mixes increased,

so did the abrasion resistance and durability factor.

Accelerated curing at 100°F (37.8°C), 130°F (54.4°C), and 160°F (71.1°C)
proved to be detrimental to the concrete at all fly ash levels, with higher temperatures
causing increased damage. An increase in compressive strength was seen in the first few

days prior to a decrease in compressive strength.
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1. INTRODUCTION

1.1. BACKGROUND

The production of Portland cement generates roughly one pound of carbon
dioxide per every pound of cement produced that exits to the atmosphere (Malhorta,
2010). This is an issue because concrete, aside from water, is the most consumed material
in the world and Portland cement is a key component. With that being said, sustainability
is a concern. By introducing pozzolanic material (slag, fly ash, silica fume, etc.) as a
replacement for cement in concrete, the emission of CO; can be controlled. However, a
reduction of carbon emissions is not the only benefit to cement replacement. Introducing
pozzolans to a concrete mixture can improve durability and workability, reduce early heat
of hydration, and often times increase later age strength. Aside from these characteristics,
using Supplementary Cementitious Materials (SCM) in concrete mixtures can prove to be
financially beneficial as well. Introducing SCM can produce direct savings in cost of
materials and sustainability resulting in longer life span of the structure. As well as direct
savings, eventually every nation will have to consider indirect savings such as resource
preservation and reduced pollution through emissions and landfill space. As of 2005, U.S.
coal-fired power plants reported producing 71.1 million tons of fly ash, of which 29.1
(40%) million tons were reused in various applications (Mehta and Monteiro, 2006). If
the nearly 42 million tons of unused fly ash had been recycled, it would have reduced the
need for approximately 27,500 acre-ft. (33,900,000 m®) of landfill space. Similarly, in
2012, the American Coal Ash Association’s (ACAA) 2012 Coal Combustion Production
& Use Survey Report showed there was 52.1 million tons of fly ash produced and 46%

was recycled in concrete products alone Figure 1.1.

Many researchers have investigated the effects of incorporating fly ash into
concrete mixtures. Substitution of cement by fly ash has many advantages and
disadvantages. By replacing the cement with fly ash, the concrete may see benefits such
as increased workability, increased long-term strength and sometimes increased
durability characteristics. Alternatively, introducing fly ash in proportions greater than
50%, some disadvantages may occur. These disadvantages include delayed setting time,

decreased rate of strength gain and some durability issues.
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Figure 1.1. Allocation of Recycled Fly Ash (ACAA, 2012)

There is significant documented works on the effect of fly ash on durability
characteristics at 28 days, but limited works at later ages (56, 90, 120 days) and no
reported works on the applicability of specified American Society for Testing Methods
(ASTM) specification test ages for high volume fly ash (HVFA) concretes. There are
many reasons for investigation of the effect of fly ash replacement on durability
characteristics especially in the Midwest. For bridge decks in Missouri specifically,
durability is an important factor. Missouri undergoes a number of freeze-thaw (F&T)
cycles each year which is an issue within itself. Furthermore, when the roads freeze over,
MoDOT places de-icing salts which may also cause durability related issues. Along with

freeze-thaw and permeability concerns, abrasion (of many forms) is a common problem

1.2. RESEARCH OBJECTIVES

It may be considered highly desirable to replace cement by fly ash in percentages
greater than 50 for environmental sustainability and fiscal reasons. However, when
replacing at high levels, disadvantages may occur. The purpose of this study is to

examine the effects of fly ash on strength and durability at a replacement rate of cement
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up to 70% at later ages of testing. The emphasis of this study is to determine the
appropriate age at which to test HVFA concrete for each durability investigation. Once
each characteristic is assessed, recommendations are made to amend ASTM standards to
allow later age testing according to the durability aspect in question. Properties that are
assessed in this study include, slump, air content, density, temperature, compressive
strength, modulus of elasticity, abrasion resistance, freeze-thaw durability, and chloride

ion penetration resistance.

1.3. SCOPE OF RESEARCH

This study reviews the effect of HVFA on concrete properties at testing ages of 28
days and beyond. Fresh properties assessed are slump, air content, temperature and
density. Hardened properties included abrasion resistance, durability factor by freezing
and thawing, and chloride ion penetration resistance. Accelerated curing temperatures
(100°F (37.8°C), 130°F (54.4°C), and 160°F (71.1°C)) are also assessed to examine the
possibility of obtaining properties at 70% similar to properties of a conventional mix at

28 days.

1.4. REPORT ORGANIZATION
This report is organized into five sections. Section 1 is an introduction to this
study related to the effect of using HVAF on concrete properties, the research objective,

and the scope of this research.

Section 2 presents a literature review that includes the following subject areas:
production, classification and physical attributes of fly ash, effects of fly ash on fresh and
hardened concrete properties, a review of the maturity method, effects of accelerated
curing on hardened and durability concrete properties, and a brief description of the

Bridge A7957 implementation project.

The experimental work is described in Section 3. This discussion includes the
experimental design, equipment and materials employed, and test procedures used at the
Missouri University of Science and Technology (Missouri S&T) Butler-Carlton Hall
Structural Engineering Research Laboratory (SERL).
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Section 4 includes test results and discussion. The conclusions obtained in this
study, as well as recommendations and future research, are presented in Section 5.
Appendices A through D are located at the end of this report, which include supplemental

details and information.
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2. LITERATURE REVIEW

2.1. FLY ASH

A pozzolan is a siliceous or aluminous material that reacts with Calcium
Hydroxide in the presence of water to form compounds similar to that of calcium silicate
hydrate (C-S-H). Pozzolans are widely used as supplementary cementitious materials
(SCM). Fly ash, in particular, is the most commonly used SCM for concrete applications.
Fly ash is used in about 60% of ready mixed concrete (PCA 2000). Various fly ash
classes are known to drastically improve durability characteristics such as freeze- thaw
resistance, permeability, abrasion resistance, and chloride/chemical penetration of

concrete, while others enhance strength and other mechanical properties.

2.1.1. Production
ACI Committee 116 defines fly ash as “the finely divided residue resulting from
the combustion of ground or powdered coal, which is transported from the firebox
through the boiler by flue gases.” Simply put, fly ash is the by-product of coal-fired
power plants. By using fly ash in concrete the material is diverted from the waste stream
(500 million tons of Fly ash produced a year in the world) and reduces the energy
investment in producing virgin materials. Fly ash emits far less CO, than cement does

(1:8.7 COy/ton) (PCA 1988).

2.1.2. Classification
Fly ash has two prominently used classifications, Class C and Class F. The

burning of lignite or sub-bituminous coal produces Class C fly ash. Class F fly ash is
produced from burning anthracite and bituminous coal. Table 2.1 shows the requirements
in composition in Class C and F fly ash. Fly ash is mostly comprised of silicon dioxide
(S103,), aluminum oxide (Al,O3) and iron oxide (Fe,O3). Loss on ignition refers to the
carbon content. Minor constituents in the chemical make-up are magnesium, sulfur,
sodium, potassium, and carbon. Crystalline compounds are present in small amounts.
More than 5 percent carbon in a fly ash meant for use as a mineral admixture in concrete

is considered undesirable because the cellular particles of carbon tend to increase both the
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water requirement for a given consistency and the admixture requirement for air
entrainment. Variations in the carbon content of fly ash are a major problem in
controlling the quality of sintered fly ash aggregate. ASTM 618 (AASHTO M-295) is the
specification for fly ash. Class F and Class C fly ashes are commonly used as pozzolanic
admixtures for general purpose concrete (MRS Proceedings 1989). Class C fly ash is

readily available in the Midwest.

Table 2.1. Chemical Composition Requirements (ASTM C618-12, FHWA 2007)

Property Class C (%) | Class F (%)
Si0,, Al,O3, Fe,03, min 50 70
SO3, max 5 5
Moisture content, max 3 3
Loss on Ignition, max 6 6

Class F materials are generally low-calcium (less than 10% CaO) fly ashes with
carbon contents usually less than 5%, but some may be as high as 10%. Class C materials
are often high-calcium (10% to 30% CaO) fly ashes with carbon contents less than 2%.
Many Class C ashes when exposed to water will hydrate and harden in less than 45

minutes. Some fly ashes meet both Class F and Class C classifications.

Class F fly ash is often used at dosages of 15% to 25% by mass of cementitious.
Dosage varies with the reactivity of the ash and the desired effects on the concrete
(Helmuth, 1987 and ACI 232, 1996). Class C fly ash is more commonly used in concrete
applications due to its self-cementing characteristics. Self-cementing meaning it will
harden and gain strength over time. Class F fly ash, on the other hand, often needs an

activator.

2.1.3. Physical Attributes
During combustion, the coal’s mineral impurities (such as clay, feldspar, quartz,

and shale) fuse in suspension and are carried away from the combustion chamber by the
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exhaust gases. While the fused material is carried away, it cools and solidifies into
spherical glassy particles called fly ash (Figure 2.1a). The dirty appearance in Figure 2.1b
is due to the deposition of alkali sulfates on the surface of the glassy spherical fly ash

particles (Mehta and Monteiro, 2006).

(a) (b)

Figure 2.1. Fly Ash Under Magnifications (a) Scanning Electron Micrographs of Typical
Class F Fly Ash: Spherical Glassy Particles; (b) Fly Ash at 4000x Magnification (Mehta
and Monteiro, 2006)

Fly ash particles are grey or tan and are mainly solid spheres but some are hollow
cenospheres. Also present are plerospheres, which are spheres containing smaller

spheres.

Cumulalive mass, % finer

01 001
Equivalent sphencal diameter, um

Figure 2.2. Size Comparison of Particles (Mehta and Monteiro, 2006)

Fifty percent by mass of fly ash particles are less than 20 um (7.87 * 10-4 in)
however; particle size distribution studies show that the particles in a typical fly ash

sample vary from < 1 um (3.94 * 10-5 in) to nearly 100 pm (3.94 * 10-3 in) in diameter.
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Particles larger than 45 um (1.77 * 10-3 in) can cause hydration issues leading to
problems with the concrete. Figure 2.2 compares particle size distribution with Portland
cement and silica fume. The particle size distribution, morphology, and surface
characteristics of the fly ash selected for use as a mineral admixture exercise a
considerable influence on the water requirement and workability of fresh concrete, and

rate of strength development in hardened concrete.

2.2. EFFECT OF FLY ASH ON FRESH CONCRETE PROPERTIES
When cement is substituted in a concrete mixture, the properties of the concrete

will change. This section discusses those changes present prior to hardening.

2.2.1. Heat of Hydration

One benefit of including SCM in concrete mixes is the little amount of heat
produced early upon hydration. Cement starts hydration almost immediately after contact
with water. This is, however, not the case with HVFA concrete. Fly ash retards the
hydration of the concrete. This means the placing temperature will also be lower than
conventional concrete. Fly ash retards the hydration of the concrete mix (Figure 2.3,
Mehta and Monteiro, 2006) producing low heat early. However, the high calcium fly ash
mix surpasses the conventional mix approximately 17 hours. In another study, Langan et
al., (2002), the effects of fly ash replacement and water-to-cementitious (w/cm) ratio was
compared. In this study, fly ash actually increased the heat of hydration in the first few
minutes at lower w/cm ratios, but the hydration in the dormant period was reduced
drastically. Also, as the w/c ratio increased, the retardation increased as well. Once the

dormant period had been completed, an accelerated hydration period was observed.

In this same study, they reported that at 72 hrs, the mix with 20% fly ash and
w/c=0.35 produced 59.1 kcal/kg (107.2 Btu/lb,,) when using Type 10 Portland cement.
With the hydration of Portland cement however, the majority of hydration occurs within
1-3 days, and Neville (2003) reports at 72 hrs that Type I produced 68.1 kcal/kg (124.6
Btu/lby,), Type I1I 83.1 kcal/kg (150.8 Btu/lby,), and Type IV 46.6 kcal/kg (21.1 Btu/lb,).
This shows, depending on type of cement used, the incorporation of fly ash reduced heat

at 72 hrs.
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Conversion: 1 J/h-g = 0.4299 Btu/h-1b. (Adapted from Uchikawa, 1986)

Figure 2.3. Rate of Heat Evolution at 20°C (1) 40% Ordinary Fly Ash; (2) 40% High
Calcium Fly Ash; (3) No Fly Ash (Mehta and Monteiro, 2006)

Pozzolans are also used in applications where mass concreting is necessary or
applications of high-strength concrete where high cementitious contents are used to
develop higher strength levels. In many mass concrete applications, temperatures rise
drastically during heat of hydration. As the interior concrete rises in temperature, the
outer concrete may be cooling and contracting; if the temperature varies too much within
the structure, the material can crack. If assumed that the maximum temperature of the
mass is reached within 72 hours of placement, it is said that the use of fly ash offers the
possibility of reducing the temperature rise almost in direct proportion to the amount of
Portland cement replaced by the admixture. This phenomenon occurs because, under

normal conditions, the fly ash will not fully react for several days (PCA Durability,
2000).

The first successful attempt of fly ash replacement in mass concreting was
performed in 1948 during the construction of the Hungry Horse Dam in Montana. In the
production of this dam more than 3 Million cubic yards of concrete was placed. More
recently, fly ash was used in concrete for the Dworshak Dam, Idaho, which is a 7-million
yd3 (0.26-million ft*) concrete structure. There is an added benefit to low heat of

hydration of fly ash. Sometimes, the heat during hydration can cause thermal cracking.
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With the use of fly ash, the heat is reduced in turn reducing thermal cracking and

allowing for a more durable concrete structure (Mehta and Monteiro, 2006).

Myers and Carrasquillo (1998) showed that use of Class C fly ash at replacement
levels to Portland cement of 35% was effective at controlling high temperature
development in high-strength concrete (HSC) and also contributed to later-age strength
development. The effectiveness in controlling temperature development in HSC was
shown in the Louetta Road Overpass in Houston, Texas and the North Concho River

Overpass in San Angelo, Texas.

2.2.2. Workability and Water Demand
One of the largest governing factors of concrete mix proportioning is generally

workability. Workability is typically defined as the ease in which the concrete can be
mixed, placed, handled, compacted and finished. A common procedure to measure the
workability of fresh concrete is the slump test (ASTM C143-12). Mineral admixtures
(such as fly ash) are used in concrete because they tend to enhance cohesiveness and
workability of freshly mixed concrete. The finer the material, in this case fly ash, the less
amount of material needed to enhance cohesiveness and workability of the fresh concrete.
It also assists in the particle packing modeling of concrete mixes. The improvements in
cohesiveness, packing, and finish are particularly valuable in lean concrete mixtures or

those made with aggregates that are deficient in fine particles.

For a given consistency, many high surface area admixtures, such as pumicite,
rich husk ash, and silica fume increase water demand. However, fly ash reduces the water
requirement. The lower water demand means for the same slump, HVFA concrete
requires less water allowing for a lower w/c ratio. It is suggested with HVFAC mixes to
start with a 0.4 w/c ratio when determining mix design (Upadhyaya, 2009). Inversely, if
the water cementitious ratio is held constant, the slump will increase with increasing
cement replacement. This is due to the small size and glassy texture allowing fly ash to
act as ball bearings. Fly ash can also increase the consistency at given water content when
used as a fine aggregate partial replacement. The result of addition of fly ash is similar to

the result of adding super plasticizer (Mehta and Monteiro, 2006).
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Many researchers have found that replacement by fly ash; less water was required
for a given slump than conventional mixes. The reduction of water increases as the
percent replacement of fly ash increases. Brown (1952) conducted several studies
replacing cement and fine aggregate at levels of 10-40% by volume. He found that at
every 10% addition of Class C fly ash replacement there was a change in workability of
the same magnitude as increasing the water content by 3-4%. In the case of the South
Saskatchewan River Dam in Canada, lignite fly ash was used as replacement for fine
aggregate. The results consisted of lower w/cm ratio although the workability and

cohesiveness of the mix was improved.

Tattersall and Banfill’s (1983) research reported the applicability of the Bingham
model to reveal rheological properties. It was concluded that incorporating fly ash

decreases the yield stress (1,) and the plastic viscosity (i) until a minimum is reached.

2.2.3. Air Content
There have been no findings of a correlation between replacement of cement with
fly ash and the percent of air entrapped in the concrete mix. Some researchers report the
fly ash acts as filler within the mix (Goto and Roy, 1981). This may lead to a reduction in

entrapped air.

2.2.4. Other Considerations

A mix that bleeds excessively is generally harsh and not cohesive. The
incorporation of fine materials, such as fly ash, decreases bleeding. The fine particles of
fly ash can fill spaces between cement grains, thereby producing denser pastes by
contributing to the packing effect. This also densifies the interfacial transition zone
between cement paste and aggregate reducing the effect of bleeding (Figure 2.4). The
addition of the fine material reduces the size and volume of voids in the mix improving
resistance to segregation and bleeding. Also, fly ash requires less water thereby reducing
bleeding as well. A study performed by Gebler and Klieger (1986) showed that concretes
with Class C fly ash showed less bleeding than concretes with Class F fly ash. Reduction
of segregation and bleeding by the use of mineral admixture is of considerable

importance when concrete is pumped.
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Incompatibility of mineral and chemical admixtures is a common problem in mix
proportioning. Fly ash has shown some incompatibilities when incorporated with other
admixtures as well. There is a natural delay in hydration and set time when fly ash is
introduced into a concrete mix. Cold weather may further delay the pozzalonic activity

and retard hydration and set even more.

Bleeding (%)

0 L 1 s 1 1 1
0 20 40 60 80 100 120 140

Time (Minutes)

Figure 2.4. Relative Bleeding of Control (Mehta and Monteiro, 2006)

Class C fly ash has higher calcium content than Class F. This can cause issues
with air entrainment. The calcium and magnesium in the fly ash may precipitate with the
surfactants in the air entraining additives. Issues with water-reducers (WR) have also
been noted. Purdue (2) performed an experiment on the type of water-reducer used in
HVFAC and how it affected the concrete. The addition of polycarboxylate type WR to
high C;A (> 9%) and low alkali (< 0.7%) content fly ash resulted in stiffening related
problems. WR used with low (< 8%) Cs;A content and high (> 3.1%) sulfate content fly
ash resulted in severe retardation of set. Inversely, low sulfate (< 2.8%) content fly ash

resulted in rapid acceleration of set.

Aside from the physical advantages of replacing cement with fly ash, there are
financial benefits as well. Using a byproduct of the burning of coal instead of producing a
new material (cement) provides up-front savings. Other advantages include material
diverted from land-fills, less water used in mixing concrete, decrease in CO, emissions

and long term maintenance reduction.
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2.3. EFFECT OF FLY ASH ON HARDENED CONCRETE PROPERTIES
Section 2.2 discussed how substituting fly ash for cement affected the fresh
properties of concrete. In this section, previous experiments will be investigated to gather

information about how this substitution affects hardened properties as well.

2.3.1. Compressive Strength
One of the most generic indicators of a concrete quality is its compressive

strength. With the introduction of fly ash, the compressive strength of concrete may
suffer early on. The delayed and slow pozzolanic reaction within the fly ash reduces the
early strength of concrete. Later strength gain doesn’t suffer however in HVFA. Strength
gain process is delayed because it is a secondary reaction that takes place between the
silica in the fly ash and the calcium hydroxide from the hydration of the cement
(Knutsson, 2010). However, at some point, the compressive strength of HVFAC may
exceed that of conventional concrete. C;A is the product of cement hydration that
attributes to early strength and C,S contributes to late strength. With replacement of
cement, there is less C3A and in turn lower early strength (Khayat, 2014). Increasing the
fineness of the fly ash will help the hydration and provide an increase in strength gain
(Knutsson 2010). Generally, particles of less than 10 um (3.94* 10" in) contribute to early
strength of concrete up to 28 days; particles of 10 to 45 um (3.94*¥10™ to 1.77 * 10™ in)
contribute to later strength, and particles coarser than 45 um (1.77 * 10~ in) are difficult
to hydrate. Also, low-calcium fly ash tends to contribute little to early strength due to its
lower reactivity than high-calcium fly ash. Production of the fly ash has a lot to do with
its reactivity. In cold weather, the strength gain in fly ash concretes can be more
adversely affected than the strength gains in non-fly ash concrete. Strength gain can be
increased by the addition of other admixtures. The addition of calcium hydroxide helps to
maintain the hydration at a faster rate. Gypsum can be added to the mix to balance out the
lack of sulfates present in a high volume fly ash mix. Typically, fly ash contains a very
low amount of sulfates. Low amounts of sulfate lead to delayed hydration. It can also
lead to an overall reduction in the magnitude of hydration peak, which, in turn, leads to a
reduction in early strength. Gypsum helps balance the sulfate giving more desirable

results (Sustainable Sources, 2014).
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In another study (Mohamed, 2011) the effect of fly ash and silica fume cement
replacement on compressive strength was analyzed. In this study however, compressive
strength of concrete with 0% replacement was not measured for comparison. Water-
cement ratio was held constant at 0.42. The results show that there is an optimum percent
replacement for the maximum compressive strength. Figure 2.5 reveals this as 30%. This
correlates reasoning as to why, until recently, 30% is the maximum replacement level by
some codes. Blomberg (2003) recommends a maximum replacement of 25% unless other
additives are also included. Compressive strength was also dependent upon the amount of
cement. Cement hydration is the primary factor for strength gain, therefore the correlation
between amount of cement and strength gain makes sense. Aside from cement content,
the compressive strength increased with an increase in fly ash up to 30% then again
decreased. Mohamed also found that the compressive strength also increased as the
length of moist curing increased. In applications where compressive strength is not an

issue, replacement levels greater than 30% are beneficial for durability aspects.
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Figure 2.5. Compressive Strength for Type I: (a) Cement Content = 550 kg/m3; (b)
Cement Content = 450 kg/m’. (Mohamed 2011)

2.3.2. Modulus of Elasticity
In previous work (Pitroda and Umrigar, 2013) the higher volume Class C fly ash

had increased modulus of elasticity. It was proposed that this increase could be due to

unreacted particles acting as fine aggregates to contribute to the rigidity of the concrete.

ACI states the modulus of elasticity (MOE) is a function of compressive strength
[Equation (2.1)].
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E, = 57,000,/f; 2.1)

Where: f°. is the compressive strength of concrete, and E, is the modulus of

elasticity for the concrete.

This equation shows that as the compressive strength increases so will the
modulus. This would suggest that when the compressive strength of the HVFAC
mixtures exceeds that of the control mixes, and then the MOE would also exceed that of

the control concrete mixtures.

There are many contradictory results in the field of fly ash and MOE. In a study
performed by Missouri University of Science and Technology (Missouri S&T) (Volz et
al. 2012), when the HVFAC mix had not outperformed the control mix in terms of
compressive strength, in some instances, it still outperformed in terms of MOE at 28
days. In other research, it was concluded that the fly ash replacement did not affect the
MOE. However, it was found that the modulus of the early concrete with fly ash was
lower than concrete without. The oldest testing age was 56 days (Blomberg, 2003). In
this study, two control mixes were examined. The mix with lower cement content
exhibited a greater MOE. When the paste content is decreased the modulus of the
aggregate used becomes more dominant than the modulus of the paste. If a higher
modulus is desired, it is suggested to use a durable aggregate. These findings may

propose that fly ash mixtures may have higher MOE due to a smaller amount of cement.

2.4, EFFECT OF FLY ASH ON DURABILITY CHARACTERISTICS

Portland Cement Association (PCA, 2000) defines durability, as ’is the ability to
last a long time without significant deterioration.” When a material is durable it helps the
environment by conserving resources and reducing wastes and the environmental impacts
of repair and replacement. The longer a material lasts the more construction and
demolition waste can be diverted from going to landfills. The production of new building

materials depletes natural resources and can produce air and water pollution (Myers and

Carrasquillo, 1998).
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There are many durability categories that concrete is tested for (Figure 2.6).
Abrasion resistance, permeability, and freeze/thaw are the durability items discussed in
this report. All of these properties can be tested for in the lab. For increased sustainability
and some increased durability properties, fly ash has been widely used in mix design of
concrete. However, fly ash may not improve these properties proportionally to the

replacement rate.

Durability

The concrete system Aggressiveness of
the environment of
exposure

Concrete Binder Type Mix design | Construction
permeability yP 9
Binder content w/c ratio Design
Physical Attack Chemical Attack
|. Freeze- . | . | .
Abrasion Thaw Dissolution Alteration
Erosion Cavitation Leaching Expansion

Figure 2.6. Factors Affecting Durability (Adapted from PCA, 2008)

2.4.1. Abrasion Resistance

Abrasion is a sub form of wear. It implies the steady systematic loss of surface
material by some mechanical means or load. The load may be in the form of direct
compression or pure shear, but generally both these actions will apply simultaneously,
such as occurs in rubbing, scratching, scraping, gouging etc. Some common sources of
abrasion are friction between vehicle tires and concrete pavement road surfaces and by
water flows over exposed dam or bridge footings. This abrasion wear can lead to a
decrease in member thickness, which can cause cracking, failure of the member, or
corrosion of rebar. Abrasion can be measured by mass loss and depth of wear. If the

depth is less than 1 mm (0.0394 in.) this is considered shallow abrasion. If the wear
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exceeds 5 mm (0.197 in.), then it is considered deep abrasion. Intermediate abrasion is

any value in between the two (Papenfus, 2002).

Although compressive strength is the most apparent factor affecting abrasion
(Hadchti and Carrasquillo) resistance, incorporation of SCM can increase the resistance
as well. Naik and Singh (1991) tested 40%, 50%, and 60% Class C fly ash mixes and
compared them against a control mix. After testing according to ASTM C944, using the
depth of wear as the measurement for comparison, the study reported the 50% fly ash mix
had a shallower wear depth than the conventional mix. In another test (Atis, 2002) the
BSI 1993 —British Standards Institute “Method for determination of aggregate abrasion
value,” was the procedure used. This test is similar to ASTM C944. The measurement
used to compare concrete mixes was the mass loss upon abrasion. A conventional mix,
50% and 70% fly ash mixes were used. At each level of fly ash replacement, two
different compressive strengths were engineered. The results suggested again that the
compressive strength was the most influential factor. Also, the results show that at higher
strengths higher levels of replacement showed increased resistance. However, at lower

compressive strength, the opposite is true.

Missouri University of Science and Technology (Missouri S&T) (Report E, 2012)
also did a study on the abrasion resistance of concrete with 50% and 70% cement
replacement by fly ash. In this study ASTM C944 was followed with slight
modifications. The conventional specimens were not moist cured after demolding. Once
the 28-day compressive strength was reached, the fly ash specimens were moist cured for
10 weeks. The mass loss was measured after each of the three 2-minutes abrasion cycles.
This study also agrees with the previous researchers that compressive strength was the
most influential variable. Compressive strength at 28 days of the conventional mix was
5,400 psi (37.2 MPa) and it performed the best in terms of mass loss (Figure 2.7) and
depth of wear (Figure 2.8). However, the 70% fly ash mix had lower compressive
strength [3,100 psi (21.4 MPa)] than the 30% mix [3,500 psi (24.1 MPa)] and it

outperformed in terms of mass loss and depth of wear.
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Figure 2.8. Depth of Wear Results (Volz et al. 2012)

Naik and Singh (1991) used methods provided by ASTM C779 B when testing
for abrasion resistance. At 28 days all mixes (conventional, 50% and 70%) had achieved
structural strength [4500 psi (31.0 MPa)] and none failed the abrasion test [< 3mm (0.118
inches] depth of wear in 30 minutes. However, when the time increased to 60 min, the
50% and 70% mixes had a depth of wear in excess of 3mm (0.118 inches). All mixes
performed well at 91 days. When comparing depth of wear to compressive strength,
mixes performed equivalently at all replacement rates (Naik and Singh 1991, Myers and

Carrasquillo 1998).
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In a study performed by Tikalsky and Carrasquillo (1998), Class C fly ash
exhibited superior abrasion resistance compared to either plain Portland cement concrete

or concrete containing Class F fly ash.

Ukita et al. (1989) showed that at a 30% cement replacement with a Class F fly
ash, the abrasion resistance of fly ash concrete was lower relative to plain Portland
cement concrete. Barrow et al. (1989) measured abrasion resistance of concrete made
with fly ash having cement replacement between 0 and 35% by volume. They concluded
that the concrete incorporating either Class C or Class F fly ash attained abrasion
resistance equivalent to that of no-fly ash concrete. Recently Bilodeau and Malhotra
(2000) determined abrasion resistance of high-volume Class F fly ash concretes. Their
test result shows higher resistance to abrasion for no-fly ash concrete as compared with

high-volume fly ash concretes.

Langan et al. (1990) studied the influence of compressive strength on durability of
concrete containing fly ash at a 50% cement replacement by weight. The authors
concluded that the compressive strength does not seem to have a significant effect on

abrasion resistance of concrete.

2.4.2. Chloride lon Penetration

When discussing durability to chemical attack, permeability plays a fundamental
role in the deterioration of concrete and corrosion of reinforcement from destructive
chemical actions. “Permeability is most important because it controls rate of entry of
moisture that may contain aggressive chemicals,” (Krivenko et al., 2006). Among these
actions is attack by acidic or sulfate solution. One chemical that is detrimental to concrete
is de-icing salt. Chloride ions from de-icing salts can penetrate by transport in water,
diffusion in water, or absorption. Only the free chloride ions can damage the concrete
(Neville, 2003). Shamsai (2012) stated that the water-cement ratio is an important factor

in controlling permeability. As the water-cement ratio increased so did the porosity.

One way to combat chloride ion penetration is with the incorporation of Class C
fly ash. Fly ash will react with the Calcium hydroxide (CH) to form C-S-H. Also, the

addition of SiO; from the fly ash reacts with the cement and forms a more stable and
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dense form of C-S-H (Knutsson, 2010). Dhir (1999) agrees that fly ash densifies the
hydration products. Many researchers agree that the fly ash binds the chloride ions (Dhir
1999, Myers and Carrasquillo 1998, Haque et al., 1993). Dhir (1999) states this is
because the active alumina (Al,O3), more prevalent in fly ash, binds the chloride ions. He
found that the optimum replacement rate was 30% (Class of fly ash not specified). These
reactions decrease permeability in the long run and increase resistance to chemical
attacks. At early ages, however, the fly ash mixes showed higher permeability possibly
due to the delayed reaction of the fly ash. The pozzolanic reaction of fly ash causes pore
refinement. Pore size is not the only concern, but connectivity is the main factor (Mindess
et. al., 2003). It’s been suggested the pozzolanic reaction breaks the interconnected pore
system in turn decreasing permeability also causing an increase in chemical durability of
the concrete. Resistance to chemical attack is important especially in areas where de-
icing salt is used and in reinforced or prestressed concrete.

A study performed on permeability of concrete piping with and without fly ash, in
the 1950s by R. E. Davis at the University of California, showed considerably lower
permeability at age 6 months. However, at 28 days, the concrete containing 30% low-
calcium fly ash had higher permeability. This can be attributed to the slower reaction rate
of fly ash than cement at early stages which agree with Dhir (1999). Another benefit to
consider is the low heat of hydration as discussed in section 2.2.1. Because fly ash
decreases the heat of the fresh concrete, there is reduced possibility of thermal cracking

in turn reducing possible ingress of aggressive chemicals (Myers and Carrasquillo 1998).

Research (Mehta and Monteiro 2006) has confirmed that, with cement pastes
containing 10 to 30 percent of a low-calcium fly ash, significant pore refinement occurred
during the 28 to 90-day curing period. This drastic refinement resulted in a large

reduction of the permeability.

Volz et al. (2012) also performed a study using ASTM C1543. Some of the results
did not perform as expected. The conventional mix showed a typical chloride profile,
highest chloride content was at the surface and it decreased with depth and also gave
results that showed negligible corrosion risk. Both HVFA high and low cementitious
mixes did not perform according to typical chloride profile. These mixes showed low

chloride content at the surface and relatively high concentrations at 0.25 in (6.35 mm)
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depth. However, at 1.5 in (38.1 mm), the desired 0.03% was reached. The results may
suggest that the HVFA concrete had high capillary action but low diffusion. The air
entrained HVFAC mix showed a profile similar to that of the conventional mix. Despite
the non-prolific results, all HVFAC mixes outperformed the conventional concrete
(Figure 2.9).
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Figure 2.9. Averaged Chloride Profile for HVFA Mixes (Volz et al. 2012)

2.4.3. Freeze and Thaw Resistance

Concrete generally contains some unused water in capillary pores; space not filled
by hydration products, CH and C-S-H. When this water freezes, it expands 9%.
Therefore, if saturation levels are greater than 91% the frozen water will have nowhere to
go and thus the internal hydrostatic pressures exerted will crack the concrete. The cracks
created will cause a reduction of Modulus of Elasticity (MOE) and also a reduction of
Modulus of Rupture (MOR). To eliminate this phenomenon, air-entraining admixtures
are used. When concrete is air entrained, spherical bubbles are formed. These entrained
air bubbles provide a relief system for the hydrostatic pressure. Air bubbles provide a
void system for freezing water to expand into the bubbles causing less freeze and thaw

damaged to the concrete.

A visual representation is shown in Figure 2.10. Research shows roughly that less
than 4% air content exhibits less than great durability except in HSC. After 4% air
content is reached, there is little increase in durability for an increase in air content. As a

rule of thumb, concrete losses 5% in strength per % of air content so there is little
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advantage in going above 4 to 5% in total air content. Durability is measured by a
durability factor (DF) that includes the ratio of modulus of elasticity (E) after # of cycles
to E initial. Different entities have different standards for the minimum rating of
durability. Mindess, Young, and Darwin (2003) suggests that there are not hard limits on
whether or not a concrete will fail based upon freeze-thaw data, only proposing that
concrete with a DF of more than 60 will perform adequately. However, Missouri
Department of Transportation (MoDOT) specifies the lower limit as 75 when conducted
in accordance with AASHTO T 161, Procedure B.
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Figure 2.10. Process of Air Entrained Relief (Khayat 2014)

Some may say that fly ash increases concrete resistance to freeze and thaw
(Headwaters Resources, 2015); however, some would disagree (Naik and Singh, 1994).
Because Class C fly ash increases long-term strength, it may be better to withstand the
freeze thaw forces than a conventional concrete at later ages as well. Naik and Ramme
(1991) performed a study where cement was replaced by fly ash at 45%. Freeze and thaw

durability was evaluated for air entrained and non-air entrained. They found the air
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entrained outperformed the non-air entrained HVFAC. In another study (Naik and Singh
1994), it was reported that 0% and 30% replacement levels performed identically.
However, when replacement was greater than 30%, the durability factor dropped
significantly. As the percent replacement increased, not only did the DF decrease, but the
mass loss significantly increased as well. These mixes even had adequate air content (>
4%). Although the fly ash mixes did not perform as well as the other mixes, all mixes

passed ASTM requirement of DF equal to or greater than 60.

Volz et al. (2012) conducted a study on durability testing. Within these tests,
freeze and thaw resistance of concrete was tested on mixes that contained 0 and 70% fly
ash. There were three mix designs investigated at 70% replacement: 70H, 70L, 70LA. H,
L, and LA refer to high cement content, low cement content, and incorporation of air
entrainment admixture respectively. The testing was completed in accordance to ASTM
C 666, Procedure A. The results showed that the 70% replacement level with high cement
content performed the worst. This finding concurs with (Sustainable Sources, 2014) in
the fact that there is a maximum replacement level to get adequate results. The high
carbon content of fly ash at this level requires more air entraining admixture to be
provided and that can be hard to attain because the admixture is absorbed by the carbon.
For this mix, in particular, there was no air entrainment added. Although the 70H mixture
did not perform well, the 70L and 70LA mixtures both out-performed, in terms of DF, the

conventional mix (Table 2.2).

The results do correlate with other findings, however, only the 70L mix exceeded
the minimum DF set by MoDOT of 75. The reason for this is a result of the limestone
used as course aggregate. Typically air entrained (70LA) concrete would perform better,
but with high replacement and therefore carbon content, the air void system can be hard

to maintain.

Another issue with using fly ash is the fact that it contributes to the packing effect,
which in turn reduces air voids. In a companion study performed at Missouri S&T (Volz
et al. 2012) it was found that the incorporation of fly ash increased the DF and at 70%
they encountered a higher DF than 50%. Both mixes exceeded 75.
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Table 2.2. Average Durability Factors for HVFA Mixes
Bath ID Durability Factor
Control 21.6

HVFA-70H | 2.1

HVFA-70L | 81.8
HVFA-70LA | 68.5

Note: Adapted from Volz et al. 2012

2.5. MATURITY METHOD

Using the maturity method to predict the estimated in place strength of concrete
can prove to be very beneficial. Knowing the strength of the concrete at specific ages can
allow for scheduling of important construction activities. These activities include but are
not limited to removal of formwork and reshoring; post-tensioning of tendons;
termination of cold weather protection; and opening of roadways to traffic (ASTM
C1074-11). This can prove to have a financial benefit as well. In the construction
industry, standard practice relies on the concrete to have gained 70% of its 28-day
compressive strength before any load is applied to a structural element (Upadhyaya,
2009). Maturity method is not limited to traditional curing practices. By using this
method, the concrete strength can be predicted for laboratory specimens cured under non-
standard temperature conditions as well. There are some limitations to using this practice
however. The concrete must be cured in an environment where hydration can occur. This
method does not take into account the effect of early age heat generation on long-term

strength and must be accompanied by another means of indication of concrete strength.

Rohne and Izevbekhai (2009) used maturity method in Minnesota to predict when
the interchange known as “Unweave the Weave,” could open for traffic. Minnesota
Department of Transportation (MnDOT) used this method on several projects to study the
advantage and disadvantages of using maturity meters in a field setting. This project was
one of the first to be observed. The goal was to reduce excessive initial cure periods.
Results showed that the maturity curves were sensitive to small amounts of cement
content changes such as 10 Ib./yd® (0.37 Ib./ft’). Another interesting observation was the
datum temperature. ASTM C1074-11 suggests a datum temperature of 32°F (0°C). This
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project showed that value is too high and the concrete continued to gain strength well
below this recommendation. In other research performed by Myers (2000) on HPC bridge
decks, it was found the maturity method did in fact adequately (£10%) represent the
strength of the concrete. There was only a 4.1% variance, on the conservative side, of the

predicted strength and the tested 28-day strength.

Traditional methods of concrete strength estimation are destructive and
inconvenient. Methods of making test specimens may not truly represent the way
concrete is placed in the field. The length of the curing period is not the only important
piece to strength gain. The internal temperature plays a role as well. When placing vast
amounts of concrete, the difference in internal and external temperature may vary greatly.
Data loggers become useful in this situation. Using the maturity method provides a means
of accessing the strength at more frequent time intervals than traditional practices

translating into a higher level of quality assurance (Myers, 2000).

Maturity is the time temperature history of the concrete mixture. The warmer the
concrete, the faster it will gain strength (Mohsen, 2004). Not only does the ambient air
temperature affect this strength gain, but also the exothermic reactions from hydration.
Therefore, since the strength gain depends on time temperature history, if the history is
known, then the strength can be estimated. Using this method in the field only requires
monitoring the temperature-time history of the in place concrete once the relationship
between strength and maturity has been developed in the laboratory. The maturity index

acquired in the field from the temperature history can be translated into strength (Myers,

2000).

2.6. EFFECTS OF ACCELERATED CURING ON CONCRETE

Curing of concrete is a process intended to enhance the hydration of the cement in
concrete. A proper environment is necessary to control the temperature and moisture
diffusion within the concrete. These items must be considered for desired properties to
progress. Research has shown that HVFA concrete is more susceptible to method of
curing than its counterpart (Myers and Carrasquillo, 1998). There are many forms of

curing. Common types include moist curing (100% RH), ambient air curing, steam
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curing, and accelerated temperature curing. In this report, moist curing and acceleration

curing by ovens will be investigated.

2.6.1. Compressive Strength

It has been discovered that curing concrete at higher temperatures, greater than
68°F (20°C), can improve early strength, but long-term strength suffers (Myers and
Carrasquillo, 1998). However, this may not be the trend when discussing fly ash concrete
(Malhorta 1994). If not careful, curing at high temperatures can be detrimental to
conventional concrete (Maltais and Marchand 1997, Kjellsen et. al., 1990). Kaur (2013)
reported that curing at 248°F (120°C) has the biggest impact on the conventional mix and
35% fly ash mix at early ages. All specimens at 28 and 56 days showed a decrease in
compressive strength.

Gjorv et al. (1990) discusses the phenomenon of quick hydration products
forming and blocking grains of cement particles from hydrating further. Yazici et al.
(2005) reported in “Effects of Steam Curing on Class C high-volume fly ash mixtures,”
that steam curing is only beneficial when interested in increasing the 1-day compressive
strength (Figure 2.11). Yazici tested concrete up to 90 day cured in water, steam, and lab
air and reported a decrease in compressive strength when steam cured compared to

standard cure in the majority of mixes past 7 days (Figure 2.12).
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It was also noted that steam curing affected 10-20% mixes. Steam curing can be
an issue with low lime fly ash mixes within the range of 50-131°F (10-55 °C); it may
actually retard the set (Ma et al., 1995).
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Figure 2.12. Relative Compressive Strength (Ma et al., 1995)

Mehta and Monteiro’s (2006) research showed a higher compressive strength at
7-day of cores of high-volume fly ash cured under high temperature than laboratory-
cured cylinders. High temperatures can be harmful to Portland cement, however, the high
proportion of fly ash benefitted from this high temperature exposure. The high
temperatures acted as a thermal activator to accelerate the pozzolanic reaction. An
example was the pressure tunnel of Kurobegowa Power Station in Japan, where the
concrete is located in hot base rock (212 to 320°F [100 to 160°C]), the use of 25% fly ash
as a cement replacement in the concrete mixture showed a favorable effect on the

strength.

Other research, performed by Ozyildirim (1998), agreed with the aforementioned
thermal activation of pozzolanic reaction. Ozyildirim analyzed the effect of temperature
curing on concrete with fly ash, silica fume, and slag. The two properties tested for were
compressive strength and permeability. The researcher tested at 1, 7, 28, and 365 days.
Two batches were made. The first batch used high range water reducer (HRWR) while
the second only used water reducer. Ozyildirim used two fly ash mixes with 20%
replacement. One mix had the same amount (100%) of cement (100/0/20/0) as the control
mix and the other mix only had 85% (85/0/20/0) cement of the control mix. The 100%
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cement fly ash (20%) mix showed higher compressive strength than the control mix, post
1 day, at all temperature curing levels (41, 50, 73.4, 100°F [5, 10, 23, 38 °C]). However,
the mix with only 85% cement content of control and 20% fly ash and HRWR only
exceeded the control compressive strength at 1 year when cured at 50°F (10°C) up to 28
days then cured at 73.4°F (23°C). The 85/0/20/0 mix with basic water reducer never
exceeded the compressive strength of the control mix at any temperature. Overall, the
results showed that the compressive strength of the control mix was not as variable as
pozzolan mixes. One year compressive strengths for the fly ash mixtures were higher

when initially cured at low temperature for 28 days then cured at higher temperatures.

2.6.2. Modulus of Elasticity
Kjellsen et al. (1990) also investigated the effects of curing at higher
temperatures. The results agree with (Ozyildirim 1998) in respect to cement not being
able to completely hydrate due to the blockage of hydration products. Kjellsen proposed
that these areas of dense hydration products leave larger pores in surrounding areas
resulting in a denser pore structure throughout the concrete. It was reported that the
increase in pores causes a decrease in modulus of elasticity and leaves the concrete more

susceptible to cracking when introduced to structural stresses.

2.6.3. Durability Characteristics
There has been little research performed directly investigating the effect of
temperature curing on abrasion resistance. As discussed in section 2.4.1, compressive
strength is one of the more influential factors in abrasion resistance. However,

contradictory results have been noted when it comes to accelerated curing.

Naik and Singh found that at all replacement rates curing at 73.4°F (23°C), the
abrasion resistance increased with increasing amounts of fly ash. However, at
temperatures greater than 73.4°F (23°C), the opposite is true. In another study (Barrow et
al, 1989), concrete with replacement rates of 25% and 50% performed worse at three
different curing temperatures (50, 74.5, 100°F [10, 23.8, 37.7°C]). The authors purposed

the reason for this is in part to improper curing of the concrete. Atis (2002) showed that at
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compressive strengths greater than 5,800 psi, 70% replacement performed greater than

50%. However, it was established that the curing method had no effect on the results.

In 1998, Hadchti and Carrasquillo investigated temperature curing with low
relative humidity. It was found that there was a decrease in abrasion resistance when

cured at higher temperatures and lower RH.

In the same study previously mentioned by Ozyildirim (1998), the permeability of
fly ash, silica fume, and slag was investigated and compared to a conventional mix. Both
fly ash mixes (100/0/20/0 and 85/0/20/0) had lower permeability than the conventional
mix, when HRWR was used, except at the lower temperatures [S0°F and 73.4°F (10°C
and 23°C)] when only cured for 28 days. The permeability of every mix decreased as the
temperature increased and also as the duration of the temperature increased. By 1 year,
the fly ash mixes all reached low to moderate ranges according to ASTM C1202. Just like
the compressive strength, the pozzolan mixes varied more in terms effectiveness of the

temperature curing on the permeability than the control mix.

In addition to the decrease of modulus of elasticity due to coarser pore structure,
the permeability of the concrete suffers also according to Kjellsen (1990). Kjellsen’s
(1990) results agree with results gathered by Goto and Roy (1981). In this study, it was
found that the pore size when cured at 140°F (60°C) was significantly larger than when
cured at 81°F (27°C). Due to increasing pore size and coarse pore structure when cured at
elevated temperatures, Campbell and Detwiler (1993) believe the curing process is more

detrimental than w/cm ratio.

In another study (Acquaye, 2006) the effect of fly ash and temperature curing on
chloride ion penetration were assessed at 28 and 91 days. The results indicate that the mix
with 18% fly ash has a higher resistance to penetration at both 28 and 91 days at all
curing temperatures [73, 160, 180 °F (27.8, 71.1, 82.2°C)] when compared to the mix
without fly ash. For the conventional mix, curing at 73°F significantly outperformed both
of the other temperatures validating results found by previous mentioned researchers. For
the fly ash mix, results at 160°F (71.1°C) and 180°F (82.2°C) were almost identical at
both ages and outperformed the fly ash mix cured at 73°F (22.8°C). However, the fly ash
mix cured at 73°F (22.8°C) very nearly performed as well as the other two at 91 days
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(Figure 2.13). This suggests that the phenomenon of elevated curing causing a coarser
pore structure due to lack of hydration holds more truth when discussing mixes without

fly ash.

Chiloride lon Penetration - RCP (0%FA & 18%FA)

10000
9000 | o R
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E 6000 —— 0%FA - 180F

3 5000 | e —x —18% FA - 73F

o ~ —& — 18%FA - 160F
2000 O—— "% —o — 18%FA - 180F
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Duration ( Days)

Conversion: 1°C=5/9(°F-32)

Figure 2.13. Chloride Ion Penetration at 28 and 91 Days (Acquaye, 2006)

Little information was found on the effect of accelerated curing methods on the
performance during freeze and thaw cycles. One source (Tanesi et al., 2004) used four
different curing regimes and then tested the specimens according to ASTM C666-
Procedure A. They found that the specimens cured in the air actually had a higher DF
than the other specimens. The specimens steam cured at 140°F (60°C) for 48 hours was
lower than the air cured but higher than the steam cured at 194°F (90°C). And the 140°F
(60°C) was also slightly higher than the specimens cured at 194°F (90°C) after 15 days
for 48 hours.

2.7. BRIDGE A7957

Bridge A7957 is located on highway 50, west of Linn, Osage County, Missouri
(Myers et al. 2014). Within this structure, four different types of concrete mixtures were
implemented and studied. The four concrete types included conventional concrete (CC),
HVFAC, normal strength self-consolidating concrete (NS-SCC) and high-strength self-
consolidating concrete (HS-SCC). A longitudinal view of Bridge A7957 is shown in
Figure 2.14.
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Figure 2.14. Bridge A7957 Elevation View

The HVFAC mix design used was based off MoDOT's B mix with 50% fly ash
replacement. The mix had a design w/cm of 0.33 and air of 6.0%. For this mixture, the
target compressive strength was 3,000 psi (20.7 MPa). Each intermediate bent (Bent No.
2 and 3) were cast in two units, the web walls and columns then the pier caps. Both bents

were instrumented with temperature sensors to record their temperature- time histories

respectively.
Table 2.3. Intermediate Bents Hydration Rates
Bent 2 Bent 3 Percent
Location °F/cwt | °C/ewt | °F/cwt | °C/ewt | Reduction
North Column 11.47 | 6.37 8.67 4.82 24.4
South Column 11.77 | 6.54 8.63 4.79 26.7
North Web Wall | 9.77 5.43 593 3.29 39.3
South Web Wall | 9.71 5.39 6.31 3.51 35.0
Top Pier Cap 7.68 4.86 4.37 243 43.1
Middle Pier Cap | 1232 | 6.85 | N/A™ | N/A” N/A”
Bottom Pier Cap | 9.11 5.06 6.51 3.61 28.6

Note: ~ DAS failed to record the last part of the data for this sensor location

Sensors were located in each column and web wall of each bent (north and south)

and the top, middle, and bottom of each pier cap. For each location the hydration rate was
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calculated (Table 2.3) using Equation (2.2). The reduction process was calculated based

off Bent No. 2.

_ Peak Temperature — Initial Temperature 59
"~ 100 lbs. cementitious material per yd3 (2.2)

The results showed there was a significant reduction in heat generation within the
intermediate bents with the fly ash replacement. Overall, there was a 20-40% reduction in

heat generation from conventional concrete to 50% HVFA concrete.
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3. LABORATORY INVESTIGATION

3.1. EXPERIMENTAL DESIGN

This section provides information on the mix design and plan for experimental

design.

3.1.1. Preliminary Study

Before durability testing could be performed, the mix designs under investigation
needed to be solidified. The goal was to have all mixes (CC-70% HVFA) have a
compressive strength greater than 4,000 psi (27.58 MPa) at 28 days without varying the
water to cement ratio or cementitious content and keeping slump as constant as possible.
For deck or substructure applications, 4,000 psi (27.58 MPa) is the minimum value for
structural concrete. Typical water to cementitious (w/cm) ratio of 0.4 was chosen. In this
study, sand to coarse aggregate ratio was kept constant for the mixes of 50% HVFAC and
above. Through trial and error, mixes were evaluated and slump was observed. As the
amount of fly ash increased from 0 to 70%, the slump level also increased. The mix

design proportions are illustrated in Table 3.1.

Table 3.1. Mix Design Breakdown

Mix ID cC 35 50 60 70
CA (Ib./yd") 1706 | 1736 | 1614 | 1607 | 1600
FA (Ib./yd’) 1210 | 1500 | 1268 | 1262 | 1258
cement (Ib./yd’) 750 488 375 300 225
Fly Ash (Ib./yd") 0 262 375 450 525
water (Ib./yd") 300 300 300 300 300
wic 040 | 040 | 040 | 040 | 040
Total CM 750 750 750 750 750
Ratio (Sand/Stone) 0.71 0.86 0.79 0.79 0.79
Total Agg 2916 | 3236 | 2882 | 2869 | 2858

Conversion: 1 1b. =453.6g, 1 cy=27 ft
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The lowest slump achieved at 70% fly ash was 7 in. (177.8 mm); therefore, a

range of 7in + 1 in. was targeted and obtained from all mixes. To achieve this, the mixes

with higher percent of fly ash had lower fine/coarse aggregate ratio.

3.1.2. Main Study

Once the mix designs were determined, the main study (i.e. Mechanical Property

Tests, Durability, and Maturity) was undertaken. Table 3.2 breaks down each test and

how many specimens were fabricated.

Table 3.2. Testing Matrix (Phase I and Phase II)

No. of
Ph Investigation Physical or Specimen Replicate | Age of test
ase
Parameter | Mechanical Test Size (in.) Specimens (days)
(per mix)
3,7,14,28,
Strength fc/MOE 4x8 cyl. 21
56,90,120
[-Control Abrasion 3.5x6x16 4
Study Durability | Chloride Content | 3.5x18x18 4 28.,56,90,120
Freeze-Thaw 3.5x4x16 4
Maturity Thermocouples 4x8 cyl. 2 0-28
Strength fc/MOE 4x8 cyl. 18 3,7,14,28
11-
Abrasion 3.5x6x16 6
Accelerated
) Durability | Chloride Content | 3.5x18x18 6
Curing 14,28
Freeze-Thaw 3.5x4x16 12

Conversion: 1 in. =25.4 mm

Table 3.2 shows how the main study was broken into two different phases, the
control phase and the accelerated curing phase. All specimens were demolded at age
between 24hr to 48 hr. During the control phase, abrasion and ponding specimens were
cured for 14 days in the moist cure room (69°F and 100% Relative humidity) then cured

in the lab at ambient temperature. All cylinders were continuously moist cured
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throughout the control phase and freeze-thaw specimens were cured in a limewater tank

at engineering research laboratory (ERL).

Phase two specimens were demolded after 24-48 hours. Three temperatures were
chosen for accelerated curing. Specimens were cured for 48 hours, after demolding, in
three different ovens (100°F (37.8°C), 130°F (54.4°C), and 160°F (71.1°C)). After the
48-hour oven-curing period, the specimens were placed in the lab where they sat until age
of testing. Phase one aimed to show HVFAC at later ages can perform similar to that of
the control mix at 28 days. Durability specimens were tested at 28, 56, 90, 120 days from
casting date. Cylinders were tested for compressive strength and modulus of elasticity at
3,7, 14 days in addition to the later ages. Phase two investigated the possibility of getting
similar results from the HVFAC to that of control mix at early ages by accelerating the

curing process by curing at higher temperatures.

Throughout this study, each concrete mixture was referred to by using the

nomenclature presented in Table 3.3.

Table 3.3. Mix ID Descriptions

Mix ID | Description

CcC Conventional Concrete
X% High Volume Fly Ash
XT100 Cured at 100°F

Phase IT | XT130 Cured at 130°F

XT160 Cured at 160°F

*Where X= 35, 50, 60, 70 (fly ash replacement)

Phase [

3.2. EQUIPMENT

In this section, each piece of equipment used during the course of this research
will be discussed. All equipment was property of Missouri University of Science and
Technology (Missouri S&T) and was set up and used at the Center for Infrastructure

Engineering Studies (CIES) Engineering Research Lab (ERL).
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3.2.1. Fresh Concrete Mixing
A 6-ft (0.222 yd®), variable speed, mixer was used to mix all the concrete in the

material research laboratory (Figure 3.1).

s e LT
Figure 3.1. Concrete Mixer (Capacity: 6 ft’)

3.2.2. Mixing and Casting of Mortar Cubes
A small and large Humboldt variable speed mixer (Figure 3.2 and Figure 3.3) was
used to mix mortar cubes in accordance to ASTM C109-13 based on mortar mix design
specified in Appendix Al of ASTM C1074-11. Mortar cubes were cast in steel and
plastic molds of 2.0 x 2.0 x 2.0 in. (50.8 x 50.8 x 50.8 mm) as shown in Figure 3.4. The

mortar samples were fabricated to measure the temperature time history of mortar.

Figure 3.2. Small Humboldt Variable Speed
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Figure 3.4. Plastic Cube Molds

3.2.3. Slump of Fresh Concrete
The slump of each fresh concrete mix was measured using a standard ASTM
C143-12 slump cone. Fresh concrete was placed in 3 layers and consolidated with a 5/8-
inch (15 7/8 mm) diameter rod and measured with a measuring tape. This equipment is

pictured in Figure 3.5.

3.2.4. Unit Weight and Air Content of Fresh Concrete
A Type B Hogentogler pressure meter was used to find the air content of each
fresh concrete mixture. The fresh concrete was placed in two layers and consolidated by a

5/8-inch (15 7/8 mm) diameter rod as pictured in Figure 3.6.
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o A i W ". L 17""
Figure 3.5. Slump Test Equipment
3.2.5. Temperature of Fresh Concrete

A digital thermometer (Figure 3.7) was used to determine the fresh concrete

temperature. This thermometer can read from 0 to 392 °F and -17 to 200 °C.

Figure 3.6. Type B Hogentogler Pressure Meter

Conversion: 1 in. =25.4 mm

Figure 3.7. Acurite Digital Thermometer



C-56

3.2.6. Formwork
All durability specimen formwork (Figure 3.8) was constructed using lumber.

Cylinders were cast in plastic 4x8 in. (101.8x203.2 mm) molds (Figure 3.9).

Figure 3.9. Cylinder Molds

3.2.7. Curing Equipment
All concrete specimens, excluding freeze-thaw specimens, were cured in the
moist cure room in Butler Carlton Hall at Missouri S&T. The moist cure room contains a
mister ensuring 95% relative humidity at all times. The freeze-thaw specimens were
submerged in a limewater tank at ERL until age of testing. Mortar cubes were cured in

water baths at three different temperatures based on mix design (Figures 3.10-3.12).
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Figure 3.10. Room Temperature Water Bath

g, - - n
g LS Ty 2 = S

Figure 3.11. Hot Temperature Water Bath Tank

Figure 3.12. Cold Temperature Water Bath

3.2.8. Ovens
Two large ovens manufactured by Shel Lab (grey oven) in combination with one

large oven (green oven) manufactured by Grieve (Figure 3.13).
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Figure 3.13. Curing Ovens

3.2.9. Neoprene Pads
Neoprene pads were used in accordance to ASTM 1231-14 (Table 3.4). Neoprene
pads are only permitted for a certain number of uses permitted by ASTM 1231-14.

Table 3.4. Neoprene Pad Requirements (ASTM 1231-14)

Shore A N .
Compressive Strength,* MPa Durometer Qualification Maximum
| :
[psi] bardness €51 Required  Reuses

Less than 10 [1 500] Mot permitted
10 to 40 [1 500 to 6 000] 50 MNone 100
17 to 60 [2 500 to 7 000] &0 Mone 100
23 to 50 [4 000 to 7 00Q) 70 MNone 100
&0 o 80 [7 000 to 12 000] 70 Required &0
Greater than 50 [12 000] Mot permitted

3.2.10. Tinius Olsen Universal Machine
A servo controlled universal Tinius Olsen 200 kips (1,378.95 MPa) load frame
was used to determine the Compressive Strength (concrete cylinders and mortar cubes,
Figure 3.14) in accordance to ASTM C39-14. The same machine was used to determine
the Modulus of Elasticity (MOE) in accordance to ASTM C469-14. All data was
collected by the data acquisition system. For the modulus test, the concrete specimen was

held in an apparatus that contained an LVDT, which measured axial strain during the test

(Figure 3.15).
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Figure 3.15. Modulus Ring

3.2.11. Abrasion Resistance
Resistance to abrasion was measured based on ASTM C944-12. A drill press in hi
bay lab at Missouri S&T with a rotary cutter (Figure 3.16) attached was used to test the
specimens using a 441b (19.96 kg) load (Figure 3.17).

ik
s

Figure 3.16. Test Girder Delivery Process at Missouri S&T
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Figure 3.17. Abrasion Testing Setup

3.2.12. Freeze-Thaw Resistance
Freeze-thaw (F&T) specimens underwent freeze-thaw cycles in the 17 slot
Humboldt Freeze-thaw chamber in ERL (Figure 3.18). Every 36 cycles, each specimen
was removed from the chamber once thawed and weighed. The Proceq Ultrasonic Pulse
Velocity (UPV) meter (Figure 3.19) was used to measure the pulse velocity of each

specimen.

Figure 3.19. Proceq Ultrasonic Pulse Velocity Meter
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3.2.13. Chloride Content
A drill press was used to drill for concrete powder samples prior to and after 3-
month ponding of specimens. The powder samples were then analyzed with a Rapid

Chloride Test meter from Germann Instruments for chloride content (Figure 3.20).

Figure 3.20. Rapid Chloride Test (RCT) Meter

3.2.14. Maturity Meter
Thermocouple wires were slid into the center of two concrete cylinders per mix
design and paired with a Humboldt 4-channel maturity meter to gather temperature

history to calculate maturity for each mix (Figure 3.21).

CONCRETE
MATURITY METER
SYSTEM 4101

Figure 3.21. Humboldt Concrete Maturity Meter

3.3. MATERIALS

This section provides the materials used for the experimental study.
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Type I/II Portland Cement (Quikrete Cement Manufacture) was purchased from

Lowe’s Home Improvement store in Rolla, Missouri for purposes of this study.

3.3.2. Fly Ash

ASTM Class C fly ash was donated from Osage County Concrete in Linn,

Missouri for use in this research project (Table 3.5).

Table 3.5. Chemical Composition Class C Fly Ash*

Item AASHTO _M296 | ASTM C618-12 Actual
Fineness (+325 Mosh) 34 34 15.2
Fineness Variation 5 5 0.6
Moisture Content 3 3 0.08
Density (g/cm3) 2.7
Density Variation 5, max 5, max 0.96
Loss on Ignition 5, max 6, max 0.12
Soundness 0.8 0.8 0.03
S.A.L. 7 days 75, min 75, min 98.7
S.A.L 28 days 75, min 75, min 101.9
Water Req. % Control 105 105 94.2
Si0;,, Al,O3, Fe,O3 (Total) 50, min 50, min 3217, 2107,
6.58 (62.82)
Sulfur Trioxide SO3 5, max 5, max 1.43
Calcium Oxide C,O - - 26.46
Magnesium Oxide - - 0.22
Sodium Oxide Na,O - - 1.91
Potassium Oxide K,O - - 0.44
Available Alkali as Na,O 1.5, max - 1.31

*Note: Supplier: Headwater, source: Thomas Hill, MO
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3.3.3. Aggregate
Fine aggregate used for all concrete batching was local, rounded, Missouri River
sand. Coarse aggregate (Potosi dolomite) used was known to have a high durability factor
and was obtained from Illinois for Phase I. However, due to limited storage space,
aggregate was changed for Phase II. Coarse aggregate similar to the Illinois dolomite was
obtained from Weber Quarry in New Melle, Missouri. Sieve analyses for coarse and fine

aggregate are shown below in Figures 3.22-3.24, respectively. All aggregate properties
are listed in Table 3.6.

Table 3.6. Aggregate Properties

Coarse Coarse Fine
Property (Missouri (IMlinois (Missouri
Dolomite) Dolomite) River Sand)
Nominal Maximum Size 3/4” v 77
Specific Gravity 2.65 2.67 2.56
Absorption (%) 0.93 0.95 0.49
Bulk Density-Loose (Ib./ft’) 100.9 103.6 49.84
Bulk Density-Compacted (Ib./ft") 112.2 115.1 52.64
120
100 c/*\
:@ 80 \
£ 60
\
< 40
: \
£ 20
& NI
£ 0 ] * >
g 1 0.1 0.01 0.001
@)

Sieve Size (in.)

Conversion: 1 in. =25.4 mm

Figure 3.22. Coarse Aggregate Gradation - Missouri
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Figure 3.23. Coarse Aggregate Gradation - Illinois
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Figure 3.24. Fine Aggregate Gradation

3.3.4. Mixing Water

Potable tap water from a hose in materials lab located in Butler-Carlton Hall at

Missouri S&T was used for mixing of concrete.
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3.4. TEST PROCEDURES
Test procedures for fresh and hardened concrete properties are discussed in this

section. Any deviation from common practices will be noted.

3.4.1. Aggregate Moisture Content
Surface moisture content (SMC) and total moisture content (TMC) were obtained
following ASTM C70-13. These values were then used to adjust the mix design before
batching.

3.4.2. Mixing of Fresh Concrete

Mixing of fresh concrete followed ASTM C192-14; however, there were a couple
modifications. Before mixing, the mixer was damped with water so the actual mixing
water wouldn’t be absorbed drawing it from the mix. Once this water was added, the
mixer was started on a low speed and drained. The mixer was then set to a speed of 12
and the total amount of coarse aggregate was added the mixer. Next, the entire amount of
sand was added to the mixer as well. This was mixed until the aggregates appeared well
blended. Half of the water was then added. Finally, all cementitious material was added
along with the remaining amount of water. The mixer then rested for the three minutes
specified by ASTM C192-13 followed by more mixing until the mix appeared
homogenous (2-3 min). Batching occurred on multiple days for each mix due to the
capacity limitation of the 6.0 cubic foot mixer. Design weights for each mix are shown

below in Table 3.7.

Table 3.7. Mix Design
Material (Ib./yd’) | CC 35 50 60 70
Coarse Aggregate | 1706 1736 1400 1836 1836
Fine Aggregate 1210 1500 1400 1400 1400

Cement 750 488 375 300 225
Fly ash 0 263 375 450 525
Water 300 300 300 300 300
w/cm 0.40 0.40 0.40 0.40 0.40

Conversion: 1 Ib. = 453.6g, 1 cy=27 ft’
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Ponding and abrasion specimens were poured together in three batches. Freeze-
thaw specimens were poured on another day. All batch weights were adjusted on mixing
day to account for any differences (e.g. sand and crushed stone moisture contents). Phase
IT was completed following the same procedure months after Phase II batching had been

completed.

3.4.3. Mortar Cubes
Cube molds were sealed with Vaseline to prevent leakage from the paste. Design
weights were based on ASTM C1074-11 Appendix A 1.1.2. Each mortar mix was also
adjusted for moisture content of the sand; typically, 18 cubes were batched at once (Table
3.8). Batching of mortar cubes for use in the maturity method followed ASTM C109-13.
For each mix, 54 cubes were molded. After molding of cubes, 18 cubes for each mix

were placed in their respective water baths (Table 3.9).

Table 3.8. Batch Weights for Mortar Cubes (18 cubes)

cC 35% 50% 60% 70%
Fine Agg. (Ib.) 132 135 142 14.2 142
Cement (Ib.) 5.8 3.8 2.9 23 1.7
Fly ash (Ib.) 0.0 2.0 2.9 3.5 4.1
Water (Ib.) 2.37 2.37 2.38 2.38 2.38

Conversion: 1 Ib.=453.6g

Compressive Strength of the mortar cubes was tested using universal testing
machine (UTM) at a load rate of 200 1b./sec (90.72 kg/sec), which is within the
acceptable range provided by ASTM C109-13. Before each test, the faces of the cube
were sanded and the testing planes were brushed off from any debris. Using ASTM
C1074-11 Appendix Al.1.4, three cubes were tested when their compressive strength was
approximately 583 psi (4MPa) and then three more cubes were tested at each successive
test equal to twice the age of the previous test. Based on the strength gain curves the k-
value was found using A1.1.8.2. From here, the datum temperatures were determined by

A1.2 for each mix design.
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Table 3.9. Mortar Water Bath Temperatures (°F)
Bath 1 Bath 2 Bath 3

CC 46.2 66.2 106.0
35 46.2 66.2 106.0
50 66.2 78.4 106.0
60 66.2 78.4 106.0

70 66.2 78.4 106.0
Conversion: °C= (°F-32)/1.8

3.4.4. Temperature of Fresh Concrete
Using the Acurite thermometer, the temperature of each fresh concrete mix was
measured following ASTM C1064 by placing the thermometer into the wheel barrow of

fresh concrete. When temperature was stabilized, it was recorded.

3.4.5. Slump of Fresh Concrete
Slump was determined according to ASTM C143-12 immediately after mixing.

3.4.6. Unit Weight and Air Content
Unit weight was calculated in accordance with ASTM C138-14. Once the air
content container was weighed for empty weight, concrete was placed in the air content
container in two layers and rodded 25 times each. The top was struck off with a metal
trowel and wiped down for any spillage. The container was then weighed on the floor
scale in pounds. Air content was measured using a Type B vertical air chamber pressure
meter following ASTM C231-14. The same concrete sample was used for air content

following unit weight measurement.

3.4.7. Compressive Strength of Concrete Cylinders
Cylinders (4-inch diameter) were cast in accordance with ASTM C192-14 in
order to perform compressive strength tests. Compressive strength was determined in

accordance to ASTM C39-14. Neoprene pads were used to cap cylinders during testing.
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3.4.8. Modulus of Elasticity of Concrete Cylinder

Cylinders for modulus of elasticity were prepared as in 3.4.7. ASTM C469-14
was followed to determine modulus of elasticity. Neoprene pads were used to cap
cylinders during testing. Tests were run on three replicate cylinders. The first gave the
compressive strength. The second two cylinders were run to 40% of that compressive
strength three times apiece. The second and third run on each cylinder was recorded and
the average is specified as the modulus. During Phase II-Accelerated curing, the cylinders
were sensitive to 40% loading, so in some cases only 25-35% of peak load was used for

Modulus loading.

3.4.9. Abrasion Resistance

Abrasion specimens were 3.5 x 6 x 16 in. (88 x 152.3 x 406.4 mm) in size and
cast in accordance with ASTM C192-13. Instead of rodding the specimens, a battery
power operator was used to vibrate specimens. All specimens were finished with a steel
trowel minutes within casting. Specimens were cured in the moist cure room for 14 days
before lab curing until age of test. ASTM C944-12 was the test method used for abrasion
testing at 28, 56, 90, and 120 days. For Phase II, specimens were cured in the oven from
hour 24 to hour 72 and tested at 14 and 28 days. A double load of 441b (19.96 kg) was
used to abrade the specimens. The specimens were abraded three times for 2 minutes
each time. Between each 2-minute session, the specimen was brushed off and weighed.

This process was repeated two more times on different locations of the specimen (Figure

3.25).

Figure 3.25. Post-Test Abrasion Specimen
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3.4.10. Chloride lon Penetration

Chloride specimens were cast according to ASTM C192-13 with dimensions of
12x 12 x4 in. (304.8 x 304.8 x 101.6 mm) and only one specimen cast per mix design.
Specimens were vibrated instead of rodded. Each specimen was cured for 14 days in the
moist cure room after demolding. After the completion of moist cure, the specimens were
set downstairs until age of testing (temperature 70 °F and 45% relative humidity). One
specimen was ponded with 3% NacCl solution at four different ages (28, 56, 90 and 120
days) for Phase I. Phase II specimens were placed in the oven at 24 hours after casting
and removed after 48 hours of curing. The specimens were then ponded at 14 and 28
days. Sampling (Figure 3.26) of powder for chloride concentration was in conformance

with ASTM C1543-10. Each block was sampled after 3 months of ponding.

At least 3.3 * 1071b (1.5g) samples were taken at the intervals within those listed
in ASTM C1543-10 (Table 3.10).

Figure 3.26. Chloride Ion Penetration Specimen

Table 3.10. Ponding Sample Interval

Sampling Intervals (in)

ASTM Range | Sample Range
0.39-0.79 3/8-3/4
0.98-1.38 1.0-1.4
1.57-1.97 1.6-2.0
2.17-2.56 2.2-2.5

Conversion: 1in=25.4mm
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The equipment was calibrated before each use and the calibration results were
used to find the chloride content once the mV was found using the RCT meter. Findings

will be classified using the ranking proposed by Broomfield (2007) (Table 3.11).

Table 3.11. Correlation between %Cl by Mass of Concrete and Corrosion Risk
% Chloride by

Corrosion Risk
mass of concrete

<0.03 Negligible
0.03-0.06 Low
0.06-0.14 Moderate
>0.14 High

Adapted from Broomfield, 2007

3.4.11. Freeze-Thaw Resistance

Freeze-thaw specimens were cast according to ASTM C192-13 except specimens
were vibrated by a handheld battery operated vibrator instead of being rodded. Prisms
were 3.5x 4 x 16 in. (88 x 101.6 x 406.4 mm) and cured in limewater bath until age of
testing for Phase I. For phase II, specimens were cured in the ovens starting at 24 hours
for a length of 48 hours then lab cured. ASTM C666-03 procedure A was the test method
performed. This method specifies test should end on a thaw cycle. However, tests ended
on a freeze cycle and allowed to thaw in the chambers. Ultrasonic pulse velocity (UPV)
was measured after each set of 36 freeze-thaw cycles. These values were used to
calculate the durability factor (DF) using Section 9 of ASTM C666-03. Examples of a set

of specimens are shown in Figure 3.27.

(a) Before (b) After
Figure 3.27. 60-Cycle Freeze-Thaw Specimens
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Once the specimens reached the specified number of 300 total cycles, or when the
relative dynamic modulus (RDM) reduced to 40%, the test was considered completed.
Testing could also be terminated if the specimens deteriorated and testing could no longer

continue. Once finished, the RDM of elasticity was calculated using Equation (3.1).

ni
P, =—x100 G.1)
n

Where P, is the RDM at c cycles of freezing and thawing; n, is the frequency
(1/T); T is the time of one-pulse wave in micro seconds at ¢ cycles of freezing and
thawing; and n is the fundamental transverse frequency at 0 cycles of freezing and

thawing. The durability factor is then calculated using Equation (3.2).

_ PN

DF = — (3.2)

Where P is the RDM at N cycles (%), N is the number of cycles at which P
reaches the specified minimum value for discontinuity the test or the specified number of
cycles at which the exposure is to be terminated, whichever is less, and M is the specified

number of cycles at which the exposure is to be terminated.

3.4.12. Maturity Method

ASTM C1074-11 detailed the process for maturity of the concrete. Thermocouple
wires were placed in two cylinders from each mix. The temperature was recorded every
30 minutes for the first 48 and then each hour after. Recordings were taken for 28 days
and all temperature data was recorded. Once the cylinders cured for 28 days, the wires
were cut and the cylinders were then used for other testing (compressive strength). Using
the data from mortar cube testing, the datum temperature (Ty) was determined by
Al1.1.8.2 of ASTM C1074-11. Using the Nurse —Saul maturity function, the maturity
index (M) can be calculated with Equation (3.3).

M(t) = Z(T — Ty)At (3.3)
0
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Where M(t) is the maturity index (expressed in degree-days or degree-hours); At
is the time interval (expressed in days or hours); T is the average concrete temperature
during the interval At; and Ty is the datum temperature. ASTM C1074-11 states the
datum temperature can be taken as 50°F (10°C). For this experiment, a datum

temperature was obtained.

At the testing of each cylinder for compressive strength (3, 7, 14, 28 days) the
maturity is evaluated by Eq. (3.3). This data along with the compressive strength is
plotted. A best-fit curve is also plotted and used to estimate the in-place concrete strength
of the respective concrete mixture. Using this strength-maturity relationship, as desired,
an estimate of in-place strength can be gathered using the temperature history of the

concrete at that time (Kaburu, 2015).

The maturity method may be useful for estimating concrete strength when cured

at different temperatures by also using Equation (3.4)

1 1
t,=e 2T Tt (3.4)

Where t. is the equivalent age over a time interval (At) at a specified temperature
(Ts) in days or hrs. T, is the average temperature of the concrete during At. Q is the

activation energy divided by the gas constant. All temperatures and Q are in Kelvin.

3.4.13. Accelerated Curing
To accelerate the curing of each mix, three different ovens were set at 100°F
(37.8°C), 130°F (54.4°C), and 160°F (71.1°C). Specimens were demolded at 24 hours
and immediately placed into the oven. Afterwards, they were stored in the material lab
under control conditions (room temperature and humidity). Oven curing occurred for 48
hours then specimens were removed and finished curing in the basement until ages of

tests.



C-73
4. RESULTS AND DISCUSSION
4.1. FRESH CONCRETE TESTS
Fresh concrete tests included slump, air content, and temperature. Table 4.1

shows a summary of the fresh concrete properties. In this table, the values are averaged

from pours for Phase I and Phase II.

Table 4.1. Fresh Concrete Properties

Mix ID CcC 35 50 60 70
Slump (in) 7 7 3/4 71/2 7 3/4 7
Room Temp (°F) 71.2 70.4 59.8 70.8 72.2
Concrete Temp (°F) | 71.1 71.3 62.8 71.6 73.0
Air Content (%) 2.3 2.2 1.6 1.3 1.6
Mass (1b.) 36.5 37.1 37.2 37.3 37.3
Density (Ib./ft’) 139.1 | 141.6 | 142.0 | 1424 | 1424

Conversion: 1°C=5/9(°F-32)

4.1.1. Slump Tests
To ensure consistency and comparison between mixes, a target slump of 7 + 1 in.
was targeted for all mixes and water-to-cementitious (w/cm) ratio was held at 0.40 across
the mixes. As the amount of fly ash increases, so does the slump. When keeping the
amount of water consistent, the slump tends to increase. The proportion of fines and
coarse aggregate was adjusted to curb this effect. When cement was replaced at 70%, it
was difficult to lower the slump below 7 inches (177.8 mm). Table 4.1 shows the slump

for each mix and each phase. The value listed in the table was the average of the slumps

for Phase I and Phase 1I.

4.1.2. Unit Weight and Air Content
The density across all mix designs was consistent with a value of around 142
Ib./ft’ (2.272 g/em’®). This density value is close to the typical value of 145 Ib./ft’ (2.32

g/em’) in normal weight concrete. Since the same aggregate and paste materials were
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used in all mix designs, it makes sense that the density value was approximately the same
for all of the mixtures. As expected, the air content was also relatively similar between
the mixes. The control mix and the 35% HVFAC mixes had the highest percent of
measured entrapped air at 2.2% and 2.3 %, respectively. As the percent fly ash increased,
generally, the percent air decreased. This is due in part to the fact that fly ash fills gaps

refining the pore structure. Naturally, this reduces entrapped air.

4.2. HARDENED CONCRETE PROPERTIES
Hardened properties investigated in both phases included compressive strength
and modulus of elasticity. The maturity method was also employed during Phase I to

estimate concrete strength at different ages and temperatures.

4.2.1. Compressive Strength
As the percent of fly ash increased, the compressive strength gain was delayed
further. Mohamed (2011) discovered the optimum replacement level to be 30%. In that
study, the compressive strength increased up to 30% replacement by fly ash. After the
optimum 30% was reached, there was a decline in strength at levels greater than 30%.

However, in this study, 50% was found to be the optimum replacement level (Figure 4.1).
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Figure 4.1. Compressive Strength vs. Percent of Fly Ash
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Strengths were similar up to 50% and then a decline in compressive strength was
seen at levels greater than 50% replacement. Figures 4.1 and 4.2 show that mixes at all
levels continue to gain compressive strength throughout the entire 120-day period.
However, the conventional concrete gains little compressive strength past 28 days while
the fly ash gains the most compressive strength between 28 and 56 days. Past 56 days

little compressive strength is gained.
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Figure 4.2. Concrete Compressive Strength Gain-Phase I

The greatest compressive strength gains result from the 50% mix between 3 and 7
days. After 7 days, the conventional, 35% and 50% perform very similar until 56 days
where the 35% and 50% mixes gain more compressive strength than the conventional
mix (Figure 4.2). This further displays the delayed hydration in HVFA concrete. After 28
days the conventional mix levels out while the HVFAC mixes are still gaining
compressive strength. The 60% HVFAC becomes equivalent to that of the control mix
around 60 days. Although the 35% and 50% exceed the conventional mix and the 60%
mix becomes equivalent to the conventional mix, the 70% HVFAC fails to ever gain
greater compressive strength than the conventional mix. In fact, the 70% HVFAC never

gains compressive strength equivalent to that of the conventional mix at 28 days where as
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the 60% gains equivalent compressive strength at 56 days and the 35% and 50% showed

similar 28 day compressive strengths to that of the conventional mix.

7000
LeedPoccesesesesececececascsescnes S
6000 SSYYLLL
NI :__——-I———-—————l
5000 —— = S -
cosppee CCT
= 4000 L, . .
N X = B= 35T
= 3000 50T
o o =il * ° = . 70t
1000
0 T T T T T 1
0 5 10 15 20 25 30
Age (days)

Conversion: 1 psi =0.006895 MPa

Figure 4.3. Compressive Strength at 100°F (37.8°C)

Phase II consisted of the same concrete mixes as Phase I. However, these mixes
were cured in an oven for 48 hours after demolding. Three temperatures were selected:
100°F (37.8°C), 130°F (54.4°C), and 160°F (71.1°C). Myers and Carrasquillo (1998)
discovered the largest increase in compressive strength from accelerated curing occurs in
the first couple of days and curing above a temperature rise of 68°F (20°C) may result in
a decrease in later-age compressive strength due to micro cracks that can form in the
transition zones reducing compressive strength potential. In Phase II, there is generally a
significant increase in compressive strength between day 2 and 3 in all mixes at all curing
temperatures (Figures 4.3-4.5). As the curing temperature increases, the rate of
compressive strength gain decreases. Within Phase II between days 3 and 7, at 100°F
(37.8°C) there is a slight increase in compressive strength before topping out post 14
days. The conventional and 35% mix at 160°F (54.4°C) also continues to see an increase
in compressive strength between 3 and 7 days. Specimens cured above 100°F (37.8°C)

level out prior to the 14-day mark (Figure 4.3). In fact, at 160°F (71.1°C), the
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compressive strength remained constant after 3 days (Figure 4.5). Curing regime seemed

to affect the 70% HVFAC mix the greatest at all temperatures of curing. It is suspected

this is due to the increased delay in hydration at such high replacement levels. Free water

demand was unavailable within the concrete during curing; therefore, sufficient hydration

did not occur in

the short time frame given.
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Figure 4.4. Compressive Strength at 130°F (54.4°C)
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Figure 4.5. Compressive Strength at 160°F (71.1°C)
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Figure 4.6 displays compressive strength for each mix as a percentage of the
compressive strength from Phase II moist cure regime for 3 and 7 days. Figure 4.7 shows
the same ratio for 14 and 28 days. Phase Il specimens did not perform very consistently
especially early on. At 3 days and each curing temperature, there was an increase in
compressive strength from conventional curing (Except 70% HVFAC). However, there
was no increase in compressive strength compared to conventional curing methods post 3
days. In fact, there was a decrease in compressive strength which increased as the curing

temperature increased.

Curing at 100°F (37.8°C) seemed to be the least detrimental to strength gain at
early and later-ages. Although specimens were cured at 100°F (37.8°C), they did not
achieve similar strengths to that as the conventional method; these specimens had the
largest compressive strengths when compared at all fly ash replacement level and ages of

concrete in Phase I1.
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Figure 4.6. Normalized Compressive Strength in Phase 11-3 and 7-day

The accelerated curing mostly affected the early ages of 3 and 7 days. Of those
two ages, 3 days was the most influenced. At 3 days of age, all mix designs exhibited
over a 1% increase in compressive strength for all three temperatures. The most drastic

increase (> 35% fly ash) is seen at 3 days for the 35%-60% fly ash mixes with 60%
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showing above a 70% increase when cured at 130°F (54.4°C). At 7 days in age, only the
35% fly ash mix nearly matches the control. By 14 days in age there is a reduction in
compressive strength of all mixes except 35% and 50% fly ash cured at 100°F (37.8°C).
HVFAC with 70% replacement is drastically affected at all ages and curing temperatures
further suggesting that at high volumes of replacement, the concrete is more sensitive to
curing regimes. The 35% mix seemed to respond the most consistently to the curing
method having the highest percent at most ages and curing temperatures. Overall, the
mixes seem to perform best in term of compressive strength (i.e. exhibit strength gain)
when cured at 100°F (37.8°C). Accelerated curing was proposed in order to gain 28 day
properties at 14 days. Although specimens performed well early on, Figure 4.7 displays
that this goal was not achieved in terms of compressive strength. As mentioned in Section
2.6.1, Gjorv et al. (1990) speaks of the phenomenon that occurs when cement hydrates
too quickly. The quick hydration of cement particles blocks the rest of the concrete from
hydrating. In terms of HVFAC, the delayed reaction of fly ash hydration in combination
with accelerated drying removing the water and the cement particle blocking hydration
products, this method of curing can be very detrimental. Furthermore, Yazici et al. (2005)
goes on to say that accelerated curing is only beneficial if interested in compressive

strength gain at 1 day.
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Figure 4.7. Normalized Compressive Strength in Phase 1I-14 and 28-day
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4.2.2. Modulus of Elasticity
There is a strong correlation between compressive strength and modulus of

elasticity (MOE) of concrete (Figure 4.8). As the ACI equation suggests [Equation (2.1)],
the findings were linear at every replacement level once adequate compressive strength
was gained. At 7 days however, when the 60% and 70% had gained only 1,000 psi (6.89
MPa), the MOE was lower than what the equation predicted. Between the range of 3,500
psi (24.13 MPa) and 6,000 psi (41.37 MPa), the higher fly ash levels actually exceed the
conventional mix in terms of MOE. Although, at 7,500 psi (51.7 MPa), 50% and beyond

plateau while the conventional mix continues to gain stiffness.
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Figure 4.8. Compiled MOE vs. Compressive Strength (Phase I)

Figure 4.9 conveys MOE as a function of compressive strength using the
conventional mix as the baseline value and normalizing the HVFAC results. MOE for
each mix with fly ash was divided by the MOE of the conventional mix to directly
compare the results. When comparing MOE at different ages, the conventional mix
consistently had higher stiffness than the other mixes but not by a significant amount. Up
to 50% HVFA the MOE was within 20% of the conventional mix. Although the HVFAC
mixes do not outperform the conventional mix at specific compressive strengths, each

mix exceeded the predicted ACI value once it reached 2,500 psi (17.24 MPa) in terms of
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compressive strength. Results convey that as the HVFA concrete is allowed to gain

strength it will also gain appropriate stiffness.
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Figure 4.9. Normalized MOE vs. Compressive Strength

The MOE for the conventional concrete and the HVFA concrete is presented in
Figures 4.10 and 4.11. Setting the y-intercept to zero in Figure 4.10 yields an R* value

equal to 0.8382 displaying a linear correlation.
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Figure 4.10. MOE vs. Compressive Strength (Phase I) - Conventional Concrete

The HVFAC data (Figure 4.11) yields an R? value equal to 0.8537 (not displayed)
using a polynomial trend line. However, when fitting the data with a linear trend line, the
R? value drops to 0.4808 including all the HVFAC data. Furthermore, if you do not
include the 70% HVFAC data points, the R value increases to 0.6975. An important
observation to consider is the number of data points. There are only 20 data points shown
in this figure. Relative to the amount of previous research on HVFAC, this value is low.

This could be the explanation for lower correlations to linear trends.
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Figure 4.11. MOE vs. Compressive Strength (Phase I) - HVFA Concrete

Figure 4.12 represents MOE values from this research and previous studies.
Included are conventional mixes and HVFA mixes MOE values from this research. The
results presented in this report fall in line with previous findings. From this figure it is
concluded that there is no significant separation between MOE values for HVFAC and
conventional concrete. Again, the majority of the data falls above the ACI equations
based on compressive strength. Listed in Table 4.2 is a summary of all the linear curve fit

equations.
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Figure 4.12. Modulus of Elasticity Database
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Linear (Series35)

Figure 4.13 plots the MOE versus amount of fly ash (%). This figure is similar to

Figure 4.1 for compressive strength. At early ages (28 and 56 days) the MOE is very

similar for all mixes. Figure 4.2 displayed that HVFAC compressive strengths were lower

at 28 and 56 days yet HVFAC exhibits higher relative stiffness to compressive strength
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concluding that the fly ash mixes perform better than the conventional mix when it comes

to MOE development per unit strength.
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Figure 4.13. MOE vs. Percentage of Fly Ash

As the percent fly ash increases however, the MOE decreases but not
significantly. Unlike the compressive strength, 70% HVFAC performs similarly to other
mixes in terms of MOE at all ages. At 0 and 35% replacement levels, the stiffness
continues to increase as the concrete ages. However, at levels greater than 35% this is not
true. Replacement levels at 50% and above show a reduced rate in stiffness gain per unit
compressive strength with age. These concrete mixes do not gain stiffness as they age.

Their stiffness at 28 days is the stiffness expected at 120 days as well.

4.2.3. Maturity Method
Using ASTM C1074-11, the maturity method was implemented with the 5 mix
designs in Phase I of this research. First, mortar cubes were tested to determine the datum
temperatures (T,) for each mix (Table 4.3). ASTM C1074-11 suggests using a datum
temperature of 32°F (0°C) for conventional concrete. However, other researchers propose
that value is too high (Rohne and Izevbekhai, 2009). As Table 4.3 indicates a value of
32°F (0°C) for conventional concrete is in fact too high, but a conservative

approximation.



Table 4.3. Datum Temperatures

Mix ID | To(°C) | To(°F)
CC | -12 | 299
35 42 | 395
50 49 | 408
60 54 | 417
70 54 | 41.6
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After determining datum temperatures, the maturity index can be computed using

the temperature history (Figure 4.14) from the moist cured cylinders [64.4°F (18°C)].

Temperature history data was gathered by using a 4-Channel James Meter manufactured

by Humboldt. Temperatures were recorded at every half hour up to 48 hours and every

hour afterward. The meter was disconnected on the 28" day.

Temperature (°C)

the temperature history and the Nurse-Saul’s Equation (3.3), the maturity can also be
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Figure 4.14. Temperature-Time History
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The maturity index is the area under each temperature-time history curve. Using

found. Once the maturity index is calculated for each mix, it is plotted against the

compressive strength from lab testing for concrete strength estimation (Figure 4.15).
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Figure 4.15 allows for estimation of compressive strength at any time the maturity
index is known from the temperature-time history. Using the temperature data from the
in-place concrete the maturity index is computed again using Equation (3.3). Next, the
maturity index of respective mix from laboratory testing (best fit curve) can be used to
estimate the compressive strength. Many construction practices are dependent upon the
concrete compressive strength for release of their cast-in-place (CIP) formwork to

increase construction productivity.
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Figure 4.15. Compressive Strength vs. Maturity Index

Using the maturity method can help determine the appropriate times for
construction activities such as the removal formwork, post-tensioning, opening roadway
to traffic, etc. When considering Bridge A7957 the target strength for the HVFAC was
3,000 psi (20.68 MPa) and the conventional mix 4,000 psi (27.58 MPa). Listed below in
Table 4.4 is the required 28-day strength (f°.) and required strength for formwork
removal (f;) set forth by MoDOT for specific class of concrete. These markers are also

plotted on Figure 4.15. The class of concrete is defined in Table 4.5.
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Table 4.4. MoDOT Requirements for Structural Concrete

MoDOT | Cement
Class of | Factor f'e (psi)
Concrete | (Ib/cyd)

f.(psi) | Ee (ksi)

B 525 3000

1200 3156

B-1 610 4000

1600 3644

Conversion: 1,000 psi=6.895 MPa. Adapted from MoDOT (2013)

Table 4.5. Class of Concrete Description
Application MoDOT Class of Concrete
Integral End Bents (Below lower construction joint) | B
Semi-Deep Abutments (Below construction joint
under slab) b
Intermediate Bents B (%)
Intermediate Bent Columns, End Bents (Below
construction joint at bottom of slab in Cont. Conc. | B-1
Slab Bridges)
Footings B
Drilled Shafts B-2
Cast-In-Place Pile B-1

(*) In special cases when a stronger concrete is necessary for design, Class B-1 may be considered for
intermediate bents (caps, columns, tie beams, web beams, collision walls and/or footings). Adapted from

MoDOT, 2013

Bridge A7957 has one HVFAC intermediate bent (B*) and one Conventional
intermediate bent (B*). The HVFA bent is considered a MoDOT Class B with a required

compressive strength of 3,000 psi (20.68 MPa). Conversely, the conventional bent is

classified as a MoDOT Class B-1 with a required compressive strength 4,000 psi (27.58

MPa). Through analysis of Figure 4.15, the age at which each mix reaches a certain

compressive strength is estimated in Table 4.6.

The mix designs in this research have relatively high cementitious levels (750

Ib./yd?). This was to ensure all level of fly ash replacement gained sufficient compressive
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strength for all durability and structural purposes. Although all mixes meet the 4,000 psi
(27.58 MPa) mark at some point, the 70% mix has a drastic increase in age before the
target compressive strength is attained. In fact, it takes 70% HVFAC 92.5% longer to
gain 4,000 psi than the conventional mix and 69.9% than 60% HVFAC. In addition, the
70% HVFAC take 4 times longer to attain 3,000 psi (20.68 MPa) than the conventional to
attain 4,000 psi (27.58 MPa).

Table 4.6. Age (h) of Concrete at Specified Compressive Strengths

Compressive

strength (psi) CcC 35% 50% 60% 70%
1200 5.5 17.3 15.8 20.4 30.2
1600 7.2 22.8 20.1 28.5 48.9
3000 19.3 67.4 48.7 86.3 211.6
3500 29.7 94.0 65.9 126.1 363.8
4000 45.4 134.3 88.8 183.4 607.9
4500 68.1 187.0 119.3 265.8 -
5000 101.9 262.9 160.0 385.3 -

Moist cured at 64.4°F (18°C). Conversion: 1,000 psi=6.895 MPa

Without the maturity method destructive techniques are used to determine the
concrete compressive strength. Using Table 4.6 time of formwork removal and opening
to traffic can be estimated. Before any load is applied, 70% of 28-day compressive
strength must be gained (Upadhyaya, 2009). Based on this, load could be applied to the
conventional concrete before 24 hours whereas load cannot be applied to 70% HVFAC
concrete until 2 days have passed. It is clear to see the delay in the construction time line
using HVFAC may cause. Time prior to removal of formwork for 50% HVFAC is three

times that of conventional concrete. Based on this method, 70% HVFAC would be

unreasonable to use.

The maturity method can also be used to estimate concrete compressive strength

at different curing temperatures using Equation (3.4). First, the activation energy divided
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by the gas constant (Q) was computed from the mortar cube compressive strength data.
Using the average temperature (T,) of the lab cured concrete and the curing temperature
(Ts) in question; the equivalent age can be computed. Following this procedure sample
values of age according to formwork removal for MoDOT Class B concrete were
calculated at various temperatures (Figure 4.16) based on common temperatures

experienced in Missouri throughout the year (Missouri Climate, 2015).
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20.0 * 4 - X 60%
10.0 . & - X70%
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30 50 70 90

Curing Temperature (°F)

Conversion: 1°C=5/9(°F-32)

Figure 4.16. Required Age for Formwork Removal [1,200 psi (8.27 MPa)]

Generally, as the temperature increases the age required to meet strength
requirements for formwork removal decreases. The effect of temperature on conventional
concrete considerable compared to HVFAC. Based on this data using HVFAC below
65°F (18°C) is not recommended as the construction schedule may be delayed
significantly. Using 70% HVFAC is not reasonable in applications where time is an
important factor. Above 60°F (16°C) 35% and 50% HVFAC perform similarly with 50%
HVFAC gaining compressive strength slightly quicker. The rate at which the age drops
with temperature increase decreases with the 60% HVFAC whereas 50% HVFAC
continues to linearly decrease with temperature. Another concern is hot weather
concreting with conventional concrete. There is a concern of flash set with this
conventional concrete mix when placed above 80°F (27°C). Temperatures between 60°F

(16°C) and 80°F (27°C), depending on construction schedule, the optimum concrete may
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be the conventional mix or 35% to 50% HVFAC. Considering temperatures above 80°F
(27°C) the optimum mix is 60% HVFAC.

4.3. DURABILITY CHARACTERISTICS
Durability experiments included in this study consist of the following; Abrasion

resistance, freeze-thaw resistance and permeability by ponding test.

4.3.1. Abrasion Resistance
Resistance to wear was compared among HVFAC mixes in terms of mass loss (g)
following ASTM C944-12. Three sets of three two-minute abrasion periods were
performed for testing. Although there were three periods of abrasion completed, the final
results omit the first period on each set. For a complete collection of findings consult

Appendix B.

During Phase I there was little standard deviation (< 1.06) in mass loss between
any layers. Phase II, however, had high standard deviation (> 5) between the layers. As a
result, both phase results omit the first layer for consistency. ASTM C944-12 states that
the variation between two properly conducted tests by the same operator on similar
samples should not differ from each other by more than 36% [for 44 1b. (19.96 kg)]. The
first trial was omitted. The rest of the trials were below a 36% variation. Phase I
specimens performed more consistently with 80% of the trials resulting in less than 36%
variation. Similar to Phase II when trial one was omitted in Phase I all values fell below
36% variation from trial 2 to trial 3. It is speculated that this high variation in trial one is
due in part to the accelerated curing process (Phase II). When oven dried at low relative
humidity, water leaves the surface of the concrete specimen at a higher rate than the
interior of the specimen. This causes a very dry and soft surface on Phase II specimens
meaning the surface (layer 1) may lose more mass, which is what occurred. Another
cause may be the phenomenon of cement hydrating and blocking further hydration
previously mentioned (Gjorv, 1990). The results agree those found by Hadchti and
Carrasquillo (1998); abrasion resistance suffered when cured at higher temperatures and
lower relative humidity. Furthermore, to be able to compare Phase I with Phase 11, as

mentioned the first layer is also omitted in Phase I results for comparison.
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Table 4.7 shows the average (of three trials) mass loss for Phase I. As the age of
the specimen increased the mass loss decreased. The general trend was consistent with
Hadchti and Carrasquillo (1998) in the fact that as the compressive strength increased

(compressive strength increased with age), so did the abrasion resistance (Figure 4.17).

Table 4.7. Average Mass Loss (g) of Second and Third Layer (Phase I)
CC |35 |50 |60 |70
28 198 (84 |78 |88 |11.7
56 |64 |70 |46 |84 |83
90 |51 |43 |32 |58 |52

120 |42 3.0 [29 |49 |45
Conversion: 1 [b=453.6 g

13.0
X
11.0
B 90 ¢
1))
Z X X m *m ¢CC
(@)
. m35
2 0 * 50
< X
5.0 g
= X ¥ X 60
3.0 A %70
10 1 1 1 1 J
4000 5000 6000 7000 8000 9000

f'c (psi)

Conversion: 1,000 psi=6.895 MPa, 1 Ib.=453.6 g

Figure 4.17. Mass Loss vs. Compressive Strength for Phase I

The optimum replacement level seems to be the 50% mix. With the exception of
35% HVFAC at 56 days, Figure 4.18 shows that mass loss decreases until 50%

replacement and then increased again.

An interesting occurrence is that 70% HVFAC actually performed as well or
better than the 60% mix at ages later than 28 days and similar to that of the conventional

by 90 days. By 56 days 60% HVFAC performs as well as the conventional mix at 28
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days while 35% and 50% outperform the conventional at all ages (Exception: 35% at 56
days). Using the 28-day abrasion resistance would not be recommended for any
replacement level. Increasing age led to a significant reduction in mass loss for each fly

ash replacement percent.
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Conversion: 1 1b. =453.6 g

Figure 4.18. Mass Loss vs. Percentage of Fly Ash

Table 4.8 shows the mass loss for Phase II specimens. The assumption was that
the accelerated curing process would show similar mass loss results at 14 days as the

traditional cured specimens at 28 days. However, this was not always the case.

Table 4.8. Average Mass Loss (g) of Second and Third Layer (Phase II)

Phase 1- 28d" | 100-14d | 100-28d | 130-14d | 130-28d | 160-14d | 160-28d
cC 9.8 13.2 10.0 20.3 11.8 12.3 10.4
35 8.4 12.4 11.5 16.1 12.3 17.8 13.7
50 7.8 17.9 14.7 19.6 10.4 12.9 9.3
60 8.8 12.9 10.5 15.4 112 26.1 15.2
70 11.7 28.2 21.0 28.9 26.1 26.2 21.5

Conversion: 1 Ib. =453.6 g.~ Values are listed for comparison purposes
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Table 4.8 gives a closer look between both phases. At all replacement rates the
Phase II specimens performed worse at 14 and 28 than the 28-day Phase I specimens.
Although they performed worse, the same general trend of a reduction in mass loss with
an increase in age remained true even though by 14 days the compressive strengths
ceased to show an increase. A visual representation is given in Figure 4.19 which shows

that 70% HVFA is the most affected by temperature curing in reference to abrasion

resistance.
30.0
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= 20.0 — -
7 - 7 I CC
8 150 ? ﬁ— —': = 35
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i AE AE GE CE
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50 i R § ] g : g - g g -
T s o o T R 3 #70
0o LAl Al A A A A

100-14d 100-28d 130-14d 130-28d 160-14d 160-28d Lab
Cure-28d
Curing Temperature (F)

Conversion: 1°C=5/9(°F-32); 1 Ib.=453.6 g

Figure 4.19. CIP Deck Compressive Strength vs. Age

There is little correlation between percent fly ash and mass loss for Phase II.
However, specimens cured at 100°F (37.8°C) performed best while the other two varied
in performance. At all curing temperatures 70% HVFAC performed the worst. Reasons
for poor performance by 70% include lack of and delayed hydration. Once again,

temperature curing at high temperature seems to be detrimental to all mix designs.

Figure 4.20 continues to show that the curing method in Phase II was not very
effective. The results were normalized between the two phases. No mix at any
temperature performed better than the Phase I specimens. The conventional was the least
affected by the temperature curing process. In most cases 100°F (37.8°C) showed the best

results of phase II curing methods.
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Figure 4.20. Normalized Mass Loss Phase II- 28 day

4.3.2. Freeze-Thaw Resistance
Resistance to freeze-thaw is important in concrete. The process of freezing and
thawing can be detrimental to concrete. If not properly designed, the concrete will crack
and spall leaving a vulnerable structure. Missouri sees many freeze-thaw cycles a year

meaning freeze-thaw resistance in exterior concrete is of upmost concern.

Freeze and thaw durability factor (DF) was low (<35) for all mix designs (Table
4.9). This was to be expected as no air entrainment was added. The goal was to see the
direct effect of the fly ash replacement level on the resistance to freezing and thawing of
such concrete mixes and determine at what age each mix compares to the conventional

mix at 28 days. Specifically, the DF was investigated in terms of RDM.

Table 4.9. Average Durability Factor (Phase I)
28d | 56d | 90d | 120d
CC |99 |76 138 31.7
35 20 | 15 [21.9] 184
50 14 | 24 |20.2 | 20.8
60 |74 |87 |89 | 142
70 0 0 0 7.4
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Literature review on the results of HVFAC on freeze-thaw resistance showed
contradictory views; the same can be said for this experiment. Standard deviation fell
within the acceptable ranges set forth by ASTM C666-03 Procedure A (Appendix C
Table C.1). Except for the 35% HVFAC, the general trend was an increase in DF with an
increase in age, although not significantly (Figure 4.21). Both the 35% mix and the 50%
mix outperformed the conventional mix at every age except 120 days where the
conventional mix DF increased rapidly. Within this experiment, the 35% mix showed no

trend when compared to age of concrete.

35.0
30.0 i
25.0 R
\ I = CC
20.0 M 1 TNy
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"\ ."'\ \N '\|I 50
10.0 o N - % Nl
sy N BN BN
S NI N NE N B
oo AN EN BN 2 N\E
28 56 90 120
Age (days)

Conversions: 1 in =25.4 mm, 1 kip =4.448 kN

Figure 4.21. Durability Factor vs. Age (Phase I)

Naik and Singh (1994) reported that at replacement levels of 0-30% Class C fly
ash the DF was identical and replacement above 30% saw a dramatic decline. However,
in this experiment, as the replacement rate increased from 0- 50%, the DF continued to
outperform the conventional mix except for 120 days. Above 50% replacement, the DF
took a steep decline (Figure 4.22). The 70% mix did not obtain a DF until 120 days.
Although this study examined non air-entrained HVFA concrete, an earlier study by Volz
et al. (2012) found similar trends for air entrained HVFA concrete mixtures. Their study
showed that “at 70% replacement and high cementitious content (730 Ib./yd’) concrete

only had a DF of 2.1. Depending on the fly ash source, fly ash might have a high-carbon
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content that makes it necessary to provide a higher content of air entrainment in the cases

of high cement replacement levels”.

35.0
- 30.0
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0 20 40 60 80

Percent Fly-Ash
Figure 4.22. Durability Factor vs. Percentage of Fly Ash (Phase I)

Generally, as the compressive strength increased the DF also increased (Figure
4.23). However, this trend is more prevalent in the conventional mix. The compressive
strength doesn’t seem to have a significant effect on the DF of the HVFA concrete. The
effect of compressive strength decreases as the percent of fly ash increases. At levels of

35 and 50 percent fly ash, the DF remains similar at 56 days of age and later.
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Conversion: 1,000 psi=6.895 MPa

Figure 4.23. Durability Factor vs. Compressive Strength (Phase I)
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Above 50% replacement, similar results were seen between 28 and 90 days of
age. By 120 days, the 60% and 70% HVFAC saw a significant increase in their DF.
Figure 4.22 agrees with Figure 4.23 as the concrete ages generally the DF increases. The
optimum replacement level is 50% at 90 days and 120 days. At percentages above 50%
the DF again decreases. When considering early ages, the optimum replacement level is
35%. At 70% replacement levels, the concrete never attains the DF equivalent to the
conventional at 28 days. By 120 days, the 60% HVFAC acquires a DF greater than the
conventional at 28 days, where as 35% and 50% HVFAC outperform the conventional

mix.

Table 4.10. Average DF (Phase II)
14d 28d
CCT100 14.7 | 10.6
CCT130 164 | 17.3
CCT160 9.2 7.1

35T100 0.0 0.0
35T130 0.0 0.0
35T160 0.0 0.0

50T100 25.8 9.5
50T130 19.5 16.8
50T160 9.5 6.2

60T100 1.3 5.7
60T130 4.5 11.6
60T160 0.0 0.0

70T100 0.0 0.0
70T130 0.0 0.0
70T160 0.0 0.0

Phase II specimens performed poorly (0<DF<26) (Table 4.10). Standard deviation
and difference between two beams rarely met the requirements set forth by ASTM C666-
03 (Table C.1). Many specimens failed post one cycle (36 freeze-thaw cycles). However,
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the failure was not 60% reduction in RDM but rather too much surface deterioration

where readings could not be taken. A full list of results is located in Appendix C.

Multiple specimens in Phase II did not achieve any DF. However, most specimens
cured at 100°F (37.8°C) did. Unlike Phase I, all specimens except CCT130 and 60T100
did not improve from 14 to 28 days.

Although there was improvement in DF for CCT130 between 14 and 28 days it
was not significant. Conventional specimens cured at 130°F (54.4°C) did however
perform the best of the conventional specimens. Results varied greatly amongst Phase II

specimens (Figure 4.24).

30.0
g0 2 CCT100
E 20.0 ~ CCT130
2 150 o s B CCT160
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§555 3 % 60T100

0.0 £70T100

Age (Days)

Figure 4.24. Durability Factor vs. Age (Phase II)

Even though results are scattered, a couple Phase II specimens did outperform
their counterpart from Phase I (Table 4.11). At 14 days Phase Il conventional concrete
specimens cured at 100°F (37.8°C) and 130°F (54.4°C) outperform Phase I at 28, 56, and
90 days.

Conventional specimens cured at 160°F (71.1°C) did not perform better than
Phase I specimens. At 100°F (37.8°C), Phase II 50% HVFAC at 14 days outperformed
Phase I specimens at all ages. Phase I 50% HVFA specimens cured at 130°F (54.4°C)
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also outperformed Phase I specimens but only at 28 days. Again, specimens (50%

HVFAC) cured at 160°F (71.1°C) do not perform better than Phase I specimens.

Table 4.11. Phase I and Phase II Comparison
14 | 28 | 56 | 90 | 120
CC - 99| 7.6|13.8|31.7
CCT100 | 14.7 | 10.6
CCT130 | 164 | 17.3
CCT160 | 92| 7.1

50% - |13.71242]20.2 208
50T100 |25.8| 9.5
50T130 | 19.5] 16.8
50T160 | 95| 6.2

4.3.3. Chloride lon Penetration
Many agree that as the percent fly ash increases the permeability decreases
(Knutsson, 2010, Dhir, 1999, Myers and Carrasquillo 1998). Reasons for this include the
bonding of fly ash with the chloride ions, the fly ash reactions produce denser hydration

products, and the filler effect from the smaller particle size associated with fly ash.

However, there is an optimum replacement rate at which these expectations occur.
Results pertaining to this experiment were anticipated to show similar results to those

previously. For a complete collection of data consult Appendix D.

Phase I consisted of lab cured specimens post a 14-day moist cure period. These
specimens were ponded with 3% NaCl solution for 3 months. After 3 months of ponding,
specimens were drilled at 5 depths (Table 4.12). Based on the chloride content of the
concrete at date of ponding, it seems there is a decrease in %Cl as the percent fly ash
increases (Figure 4.25). This correlation agrees with Knutsson (2010) and Dhir (1999)
hypothesis that the fly ash bonds CH from the cement to create more densified hydration
products. However, there doesn’t seem to be a correlation between age and original

chloride content.
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Table 4.12. Ponding Sample Interval

Sampling Intervals (in)
Location | Sample Range
1 Surface
2 3/8-3/4
3 1.0-1.4
4 1.6-2.0
5 2.2-2.5

Conversion: 1in=25.4mm
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Figure 4.25. Chloride Content (%) vs. Percent Fly Ash

Generally, for all mixes in Phase I, the %Cl decreases as the depth of penetration
increases (Figures 4.26 through 4.29). It is not the pores in concrete that make it
permeable; rather it is the interconnectivity of those pores (Mindess et. al., 2003).
Specimens were drilled in 3-4 locations and powders mixed together to gather an average
value. If the pores connect in all directions, then a true representation may not be
gathered at the drilling locations. With the exception of 56 days, 35% and 60% HVFAC
continuously perform better than the conventional mix while 50% HVFAC performs very

similar. Phase I specimens generally perform in the moderate range past location 2.
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Figure 4.28. Chloride Profile at 90 Days (Phase I)

However, results were not very consistent throughout testing. HVFAC performed

similarly or better than the conventional concrete at all ages suggesting that including fly

ash up to 50% performs better in terms of permeability even at 28 days. Data was lost for

conventional concrete at 120 days (Figure 4.29).
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Figure 4.29. Chloride Profile at 120 Days (Phase I)
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Refer to Appendix D for figures plotting Location vs. %Cl individually for each
replacement level and age. Results were similar between 28 days and 120 days of age for
each level of fly ash, except 60%, suggesting that the 28 day RCT values are sufficient

for use in design.

Upon inspection of the surface of Phase II specimens, pores were observed. The
rapid hydration and drying of surface water from the curing process is the culprit. This is
detrimental to the overall permeability of these specimens. As mentioned, Phase II results
show the same general trend as Phase 1. As the depth of penetration increases, the %Cl
decreases. As with the compressive strength trend of Phase II, the permeability results
show a plateau. From the conventional mix to the 35% HVFAC mix there is an increase
in %Cl at each location (Figures 4.30 and 4.31). However, the 28 day 35% HVFAC
performs similar to that of the 14-day conventional mix. As the conventional mix ages
from 14 to 28 days the %Cl actually increases at each location independent upon the
temperature. The cause of this may be from the any excess water continuing to hydrate
the concrete and leaving the specimen porous. Inversely, the 35% HVFAC shows a
decrease in %Cl with age speculating that any excess water is continuing to hydrate the
fly ash and create C-S-H like products to clog pours. Values between temperatures are

very similar for each of these mixes.
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Figure 4.30. Conventional Concrete Chloride Profile (Phase II)
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Figure 4.31. 35% HVFA Chloride Profile (Phase II)

Beyond 35% HVFAC, there is little fluctuation. At 50% (Figure 4.32), 60%
(Figure 4.33) and 70% (Figure 4.34) HVFA the results are very similar.
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Figure 4.32. 50% HVFA Chloride Profile (Phase II)



C-105

Chloride Content (%) ~ ceeeeeees 60T100-14d
0.00 0.10 0.20 0.30 0.40
1
60T130-14d
5 - = 60T160-14d
z / 9 e 60T100-28d
3 I
3 A —— -60T130-28d
/ I
4 A — = 60T160-28d
1
]
| 7
A ——60% HVFA-28d
5 et (Phase I)

Figure 4.33. 60% HVFA Chloride Profile (Phase II)
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Figure 4.34. 70% HVFA Chloride Profile (Phase II)

Also with these mixes, the results do not vary much between 14 and 28 days. This

correlates well with the compressive strength. It’s speculated that hydration has ceased at
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some time before 14 days with these mixes. Little correlation between curing temperature
and %Cl is noticed. At 60% replacement level the specimens performed best at 100°F
(37.8°C), the other mixes vary. In addition to these observations, it is also noticed that
these three mixes generally fall above the high risk zone (%CI > 0.14) at both ages and all
three temperatures. At Location 5, results are borderline falling into the moderate range at
28 days and lower curing temperatures. All Phase II specimens performed poorly as none

surpassed the negligible (%Cl < 0.03) mark for corrosion risk.

When compared to conventional concrete moist/lab cured, the temperature cured
specimens showed greater chloride penetration at 14 and 28 days than the conventional
concrete at 28 days with the exception of 28 days 70% HVFAC (70T130-28d and
70T130-28d) cured at 100°F (37.8°C) and 130°F (54.4°C). Overall, the 70% HVFAC
performed closest to its Phase I counterpart due to a porous structure left from curing at
such high temperatures. In addition, the high temperature curing did not protect the

specimens from moisture loss, significantly affecting results.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. CONCLUSIONS

A push for sustainability and fiscal responsibility has emphasized the need for
alternative materials to replace cement in concrete. The production of cement releases
CO; into the atmosphere, while using fly ash instead deters landfill use and superior
economically. Currently, American Society for Testing and Materials (ASTM) set test
methods to determine concrete suitability for certain applications. These standards
recommend using the 28 day properties of such concrete. With the implementation of fly
ash, this may not always be the most beneficial due to delay in hydration causing a delay
in the attainment of certain properties. This study investigated the compressive strength
and durability characteristics of replacing cement with fly ash at many replacement levels
(0, 35, 50, 60, and 70%). This was Phase I, in Phase II the same study was investigated
with an accelerated curing method [cured at 100°F (37.8°C) 130°F (54.4° C) and 160°F
(71.7°C)]. Specifically, investigated in this study was the age at which HVFA concrete
needed to be before acquiring similar properties to that of the conventional concrete at 28
days. Considering this information, recommendations are made for amending ASTMs to

allow for later age testing when determining concrete suitability.

For both phases, mechanical property tests consisted of compressive strength and
modulus of elasticity. Furthermore, durability areas examined were abrasion, freeze-
thaw, and permeability by RCT. Another component of research was the maturity method

to estimate concrete compressive strength at any age.

5.1.1. Mix Design
Concrete mixes were designed using 750 pound per cubic yard cementitious
materials. Since water to cement ratio largely affects the compressive strength and
permeability of concrete, this value was set constant through all mixes at 0.40. To ensure
a consistent slump, the mix designs varied in coarse and fine aggregates depending on the
amount of fly ash. The five mix designs consisted of replacing cement with fly ash (by

mass) at 0, 35, 50, 60 and 70%.



C-108

5.1.2. Fresh Properties
Refer to Table 4.1 for a complete summary of fresh properties. All concrete mixes

reached a slump between 7 and 7 % in. (177.80-196.85 mm). Concrete temperature at
every level of fly ash replacement was higher than room temperature. Fly ash releases
higher temperature during the mixing stage followed by a reduced temperature during
hardening, cooling and densification stages. When fly ash was added, the difference in
temperature increased during the mixing stage followed by a slower rate of heat
generation in turn delaying hydration. Air content decreased as fly ash was added up to
50% before leveling out. Fly ash acts as filler packing air voids and decreasing air
content. Mass and density across all mix designs were constant with HVFAC weighing

slightly greater.

5.1.3. Compressive Strength (ASTM C39-14)

Past research has shown there is a delay in the hydration of HVFAC and this
causes a delay in compressive strength gain. Although there is a delay in compressive
strength, it has been discovered that there is an age where HVFAC is actually stronger
than conventional concrete. In the area of compressive strength, for Phase I, the findings
showed that by 56 days, mixtures up to 60% HVFAC were comparable, if not greater, in
compressive strength to the conventional mix. In fact, the 35% and 50% HVFAC
mixtures showed results comparable to that of the conventional mix at 28 days. The
largest compressive strength gain was seen between 28 and 56 days considering HVFAC,
and conventional concrete leveled off beginning at 28 days. All mixes gained a structural
compressive strength of at least 2900 psi at some age except for 70% replacement mixes
in Phase II. Although at a specific age each mix showed comparable results to the
conventional mix, the 70% HVFAC never reached the compressive strength of any other
mix at the respective age nor gained compressive strength similar to that of conventional

concrete at 28 days.

Phase II specimens exhibited increased compressive strength from conventional
curing methods within the first 3 days. Post 3 days there was a decrease in compressive
strength from Phase I to Phase II. Within Phase II, the largest compressive strength gain

was between 3 and 7 days at which point the compressive strengths generally plateaued.
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As the curing temperature increased and moisture was lost, specimens plateaued earlier.
As the specimens cured, water was wicked away from the surface leaving little water for

HVFAC mixes to hydrate with.

5.1.4. Modulus of Elasticity (ASTM C469-14)

All concrete exhibited higher stiffness than predicted by ACI [Equation (2.1)]
once the specimens gained 3,000 psi (20.68 MPa). Even for HVFAC the findings proved
to be linear. Between 3,000 and 6,000 psi (20.68 MPa and 41.37 MPa) HVFAC gains
stiffness per unit strength which exceeds the conventional mix. 70% HVFAC performs
best within this range. Post 6,000 psi (41.37 MPa) HVFAC mixes tend to cease to
increase in stiffness per unit strength while the conventional mix continues to gain
stiffness. When considering mixes at or above 50% replacement, the MOE gained at 28
days is the stiffness expected at 120 days whereas the conventional and 35% HVFAC
continues to gain stiffness as they age. At 28 days HVFAC shows a slightly increased
MOE over the conventional even though HVFAC compressive strength is lower at this

age.

5.1.5. Maturity Method (ASTM C1074-11)

The maturity method is a useful tool for estimating the concrete compressive
strength at any age where the temperature history is recorded by non-destructive means.
This method can also be used to estimate compressive strength at different curing
temperatures as well. Knowing the concrete compressive strength at specific times is
beneficial when determining a construction schedule. However, there are some
disadvantages. The concrete must be cured in an environment where hydration can occur.
This method does not take into account the effect of early-age heat generation on long-
term compressive strength and must be accompanied by another means of indication of
concrete compressive strength. Mortar cubes were made and tested to determine the
datum temperatures and activation energy. Hydration of concrete can occur if cured at a
temperature lower than the datum temperature. The datum temperature increased as the
fly ash increased. Using Nurse-Saul’s equation [Equation (3.3)], the maturity is computed

and plotted against the compressive strength of the moist cured specimens. Using this
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plot, the concrete compressive strength can be estimated at any time the temperature
history of the in-place concrete is known. Inversely, the age of concrete at which a
specific concrete compressive strength is required, such as formwork removal, can also

be estimated based on the data and plots.

Maturity study results showed that HVFA concrete takes longer to hydrate in turn
gaining compressive strength at a slower rate. Results showed that 70% HVFAC would
take roughly 6 times longer to gain compressive strength than the conventional mix.
Bridge A7957’s specified target compressive strength was 3,000 psi (20.7 MPa) for 50%
HVFAC. If 70% HVFA concrete had been used, over 25 days would have to pass before
70% HVFA reached the target strength, whereas 50% HVFA gains adequate compressive
strength by day 4. In applications where time is a factor, it is not recommended to replace

cement by fly ash with a percentage larger than 50%.

The maturity method also gave an indication about placing concrete in a variety
of temperatures. As the temperature increased, the time to specific compressive strengths
decreased. As the fly ash content increased the temperature during hydration was
reduced. Again, 70% HVFAC is not recommended in application where early strength
gain is necessary due to the delay in strength gain. Replacement levels of 35% to 60%
perform similar between 65°F (18°C) and 95°F (35°C). Flash set is a concern when

placing conventional concrete in temperatures above 80°F (27°C).

5.1.6. Abrasion Resistance (ASTM C944-12)

During Phase I, there was a correlation between compressive strength and mass
loss. There was also a correlation between age and mass loss because the specimens
gained compressive strength as they aged. As the specimens aged and gained
compressive strength, the mass loss decreased. The optimum replacement level was 50%.
There was a decreased mass loss up to 50% and a decrease beyond 50%. By 56 days,
70% HVFAC performed better than the conventional at 28 days, and by 90 days, 70%
HVFAC performed similar to the conventional at 90 days and beyond. 35% and 50%
HVFAC outperformed the conventional concrete at all ages. A significant decrease in

mass loss was consistently seen up to 120 days of age at all levels of fly ash replacement.
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In Phase II, compressive strength leveled out in all mixes prior to the first testing
age of 14 days. However, the resistance to wear continued to increase at 28 days showing
the bonds in the concrete were still increasing although the strength gain showed a
reduction instead of increasing. Phase II specimens incurred issues with the surface layer
being soft (high mass loss of the first trials). Standard deviation was above the allotted
deviation set forth by ASTM C994-12. To compare results effectively, the first trial was
omitted for Phase I and Phase I1. By omitting trial one, all standard deviations and
coefficients of variance fell within the acceptable range. No correlation between
percentage of fly ash and mass loss was found during Phase II. Specimens cured at 100°F
(37.8°C) performed best of phase II specimens, while specimens cured at the other two
temperatures varied in performance. All specimens in Phase II performed worse than

their Phase I counterparts.

5.1.7. Freeze-Thaw Resistance (ASTM C666-03 A)

No admixtures were used in this study. All specimens performed poorly in terms
of durability factor (DF) during freeze-thaw testing as expected from the lack of air-
entrainment. A slight increase in DF was seen with an increase in age and compressive
strength. The compressive strength affected the conventional mix much greater than the
HVFAC mixes. Replacement up to 50% showed an increase in DF until 120 days where
conventional concrete shot past HVFAC mixes. At rates above 50%, a steep decrease in
DF occurred. The 70% HVFAC performed the worst not showing a DF (<10) until 120
days. By 120 days, 60% HVFAC outperformed the conventional concrete at 28 days.
Beginning at 28 days, the 35% and 50% HVFAC performed greater than the conventional
concrete. Standard deviations of data met requirements set forth by ASTM C666-03

Procedure A.

Overall, between 28 and 56 days in ages, for the 35 and 50% HVFAC, there was a
significant increase in DF prior to leveling off between 56 and 90 days. Fly ash levels
greater than 50% showed similar results at each age of testing until 120 days where a

significant increase occurred. DF for the conventional concrete increased up to 120 days.

Phase II specimens performed worse than Phase I. Data for this phase rarely fell

within the acceptable range of standard deviation. Many Phase II specimens failed before
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completing one set of 36 freeze-thaw cycles. However, these specimens did not
necessarily fail due to falling below 60% initial relative dynamic modulus (RDM) rather
they failed due to insubstantial surface area required for testing. A majority of Phase II
specimens did not improve in terms of DF from 14 to 28 days. Lack of improvement
could be caused from the lack of compressive strength gain during this period. During
Phase II, 70% HVFAC never achieved a DF. 160°F curing temperature proved to be
detrimental to all Phase II specimens. Phase II 14-day conventional concrete cured at
100°F (37.8°C) and 130°F (54.4°C) outperformed Phase I specimens at 28, 56, and 90
days. Phase 11 50% HVFAC specimens cured at 100°F (37.8°C) performed better than the
other Phase II samples at all ages. Curing temperature affected HVFA concrete greater

than conventional concrete.

5.1.8. Chloride lon Penetration (ASTM C1152-04)
Previous research showed that incorporating fly ash into the concrete mixture
helped it become less permeable. The fly ash reacts with the CH to form denser hydration

products. Fly ash also bonds to the chloride ions to combat penetration.

In both phases, the percentage of Cl content decreased as the depth increased. In
Phase I, HVFAC mixes up to 60% performed similar if not better than the conventional
mix beginning at 28 days. There seemed to be no correlation between age and
permeability within the HVFAC mixes. However, as the conventional concrete aged the
permeability decreased. The original chloride content decreased as the percentage of fly
ash increased. Between ages of 28 and 120 days, each mix performed similar to itself at

each location.

Upon inspection of Phase II specimens, the curing process left a porous structure.
There was an increase in permeability from conventional concrete to 35% HVFAC.
Above 35% HVFAC, the results remained very similar. The curing temperature and age
(14 to 28 days) did not play a role in the percentage of Cl content. At both ages and all
three temperatures, Phase II specimens consistently fall in the high risk zone (>0.14%
Cl). Phase I 28-day conventional concrete showed lower permeability than Phase 11

specimens.
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5.2. RECOMMENDATIONS

In reference to amending to the American Society for Testing and Materials

(ASTM) test method, the followings modifications may be considered.

In applications where structures will not undergo service conditioning for longer
than 28 days, HVFAC is a suitable alternative to concretes without Class C fly
ash replacement.

Based on all results the maximum recommended replacement level is 50%.

In terms of compressive strength, MOE, abrasion and freeze-thaw, the optimum
replacement level was 50%.

When considering chloride penetration, 50% performed similar to all the other

replacement levels.

5.2.1. Phase |

When determining target compressive strength and modulus of elasticity, 56-day

testing should be considered for HVFAC. The following recommendations should be

considered:

By 56 days, HVFAC performs similarly, if not better than conventional concrete.
HVFAC mixes gained more strength between 28 and 56 days than conventional

concrete.

Beyond 56 days, the rate of compressive strength gain decreased.

When considering durability aspects, the results varied depending on the

characteristic considered. The following aspects are to be taken into account:

For abrasion resistance, 28 days is an adequate age to test HVFA concrete based
on comparisons to the conventional mix. Both of these tests (abrasion and Freeze
&Thaw) showed improved performance with the inclusion of fly ash up to 50% at
28 days although not significantly. These properties are partially reliant on the
compressive strength whereas HVFAC approaches similar compressive strength
to conventional concrete at 56 days. As the percent fly ash increases the effect of

compressive strength decreases.
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Although 28-day abrasion resistance is adequate for HVFA concrete, it is
recommended to use the resistance tested at 120 days of age. Concrete at all fly

ash replacement levels showed a significant decrease in mass up to 120 days.

When considering freeze-thaw resistance, consider the following

recommendations:

The recommended age of testing is 56 days for a 50% fly ash replacement level.
Above 50% fly ash replacement, it is necessary to wait 120 days until exposing
HVFAC to freeze-thaw conditions. The conventional concrete consistently
showed an increasing DF between 28 and 120 days of age.

Chloride permeability by the rapid chloride test (RCT) showed scattered results.
Beyond 28 days, results are unclear.

There is little correlation between age and permeability. HVFAC performs similar
to the conventional from 28 days on. When each HVFAC mixture’s performance
was evaluated individually, they performed similarly from 28 days to 120 days of

age.

5.2.2. Phase Il

The following recommendations were suggested:

HVFA concrete should not be cured at temperatures greater than 100°F (37.8°C)
and low relative humidity. High temperatures and low relative humidity are
detrimental, in terms of mechanical and durability properties, to concrete and
significantly affect HVFAC.

Curing conventional concrete at high temperatures may cause flash or false set.
Durability properties and later age strength may suffer as well.

Future testing should explore curing HVFA concrete around 100°F (37.8°C) with

high relative humidity so hydration continues.
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5.3. FUTURE WORK

e Future work should focus on lowering the cement content and adjusting the mix
constituents based on keeping a constant slump of 5 in.

e A 70% HVFAC replacement could be considered if admixtures are added to the
mix design. Otherwise, 70% HVFAC mixtures should be omitted based on the
results found in this study.

e Future studies should include investigation on the reliability of the maturity
method in the field. From lab testing, the maturity method showed general
expected trends found in the literature review.

e Future research should include verifying the estimation of concrete compressive

strength at different temperatures.



APPENDIX A - COMPRESSIVE STRENGTH AND MOE
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Table A.1: Compressive Strength and MOE. (a) Conventional Concrete; (b) Conventional
Concrete Cured at 100°F (37.8°C)

Conversion 1,000 psi = 6.985 MPa

Mix 1D: cC
Avg. Fc Avg. MOE [ACI MOE
Age (days) [Fc (psi) |(psi) MOE (ksi) l{psi} (ksi)
4675 4950
3 4633 4623 4500] 4925 3875
4560
5954 5200
7 5754] 5822 5250 5225 43492
5748
6531 5700
14 6B16| 6674 5550 5625 46564
7235 5300
7267 5500
28 T333] 7245 T=eg| 5450 4852
5450
7618 £150
7577 6300
56 2e3e| 7577 ea5p| 6213 5159
£150
8011 7100
50 BOBG| BOBD 7050 7075 5557
8144
BD37 7100
120 g374| 8257 7100 7100 5524
8361
(a)
Mix 1D: CCT100
Avg. Fc Avg. MOE [ACI MOE
Age (days) |Pc(psi) [(psi) MOE (ksi) |(ksi) (ksi)
5002
2 5350| 5259
5424
5416 2600
5610 2300
3 5428 5485 Siso| 3788 4221
5100
5519 4550
7 5985 5754 4550| 4550 4324
6570 5500
6328 5450
14 5305 0408 95| 5188 4563
4850
6300 5600
28 6620| 6477 5600 5600 4587
6511
(b)



(54.4C); (b) Conventional Concrete Cured at 160°F (71.1°C)

Conversion 1,000 psi = 6.985 MPa

Mix ID: CCT130
Avg. e Avg. MOE |ACI MOE
|Age (days) e {psl) |[{psi) MOE (ksi) |(ksi) (ksi)
5247
2 4709 5001
5048
5343 5000
3 5307 5373 5000 5000 4178
5469
5417 4250
5843 4200
7 5647 5745 2850 4538 4320
4850
6198 5250
5900 5150
14 915 5908 3550 4850 4381
4450
| 6229 5100
28 G454 6487 5150 2125 4591
6779
()
hise T CCTi1RN
Avg, fc Avg. MOE |ACI MOE
Age (days) fe {psl) |(psl) MOE (ksi) |(ksi) (ksi}
4886
2 5269 4964
4737
5108 4100
3 - 5239 40501 4075 | 4126
5369
5537 4650
7 4927 5232 4650 4650 4123
5459 5150
5679 5150
14 =007 5382 4350 4738 4182
4300
5254 4800
2B 6123 5704 4950 4875 4305
5734
(b)
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Table A.2: Compressive Strength and MOE. Conventional Concrete Cured at 130°F
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Table A.3: Compressive Strength and MOE. (a) 35% HVFA Concrete; (b) 35% HVFA

Cured at 100°F (37.8°C)

Conversion 1,000 psi = 6.985 MPa

Mix ID: 35% HVFA
Avg. MOE  [ACI MOE
|Age (days) |f'c (psi) Avg. fo (psl) [MOE (ksi)  |{ksi) {ksi)
3001 48350
2833 4500
3 3156 3010 P 4633 3127
4350
4432 5150
4510 5150
7 5004 4549 5150 3886
5335 4400
5798 4350
14 5567 4850 4533 4253
5100
6363 5550
5877 5600
28 8120 450 2563 4459
5650
B263 6250
8344 6100
56 7935 8181 <500 6050 5155
5950
8205 6000
90 B2591 8264 6150 6075 5182
8295
8205 &700
120 H416 8267 7150 6925 5183
#8179
(a)
Mix 1D 35T100
Avg. MOE ACI MOE
Age (days) |Fe (psi) Awag. Fe (psi) [MOE (ksl)  |(psi) (ksi)
4080
2 4176 4064
3937
4567 4350
3 4827 4743 4200 4250 3926
aB36 4200
5004
5 2547 4073
5188 5300
7 517 5254 5300 5300 4132
5583 5650
5700 5600
14 tEo7 5597 £300 5463 4264
5300
5742 4750
5856 4750
28 £755 5799 5750 5238 4341
5700
(b}



C-120

Table A.4: Compressive Strength and MOE. (a) 35% HVFA Cured at 130F (54.4C); (b)
35% HVFA Cured at 160°F (71.1°C)

Mix ID: 35T130
Avg. MOE  |ACI MOE
age Fe (psi) Avg. Fe (psi) [MOE (ksi) | (ksi) (ksi)
2180|
2 4082 4133
4138
2721 5300]
3 4796 4759 3230 oz 3932
%7
5 A7 4726
5043 2550
4771 2650
7 S a1 4650 4006
4737 5150
4065 5150
14 aos3 4905 5150 3992
5005 5500
5378 5600
28 5069 5151 5550 4091
(a)
Mix 1D 35T160
Avg MOE  |ACI MOE
A Pe(psl) _ |Ava. e (psi) MOE (ksi) |(ksi) (ksi)
a6z
2 4575 4553
4463
4549 4450
3 4630] 4683 4500 4475 3901
4770
4697
5 47701 4595
517
7 a750| 4669 3895
4939
4648 suuu!
14 4939] 4542 4900} 4913 3966
4939 4900
2850
5228 5150
4503 5150
25 4008
% ao10] 1944 4900] -0
2900

(b)

Conversion 1,000 psi = 6.985 MPa



Cured at 100°F (37.8°C)

Mix ID: 50% HVFA
Avg. MOE ACI MOE
Age (days) [fc {psi) fAvg. f'c (psi) [MOE (ksi) {ksi} tkesl)
3392 4050
3 3413 3403 2050 4050 3325
4721 5150
4927 5100
7 4824 5000 5063 3959
5000
6479 5250
© 6334 5250
14 E6RE 6499 £550 5250 4595
5150
F500 G000
7315 SBOOD
28 7408 5950 5913 4906
5900
8322 5850
56 8425 Ba59 6050 G000 5242
8630
8805 6050
a0 8534 gea? 6150 6100 5307
8662 6100
8729 5950
8758 5950
120 G665 8717 6200 6038 5322
6050
(a)
Mix 1D 50T100
Avg. MOE ACI MOE
Age (daye) |Ffe (psi) Avg. Pe (pel) |MOE (ksi) {kgi) (legi)
3146
2 3181 3443 33445937
4002
4179 4300
3 3982 4054 4300 4300 3629
4002
4235 5450
4841 5400
7 4733 4787 £350 5375 3944
5300
4975 4950
5003 4950
14 3931 4970 5150 5050 4018
5150
4204 5650
28 103 5103 5350 5500 4072
(b)

Conversion 1,000 psi = 6.985 MPa
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Table A.5: Compressive Strength and MOE. (a) 50% HVFA Concrete; (b) 50% HVFA
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Table A.6: Compressive Strength and MOE. (a) 50% HVFA Cured at 130°F (54.4°C);
(b) 50% HVFA Cured at 160°F (71.1°C)

Conversion 1,000 psi = 6.985 MPa

Mix ID: 50T130
Avg. MOE  |ACI MOE
Age (days) |c (psi) Avg. f'c (psi) |[MOE (ksi) (ksi) {ksi)
2603
2 3732 3682 3459
3710
3932 4900
3 3988 4110 4900 4900 3654
4411
3940 43900
7 4177 4103 4900 4900 3651
4103
4464 5000
4755 5000
14 2351 4523 3800 4500 3834
4800
4228 4650
28 2669 4669 3700 4675 3895
(a)
Mix ID: 50Tie0
Avg. MOE ACI MOE
Age (days) |P'c (psi) Avg. f'c (psi) |MOE (ksi) {ksi) {ksi}
3975
2 3465 3723 3478
3728
3844 25600
4120 2450
3 3958 3997 2500 3513 3604
4500
4049 4250
4055 4250
7 4031 4045 3950 4100 3625
3950
3847 4200
3874 4150
14 2119 4122 3350 4213 3660
4125 4250
4045 3450
4 3660
28 2500 4122.5 3450
(b)
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Table A.7: Compressive Strength and MOE. (a) 60% HVFA Concrete (b) 60% HVFA
Cured at 100°F (37.8°C)

Conversion 1,000 psi = 6.985 MPa

Mix ID: 60%: HVFA
Avg. MOE  [ACI MOE
Age f'c (psi) Avg. Fc (psi) |MOE (ksi) |(ksi) {ksl)
2111 1100
3 Si7al 2143 Ti00] 1100 2638
3678 4650
7 Se3g| 3658 aso0| 4575 3447
4583 5300
4737 5250
14 Zac0] | 9722 Ticg| 5275 3917
5200
6074 5550
6159 5550
28 6117 Teeg| 5550 4458
5650
7710 6000
56 7464] 7673 5800| 5900 4993
7844
7537 5900
90 7866] 7988 5900 5900 5094
8100
7802 5950
120 §525| 8166 5500 5925 5151
8172
(a)
Mix 1D: 60T 100
Avg. MOE  |ACI MOE
Age f'c (psi) Avg. f'c (psi) IMOE (ksi) |(ksi) (lesi)
2284
2 2420 2378
2430
2925 4050
3 3156| 3012 4150 3783 3128
2955 3150
3616
5 3708 3412
3665 3950
3586 2900
7 373 3508 Segg| 3963 3376
2750
4062 4450
18 3443 3831 4450 4450 3528
3987
3979 5700
28 3633 3802 5600 5650 3515
3794
(b)
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Table A.8: Compressive Strength and MOE. (a) 60% HVFA Cured at 130°F (54.4°C);
(b) 60% HVFA Cured at 160°F (71.1°C)

Conversion 1,000 psi = 6.985 MPa

Mix ID: 60T130
Avg. MOE  |ACI MOE
Age f'c (psl) Avg. f'c (psi) |MOE (ksi) |(ksi) {ks!)
3212/
2 3012] 3178
3309
3803 4550
3 3722] 3741 4650 4600 3486
3699
3943
5 | 3780
3740 2600
7 S7e| 3748 Sioo] 2859 3489
3658 4750
3708 4650
18 57 2ao0] 4538 3457
4350
3728 4650
3297 4600
28 Secq| 3560 +3t0] 4513 3401
4450
(a)
Mix ID: 60T160
Bvg. MOE  |ACI MOE
Age f'c (psl) Avg. e (psi) |[MOE (ksi)  |(ksi) (ksi)
2890
2 2808| 2891
2976
27€7] 3850
2827 3800
3 5557 2857 ool | 4013 3047
4200
28C1
5 e 2772
28322 4050
7 2667| 2720 3850] 3950 2973
2652
2847 4000
18 2971 2975 3900| 3950 3109
31c8
2945 4100
28 2925| 2864 4100] 4150 3051
2723 4250
(b)
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Table B.1: Mass Loss (g) Results- 35% HVFA Concrete (Phase I)

Mix ID: 208 35%
10-Jan|Trial 1 Mass loss |Trial 2 Mass loss [Trial 3 Mass loss |Avg. loss Stdv CoV
W, 12794.3 - 12781.7 12768.8 =
W, 127903 40 127772 45| 12764.0 4.8 a4 0.404
W, 12785.7 46| 127729 4.3] 127801 35 43 0.351 3.83
W, 127817 £0| 127688 41| 12755.8 43 4.1 0.153 3.17
Total 128 0.15/G0OD
Mix ID: 56d 35%
7-Feb[Trial1  [Massloss [Trial2  [Massloss [Trial3  [Massloss [Avg.loss | Stdv | Cov
W, 127616 127509 127399 - [
W, 12759.0 16| 127481 28| 12736.8 31 28 0.252
W, 12754.3 ¢2| 127438 43| 127327 4.1 4.2 0.100 38.8
W, 12750.9 39| 127399 39| 127291 36 is 0.173 10.
Total 10.8 0.70|NO GODOD
Mix ID: 90d 35%
13-Mar|Trial 1 |Mass loss [Trial2  |Mass loss |Trial 3 |Mass loss [Avg. loss Stdv CoV
W, 13299.8 - 132935 - 13284.5
W, 13297.1 17| 132895 4.0 132814 3.1 3 0.666
W, 132951 20| 13286.7 2.8| 13279.0 24 24 0.400 30.59
W, 132935 16| 132845 22| 13277.0| 2.0 19 0.306 2154
Total 7.6 0.68 GOOD
Mix ID: 120d 35%
12-Apr|Triall  |Massloss (Trial2  |Massloss |Trial3  |Mass loss |Avg. loss Stdv CoV
W, 12907.7 - 12903.1 - 12898.5 -
W, 12905.9 18| 12901.8 13| 12397.0 1.5 15 0.252
W, 12904.2 17| 128999 19| 12895.2 18 18 0.100 16.00]
W,y 12903.1 11| 128985 1.4| 12894.0 1.2 1.2 0.153 37.36
Total 4.6 0.28|NO GOOD
Average Mass loss Including Layer 1
Age 28 56 80 120 | Average Stdv Average CoV
12.8 10.8 7.6 4.6 0.59] 18.83|<36%
Not Including Layer 1
Average Stdv Average CoV
0.48] 15.28{<36%
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Table B.2: Mass Loss (g) Results-50% HVFA Concrete (Phase I)

Mix ID: 28d 50%
31-Jan|Trial 1 Mass loss |Trial 2 Mass loss [Trial 3 Mass loss | Avg Loss Stdv CoV
W, 126714 11659.3 12647.8 -
W, 12667.7 3.7| 126553 4.0 12642.2 5.6 4.4 1.021
Wy 12664.1 3.6| 126517 3.6 12638.0 4.2 3.8 0.346 15.38
W, 12659.3 48| 126478 3.9) 12634.8 32 40| 0.802 -4.29
Total Mass Loss 12.2 0.33|GoOD
Mix 1D: 56d 50%
27-Feb|Trial 1 Mass loss |Trial 2 Mass loss [Trial 3 Mass loss | Avg Loss | Stdv CoV
IW. 133535 - 13346.7 13339.7 -
W, 13351.7 1.8) 133442 2.5| 133375 2.2 2.2 0.351
W, 13348.8 29| 133417 2.5 133351 2.4 2.6 0.265 1&13‘
W, 13346.7 1] 133397 20| 133331 2, 2.0 0.058 24.45]
Total Mass Loss 6.8 0.30|cooD |
Mix ID: 90d 50%
2-Apr|Trial 1 Mass loss |Trial 2 Mass loss |Trial 3 Mass loss | Avg Loss | Stdv CoV
W, 13090.3 . 13084.7 13079.2 - .
W, 13087.9 2.4 13082.5 2.2 13076.7 25 2.4 0.153
W, 13086.4 1.5 13080.8 1.7] 13075.0] 17 1.6 0.115 36.67
Wy 13084.7 1.7] 13079.2 1.6| 130735 1.5 1.6 0.100 2.06
Total Mass Loss 5.6 0.43|NO GOOD
Mix 1D: 120d 50%
2-May|Trial 1 Mass loss |Trial 2 Mass loss |Trial 3 IMass loss | Avg Loss Stdv CoV
W, 135145 13509.9 13505.0} .
W, 13512.9 1.6| 13508.3 1.6 135038 1.2 15 0.231
W 13511.5 14| 13506.3 2.0] 13502.4 14 1.6 0.346 B.70/
Wy 13509.9 1.6 13505.0 1.3| 135013 1.1 13 0.252 18.18
Total Mass Loss 4.4 0.13|GOOD
Average Mass loss | Including Layer 1
Age 28 56 90 120| Average Stdv Average CoV
12.2 6.8 5.6 4.4] 0.30] 14.92}<36%
Not Including Layer 1
Average Stdv Average CoV
0.29] 10.10]<36%




Table B.3: Mass Loss (g) Results-60% HVFA Concrete (Phase I)

C-128

Mix 1D: 120d 60%
Trial 1 Mass loss |Trial 2 Mass loss |Trial 3 Mass loss | Avg Loss Stdv CoV
W, 12187.0 12173.0 B 121589 » ¥
Wy 121816 541 121678 5.2 121536 5.3] 5.3 0.100
W, 121778 3.8] 121635 43| 1214595 4.1 4.1 0.252 26.33
W, 12173.0 4.8 121589 4.6 121448 4.7 4.7 0.100 14.45
Total Mass Loss 14,1 0.62|GO0D
Mix 1D: 120d 60%
Trial 1 Mass loss |Trial 2 Mass loss |Trial 3 Mass loss | Avg Loss Stdv CoV
W, 129176 - 12906.3 - 12894.4 - -
W, 129154 2.2] 129021 42| 128917 2.7 3.04 1.041
W, 129118 36| 128982 39| 128882 35 7 0.208 18.91
Wy 12906.3 55| 128944 38| 128834 4.8) 4.7 0.854 24.70
Total Mass Loss| 11.4]  0.84[GO0OD
Mix 10: 120d 60%
Trial 1 Mass loss |Trlal 2 Mass loss [Trial 3 Mass loss | Avg Loss | Stdv CoV
W, 136194 - 13610.3 - 13600.0
Wy 13616.1 3.3| 136065 3.B| 13596.2 3.8 36 0.289
W, 136134 2.7 136039 2.6| 13594.1 2.1 2.5 0.321 318.25
Wy 136103 3.1| 136000 39| 135910 1 14 0.462 310.86
Total Mass Loss 9.5 0.61|NO GOOD|
Mix 1D: 120d 60%
Trial 1 Mass loss |Trial 2 Mass loss |Trial 3 Mass loss | Avg Loss Stdv CoV
W, 128843 - 12876.1 - 128679 - .
W, 128809 34 128725 36| 12E648 31 34 0.252
W, 128783 26| 128696 29| 12862.4 1.4' 1.6 0.252 24.44
W, 12876.1 2.1 128679 1.7] 128595 2.5I 2.3 0.603 14.97
Total Mass Loss| 8.3 0.56|GOOD
Average Mass loss Including Layer 1
28 56 90 120 Average Stdv Average CoV
14.1 114 9.5 8.3 0.59] 18.83|<36%
Not Including Layer 1
Average Stdv Average CoV/
0.48] 15.28]<36%




Table B.4: Mass Loss (g) Results — Conventional Concrete (Phase II)

Mix ID;: 14d OCT-100
Trial 1 |Madsbadd |Trial?  |Massboss [Triald  [Maisloss | Avgloss | Stdv CaV
W, 136716 13650.5 . 136311 .
W, 136656 7.0 136441 4| 136249 7.2 63| 04
W, 13655.4 10.2| 13638.0 B1| 136176 2.3 75 210 13,57
Wy 13650.5 A8 138321 5.9 136123 SJI 5.4 0,503 12.78]
Toral Mats Loss | 0.1 1.26(ND GOOD |
Wiln i0: 28d CET-100
Trial 1 Misd loss [Telal 2 Mass boss [ Trial 3 Mass loss §| AvE Loss Stdv CoV
W, 134317 134042 - 13377.0 -
W, 13413 & 103] 13387.3 170 133581 185 120 95
W, 13408.4 §3| a1 51| 133531 s.cl 53] 0100  113.69)
W, 134042 a1 133770 53] 133478 53] 43| om0 4.8
Total Mass Loss| 15.0] 7.53|N0 GOOO |
Min 10 14d CCT-130
[Tl 4 [Massioss [Triai2  [Massfoss [Triald  [Massioss | Avgloss | Swiv oV
W, 140076 139767 135517 -
W, 130082 14.0] 13968 8 79| 1194432 14.2 120 2581
L 13584.2 9.4 138605 A3 135300 15 B4 0.954 25,56
W, 139767 75| 135807 AB| 135018 8.2 B2 0,651 182
Total Mass Loss 18.6 .17 | G000
Mix 10 260 CCT-130
Trial 1 Mass boss [Trial 2 |Mass boss [Trlal 3 Mass loss | Avg Lots Stdv Lol
W, 13485.1 - 13458.7 - 13426.7 . -
Wy 13465.5 156 19439.6 19.1] 13409.2 175 17.4 1751
L 134633 62| 134123 7.3 134024 LB} B8 0551 EB.00
Wy 134587 46| 134167 56| 13397.4 5.0 sa]  os03 .73
Tetal Mass Lass) 793 & 65|ND GOOD |
Wi 10 1 CCT-150
Triall  |Wsssloss [Trial2  [Mssabens [Trald  [mtassioss | Awglows |  Swdw oV
W 136316 - eS| . 135957 - -
W1 13635 4 119] 13807.3] 52| 135304 5.3 56| 31840
W 136135 5.2) 138007 56 115842 [ 78] D6 X
Wi 136115 5.5) 113957 60| 13578.0) 6.2} 59 0361 1899
Total Mass Less 178 1.78| eoop |
M (B 284 CCT-160
Trial 1 Maas bods |Trisl 3 Mians boss | Trial 3 Mass loss | Avg Loas Sedv oV
Wo 133007 - 13373.% - 132481 : L
w1 13285.1 17.6 13257.5 160 132323 15.94 165]  0.854
w2 132785 G2 132522 53] 132068 5.4 56| 0493 08,19
w3 137735 S.4[ 13248.1 41 133321 4. 47 08 17,36
Total hass Lass 165 655 ND GOOD
Auverage Mass boas ncluding Layer 1
Age 100 130 150 Average Stdy Average CoW
14 0.1 6 17.9| a23] 21 84[>36%
28| 280 28.2 16
Mgt Layer 1
Lwer pge Stdv [
Q Eﬁl <IHN
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Table B.5: Mass Loss (g) Results — 35% HVFA Concrete (Phase II)

Min D 144 35T-100

1-Feb|Trial 1 Mass loss [Trial 2 Matsboas [Trial3  [Mass loss [Awg. Loss | Stdv CaV
W, 133823 - 13349.7 - 13321.0 .
Wy 133607 11.6| 133339 158 13301.8 19.2 1R8] 2914
Wy 13354.6 6.1] 133245 9.4 132955 63 73 1,850 88,78
Wy 133497 49| 1313210 35| 132206 649 5.1 1,709 35,04
Tatal 31.2 TADING GOOD
P ID: 284 357-100
15-Feb|Trial 1 Mass lows [Trial 2 Mass boss |Trinl 3 [Mass loss [Avg Loss | Stdv CoV
W, 13158.9 - 131328 - 13105.4 .
Wy 131425 153 111187 135 130910 14.4 145 D.70%
W 131376 60| 131107 80] 130850 &0 (% FRLL T
[ws 13132.6) 50| 131054 53| 13080.8] a2 as] onseo]  n1es]
| Towl| 260]  %15{W0GOOO |
Wi 1D: 144 35T-130
t-FebfTriall  [Massloss [Triall  [Masloss [Teial 3 [Massloss [Awg. boss | Stdv CaV
W2 13565.1 - 135313 - 13495.2 -
Wy 135511 18.0] 135153 18.0] 134812 180 13, e kil
W, 13541.4 5.7 135078 15| 134732 B0 5.4 1.153 71173
Wy 13531.3 BA| 134592 B.6| 13465.8 &4 1.7 1.153 870
Total 34,1 5.76[NO GOOD
Mix ID: 2fd 35T-130
15-Feh|Trial 1 Mass logs (Trinl 2 Mlags logd | Trial 3 Mass loss | Avg. Loss Stlv CoV
W, 132509 . 13114.2) - 13178.2 .
Wy 13229.0 219 12150 23.2] 131561 Frh | 114 0.700
Wy 132188 102 131826 B.4] 131506 55 B0 137 B4.41
L 132142 a6| 131782 4] 131467 w.m— 4.3 0361 50.54

Tatal| 347 4.56|NO GOOD

Miim 10z 14d 35T-160

1Feb|Triall  |Massbom [Trisl2  |Massless |Trial3  [Massloss [Awe Loss | Stv CoV
We 120783 - ] 179975 -
Wi 13058 5 19.8] 130164 45 129752 113 222 2352
Wi 130511 7.4] 130072 92| 129652 10| g3l 13m 5.84)]
e 13040.5 10.2] 138975 9.7] 129534 ] B9l 1835 0.38]
Total 4p.0]  7.69(N0 GOOD |
Mix 10; 28 357160
15-Feb|Trial 1 Mass boss |Trial 2 Maid loss [Trial 3 Mass loss |Aug. Logs | Stdw CaV
Wa 13366.5 - 133324 - 13304.4 -
W1 13345.6 205 13319.0 13.8) 1328635 104 145 3564
w2 13337.8 2.7 13116 7.4] 13273.0] 8.5 78] G5B9 612
w3 13332 B| 51] 12304.4 7.4 132327 53 5.9 1.159 .13
Total 11 6.24[ND GODD
Average Mass loss Including Layer 1
AEE i 130 160 Average Stdv Awerage LoV
14 312 4.1 40.0] 5.25) 54.81[>36%
28 6.0 147 [TE]
{ Kot Including Layer 1
[avernpn sede Average CoV
I 139 1 51<38%




Table B.6: Mass Loss (g) Results — 50% HVFA Concrete (Phase II)

Mlin IO 18d SOT-100
Trial 1 |Mass boss [Trial 3 Mazs lasy | Trial 3 Mass loss | Avg Loss Stdw Cav
W, 137260 . 11658.0 13671.2 - -
Wy 13716.2 S8 1368%.1 B9 136629 B3 .0 0.755
W, 137063 93] 136798 93| 136535 5.4 gs| 03n 5.7
W, 136920 B3| 136712 BB 136454 B 83| o282 13,43
Tatal Mass Loss 16.4] oeoleooo |
i ID: 284 SOT-100
Trial 1 Mass loss |Trlal 2 Miass logs |Trial 3 Mass loss | Avg Loss Stdw Cav
W, 13040.1 . 130018 . 12964.1 " v
W, 13020.9 15.2| 113820 0B 119485 15.2) 18.4 B84
Wy 1300495 110 129704 11L4) 119a4.7 AT =l | 3.758 &8 19
Wy 13000 8 7| 129641 65| 129408 57 1.586 45.80|
Tetal Mass Loss| 311 £.60{N0 GOOD |
Mz ID: 144 50T-130
[Triall  |Masshoss [Thall  [Massloss [Triald  [Massloss | Avgloss |  Sudw Ca¥
W, 13285.0 - 131515 . 132248 - -
Wy 132735 115] 132422 103 137154 54 104 1054
Wy 13261.1 12.4] 132306 116 13202.4 130 133 0.702 17.01
Wiy 133525 Be| 131348 58| 13i95.1 73 7.2 1.401 5213
Total Mass Loss ana 2.57|NO GOOD |
Miw ID: 28d 50T-130
Trlal 1 Mass loss [Trlal 2 bbans loss [Trial 3 Mass loss | Avg Loss Stelw CoV
Wy 13583.6 13560,1 - 13537.8 . %
W, 135721 17.5| 135476 115 138327 15.1) 15.0) 2501
Wy 135653 58| 135418 L8] 135174 53 SE| 028 50,97
Wy 135641 62| 1537 ap| 135113 a1 a8 1242 16,67
Total Mass Loz | 154/ 5 E‘ﬂHD GOOD
Mo 1D B4 SOT-360
Trial1  [Massioss [Trisl2  [Musstois [Triald  [Massloss | Avgloss | Stiw CoV
[wa 138436 . 13804 1) 13563.0] = .
136303 133 l.ﬁl!.ll 141 135480 1504 182 0850
fwiz 138173 13.0] 139754| 140 135347 13.3] 124 0518 (X1
w3 13604.1 13.2] 13563.0( 116] 135227 120§ 127]  o0s2 5.61
Total Mass Loss| 403 a.73[6000
Min ID: 28d SOT-160
Trial 1 Mass lass [Telal 3 Mans losa |Trial 3 hass loss | Avg Loas Skedv Col
Wi 133083 . 13275.9 . 131366 - -
Wil 132848.1 20.2( 13 2_53.? 23,2 132155 21.1 15 1,538
[T}] 133825 6.6 132414 10.3) 13206.2 L] | BT 1,914 E4,45
w3 132769 5.6] 13236, 6.8 131993 x| sa]  o723] 3033
Total Mass Loss| 36.7 B11IND GOOD
Average Mass loss Including Layer 1
Ape ey 13U Ay Average Sudy Awcrage o
14 269 00 401 313 35.31[=36%
28 331 5.4 %)
Mot Inchuding Layer 1
Average Stdv Awerage CoW
1.14] 27.33]<36%
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Table B.7: Mass Loss (g) Results — 60% HVFA Concrete (Phase II)

Mix ID: 148d 6OT-100
Trial 1 Mass boss |Trial 2 Mass loss [Trial 3 Mass boss |AvE. Loss Stdv LoV
W 133124 - 131423 - 13269.7 -
Wy 13307.0 1540 132747 12.6) 132583 114 13.1 2053
Wy 132979 G410 1327349 58| 13251.00 13 7.4 1652 55.84
W, 13292 3 56| 132687 4.2| 132443 67 5.s| 1353 29.46
Total 260]  3.97[nDB0OD
Mix 1D 28d 60T-100
afeb[Triall  |Massloss [Trial?  [Masabows [Teial3  [Mass boss [Ave. Loss | Stdv CoV
W 13507.9 - 134438 - 134559 -
Wy 13454.2 13.7] 134672 16,6 134423 136 4.6 1704
W, 134B8.3 5.‘3! 134&0,0 7.2 134374 a9 6.0 1.153 £3.63
Wy 134&3.3] -1.5' 134558 4,1 134314 5.0 4.5 0.451 21.85
Taoital 15.1 5,46|N0 GO
Mix 10: 14d GAT-130
Triall  |Mass loss |Triak2 Mass boss |Trlal 3 Mess loss |AvE. Lass Stdv Co¥
W 130780 - 13039.3 - 130114 =
W, 13055.3) 227| 130278 115 129925 18.9 17.8] 5533
W, 13046.2 21| 130202 7.3| 12%54.10 8.4 g3 0907 73.15
Wy 150353 69) 130114 a8 129785 R Tl L1603 1513
Total 33.2 S.87|NO GOOD
i 1D 28d 6OT-130
4-Feb|Triall  |Miass loss |Trial2 Mazg boss [Trlal 3 Mass boss [Avg Loss | Stdv CaV
W, 13631 - 131567 13132.8 -
Wy 131EE.BI 14.3) 131447 12| 131186 13.2 13.2 1.150
W, 121615 73] 1x39.2 55 131145 51 5.0 1.172 75.26
Wy 13156.7 48| 131328 6.4 13110 4.5 5. 1.021 12.10
Total 24.4] 4.38{ND GOOD
Miw ID: 14d KOT-160
Trial 1 |Maas lass |Triak 2 Mass boss [Trlal 3 Mass boss (Aug. Lods | Stdv LoV
We 13485.0 . 134628 - 13438.1 -
Wi 13475.E g.2] 13450.7 131] 1347207 54 ga] 1947
W2 12460.1 7.7] 114448 59| 134731 66 5.7 0907 38.08)
w3 134E1.E 53] 134381 67| 13467 6.4 6.1 0737 933
Total 223 2o0z|noGoon
Mix ID; 28d BOT-160
4Feb|Triall  [Mazs loas [Trisi 2 Mass boss [Trlal 3 Mass bogs [Aug. Loss | Stdv LoV
W 13021.7 - 130032 12954.4 -
Wi 13013.3 B4] 170433 99| 12974.2 102 9.5 0964
W 1300%.1 4.2 1I%87.8 5.5 12969.7 4.5 4.7 B8 656.98]
W3 13003.7 5.0] 17584.4 3.4 129652 45 4.6 1253 286
Total 138.4] 2.79|ND Goon
Awverage Mass lass Ireluding Layer 1
Ape 1040 130 160 Average Stdv Average Cov
14 260 33.2 2.8 280 40 50]>36%
28 5.2 4.4 18.8
Mot Inehuding Layer 1
fverage Stohr Awerage CoV
1.07] 16.25]<36%
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Table B.8: Mass Loss (g) Results — 70% HVFA Concrete (Phase II)

i IOk 144 T0T-100
Trial 1 [Mass loss [Telal 2 |Mass loss (Telal 3 [Mags loss | Aug lass | Sedv Cov
W, 13283.7 133415 13300.2 -
W, 133703 13.4| 133283 13.2] 132871 131 132 0153
W, 13355.5 145 133142 141 133732 1350 142 0306 6.81
Wy 133415 143 133002 140 13259.4 13.s| 140 0252 0.95
Total Mass I.ussl 414 Q.50|G000D
Min IDv; 2Bd TOT-200
Trisl 1 |Massloss [Telal2  [Mass loss |Tolal 3 |Massioss | Awgloss | Stdv Loy
W, 132625 1300 - 11644 - .
W, 132338 29.1] 13184.0] 60| 131399 24.5] 255 1346
W= 13222.2| 16| 131753 B8 131285 11 106 1562 5582
w, 132100 122] 131684 10a] 11202 23]  1wa] 1378 158
| TotalMass loss]  47.8]  9.25|W0 GOOD |
Mis ID: 144 707-130
[reial 1 [Massloss [Trial2  [Mass loss [Tefal 3 [Maseioss | Avgloss | Sudw CaV
[w, 13257.2 13212.1 - 131659 -
w, 13241.56 15.6| 131872 150f 131530 154 155 0458
W, 13229.3 123| 13183.3 140f 131399 13.1 13.1 0850 16.53)
w, 132122 17.1) 13168.5{ 43| 131.3% 16.0 158 1411 11.13'
Total Mass Loss a44.4 1A6|GOOD I
“Mix IDv: 28d 70T-130
Trial 1 Mass lags | Trial bage loss |Trial 3 Mass lags | Awvg Loss Sudv CoV
W, 131234 130588 - 130050 -
L 130485.0 28.4( 130175 31.3) 115728 112 306 1806
W 13077.0 1B0| 130163 11.2] 125614 114 115 31ET0 77.43)
Wy 13058.8 18.2) 13005.0f 11.3) 119531 E3 12 &) 5076 ?-lll
Total Mass Loss 58]  10.5]N0 GOOD |
M ID: 144 T0T-160
Telal 1 [Massloss |Trial?  [Masibess [Teinl3  [Mtassloss | Avgloss | Sedw [T
wo 1eozs] - 12842 : 127780 - -
w1 118775 25.0] 120023 40.7] 127488) 33.4] 330] 7858
wi 118545 13.0] 12759.9] 12.3] 1273189 127 127 0.351 #9.13
wi 13842.% 11 6| 12774.0 11.8] 137247 1.2 13.6 7.343) b.EE
Tatal Mass Loss sa3]  1151woGooo
Mix Dt 38d 70T-160
Trial 1 Pass boss | Trial 2 Mass loss |Twind 3 Mass loss | Ave Loss Stdv ol
Wo 118773 - 120450 . 12812.7 * -
Wi 114663 110] 128339 11.1| 1280%.8| 5.4 10,6 0.723
w2 12853.3 13.0] 128217 12.2] 17o03] 126 1324 0,400 16,89
Wi 12B45.0 8.3] 128117 0.0 12780.8| 85 8.3 0,602 34.0B
Total Mass Loss ird 1.53|G0O0D
Aversge Mass loss Incheding Layer 1
Age i 130 1601 Average Stdv Average CoW
14 41.4 444 23.3 4.53] 30.14]<36%
8 415/ 568 323
Not Including Layer 1
Average Stew Awasage [aV
2.00] 11 50{<36%
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APPENDIX C - FREEZE-THAW



Table C.1: Durability Factor Precision for two or more Beams [Adapted from ASTM C666-03]

Table C.2: Results and Precision — Phase 1

Range of
Std. | Acceptable
Average
dev. Range
DF
O0to5 0.6 1.6
5to 10 1.1 3.1
10 to 20 4.2 11.8
20 to 30 59 16.7
30to 50 9.0 25.4
50to 70 10.8 30.6
70 to 80 8.2 23.1
80 to 90 4.0 11.3
90 to 95 1.5 4.2
Above 95 0.8 2.2

C-135

28 56 90 120

Mix |0 | b | A8 | sd | piff. | a | b |Ave DF| std |Diff.| a | b |V&|std| piff. | a | b | AV8 |sta]Diff.
No. DF DF DF

cC| 96 |101] 99 |04]| 05 | 73] 79| 76 | 04|06 |164] 11.1/13.8|3.8| 53 |33.4/299] 317 |2.5] 3.5
35 | 18.8 | 203 | 195 | 1.0 | 15 | 13.9| 159] 149 | 1.4 | 2.0 |21.5| 22.4/21.9] 0.6| 09 |18.4|11.0| 14.7 |5.2| 7.4
50 | 175 | 10.0| 13.7 | 53| 7.5 | 25| 23.2| 242 | 1.3 | 1.9 |22.8] 17.5/20.2| 3.7| 53 |15.5|26.1] 20.8 | 7.4|10.5
60 | 77 | 71| 74 |04| o5 | 87 87 | - | - | 87] 91/ 89|03| 04 |184[10.1] 142 |5.9] 83
70 | 00 | 00| 00 | - | 00 | 0ol 00 00 | - |00]| 00| 00loo| - | 00 |- | 74| 74 |- -




Table C.3: Results and Precision (Phase 1)

14day 28day

a | b |AvgDF| stdev [ Diff. | a | b |AvgDF| stdev |Diff.
CCT100] 19.9* 9.6 14.7 7.3 10.3 11.2 10.1 10.6 0.8 1.1
CCT130[ 21.5| 11.3 16.4 7.2 10.2 22.5 12.1 17.3 7.4 10.5
CCT160] 11.8 6.7 9.2 3.6 5.1 7.1 7.1 7.1 0.0 0.1
35T100| * * * - - * * * - -
35T130| * * * ] - * x * _ )
35T160| * * * - - * * x ) -
50T100( 18.1 | 33.5 25.8 10.9 154 104 8.6 9.5 13 1.8
507130 18.9 | 20.0 19.5 0.7 1.0 22.0 11.7 16.8 7.3 10.3
501160| 7.7 | 11.4* | 95 | 26 | 37 | 62 | 62 | 62 | 00 |00
60T100| 1.5*% | 1.1* 13 0.3 04 0.0 114 5.7 8.1 11.4
60T130| * * * - - 11.6 11.6 11.6 0.1 0.1
60T160 * * * _ _ * * * - -
70T100( * * * - - 0.0 10.6 * 7.5 10.6
70T130| * * * - - 11.7 * * - 11.7
70"’160 * * * _ _ * * * - -
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*Specimens failed due to falling below 60% RDM while other specimens failed from destruction of surface
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APPENDIX D - CHLORIDE CONTENT
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Figure D.1: Calibration Curves
Table D.1: Original Chloride Contents (%) -Phase I
CC 35 50 60 70
28 0.317 | 0.148 | 0.118 | 0.035 | 0.096
56 0.174 | 0.124 | 0.134 | 0.035 | 0.030
90 0.144 | 0.153 | 0.138 | 0.064 | 0.111
120 0.125 | 0.163 | 0.122 | 0.112 | 0.077




Location

Location

C-139

Chloride Content (%)

0.000 0.100 0.200 0.300 0.400 0.500
28day
- = =56day
= - = 90day
Figure D.2: Conventional Concrete Chloride Profile (Phase I)
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Figure D.3: 35% HVFA Concrete Chloride Profile (Phase I)
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Figure D.5: 50% HVFA Concrete Chloride Profile (Phase I)
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Figure D.5:

60% HVFA Concrete Chloride Profile (Phase I)
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Figure D.6: 70% HVFA Concrete Chloride Profile (Phase I)



Table D.1: Original Chloride Contents (%) (Phase II)

14d 28d
CCT100 | 0.058 | 0.143
CCT130 | 0.067 | 0.164
CCT160 | 0.047 | 0.112
35T100 | 0.234 | 0.084
35T130 | 0.203 | 0.118
35T160 | 0.157 | 0.144
50T100 | 0.148 | 0.174
50T130 | 0.177 | 0.144
50T160 | 0.179 | 0.155
60T100 | 0.109 | 0.154
60T130 | 0.128 | 0.124
60T160 | 0.099 | 0.133
70T100 | 0.149 | 0.142
70T130 | 0.126 | 0.123
70T160 | 0.120 | 0.142
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Table D.2: Original RCT Results Conventional HVFA (Phase I)

Conventional
Age Location | Test Date | mV | % Cl
original 1-Jun -0.6 | 0.317
1 2-Jun -8.2 1 0.423
2 2-Jun 17.8 | 0.138
28 days
3 2-Jun | 24.2|0.105
4 2-Jun | 28.6 | 0.087
5 2-Jun | 30.6 | 0.080
original 2-Jun 12.510.174
1 24-Mar 8.3 0.225
2 24-Mar | 28.9 | 0.097
56 days
3 24-Mar | 70.6 | 0.018
4 24-Mar | 79.9 | 0.012
5 24-Mar | 85.2 | 0.010
original 1-Jun 18.1 | 0.144
1 29-May | 3.3 |0.262
2 29-May | 18.3 | 0.142
90 days
3 29-May | 26.3 | 0.102
4 29-May | 22.3 | 0.120
5 29-May | 21.0 | 0.127
original | 15-May | 23.8 | 0.125
1
2
120 days
3 N/A: Data Lost
4
5
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Table D.3: Original RCT Results 35% HVFA (Phase I)

35% HVFA
Age Location | Test Date | mV | % Cl
original | 19-May | 22.4 | 0.118
1 24-Mar | -11.7 | 0.400
2 24-Mar | 20.9 | 0.134
28 days
3 24-Mar | 53.4 | 0.035
4 24-Mar | 72.3 | 0.016
5 24-Mar | 29.9 | 0.093
original | 15-May | 24.0 | 0.124
1 19-May 7.7 0.215
2 19-May | 11.6 | 0.183
56 days
3 19-May | 24.5 | 0.108
4 19-May | 32.1 | 0.079
5 19-May | 15.3 | 0.158
original | 28-May | 15.7 | 0.153
1* 28-May | 25.0 | 0.104
2% 28-May | 27.4 | 0.094
90 days
3 28-May | 25.7 | 0.101
4 28-May | 19.4 | 0.131
5 28-May | 31.0 | 0.080
original | 19-May | 14.5| 0.163
1 28-May 0] 0.296
2 28-May | 18.6 | 0.135
120 days
3 28-May | 17.3]0.143
4 28-May | 23.5|0.110
5 28-May | 36.8 | 0.063

* Indicates samples less than the specified 1.5 g



Table D.4: Original RCT Results 50% HVFA (Phase I)

50% HVFA
Age Location Test Date | mV | % CI
original 19-May 16.8 | 0.148
1 29-May 17.3 | 0.148
28 days 2 29-May 22.2 | 0.121
3 29-May 243 | 0.111
4 29-May 26.5 | 0.101
5 29-May 28.5 | 0.093
original 15-May 222 0.134
1 24-Mar 8.3 1 0.225
56 days 2 1-Jun 23.8 | 0.114
3 1-Jun 18.7 | 0.141
4 1-Jun 24.8 | 0.109
5 1-Jun 33.9 1 0.074
original 28-May 18.6 | 0.138
1 19-May -0.2 | 0.297
90 days 2 19-May 12.6 | 0.176
3 19-May 17.7 | 0.143
4 19-May 13.6 | 0.169
5 19-May 35.5 | 0.069
original 19-May 23.6 | 0.112
1 29-May 5.8 0.236
120 2 29-May 12.2 ] 0.182
days 3 29-May 16.4 | 0.153
4 29-May 18.2 | 0.142
5 29-May 18.4 | 0.141
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Table D.5: Original RCT Results 60% HVFA (Phase I)

60% HVFA
Age Location Test Date mV | % Cl
original 15-May 55.1| 0.035
1 19-May 18.4 | 0.139
28 days 2 19-May 34.0 | 0.073
3 19-May 30.8 | 0.083
4 19-May 32.0 | 0.079
5 19-May 48.8 | 0.040
original 24-Mar 53.8 | 0.035
1 29-May 0.4 | 0.295
56 days 2 29-May 9.4 0.204
3 29-May 15.1 | 0.161
4 29-May 13.3 | 0.174
5 15-May 27.0 | 0.110
original 19-May 37.3 | 0.064
1 28-May 2531 0.105
90 days 2 28-May 51.3 | 0.036
3 28-May 44.3 | 0.048
4 28-May 37.3 | 0.064
5 28-May 48.4 | 0.041
original 19-May 21.6 | 0.122
1* 1-Jun 14.1 | 0.165
120 2 1-Jun 16.6 | 0.149
days 3 1-Jun 22.0 | 0.120
4 1-Jun 15.2 | 0.158
5 1-Jun 19.0 | 0.135

* Indicates samples less than the specified 1.5 g
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Table D.5: Original RCT Results 70% HVFA (Phase I)

70% HVFA
Age Location Test Date mV | % Cl
original 19-May 27.4 | 0.096
1* 1-Jun 8.4 0.217
28 days 2 2-Jun 21.3 | 0.131
3* 29-May 19.4 | 0.135
4 2-Jun 29.3 | 0.094
5 2-Jun 30.4 | 0.090
original 24-Mar 57.6 | 0.030
1* 28-May 13.2 | 0.172
56 days 2 28-May 18.6 | 0.138
3* 28-May 17.1 | 0.146
4% 28-May 57.3 | 0.028
5 28-May 38.1 | 0.062
original 19-May 239 | 0.111
1 22-May 4.7 | 0.239
90 days 2 22-May 16.0 | 0.150
3 22-May 13.0 | 0.170
4 22-May 21.5 | 0.120
5 22-May 24.7 | 0.105
original 19-May 329 | 0.077
1 1-Jun -9.2 | 0.455
120 2 1-Jun 3.5 0.267
days 3 15-May 11.3 | 0.209
4 1-Jun 13.8 | 0.173
5 1-Jun 18.6 | 0.141

* Indicates samples less than the specified 1.5 g
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Table D.6: Conventional Concrete RCT Data (Phase II)

C-148

CCT-100 CCT-130 CCT-160
Test Test Test

Age | Loc Date mV | % Cl Age | Loc. Date mV | %Cl Age | Loc. Date mV | % Cl
Orig. | 24-Mar | 41.4| 0.058 Orig. | 24-Mar | 37.8 | 0.067 Orig. | 24-Mar | 46.5 | 0.047
1 29-May | -1.1| 0.314 1 1-Jun -6.8 | 0.411 1 28-May | 24.9 | 0.140
14 2 29-May | 11.1 | 0.190 14 2 1-Jun 5.1 0.249 14 2 22-May | 13.3|0.168
days 3 29-May | 20.1 | 0.132 days 3 1-Jun 213 ] 0.126 days 3 22-May | 23.0 | 0.113
4 29-May | 35.7 | 0.069 4 1-Jun 34.7 | 0.072 4 22-May | 35.6 | 0.067
5 29-May | 28.0 | 0.095 5 1-Jun 38.3 | 0.062 5 22-May | 39.6 | 0.057
Orig. | 15-May | 20.6 | 0.143 Orig. | 15-May | 17.2 | 0.164 Orig. | 15-May | 26.5|0.112
1 22-May 3.5 0.251 1* | 28-May | 4.5 | 0.245 1 28-May | -0.1 | 0.297
28 2 22-May 5.7 0.229 28 2 28-May | 5.3 | 0.237 28 2 28-May 1.7 1 0.276
days 3 22-May 8.3 | 0.206 days 3 28-May | 7.3 | 0.218 days 3 28-May 3.410.257
4 22-May | 11.6 | 0.180 4 28-May | 9.2 | 0.201 4 28-May 3.210.259
5 28-May | 17.5| 0.142 5 28-May | 18.2 | 0.138 5 28-May 7.410.217




Table D.7: 35% HVFA Concrete RCT Data (Phase II)
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35T-100 35T-130 35T-160
Test Test Test

Age | Loe Date mV | % Cl Age | Loe Date mV | % Cl Age | Loc Date mV | %Cl
Orig. | 15-May 8.6 | 0.234 Orig. | 15-May 12 | 0.203 Orig. | 15-May | 183 | 0.157
1 2-Jun 291 0.262 1 2-Jun 3.3 0.258 1 3-Jun 1.2 | 0.287
14 2 2-Jun 931 0.199 14 2 2-Jun 6.4 | 0.226 14 2 3-Jun 9.2 | 0.203
days 3 2-Jun 15.1 ] 0.155 days 3 2-Jun 14 | 0.163 days 3 3-Jun 10.2 | 0.195
4 2-Jun 19.0 | 0.131 4 2-Jun 17.5| 0.140 4 3-Jun 19.0| 0.133
5 2-Jun 20.0 | 0.126 5 2-Jun 18.7 | 0.133 5 3-Jun 20.1 | 0.127
Orig. | 19-May | 30.5 | 0.084 Orig. | 19-May | 224 | 0.118 Orig. | 19-May | 17.5| 0.144
1 1-Jun 0.7 | 0.300 1 1-Jun -2.6 | 0.345 1 1-Jun -2.0| 0.336
28 2 1-Jun 18.9 | 0.140 28 2 1-Jun 12.5| 0.183 28 2 1-Jun 17.3 | 0.149
days 3 1-Jun 22.2| 0.122 days 3 1-Jun 18.9 | 0.140 days 3 1-Jun 19.8 | 0.134
4 1-Jun 31.2 | 0.083 4 1-Jun 29.9 | 0.088 4 1-Jun 33.2 | 0.077
5 1-Jun 27.5 | 0.097 5 1-Jun 29.1 | 0.091 5 1-Jun 30.4 | 0.086




Table D.8: 50% HVFA Concrete RCT Data (Phase II)
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50T-100 50T-130 50T-160
Test Test

Age | Loc. Date . Age | Loc. Date v | o Age Loc. | Test Date v | o cl
Orig. | 29-May | 17.3 | 0.148 Orig. | 29-May | 12.8 | 0.177 Orig. 29-May | 12.6 | 0.179
1 22-May | 0.9 ] 0.279 1 19-May | 13.2 | 0.240 *1 28-May -8 1 0.414
14 2 22-May | 11.2| 0.183 14 2 19-May 57| 0.234 2 28-May 8.5 0.207
days 3 22-May | 21.2 | 0.121 days 3 19-May 6.3 | 0.228 14 days 3 2-Jun 9.810.195
4 22-May | 33.5| 0.073 4 19-May | 14.1 | 0.165 4 2-Jun 144 | 0.175
5 22-May | 10.3 | 0.190 5 19-May | 43.2 | 0.050 5 28-May | 16.7 | 0.147
Orig. | 29-May | 13.3 | 0.174 Orig. | 29-May | 17.9| 0.144 Orig. 29-May | 16.1 | 0.155
1 2-Jun -2.6 | 0.332 1 1-Jun 1.2 | 0.294 1 22-May | -5.8 | 0.367
28 2 2-Jun -0.7 | 0.306 28 2 1-Jun 59| 0.241 2 22-May 2.1 0.265
days 3 15-May | 10.8 | 0.214 days 3 15-May | 10.8 | 0.214 28 days 3 22-May 7.0 | 0.217
4 15-May | 8.4 | 0.236 4 15-May | 11.8 | 0.205 4 22-May | 10.8 | 0.186
5 2-Jun 11.3] 0.183 5 1-Jun 153 ] 0.162 5 22-May | 15.9| 0.151




Table D.9: 60% HVFA Concrete RCT Data (Phase II)
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60T-100 60T-130 60T-160
Test Test Test
Age | Loc. Age | Loc. Age | Loc.

Date mV | % Cl Date mV | %Cl Date mV | %Cl
Orig. | 15-May | 27.3 | 0.109 Orig. | 15-May | 233 | 0.128 Orig. | 15-May | 29.5| 0.099
1 3-Jun 03] 0.298 1 3-Jun -9.71 0.459 1 3-Jun -1.8 | 0.327
14 2 3-Jun 6.7 0.227 14 2 3-Jun 6.0 0.233 14 2 3-Jun 5.1 0.243
days 3 3-Jun 16.8 | 0.147 days 3 3-Jun 11.3 ] 0.186 days 3 3-Jun 7.3 0.221
4 3-Jun 21.2 | 0.121 4 3-Jun 18.5] 0.136 4 3-Jun 11.6 | 0.184
5 3-Jun 21.0 | 0.122 5 3-Jun 193 | 0.132 5 3-Jun 15.0 | 0.159
Orig. | 15-May | 18.8 | 0.154 Orig. | 15-May | 24.1 | 0.124 Orig. | 15-May | 224 | 0.133
1 2-Jun -5.5| 0376 1 2-Jun -5.8 | 0.381 1 2-Jun -6.4 | 0.391
28 2 2-Jun 7.7 0.213 28 2 2-Jun 4.6 | 0.244 28 2 2-Jun 6.2 0.227
days 3 2-Jun 16.7 | 0.145 days 3 2-Jun 11.6 | 0.180 days 3 2-Jun 82| 0.209
4 2-Jun 21.0 | 0.120 4 2-Jun 182 0.136 4 2-Jun 10.4 | 0.190
5 2-Jun 21.4 | 0.118 5 2-Jun 12.6 | 0.150 5 2-Jun 14.2 | 0.161
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Table D.10: 70% HVFA Concrete RCT Data (Phase II)

70T-100 70T-130 70T-160
Test Test Test

Age | Loc Date mV | % ClI Age | Loc. Date mV | % Cl Age | Loe. Date mV | %Cl
Orig. | 2-Jun 18.3 | 0.149 Orig. | 2-Jun 22.3 ] 0.126 Orig. | 2-Jun 23.4 | 0.120
1 19-May | 10.1 | 0.300 1 29-May | -4.2| 0.356 1 2-Jun 0.6 | 0.289

14 2 19-May | -0.4 | 0.300 14 2 29-May 9.0 0.207 14 2 15-May 17.4 | 0.163
days 3 19-May | 5.4 | 0.236 days 3 29-May | 12.8 | 0.177 days | 3 15-May 13.2 | 0.194
4 19-May | 11.9 | 0.181 4 29-May | 18.1 | 0.143 4 15-May 11.8 | 0.205

5 19-May | 12.0 | 0.180 5 29-May | 19.4| 0.135 5 15-May 9.0 0.230

Orig. | 2-Jun 19.5] 0.142 Orig. | 2-Jun 22.8 | 0.123 Orig. | 2-Jun 19.5] 0.142

1 22-May | -0.1 | 0.290 1 22-May 0.2 0.287 1 1-Jun -10.6 | 0.482

28 2 22-May 4.6 | 0.240 28 2 22-May | 10.3 | 0.190 28 2 1-Jun 84| 0217
days 3 22-May 6.3 | 0.223 days 3 22-May | 17.8 | 0.139 days | 3 1-Jun 10.5| 0.199
4 22-May | 18.9 | 0.133 4 22-May | 24.0 | 0.108 4 1-Jun 15.5] 0.161

5 22-May | 43.3 | 0.049 5 22-May | 34.8 | 0.069 5 1-Jun 21.0 | 0.128
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