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ABSTRACT
Concrete is the world’s most used construction material, and although it offers
some advantages over other building materials from an environmental perspective, its
negative impacts in this regard are of growing concern as its use increases. This research
investigated replacing 100 percent of the Portland cement and natural aggregates in
structural grade concrete with self-cementing fly ashes (by-products of coal fired power
plants) and pulverized glass (post-consumer glass from the container industry).
Researchers at Montana State University identified 95 fly ashes from a screening of over
491 U.S. power plants that are potentially capable of replacing 100 percent of the
Portland cement in conventional concrete. Samples were obtained for 15 of these ashes
from which fly ash/glass concretes were made to evaluate their performance. Of these 15
fly ashes, 8 produced concretes with 28-day compression strengths of at least 3,000 psi,
making these concretes potentially viable for standard construction applications. Two of
these five ashes (from Wyoming and Kansas) were then used in scaled up bulk mixes to
determine the mechanical properties (compressive and tensile strength, elastic modulus)
and durability (ASR, abrasion, chloride permeability) of these “green” concretes. They
exhibited satisfactory performance with some variances from the behavior of
conventional concretes, while maintaining controllable set times and adequate
workability. Reinforced concrete beams were further made with fly ash/glass concretes
produced with the Wyoming and Kansas ashes, and then tested alongside those made
with a previously studied Montana ash as well as with traditional Portland cement
concrete. Three different reinforcing schemes were used with each of the four concretes
to highlight separate failure mechanisms: yielding of the reinforcement, crushing of the
concrete, and concrete beam shear. The failure behaviors were generally the same for
elements with the same reinforcing scheme, independent of the concrete used. Some
differences were seen, however, in the ultimate capacities of the fly ash/glass and
traditional beams. Additionally, ultimate capacities predicted with the American Concrete
Institute building code (ACI 318-08) were typically conservative compared to the
measured capacities of the fly ash/glass beams (in the most unconservative case, the
capacity was over predicted by only seven percent).
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INTRODUCTION
With an annual production exceeding 2 billion tonnes per year, concrete is the
single most widely used man-made substance on earth due to its remarkable versatility as
a building material (Crow, 2008). The outstanding strength, durability, and availability of
concrete result in its use in a wide range of construction applications from highway
pavements to high-rise buildings. One drawback of concrete as a building material is the
harmful effects the production of its components has on the environment. The
environmental impacts associated with concrete production are a growing concern as its
use is predicted to quadruple in the period from 1990 to 2050 (Crow, 2008). Using
alternate/green materials in concrete to replace the portland cement and natural
aggregates can mitigate these negative impacts. Further, using common waste-streams as
the replacements provides a twofold environmental advantage. This thesis presents the
results of a recent research effort focused on developing and characterizing “green”
concretes suitable for common infrastructure applications.
Background
Portland cement is the most energy intensive and environmentally taxing
component of conventional concrete. During its production, fuel is combusted to heat
raw materials to temperatures exceeding 1500°C, causing the decarbonation of limestone
to occur. During this process 0.81 kg of CO2 per kg of cement is released due to fuel
combustion and decarbonation (Hendriks, Worrell, deJager, Block, & Riemer, 2000).
This, coupled with concrete’s widespread use, make the production of Portland cement a
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large contributor to greenhouse gas emissions. In 2008, Portland cement was reported to
account for 7 percent of worldwide greenhouse gas emissions (Naik, 2008). The
anticipated increase in concrete use will undoubtedly increase the demand for Portland
cement, which in turn will amplify its harmful effect on the environment.
Fly ash has been used as a partial cement replacement for years; however, it
typically is used at replacement rates of less than 25 percent because of the lack of quality
control during its production/collection and the lack of understanding of its overall effects
on concrete performance at higher levels. Research on high volume fly ash concrete has
been the focus of many research efforts in the past, although until recently these efforts
have not significantly investigated the use of fly ash as the sole binder in concrete.
Lately, some researchers have moved in this direction, a majority of which have focused
their work on activated fly ash binders in which fly ash is combined with an activator
(e.g., alkalis) to form geopolymer bonds as opposed to traditional hydration products
(Guo, Shi, Chen, & Dick, 2010; Hu, Zhu, & Long, 2009; Kovalchuk, Fernandez-Jimenez,
& Palomo, 2008; Oh, Monteiro, Jun, Choi, & Clark, 2010; Skvara, Kopecky, Smilauer, &
Bittnar, 2009; Winnefeld, Leemann, Lucuk, Svoboda, & Neuroth, 2010). Other research
in the area of fly ash based concretes has focused on self-cementitious fly ash rather than
activated fly ash binders. Extensive research has been done on this subject at Montana
State University (Cross, Stephens, & Berry, 2010; Cross, Stephens, & Jones, 2008; Cross,
Stephens, & Vollmer, 2005) primarily using a local self-cementious fly ash and natural
aggregates. This research effort has clearly demonstrated the feasibility of producing
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concretes that use only fly ash as the binder that have sufficient strength and durability to
be used in common structural applications.
Aggregates typically account for 60 to 75 percent of the total volume in concrete
(Kosmatka, Kerkhoff, & Panarese, 2003), and thus this component of concrete too has a
large environmental impact through the disturbance of virgin lands for its production.
Replacing traditional concrete aggregate with a common waste-stream can reduce both
the demand on landfills and the demand for mined aggregates. A viable environmentallyfriendly material for aggregate replacement is post-consumer pulverized glass. In 2006
alone, 9.3 of the 12.0 million tonnes of glass generated in the United States was discarded
as waste (EPA, 2008), despite recent efforts by society to increase the reuse of this
material. This shortcoming is in part due to the lack of outlets for post-consumer glass.
The most likely outlet for post-consumer glass is the container manufacturing industry;
its use in this application, however, is hindered by the fact that glass of similar color must
be used to create new containers, and most communities do not separate glass by color.
A nearly 100 percent-recycled, sustainable building material can be obtained by
combining a fly ash binder, glass aggregates, and reinforcing steel (reinforcing steel is
typically more than 97 percent recycled (CRSI, 2011). Preliminary research at MSU has
demonstrated the use of this material in a variety of applications, including its use in
reinforced structural elements (Berry, Stephens, & Cross, 2011; Cross, Stephens, &
Berry, 2009). In 2009, this preliminary work culminated in a field demonstration project
in which fly ash/glass aggregate concrete was used in the construction of a branch of the
Missoula Federal Credit Union (MFCU) in Missoula, MT. This material was used in the
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footings and foundation walls, floor slab, architectural panels, and two structural beams.
This preliminary research has been a success; however, it was conducted using only one
particular fly ash from the Corette power plant near Billings, MT. In order for this
research to have a larger impact, this work needed to be expanded to include other
potential self-cementitious fly ash binders.
Research Objectives
The main goal of the research presented herein was to further develop and
understand fly ash and glass concrete in an effort to provide an environmentally attractive
alternative to traditional Portland cement concrete. This research was intended to move
this new concrete beyond the aforementioned MFCU demonstration project and
potentially into more widespread use by a) identifying fly ashes from a broad
geographical range of sources that can serve as the sole binder in “green concrete” and b)
characterizing the subsequent material properties of the concretes produced with these
ashes and their performance in reinforced structural elements. This information is critical
to give confidence to designers who intend to use this new concrete in their projects.
Research Scope
The research objectives of this project were accomplished through completing the
following tasks:
1. An extensive literature review was performed to investigate how the
reactivity of fly ash is affected by the coal type, the combustion process,
and the emission controls at power plants throughout the United States.
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2. Selection criteria (based on Task 1) were developed to identify candidate
fly ashes from around the country for use in “green” concrete and test
several ashes to validate the criteria and better understand the behavior of
fly ash concrete from various sources.
3. The fundamental engineering properties and durability of fly ash and
recycled glass concrete made with selected ashes identified in Task 2 was
characterized.
4. The strength, stiffness, and ductility of reinforced “green” concrete
structural beams constructed with the ashes used in Task 3 was
determined. The applicability of the American Concrete Institutes design
procedures for these structural elements was determined.
Tasks 1 through 4 above are addressed in Chapters 2 through 5 of this thesis
respectively. Since this research is intended to expand the use of “green” concrete, the
information in these four chapters is intended to be presented in a manner by which it can
be easily accessed by the engineering community and the general public. The material
presented in Chapter 2 on the basic characteristics of fly ash and factors that affect its self
cementitious properties first appeared in conference papers presented at the NSF CMMI
Research and Innovation Conference 2011 in Atlanta, GA and the World of Coal Ash
(WOCA) Conference 2011 in Denver, CO (Berry, Roskos, Stephens, & Cross, 2011;
Roskos, Cross, Berry, & Stephens, 2011). Chapter 3 covering the identification and
verification of self-cementing fly ash binders for 100 percent portland cement
replacement in concrete with glass aggregate was submitted for publication to the
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American Society of Civil Engineers (ASCE) Materials Journal. Work done on the
evaluation of the mechanical properties and durability of fly ash based concretes
containing glass aggregates is described in Chapter 4 in a paper submitted to the
Transportation Research Board. Chapter 5 which addresses the performance of fly
ash/glass concretes in reinforced structural elements was submitted to the ASCE
Structures Journal for publication.
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LITERATURE REVIEW
Fly Ash Evolution
Fly ash is a by-product of the combustion of coal to generate electricity. After the
coal is delivered to the power plant, it is pulverized and ignited in a furnace/boiler. The
high temperature in the boiler burns off the volatile matter and carbon, leaving behind
mineral impurities from the coal in the form of a molten ash. The ash particles fuse
together in the combustion zone and condense upon leaving this zone, forming glassy
particles. The fine light particles exit the furnace at the top with the combustion gases and
are termed fly ash, while the course/heavy particles fall to the floor of the furnace and are
termed bottom ash. Fly ash is removed from the flue gasses and collected in an effort to
reduce the adverse effects of coal-fired plants. Additional emission controls are often
used to reduce the amount of sulfur dioxide, nitrogen oxide, and mercury released to the
atmosphere. While the minerals present in the coal mainly influence the chemical
constituents of fly ash, the mineralogy and crystallinity of fly ash produced from the
same coal source can vary significantly depending on the coal combustion technology
used. Since the coal sources and the devices used to burn and collect the ash and control
emissions vary from plant to plant, the reactivity and characteristics of fly ash varies
between electricity generating stations.
Coal and Fly Ash
Currently, the electric power sector accounts for 90 percent of the coal consumed
in the United States (Richard, D., & Fred, 2006). The nation’s large coalfields satisfy the
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high domestic demand for coal. There are 458,000 square miles of underlying coal
deposits in the United States, which is approximately 13 percent of the total land area
(Administration, 1995). In 2008 alone, 1,171.8 million short tons of coal were mined in
the United States (EIA, 2008). The majority of this coal (almost 90 percent) comes from
five regions, the Appalachian Region, the Powder River Basin, the Illinois Basin, the
Gulf Coast Region, and the Fort Union Region. The greater part of the remaining coal
(about 8 percent) is produced in the southwestern United States in the Unta Region, the
Raton Mesa Region, the Green River Region, the Black Mesa Region, and the San Juan
Basin (Jodey K. Tishmack, 1999). Coal from each region is ranked on its carbon content
and therefore its ability to produce heat. The four ranks of coal (from most to least carbon
content) are: anthracite, bituminous coal, subbituminous coal, and lignite. Because of its
similarity to bituminous coal, anthracite is often categorized as bituminous coal, as is
done in the U.S. Energy Information Administration (EIA) databases (to be discussed
later). The behavior and classification of fly ash is directly related to the rank of the coal
from which it is produced.
According to ASTM C618, Class F fly ash is normally produced from burning
anthracite or bituminous coal and has pozzolanic properties (ASTM, 2009). Conversely,
Class C fly ash is typically produced from burning lignite or subbituminous coal, and in
addition to having pozzolanic properties, has some self-cementitious properties. As
previously mentioned, the chemical constituents of fly ash mainly depend on the
chemical composition of the coal source. Generally, anthracite and bituminous coals
contain less calcium oxide (CaO) than lignite and subbituminous coals. As a result, the
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CaO content of Class C fly ash (usually 10 to 40 percent) is higher than the CaO content
of Class F fly ash – typically less than 10 percent (Naik & Singh, 1993). The high
calcium content of Class C fly ash allows it to be more reactive with water than a
traditional pozzolan.
Pozzolanic materials are typically high in SiO2 and Al2O3, and low in CaO;
therefore, they have little or no reactivity when immersed in water. However, in the
presence of water and Ca(OH)2, pozzolans will chemically react to form compounds
possessing cementitious properties (ASTM, 2009). The basic pozzolanic reactions are:


Ca(OH)2 Ca+++2[OH]-,



Ca+++2[OH]-+SiO2CSH, and



Ca+++2[OH]-+Al2O3 CAH.

The calcium content in Class C fly ash allows the reactions above to occur
without the addition of calcium from an external source. In class C fly ash-water pastes,
calcium aluminosilicate hydrate (CAH) minerals such as strätlingite, ettringite, and
monosulfoaluminate can be identified, while the formation of calcium silicate hydrate
(CSH) is difficult to measure with laboratory equipment (Bergeson, Schlorholtz, &
Demirel, 1988; J. K. Tishmack, Olek, & Diamond, 1999). The CSH, however, probably
accounts for a significant portion of the observed strength gain in fly ash pastes made
from high calcium fly ash (Jodey K. Tishmack, 1999).
Coal Combustion Process
When coal is fired in a furnace the high temperatures (about 2700°F) melt or
partially melt the mineral matter in the coal leaving behind glassy fused particles. Fly ash
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is primarily made up of glass (75 to 90 percent), which dissolves in high pH solutions,
and has a highly variable structure. Glass composition depends on the modification by
ions in the glass (such as Ca, Na, K, Mg, and Fe) and on the rate of quenching (RT & EE,
1988). These ions act as network modifiers, reducing the long-range order of the glass,
which causes an increase in the rate at which it can be dissolved (Jodey K. Tishmack,
1999). In addition to glass, crystalline minerals are formed during the combustion of coal.
When molten elements react with oxygen, crystalline minerals form either on the surface
of the fly ash glass or embedded inside the glass particles, depending on the temperature
and furnace conditions. Some of these crystalline compounds react with water, which
increases the pH and allows the glass to dissolve and cementitious bonds to form. The
self-cementitious behavior of fly ash is highly subject to the heating and cooling
conditions experienced within a boiler.
Dry bottom, pulverized fuel boilers and wet bottom (slag tap) boilers are the two
traditional combustion systems mainly used for electricity production. The main
difference between the two boiler types is the temperature at which they operate. In dry
bottom boilers, the flame temperature is below the ash melting point and there is
sufficient cooling to enable the particles, which are partly melted in the flame, to solidify.
As a result, both the bottom ash and the fly ash leave the furnace in a dry state. Since wet
bottom boilers have two chambers (the combustion chamber and the heat exchange
chamber), they operate at higher temperatures than dry bottom boilers. The combustion
chamber is barely cooled and temperatures exceed the ash melting point, which causes
molten ash to flow to the bottom in a molten state. The ash that does not agglomerate in
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the combustion chamber passes into the heat exchange chamber where it is cooled along
with the flue gases. In general, only 40 to 50 percent of the ash from a wet bottom boiler
is fly ash, while 80 to 90 percent of the ash from a dry bottom boiler is fly ash (Sloss,
1992). Additionally, the fly ash from wet bottom boilers is sometimes recirculated to the
furnace where it is reheated and agglomerates to become bottom ash. Hence, some wet
bottom boilers produce essentially no fly ash as a byproduct.
The temperatures inside a boiler are governed by both the burner type and burner
placement within the boiler. Two main types of burners are used in dry bottom boilers,
namely: swirl burners and jet burners. There are three main options for the placement of
the burners. These options, are wall front-fired, wall opposed-fired, and corner tangentialfired (Figure 1). In a boiler, fuel and air must be mixed to allow the coal to burn
efficiently (this allows elements to react with oxygen, forming crystalline minerals).
Swirl burners mix the air and fuel at the burner itself and are often used in wall frontfired and wall opposed-fired boilers. Since jet burners have no mixing of air and fuel at
the burner, they are used in corner tangential-fired systems. The tangential placement of
the burners creates a rotating flame or fireball located in the center of the furnace.

Figure 1: Options for Burner Placement (Sloss, 1992)
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The circulating flue gases from this flame cause the fuel and air injected into the
furnace to mix. In general, tangential-fired boilers have one large flame inside the furnace
while wall front-fired and wall opposed-fired boilers have small discrete flames located at
each burner. As a result, tangential-fired boilers have lower peak burner temperatures
than front-fired and wall opposed-fired boilers. Due to the temperature difference, it is
expected that the firing arrangement has some effect on the cementitious behavior of fly
ash, but the extent of this affect is unknown.
In an effort to reduce emissions, advanced combustion technologies have been
recently developed which integrate emission controls within the combustion system. The
three main advanced combustion systems identified by EIA are: atmospheric fluidized
bed combustion, pressurized fluidized bed combustion, and integrated gasification
combined cycle (Sloss, 1992). As expected, these combustion technologies have a
varying effect on fly ash. In one study, fly ash from a fluidized bed combustion boiler
was especially different from coal ash from traditional pulverized fuel firing due to many
differences in their combustion processes (Sheng, Zhai, Li, & Li, 2007). While advanced
combustion technologies may have a more predominate effect on fly ash in the future,
converting boilers to the fluidized-bed combustion process and employing the technology
of integrated gasification combined cycle are currently under study and are not in
extensive use according to the EIA (EIA, 2010).
In addition to using advanced combustion technologies, some electrical
generation stations have turned to biomass co-firing to reduce emissions (especially
greenhouse gas emissions). “Biomass” includes any natural, renewable fuel, such as
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agricultural residues, wood/wood waste, food wastes, and industrial wastes. Burning
additional types of fuel in the furnace/boiler with the coal will most likely have an effect
on the fly ash. The utilization of co-combustion residues can be restricted by the unburnt
carbon content when high percentages of biomass flues are mixed with coal (Grammelis,
Skodras, & Kakaras, 2006). In addition to biomass, some power plants burn secondary
fuels with the coal (such as waste coal, petroleum coke, natural gas, fuel oil, etc.) for
various reasons, which can have an effect on the use of the fly ash.
Emission Controls
Two types of emissions are produced as a result of generating electricity at a coal
fired power plant: gaseous and particulate. Particulate control devices remove fly ash
from the flu gas while gaseous control devises are used to hinder the release of sulfur
dioxide (SO2), nitrogen oxides (NOx), and mercury to the atmosphere. Over the years,
numerous methods of targeting and reducing the release of particulate and gaseous
emissions have been developed. Pollution control technologies have a varying impact on
the usability of fly ash in green concrete.

Particulate Controls. Fly ash is removed from the flue gas using a wet particulate
scrubber, an electrostatic participator (ESP), or a baghouse. Wet particulate scrubbers
capture fly ash particles in the scrubber slurry droplets. A dewatering system allows the
ash to be removed from the slurry and collected. ESPs remove fly ash using an
electrostatic charge that attracts fly ash particles to metal collection plates. A rapping
system is used to knock the ash from the plates, allowing it to fall into a hopper below.
Baghouses collect ash on a fabric filter as the flue gas passes through the fabric. Periodic
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shaking of the bags, reverse flue gas flow, or compressed air pulses removes the ash from
the filter where it falls to the hopper below.
According to the Electric Power Research Institute (EPRI), fly ash which is
collected or handled wet generally cannot be used in high-value applications such as
cement replacement (EPRI, 2008). Fly ash loses its self-cementing ability after it is
exposed to water and hydration reactions occur. As a result, fly ash captured using wet
particulate scrubbers cannot be used in 100 percent fly ash concrete. In addition, some fly
ash is collected dry and transported by a wet sluice system. This ash is also generally
unsuitable for use in fly ash concrete.
The ability for an ESP to effectively remove fly ash from the flue gas is highly
dependent on the resistivity (ability to accept an electrical charge) of the ash. If an ash’s
resistivity is too high, the particles do not migrate to the collecting plates. Conversely, if
an ash’s resistivity is too low, the particles clamp to the plates and are difficult to remove.
These issues are resolved using two methods: fly ash resistivity conditioning and fly ash
cohesivity conditioning. Injecting SO3 or evaporating water in the flue gas is effective in
resistivity conditioning of the fly ash, allowing the particles to accept a charge.
Resistivity conditioned systems typically have only minor impacts on the fly ash,
increasing the ash sulfate and/or moisture content by small percentages (EPRI, 2008).
Injecting ammonia into the flue gas is effective in cohesivity conditioning of the fly ash.
The addition of ammonia helps alter the fly ash surface charge which enhances particle
agglomeration, allowing the ash to fall from the collecting plates (Shanthakumar, Singh,
& Phadke, 2009). As a result of flue gas conditioning, ammonia concentrations up to
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about 250 ppm have been observed in fly ash (EPRI, 2001). The sharp, irritating, pungent
odor of ammonia vapor released when fly ash with high ammonia concentrations is
hydrated can make the ash unusable even though ammonia in fly ash has been shown to
have little effect on the physical-chemical-mineralogical properties of the ash
(Shanthakumar, Singh, & Phadke, 2008).
Baghouses are excellent in controlling particulate matter emissions from coalfired power plants. Well-operated baghouses can maintain outlet emissions well below
regulatory standards with some units attaining fly ash collection efficiencies of over 99.9
percent (EPRI, 2005). Unlike other particulate collection methods, baghouses do not
require fly ash conditioning, nor do they expose the fly ash to water. As a result,
baghouses themselves do not negatively impact the use of fly ash for green concrete.

Mercury Emission Controls. In 2000, the EPA decided that mercury emissions
from coal-fired power plants should be regulated. The agency has yet to set a maximum
achievable control technology (MACT) standard, as required by the Clean Air Act
(Stephenson, 2009). Several bills have been introduced to Congress addressing mercury
emission from power plants. Some bills have specified time frames for EPA to
promulgate a MACT regulation and specific limits on mercury emissions from power
plants. As a result of the current political movement in this area, it is expected that the
volume of fly ash affected by mercury emission controls will increase significantly in the
near future.
Mercury is not readily collected in fly ash since fly ash is composed
predominantly of non-combustible minerals that have little capacity to absorb mercury.
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Introducing a carbon source to the system is one approach for absorbing the mercury,
allowing it to be collected with the fly ash. Carbon is typically added to the system by
modifying the boiler combustion to add unburned carbon, or by injecting activated
carbon into the flue gas duct upstream of the particulate collection devices. Both of these
methods not only increase the mercury content of the fly ash, but the carbon content as
well. Studies by EPA, EPRI, and EERC have shown that mercury is not readily released
from fly ash (EPRI, 2008). An increase in the carbon content can negatively affect the
air-entraining properties of concrete made with the fly ash. Entrained air in concrete is
required for adequate freeze/thaw resilience. In an effort to reduce the impact of activated
carbon injection on fly ash, some power plants have implemented proprietary processes
that inject activated carbon downstream of the particulate control device. A compact
fabric filter then collects the mercury, carbon, and a small percentage of the fly ash. As a
result, the majority of the fly ash has no elevated carbon or mercury content. As foretold,
carbon-based mercury sorbents can negatively affect the reuse of fly ash. Consequently, a
number of mineral-based sorbents are being developed to avoid impacts on fly ash, but
these sorbents are not yet widely used.

NOx Emission Controls. Four primary technology types are used to control NOx
emissions, namely: furnace combustion modifications, selective non-catalytic reduction
(SNCR), selective catalytic reduction (SCR), and rich reagent injection (RRI). All four of
these technologies are introduced into the system upstream of the particulate collector
and therefore can adversely impact the fly ash.
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Combustion modifications (including the use of low-NOx burners) limit the
availability of oxygen during the coal combustion process, which in turn controls the
formation of NOx. Limiting the available oxygen during combustion makes it difficult to
achieve complete fuel combustion, which can result in an increased loss on ignition
(unburned carbon) in the fly ash.
SNCR and SCR are both used to chemically reduce the NOx formed in the furnace
through the use of oxidation/reduction reactions between ammonia and NOx. The only
difference between SNCR and SCR is that SCR technology uses a catalyst to provide
active surface area on which the oxidation/reduction reactions can take place. This causes
SCR systems to have much lower ammonia slip (i.e. the release of unreacted ammonia)
than SNCR systems, resulting in fly ash with lower ammonia content.
Urea or ammonia is injected into fuel-rich portions of the furnace to decrease the
formation of NOx in RRI systems. RRI technology can be used in conjunction with lowNOx burners and/or SNCR systems. Typically, the majority of the urea or ammonia
injected into the furnace is destroyed within the boiler, causing ammonia slip to be
fundamentally nonexistent. Accordingly, the fly ash ammonia contamination is minimal
or nonexistent if RRI alone is implemented on a unit (EPRI, 2008).

SO2 Emission Controls. Flue gas desulfurization (FGD) is a technology used to
remove SO2 from the flue gas. FGD systems can be generally categorized as “wet” or
“dry.” The majority of wet FGDs are preceded by the particulate control device and
therefore have no effect on the fly ash. Dry FGD systems come in two forms: spray
drying and dry injection.
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Spray drying FGD systems introduce a finely atomized slaked-lime-based
aqueous slurry to the flue gas. The spray dryer is typically located upstream of the
particulate collector, mixing the spray-dried product with the fly ash. Typically, over a
quarter of the solids collected using a spray dryer FGD system is not fly ash. Thus, the
dry product is commonly land filled.
Dry injection of sodium alkali, into the system is sometimes used to reduce SO2
emissions. As a result, the fly ash contains a mixture of sodium sulfate and excess sodium
alkali. The injection of limestone or hydrated lime is also used to reduce SO2 emissions.
This technology in general adds a considerable amount of calcium sulfate, calcium
carbonate, lime, and/or hydrated lime to the fly ash. This additional calcium content
could potentially increase the self-cementitious behavior the fly ash.
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Identification and Verification of Self-Cementing Fly Ash Binders for
100 Percent Portland Cement Replacement in Concrete with Glass
Aggregate
Colter Roskos, Michael Berry, PhD, and Jerry Stephens, PhD, PE1

ABSTRACT
Researchers at Montana State University have identified fly ashes from around the country that
are potentially capable of replacing 100 percent of the Portland cement as the binder in
conventional concrete.

Based on macro-scale criteria, a database of 491 power plants was

screened and 95 fly ashes were identified as potentially offering sufficient self-cementititous
behavior to serve as the sole binder in concrete. Samples were obtained for 15 of these ashes,
from which bench-top concrete mixes were made. These mixes further used recycled/pulverized
glass for aggregate, which resulted in a significantly “green” concrete composed almost entirely
of recycled/reused materials.

Of these 15 fly ashes, 8 produced concretes with 28-day

compression strengths of at least 20.68 MPa, making these concretes potentially viable for
standard construction applications. In producing these concretes, it is typically necessary to use a
retarding admixture (sodium borate) to prevent flash set. The relationship between set time and
retarder dosage rate was further investigated for five ashes, and in four cases, set time could be
reasonably controlled. Two of these five ashes were then used in scaled up bulk mixes and were
found to be viable for real-world applications, exhibiting controllable set times (at approximately
180 minutes), adequate workability (exceeding 190 mm slump), and high early strength (25.2 to
31.0 MPa at 7 days) with significant strength gain over time.
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INTRODUCTION
Each year, over 2 billion tonnes of concrete is produced, making it the most widely used
construction material on earth (Crow, 2008). Unfortunately, the production of concrete has
adverse effects on th environment, and because of its widespread use, these effects are significant.
The most environmentally taxing component of conventional concrete is Portland cement. The
production of Portland cement is an energy intensive process in which CO2 is emitted from both
fuel combustion and decarbonation of limestone. Portland cement is responsible for 7 percent of
worldwide greenhouse gas emissions, according to data from 2004 (Naik, 2008). This situation is
of rising concern as cement production and the resulting emissions are expected to double from
the current level by the year 2020 (Naik, 2008). In addition to these energy consumption and
emissions issues, conventional concrete production results in the disturbance of virgin lands, via
mining operations to secure natural aggregates and the raw materials for Portland cement
production.
Using alternate/recycled materials in concrete instead of Portland cement and natural
aggregates will help mitigate concrete’s adverse environmental effects. Additionally, if common
waste-streams are used as replacements (e.g., fly ash and pulverized post-consumer glass), the
environmental advantage will be twofold. Fly ash (a byproduct of burning coal to produce
electricity) can have self-cementitious behavior similar to Portland cement.

The coal type,

combustion process, and emission control devices at a power plant all have a major effect on the
binding properties of the resulting ash. Since these parameters can vary significantly between
power plants, the self-cementitious behavior of fly ashes can differ considerably from plant to
plant as well. For this and other reasons, fly ash is typically used to replace less than 25 percent of
the Portland cement in concrete, and often is not relied on to contribute substantially to the
concrete’s strength. Through a greater understanding of fly ash and how it behaves, the full
binding capacity of fly ash can be more advantageously used. Increasing the use of fly ash will
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not only reduce the greenhouse footprint of concrete, but also provide a constructive use for some
of the 35.4 million tonnes of fly ash that reportedly are discarded in the U.S. each year (USGS,
2005).
Typically, aggregates account for 60 to 75 percent, by volume, of the material used in concrete
(Kosmatka, Kerkhoff, & Panarese, 2003). Due to the large volume of concrete produced, the
attendant mining of natural aggregate for concrete greatly disrupts virgin land. Using recycled
material as aggregate not only lessens the demand for mined aggregate, but also decreases
disposal demands on landfills. Pulverized post-consumer glass is one such recycled material that
merits consideration as concrete aggregate. Americans generated 12.0 million tonnes of glass in
2006, of which only 22 percent was recovered for reuse (EPA, 2008). To create new containers
from recycled glass, the old glass must be separated by color, which is difficult and expensive.
Use of glass as concrete aggregate offers an environmentally friendly means by which recycled
glass could be consumed.
Environmentally friendly concretes made with recycled pulverized glass as the aggregate and
fly ash as the sole binder have been studied for several years at Montana State University (Berry,
Stephens, & Cross, 2011; Cross, Stephens, & Berry, 2009, 2010). In 2008, MSU investigators
performed the research for the first major commercial project constructed using such a concrete,
namely, a branch of the Missoula Federal Credit Union in Missoula, MT (Cross, et al., 2010).
The fly ash for the project was from the J.E. Corette (CRT) Power Plant in Billings, MT, and the
MT Department of Environmental Quality provided the glass. In this project, fly ash and glass
concrete was used to construct both structural and nonstructural elements in the building. While
research with the Corette ash has set the stage for a 100 percent “green” concrete, identifying and
characterizing suitable fly ashes throughout the country for use in fly ash based concrete is
essential to fully realize the benefits this material offers.
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The study described herein focused on identifying fly ashes from power plants around the
country that have the potential to serve as the sole binder in fly ash and glass concrete. Screening
of potential ash sources was accomplished using criteria related to the coal type, combustion
process, and emission control devices at a power plant, all of which can affect the self-cementing
properties of fly ash. These criteria were applied across an inventory maintained by the U.S.
Energy Information Association (EIA) of 491 coal-fired power plants. Based on this review, 95
fly ashes were identified as potentially possessing the characteristics necessary to serve as the
sole binder in concrete. Samples were subsequently obtained of 15 of these fly ashes from power
plants from Georgia to Oregon. From these samples, several bench-top concrete mixes were
produced to evaluate the potential suitability of each fly ash as the sole binder in fly ash and glass
concrete.

Properties of interest in these mixes were set time and unconfined compression

strength. The results of these tests were used to check the efficacy of the initial ash selection
criteria, as well as to search for other readily available ash properties that correlate well with
subsequent engineering performance. Larger volume bulk mixes were then made with 2 of the 15
ashes to further determine their potential for real-world production and application in typical
concrete construction. Simultaneously and at a more basic level, X-ray diffraction (XRD) was
used to analyze both unhydrated and hydrated samples of these two fly ashes to begin to better
understand the fundamental strength gain mechanisms in play.
FLY ASH SELECTION PROCESS
Use of fly ash as a standalone binder in concrete has not been as researched as its role as a
supplementary cementing material; thus, the relationship between the properties of an ash and its
ability to serve in this capacity is even less well known than when it is to be used as a partial
replacement for the Portland cement in a concrete. That being said, a factor of known importance
is the presence of a significant amount of calcium oxide (free lime) to react with other compounds
in the ash to generate hydration products similar to those found in Portland cement concrete.
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Furthermore, the self-cementitious character of a fly ash typically increases with calcium oxide
content. While Class C fly ashes contain more calcium oxides than Class F ashes, the Class
C/Class F system was not devised to classify ashes specifically based on this parameter. Thus, an
alternate scheme for classifying fly ashes has been developed based on calcium oxide content
(Manz, 1999; Thomas, Shehata, & Shashiprakash, 1999), with low calcium ashes having a
calcium oxide content below 8%, and high calcium ashes, a calcium oxide content greater than
20%.

None-the-less, mortars made with fly ashes with similar calcium contents have

demonstrated large variations in cementitious behavior (Cross, Stephens, & Jones, 2008; Joshi &
Lohtia, 1997).
In the absence of definitive criteria to reliably identify candidate ashes for use in 100% fly ash
concrete, “reverse engineering” was used on the Corette ash to develop such criteria. The Corette
fly ash, a high calcium, Class C fly ash, has consistently demonstrated excellent performance
with respect to workability (100 to 150 mm slump), set time (1 to 3 hours using sodium borate as
a retarder), and strength (approximately 27.6 MPa at 28 days) as the binder in 100% fly ash
concrete; thus, it is a good starting point for such an analysis. While considerable information is
available on the chemical and physical properties of the Corette ash, which of these properties (or
combination of properties) is critically important to its binding capacity is uncertain. Further,
these properties are not readily available for fly ashes from power plants across the country.
Therefore, the decision was made to use “macro” properties of the Corette power plant rather than
“micro” properties of the ash it produces to screen for candidate sources of fly ash for use in 100
percent fly ash concrete. “Macro” properties of interest included the coal burned, combustion
process, ash collection system, etc, as described in more detail below.
“Macro” screening of the power plants in the United States was accomplished using
information compiled by the EIA. According to the U.S. Government Accountability Office,
there are 491 coal-fired power plants in the United States (Stephenson, 2009). Information about
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the operations of these power plants is gathered and reported yearly by the EIA; some of this
information is pertinent to the potential cementitious properties of the fly ashes they produce. The
EIA is an agency within the U.S. Department of Energy that conducts a comprehensive data
collection program covering the full spectrum of energy sources including electrical power plants
(EIA, 2011). Two main forms are used to collect information from power plants. Form EIA-860,
“Annual Electric Generator Report,” contains generator-specific information such as: generating
capacity, energy sources, and generators ability to use multiple fuels. Schedule 6 of this form has
detailed information related to the power plant’s boiler(s) such as: boiler air emission standards,
emission controls, flue gas particulate collector information, and flue gas desulfurization (FGD)
unit design parameters. Form EIA-923, “Power Plant Operations Report,” is used to collect data
on electric power generation and fuel consumption, fuel supplier, and coal mine source for power
plants. The EIA generates public domain databases based on the information collected from the
aforementioned forms.
Selection criteria were developed and applied to the EIA databases to identify fly ashes similar
to the highly reactive ash from the CRT power plant. This plant burns a subbituminous (Powder
River Basin) coal in a tangentially fired dry bottom boiler with an electrostatic participator (ESP)
particulate emission control device. In the year 2010, the plant instituted an unburned carbon
mercury emission control system (the effect of this system on ash performance in concrete is
currently being evaluated). While the conditions at the Corette plant prior to 2010 were favorable
for producing a highly cementitious fly ash, many power plants create less reactive fly ash due to
coal sources, combustion processes, and/or emission control technologies that adversely affect the
self-cementing ability of the ash. The 491 coal fired power plants in the EIA database were
screened as follows based on these parameters.
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Coal Type (Criterion 1)
The simplest approach to determine if a fly ash has self-cementitious behavior is to identify the
class of the fly ash. Generally, Class C fly ash can be highly cementitious while Class F fly ash
has minimal self-cementitious properties (although, as mentioned previously, this classification
system does not specifically use self-cementitious behavior as a discriminating factor). As such,
the decision was made to eliminate power plants that produce Class F fly ash. The EIA-860 and
EIA-923 databases do not present information on fly ash class, but they do provide the rank of the
coal that is burned at each plant. All power plants that burn anthracite and bituminous coal were
eliminated as these coal sources generally produce Class F fly ash according to ASTM C618
(ASTM, 2009). Of all coal burned by power plants in the United States in 2004, DOE estimates
that about 46 percent was bituminous (including anthracite), 46 percent was subbituminous, and 8
percent was lignite (Stephenson, 2009). Even though the combustion of lignite coal typically
leads to the creation of Class C fly ash, the Corette ash specifically comes from a subbituminous
coal. Therefore, sources burning lignite coal were eliminated (further recall that only 8 percent of
the coal burned is lignite). Thus, only power plants that burned subbituminous coal were further
reviewed, reducing the number of power plants from 491 to 150.

Coal Combustion (Criterion 2)
In addition to coal type, fly ash reactivity is dependent on the coal combustion process (i.e. the
burning conditions within the furnace and secondary fuels burnt in conjunction with the coal).
The EIA-860 database provides a large quantity of data on the coal combustion process at power
plants. This information includes secondary fuel sources (coal, natural gas, biomass, etc) and
boiler type (wet or dry bottom).
The fly ash sources to be considered were further analyzed based on secondary fuel sources,
which were expected to have an effect on the fly ash. The EIA-860 database showed that
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numerous subbituminous coal burning power plants burn bituminous coal as a secondary fuel
source. The self-cementitious behavior of an ash from such a plant could be greatly compromised
depending on the ratio of bituminous to subbituminous coal burned. Additionally, some power
plants were shown to burn biomass, waste coal, wood waste, etc., which could potentially
negatively affect the fly ash’s performance as a binder. As such, only power plants without
secondary fuel sources or with relatively clean burning secondary fuel sources (such as propane,
natural gas, distillate fuel oil, etc.) were considered for further investigation, reducing the number
of power plants from 150 to 128.
The fly ash sources were also screened based on the power plant’s boiler type since the selfcementitious behavior of fly ash is highly subject to the heating and cooling conditions
experienced within a boiler. Two traditional combustion systems exist for burning coal, namely
dry bottom pulverized fuel boilers and wet bottom (slag tap) boilers. In general, only 40 to 50
percent of the ash from a wet bottom boiler is fly ash, while 80 to 90 percent of the ash from a dry
bottom boiler is fly ash (Sloss, 1992). Since the CRT power plant uses a dry bottom boiler and
the higher temperatures of wet bottom boilers affect the properties of the ash, the power plants
using wet bottom boilers were eliminated, reducing the number of power plants in this study from
128 to 100.
Emission Controls (Criterion 3)
Fly ash sources can be further screened based on emission controls since they also have an effect
on fly ash behavior. Two types of emissions are produced as a result of generating electricity at a
coal-fired power plant: gaseous and particulate. Gaseous control devices are used to reduce the
release of sulfur dioxide, sulfur trioxide, nitrogen oxides, and mercury to the atmosphere, while
particulate control devices remove fly ash from the flue gas. Over the years, numerous methods
of reducing the release of particulate and gaseous emissions have been developed, which have a
varying impact on the usability of fly ash in 100 percent fly ash/glass concrete. An extensive
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explanation of the main emission controls and their effect on coal combustion products has been
prepared by the Electric Power Research Institute (EPRI) (EPRI, 2008). Additionally, the EIA’s
Annual Electric Generator Report provides information on the emission control devices that are
used at a power plant (EIA, 2011).
While the EIA indicates the specific gaseous control devices used at a power plant, their
location within the system as well as the level at which the devices are used is difficult to
determine. As a result, the overall effect of the gaseous control devices on the self-cementitious
behavior of fly ashes is indeterminable. Therefore, type of gaseous emission control device was
not used as a screening criterion, even though this parameter can certainly affect the reactivity
and usability of fly ash.
Particulate control devices fall into three main categories: electrostatic participators (ESP),
baghouses, and wet particulate scrubbers. ESPs remove fly ash using an electrostatic charge that
attracts fly ash particles to metal collection plates. A rapping system is used to knock the ash
from the plates, allowing it to fall into a hopper below. Baghouses collect ash on a fabric filter as
the flue gas passes through the fabric. Periodic shaking of the bags, reverse flue gas flow, or
compressed air pulses removes the ash from the filter where it falls to the hopper below. Wet
particulate scrubbers capture fly ash particles in the scrubber slurry droplets. A dewatering
system allows the ash to be removed from the slurry and collected. Fly ash loses its selfcementing ability after it is exposed to water and subsequent hydration reactions occur.
Therefore, power plants that collect fly ash using this method were culled from this study. After
applying this criterion, 95 plants remained of the 100.

Collecting Samples
Numerous fly ash supply companies were contacted to obtain as many 50 lb ash samples as
possible from the 95 plants that passed the selection criterion. Ultimately, ash samples (along
with their ASTM C 618 test reports) were collected from 15 power plants primarily in the central
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United States. These power plants are listed in Table 1 along with selected properties of their fly
ash as obtained from the ASTM C618 test reports. For comparison, the Corette ash and its
properties (prior to mercury emission controls) are included in this table. After testing the small
50 lb ash samples, a large quantity of ash (in excess of 5,000 kg) was purchased from 2 of the 15
power plants.
EXPERIMENTAL PROGRAM
Based on past experience with the fly ash from the CRT power plant (Berry, et al., 2011; Cross, et
al., 2009, 2010; Cross, et al., 2008; Cross, Stephens, & Vollmer, 2005), a mix design and test
procedure was developed to determine by experiment the adequacy of the sampled fly ashes for
use in 100 percent fly ash concrete with pulverized glass aggregate. The basic concrete mixture
design was kept constant throughout this work, using basic proportions previously developed
specifically for the Corette fly ash. This approach was believed to allow for a valid comparison
of performance between the ashes tested, although it may be possible to realize better absolute
performance with any given ash if it were to be used in a mixture optimized to take advantage of
its specific properties.
Mix Design
The concrete mix design used for this material differed in a few key ways from conventional
concrete mix designs. When glass is used as the sole aggregate, the mix design has to be adjusted
to account for the differences between the properties of pulverized glass and traditional
aggregates. Previous research on using waste glass in Portland cement concrete has shown that
strength typically decreases with increasing glass particle size (Polley, Cramer, & de la Cruz,
1998). Cementitious paste has difficulties binding to the smooth surfaces of large glass particles.
Therefore, small aggregate sizes were used in this investigation. The aggregate consisted of fine
(3.2 mm minus) and coarse (3.2 to 9.5 mm) graded recycled glass of assorted colors (the
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difference in chemical composition of the various colors was not taken into consideration in this
study). The fine to coarse aggregate ratio was 3:1 which differs from traditional concrete mixtures
in which this ratio often is between 1:1 and 1:2. The fineness moduli for the fine and coarse glass
were 3.54 and 5.51 respectively.
Small aggregate sizes have an associated high surface area, requiring more paste to thoroughly
coat the particles. Consequently, the fly ash, glass aggregate mixtures used in this investigation
consisted of 48 percent paste by volume, which is relatively high compared to the typical 25 to 40
percent paste contents of traditional concretes (Kosmatka, et al., 2003). A water-to-cementitiousmaterial ratio (i.e. water-to-fly ash ratio) of 0.22 was used, which is low compared to the typical
water-to-cement ratios of 0.40 to 0.50 that are used for traditional Portland cement based
concretes (Kosmatka, et al., 2003). In traditional mixes, a large portion of the water is only
present to improve the workability of the mixture, ascomplete hydration can be obtained with a
water-to-cement ratio of approximately 0.22 to 0.25 (Akroyd, 1962). Since fly ash particles are
spherical in shape (dissimilar to angular Portland cement particles), the fly ash particles rearrange
themselves easily within the mix, resulting in less required water to achieve a given level of
workability compared to a Portland cement concrete.
When highly reactive fly ash mixes with water to form the concrete paste, typically the paste
hardens immediately (i.e. flash sets), rendering the concrete mix unworkable and unusable. To
mitigate this phenomenon, researchers at MSU working with the CRT ash found that
commercially available sodium borate (Na2B2O3∙10H2O) is effective in regulating the set time of
fly ash concrete (Berry, et al., 2011). Sodium borate is known to have a similar effect on Portland
cement based concrete (Nawy, 2008), although the prevalence of its use for this purpose is
uncertain.

In the study described herein, the sodium borate level was varied as deemed

appropriate to control the set time as described below.
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Mix Performance Evaluation
Unconfined compression strength was used to evaluate competency of the concrete as this
important property is often directly specified in design and is indicative of general concrete
quality and expected overall performance. A minimum target strength of 20.7 MPa was set for
the concrete because it is uncommon to use concrete below this strength for structural
applications. Additionally, the concrete was assessed based on its set-time to retarder-dosage
response because it is imperative that the set time be readily controllable for the concrete to be
useable in real world applications. A target range of 60 to 240 minutes was judged to be
desirable for the set time based on typical construction applications.
Bench-top (0.0025 m3) mixes were made using each of the 15 fly ashes for which samples
were obtained. These mixtures were made at three different retarder levels: 0, 0.5, and 1.0
percent sodium borate by weight of cementitious material (total of 45 mixes). These mixes were
done to obtain a general indication of the concrete strength that could be achieved and level of
retarder required to realize the target 60 to 240 min set time. Unconfined compression strength
was determined at 28-days following ASTM C39 (Test Method for Compressive Strength of
Cylindrical Concrete Specimens). The compression strengths were taken from the average of two
100-percent-humidity-cured 50x100 mm cylinders. Set time was determined from a heat of
hydration time history generated for each mix from thermocouple data. Set time was defined as
the time at which the temperature of the mix significantly increased as the retarder effect
diminished and hydration occurred (Figure 1).

The adequacy of each concrete mix was

determined based on the aforementioned targets for unconfined compression strength and set
time.
Based on the results from the 45initial bench-top mixes, five ashes were chosen for further
study. These ashes were not selected solely on their strength and set time performance, but also
on power plant location (in the interest of geographic diversity), and ratio of fly ash sold to fly
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ash produced (to purposefully look at opportunities to increase the use of currently underutilized
ashes) as reported in the EIA-923. Additional 0.0025 m3 mixes were performed for these five
ashes at various retarder dosages to gain more strength data and determine if a 60 to 240 minute
set time could easily be obtained.

From the empirical relationship (typically linear or

exponential) established by the three initial mixes (at 0, 0.5, and 1.0 percent sodium borate), a
retarder level was chosen which was expected to yield a set time within the desired range.
Finally, two of the five fly ashes were chosen for production and testing of scaled up (0.21 m3
batch size) concrete mixes. While bench-top mixes allow for rapid production of trial batches
and expedient investigation of multiple mix design parameters, such mixes may not accurately
replicate the material’s performance when produced at a much larger scale in the field. Notably,
bench-top mixes often are produced with a rotating blade “bread” type mixer, while concrete in
the field often is produced with a fixed vane rotating drum mixer.

Associated differences in

mixing action can affect the properties of the concrete that is produced, particularly in the fresh
state (i.e., set time, air content, and slump).

Therefore, larger size scaled up mixes were

performed with a 0.28 m3 fixed vane rotating drum mixer. The scaled-up mixtures were made
with the two fly ash concretes that exhibited the highest compression strength and the most
controllable set time behavior (i.e., smooth, gentle relationship between set time and retarder
dosage level). Prior to performing the scaled up mixes, well defined set time to retarder dosage
level curves were generated for each ash by making bench-top (0.0025 m3) mixes at sodium
borate increments of 0.025 percent by weigh of fly ash, (nine mixes per ash). The larger volume
0.21 m3 mixes were then made with each ash at the retarder level expected to yield a 180-minute
set time. Set time, air content, and slump were measured for each mix. Compression strengths
were also determined at 7, 14, 28, 56, and 84 days as the average of tests on three 100-percenthumidity-cured 150x300 mm cylinders.
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RESULTS
Bench-Top Mixes, Strengths and Set Times, 15 Fly Ashes
Concrete compression strengths and set times for the 45 initial bench-top mixes (one mix at 0,
0.5, and 1.0 percent sodium borate for each of the 15 ashes) are reported in Figure 2 and Table 2.
As seen in Table 2, all but two of the mixes (COLU and JDLY) flash set without sodium borate;
hence, no strength data was recorded for the majority of non-retarded mixes. Additionally, at 1.0
percent sodium borate, LAB did not set (at least not for the several days after casting that it was
monitored) and consequently no strength data was recorded. Consequently, Figure 2 does not
report strength for some of the ashes at the 0 and 1.0 percent sodium borate levels.
The target strength of 20.7 MPa was exceeded by concrete made with 6 of the 15 ashes
(BDMN, FAY, GRDA, JEFF, RUSH, and SCH).

These ashes are from Oregon, Texas,

Oklahoma, Kansas, Missouri, and Georgia, respectively. Concretes made with five of these six
ashes only reached strengths above 20.7 MPa at a 0.5 percent sodium borate level; however,
concretes made with BDMN ash had strengths exceeding 20.7 MPa at both 0.5 and 1.0 percent
sodium borate. Three of the 15 ashes (JDLY, NEB, and CRAW) produced concretes with
maximum 28-day compression strengths of less than 50 percent of the target 20.7 MPa across the
three levels of retarder that were considered. While the maximum strength of the remaining four
ashes (COLU, JOLI, LAB, and TECU) exceeded those of JDLY, NEB, and CRAW, the target
strength of 20.7 MPa was never reached with these four ashes.
Referring to Figure 2, concrete strength clearly varied with retarder dosage level. In the
majority of cases (10 out of 15), the highest strength was observed at the 0.5 percent dosage rate.
The apparent sensitivity of strength to retarder dosage rate varied considerably between ashes,
with little strength difference (less than 1.3 MPa) seen between the 0.5 and 1.0 percent sodium
borate levels for concretes made with seven of the ashes, BDMN, COLU, CRAW, JDLY, JOLI,
NEB, and TECU.

Conversely, six ashes, FAY, GRDA, JEFF, LRS, RUSH, and SCH
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experienced over an 8.4 MPa strength change in 28 day compressive strength between 0.5 and 1.0
percent retarder levels (all decreasing in strength at the higher retarder level). The PAW ash fell
between both ends of the spectrum with a 3.5 MPa strength decrease from the 0.5 to 1.0 percent
retarder level. Behavior of the COLU ash appears somewhat distinct, in that the maximum 28day unconfined compression strength was seen when no retarder was used. This was one of only
two ashes (the other being JDLY), that did not flash set when no retarder was used. Relative to
this and other observations presented above, it is important to recognize that only three predetermined retarder dosage rates were used in this work, and that strength data was only available
at two of these levels (0.5 and 1.0 percent) in all but two cases. Thus, the observations offered
from this limited data set are purposefully broad, as the intent of this work was primarily to
provide some basis to identify selected ashes for further and more detailed characterization.
Bench-Top Mixes, Strengths and Set Times, Five Fly Ashes
Based on the work above, the following five ashes were chosen for further study: LRS
(Wyoming), PAW (Colorado), SCH (Georgia), JEFF (Kansas), and GRDA (Oklahoma). These
ashes were not chosen exclusively on their strength and set-time characteristics (LRS and PAW,
for example, both exhibited maximum strengths in the preliminary screening below the 20.7 MPa
target value), but also on the power plant location and the ratio of fly ash sold to fly ash produced
with the intent of capitalizing on underutilized ashes across a wide geographic region.

These

parameters are listed for all 15 ashes in Table 3, with the entries for the five ashes selected for
further study highlighted.
Work specifically with these five ashes began with a more thorough investigation of the effect
of sodium borate retarder level on set time. Additional mixes were performed at various retarder
levels between 0 and 1 percent to more precisely determine the required dosages corresponding to
set times in the target range of 60 to 240 minutes. Table 4 lists the mixes performed with each fly
ash at each sodium borate level and the corresponding set times and 28-day compression
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strengths. Figure 3 graphically reports set time as a function of sodium borate retarder level for
each concrete.
Referring to Figure 3 and Table 4, the set time of all five ashes generally increased as the level
of sodium borate increased, and a set time within the target range of 60 to 240 minutes was
obtained for all ashes except PAW.

Relative to general set time behavior, it was deemed

desirable that set time “gradually” change across a reasonable range of dosage rates, so that
“small” variations in the quantity of retarder used did not produce disproportionately large
changes in set time. In such a case, the likelihood of inadvertently flash setting or over retarding
the concrete (due to either vagaries in the retarder dispensing system or nominal variations in the
properties of the fly ash, itself) is diminished. Following this concept, the PAW fly ash was
particularly sensitive to the sodium borate level near the range of set times of interest of 60 to 240
minutes (see Figure 3). At both 0.43 and 0.46 percent sodium borate, a constant 59-minute set
time was achieved. Increasing the sodium borate level by only 0.04 percent (to 0.50 percent)
dramatically increased the set time to 620 minutes. In contrast with the PAW ash, the set times
for the LRS fly ash were less sensitive to sodium borate dosage rate across the set time range of
interest (see Figure 3). Figure 4 specifically shows the set time vs. sodium borate level behavior
for concrete made with the LRS fly ash (with an exponential curve fit through the data). The high
R-squared of 0.99 indicates that set time can be closely estimated with this model. Using this
curve, the relatively widely spaced sodium borate dosage rates of 0.60 and 0.76 percent
correspond to set times of 60 and 240 minutes, respectively. Concretes made with GRDA, JEFF,
and SCH fall between the concretes made with the PAW and LRS ashes relative to level of
sensitivity of set time to sodium borate dosage rate.
The target 28-day compressive strength of 20.7 MPa was reached or exceeded by concretes
made with all five ashes, as reported in Table 4 and Figure 5. As previously observed, the lowest
concrete strengths were seen at the highest sodium borate level (1.0 percent) when the set time
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exceeded 24 hrs. For all concretes except that made with the PAW ash, the maximum 28-day
compression strength occurred at a sodium borate retarder level in the interval between 0.0 and
1.0 percent, with strengths falling off at retarder dosages either above or below this level. In the
case of the GRDA and JEFF, concretes, maximum strengths (26.1 and 29.8 MPA, respectively)
were obtained at retarder levels corresponding with set times within the target window of 60 and
240 minutes. Concrete with the SCH ash had the highest strength (23.5 MPa) at a sodium borate
level corresponding to a set time greater than the desired maximum of 240 minutes (590 minutes).
Mixes made with LRS and PAW ash exhibited their highest strengths (25.3 and 26.5 MPa,
respectively) at sodium borate levels corresponding to set times less than the desired minimum of
60 minutes (45 and 36 minutes, respectively). However, referring to Figure 5, concretes can be
made with the LRS and PAW ashes that provide strengths in excess of the target minimum value
of 20.7 MPa that also have a set time within the window of 60 to 240 minutes.
As a final note on the five fly ash study, in the further work that was done relative to the initial
15 fly ash study, it was readily found that concretes made with two additional ashes, LRS and
PAW, could achieve the target strength criteria of 20.7 MPa, when different retarder levels were
considered. This result indicates that even more of the 15 ashes initially evaluated can possibly
meet the target strength criteria of 20.7 MPa, if additional mix compositions were to be
considered.
Bulk Mixes, Strengths and Set Times, Two Fly Ashes
Based on the five-ash study described above, the decision was made to move forward with a
scaled-up study of the properties of concretes made with the JEFF and LRS ashes. Notably, the
JEFF concrete exhibited the highest 28-day compression strength, while the LRS concrete
exhibited a smooth and relatively gentle relationship between retarder dosage rate and set time.
This further work was done with a larger volume fixed vane rotating drum mixer. As previously
mentioned, in past work it has been seen that absolute mix performance can be different for
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bench-top vs. larger scale mixes, this difference is attributed to differences in the mixing action in
each case, with the larger volume mixers (in this case, a fixed vane rotating drum) believed to
better replicate common full size equipment used for concrete production.
Large quantities of fly ash (exceeding 5,000 kg) were purchased from the suppliers/brokers of
the JEFF and LRS ash. Once secured, several bench-top concrete mixes (0.0025 m3) were
prepared using each ash to better define their sodium borate retarder to set time relationships.
These mixes were prepared at 0.025 percent sodium borate increments by weight of fly ash over
the ranges of 0.300 to 0.500 percent and 0.575 to 0.775 percent for the JEFF and LRS fly ashes,
respectively. These retarder ranges were selected as appropriate for each ash based on the results
of the five-ash study (see Figure 3). Data from the resulting nine mixtures prepared for each ash
are shown in Figure 6. Referring to Figure 6, both the JEFF and LRS concretes had sodium
borate to set time relationships that correlated well with an exponential model, with coefficients
of determination (R-squared) in excess of 0.99 in both cases.
A set time of around 180 minutes was targeted for the large volume mixes. Past experience
with this material has indicated that the retarder is less effective in scaled up mixes; therefore,
slightly higher set-times and corresponding sodium borate levels were chosen for the scaled up
mixes. More specifically, a sodium borate level of 0.325 percent for the JEFF (corresponding to
a set times of 210 minutes in the 0.0025 m3 mixes) and 0.625 percent for the LRS (219-minute set
time) were used. The scaled-up 0.21 m3 JEFF mix with 0.325 percent sodium borate had a set
time of 198 minutes. The 0.21 m3 LRS mix with 0.625 percent sodium borate had a set time of
124 minutes. While the 198-minute set time of the JEFF concrete was judged acceptable, the
decision was made to increase the 124-minute set time of the LRS concrete by increasing the
sodium borate dosage rate to 0.675 percent. An additional 0.21 m3 LRS mix was performed with
this retarder dosage, and a 178-minute set time was achieved.
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Another set of 0.21 m3 mixes was prepared using sodium borate dosage rates of 0.325 and
0.675, respectively for the JEFF and LRS concretes. Entrapped air and slump measurements
were made of the fresh concretes. The entrapped air contents of the JEFF and LRS concretes
were 3.5 and 2.7 percent, respectively, which is relatively high compared to the typical 1.5
percent observed in traditional non-air-entrained Portland cement concrete mixes (Kosmatka, et
al., 2003). The high paste content of the 100 percent fly ash/glass aggregate concrete was
suspected to be the cause of the relatively high volume of entrapped air. The two mixes were
extremely workable (but coherent), with both mixtures having slumps of 190 mm, which is more
than adequate for typical construction applications.
Compression strength data was collected according to ASTM C39 at 7, 14, 28, 56, and 84
days from the average of three 100-percent-humidity-cured 150x300 mm cylinders for the two
mixes as shown in Figure 7. Looking at absolute strength, the JEFF and LRS concretes had 28day unconfined compression strengths of 28.8 and 34.9, respectively, well in excess of the target
strength of 20.7 MPa. Relative to rate of strength gain, the 7-day strengths for the JEFF and LRS
concrete were 87 and 89 percent of their 28-day strengths respectively, which is substantially
higher than the 75 percent of the 28-day strength observed for typical Portland cement concrete
(Kosmatka, et al., 2003). The JEFF fly ash concrete had 56-day and 84-day strengths that were
10 and 16 percent greater than the 28-day strength. This behavior was similar to traditional
Portland cement concrete which typically exhibits a 10 and 15 percent gain in strength over 28day values at 56 and 90 days respectively (Kosmatka, et al., 2003). The LRS concrete had a
relatively high rate of post 28-day strength gain compared to conventional concrete with 56 and
84 day strengths 27 and 42 percent greater than the 28-day value.
Fly Ash Properties and Strength Gain Mechanisms
In addition to the experientially-based information reported above on the set time and strength
behavior of fly ash concretes, initial work was also done on more fundamentally: (a) identifying
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fly ash properties that can be used to expediently assess potential suitability to serve as the binder
in 100 percent fly ash concrete, and (b) understanding the strength gain mechanisms in fly ash
concrete paste.
On the issue of expedient/simple indicators of the potential suitability of a fly ash to serve as
the sole binder in a concrete, 28-day strengths (for both the 0.5 and 1.0 percent sodium borate
mixes) from the 15-mix study were regressed on each chemical and physical property of the fly
ash given in the ASTM C618 test report as well as on summations, ratios, and various other
combinations of these parameters. The coefficient of determination (R-squared) was used to
evaluate the degree of correlation between strength performance and ASTM C618 properties.
Table 5 shows R-squared values for selected regressions. The R-squared values for the numerous
regressions considered significantly deviated from unity (with typical values less than 0.5),
indicating that no strong correlations were found relating the fly ash concrete strength and the
chemical and physical properties of the fly ash binder. These results are validated by previous
research conducted in this area. (J. K. Tishmack, Olek, Diamond, & Sahu, 2001) showed that the
hydration behavior of high-calcium fly ash is complex and is affected by differences in both the
crystalline and non-crystalline fractions of the ash. Hence, a bulk chemical analysis is not
expected to predict the hydration behavior of fly ash.
The high strength of fly ash concrete mixes is attributed to the mineralogical composition of
the ash bringing about various hydration products during the curing process. X-ray diffraction
(XRD) was used to analyze samples of the JEFF and LRS ashes and identify the crystalline
phases within the ashes, and identify hydration products. The results of the XRD analysis are
presented in Figure 9 for the unhydrated ashes, hydrated without sodium borate (NB), and
hydrated with sodium borate (B). In the unhydrated ashes Quartz (SiO2), periclase (MgO), lime
(CaO), and anhydrite (CaSO4) were the four most easily identified crystalline compounds within
the ashes. Also, the crystalline compounds merwinite (Ca3Mg(SiO4)2), tricalcium aluminate
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(Ca3Al2O6), dicalcium silicate C2S (Ca2SiO3), and tricalcium silicate C3S (Ca3SiO5) were
suspected to be present; however, due to overlapping Bragg diffraction peaks these minerals were
difficult to identify in the fly ashes. Note that the latter three compounds are three of the primary
compounds involved in the hydration of Portland cement.
In the hydrated JEFF samples with and without sodium borate, the same main hydration
products were identified: strätlingite (Ca2Al2SiO7) and ettringite (Ca6Al2(SO4)3OH12 26H2O). The
hydration products identified for the LRS samples were slightly different for the samples without
and

with

sodium

borate.

Strätlingite

and

monosulfoaluminate

or

“monosulfate”

(Ca4Al2(SO4)(OH)12 12H2O) were identified in the hydrated LRS sample without sodium borate,
while the sample with sodium borate had these compounds along with ettringite. In addition to
the hydration products identified in each of these ashes, the formation of calcium silicate hydrate
(C-S-H) (the hydration products of C2S and C3S) probably accounted for a significant portion of
the observed strength of both the LRS and JEFF pastes, as it does in Portland cement pastes. Both
the crystalline compounds and hydration products identified in this study correspond well with
those found in previous research on fly ash water pastes (Jodey K. Tishmack, 1999; J. K.
Tishmack, Olek, & Diamond, 1999).

SUMMARY AND CONCLUSION
The production of concrete using traditional Portland cement and conventional aggregates has a
negative effect on the environment through the emission of greenhouse gasses and the disruption
of virgin lands. A twofold environmental advantage can be achieved through using fly ash and
glass waste-streams in concrete instead of using conventional materials; that is, issues associated
with using virgin materials are voided, and the volume of two significant waste-streams are
reduced. This paper provides results of a research effort focused on identifying fly ashes capable
of producing these concretes (made without any Portland cement), and investigating two of their
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critical engineering properties: set time and compression strength. Conclusions drawn from this
work include:


A selection criterion was developed for screening ashes most likely to have self-cementitious
properties sufficient to serve as the sole binder in concrete. This criterion was based on macroscale factors applied to the ash source, such as type of coal being burned, combustion process,
and emission control technologies.



Using this selection criterion, 95 plants throughout the United States were identified as potential
sources of fly ash capable of being used as the sole binder in concrete.



Ash samples were obtained from 15 of these 95 power plants for testing and evaluation. Over
fifty percent of the concretes made with these ashes had compressive strengths suitable for
structural/general construction applications (i.e. strength in excess of 20.7 MPa at 28 days).



Of these 15 ashes, 5 were chosen and further analysis. Concretes were readily produced using
four of these five ashes, with set times within a desired 60 to 240 minute workability window
using sodium borate as a retarding admixture.



Scaled up bulk trial batches (0.28 m3 in size) were prepared using two of the five ashes. These
bulk mixes validated the ability to produce these concretes using real-world equipment. The set
times for both the mixes was easily controlled at approximately 180 minutes. Both mixes were
cohesive and workable (190 mm slump), and had compression strengths in excess of 25 MPa at 7
days. The mixes continued to gain strength, reaching strengths in excess of 33 MPa at 84 days.
These mixes were further evaluated via a full suite of mechanical and durability tests with
promising results (Roskos, Berry, & Stephens, 2012). However, the results of these tests are
beyond the scope of this paper.
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Table 1: Fly Ash Samples and Properties
Power Plant Name

Abbreviation Location

SiO2

Al2O3 Fe2O3 CaO

MgO

SO3

Na2O

K2 O

J.E. Corette
Boardman
Columbia
Crawford
Fayette Power Project
Grand River Dam Authority
J T Deely
Jeffrey Energy Center
Joliet
Labadie
Laramie River Station
Nebraska City
Pawnee
Rush Island
Scherer
Tecumseh Energy Center
Note: All values are percent

CRT
BDMN
COLU
CRAW
FAY
GRDA
JDLY
JEFF
JOLI
LAB
LRS
NEB
PAW
RUSH
SCH
TECU

30.30
31.91
34.08
33.79
37.85
36.40
36.71
30.07
32.27
37.18
33.02
36.20
31.31
37.58
31.69
33.04

17.11
18.58
18.98
17.77
19.43
20.21
21.03
21.05
17.52
22.02
18.75
19.20
18.22
20.82
17.66
22.33

6.96
5.46
5.50
4.98
5.31
4.53
6.77
5.70
4.73
6.14
5.00
7.27
4.89
6.98
4.81

2.50
2.77
2.12
1.98
1.12
1.55
1.24
1.98
2.25
1.75
2.11
2.40
2.72
0.99
2.27
1.53

2.48
2.11
3.34
1.35
3.56
1.88
2.18
2.21
-

0.35
0.46
0.54
0.44
0.52
0.38
0.31
0.35
-

MT
OR
WI
IL
TX
OK
TX
KS
IL
MO
WY
NE
CO
MO
GA
KS

5.47
6.05
5.90
5.62
5.70
6.29
5.32
6.15
5.63
6.58
5.78
6.10
5.92
5.58
6.40
7.87

29.62
27.41
26.28
25.22
23.32
26.03
25.35
28.46
26.14
23.60
27.85
25.20
28.43
25.74
28.63
26.31

Total Available
Alkalies Alkalies
1.68
2.71
1.19
1.28
1.18
1.64
1.32
2.13
2.38
1.13
2.44
-
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Table 2: Preliminary Mix Set Times

Power
Set Time (min)
Plant No Borax 0.5% Borax 1.0% Borax
BDMN
F
30
512
COLU
26
D+
D+
CRAW
F
224
D+
FAY
F
1273
D+
GRDA
F
800
D+
JDLY
564
D+
D+
JEFF
F
337
D+
JOLI
F
109
1161
LAB
F
D+
N
LRS
F
33
D+
NEB
F
D+
D+
PAW
F
620
D+
RUSH
F
217
D+
SCH
F
590
D+
TECU
F
619
D+
Note: F = flash set, D+ = set after 24 hrs,
N = never set

Table 3: Utilization of Fly Ash from Particulate Collection Devices

Plant
Location
Sold
Total
BDMN
OR
82.7
92.6
COLU
WI
176.4
352.8
CRAW
IL
19.3
58.3
FAY
TX
230.8
279.8
GRDA
OK
175.9
242.5
JDLY
TX
125.9
125.9
JEFF
KS
224.4
374.3
JOLI
IL
84.5
130.3
LAB
MO
201.0
648.5
LRS
WY
51.6
232.0
NEB
NE
64.2
156.6
PAW
CO
84.5
84.5
RUSH
MO
57.3
367.8
SCH
GA
341.7
631.4
KS
TECU
32.3
40.3
Note: Units are thousand tonnes

50
Table 4: Effect of Sodium borate on Set Time and 28-Day Compression Strength
Power
Plant

GRDA

JEFF

LRS

PAW

SCH

Mix
Borax Set Time 28-Day Strength
Number
(%)
(min)
(MPa)
1
0
F
N/A
2
0.30
30
24.6
3
0.40
179
26.1
4
0.50
800
22.0
5
1.00
D+
7.5
1
0
F
N/A
2
0.40
56
29.3
3
0.45
43
28.6
4
0.48
105
29.8
5
0.50
337
29.2
6
1.00
D+
11.6
1
0
F
N/A
2
0.50
33
16.9
3
0.60
45
25.3
4
0.70
139
22.6
5
0.75
238
23.6
6
1.00
D+
8.5
1
0
F
N/A
2
0.30
36
26.5
3
0.40
48
24.6
4
0.43
59
24.8
5
0.46
59
22.7
6
0.50
620
19.0
7
1.00
D+
15.5
1
0
F
N/A
2
0.30
41
22.8
3
0.40
102
20.2
4
0.42
206
19.4
5
0.50
590
23.5
6
1.00
D+
5.1

Note: F = flash set, D+ = set after 24 hrs

Table 5: R-Squared (28-day Strength vs. ASTM C618 Parameter)
ASTM C618
Parameter

2

R for regression on strength for
two levels (%) of borax retarder
0.50
1.0

SiO2

0.148

0.478

Al2O3

0.002

0.066

Fe 2O3
CaO
MgO
SO3

0.022
0.233
0.346
0.001

0.040
0.324
0.388
0.316

SiO2 + Al2O3 + Fe 2O3

0.072

0.327

CaO + MgO + SO3

0.402

0.223

Note: All values are percent
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ABSTRACT
Concrete is the world’s most used construction material, and although it offers some advantages
over other building materials from an environmental perspective (e.g., durability, thermal
properties), the negative environmental impact of traditional concrete is of growing concern as its
use increases. This paper highlights significant findings from a recent study conducted at
Montana State University focused on identifying alternate materials to be used in concrete to
mitigate its negative environmental impacts. This study expressly researched replacing 100
percent of the Portland cement and natural aggregates in structural grade concrete with self
cementing fly ashes (by-products of coal fired power plants) and pulverized glass (post-consumer
glass from the container industry). This paper specifically presents the results of mechanical
(compressive and tensile strength, elastic modulus), and durability (ASR, abrasion, chloride
permeability) tests performed on two such concretes made with fly ashes from power plants in
Wyoming and Kansas. Overall, the fly ash/glass concretes tested in this research program
showed promise for use in transportation infrastructure applications. They exhibited 28 day
unconfined compression strengths in excess of 4,000 psi, although their corresponding tensile
strengths were somewhat lower than would be expected based on the behavior of conventional
concretes. Relative to durability, the results of the ASR tests were mixed, depending on the
manner in which the ASR testing was conducted. The abrasion resistance of the two concretes
was found to be generally similar to conventional concretes, and the permeability test results
correlated with “very low” likelihood of chloride ion penetration being an issue.

Keywords: Concrete; Recycled materials; Fly ash; Glass; Sustainable
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INTRODUCTION
Due to its outstanding strength, durability, and availability, concrete is the most consumed
manmade substance on earth with over 2.2 billion tons used annually (1). Unfortunately, the large
production of concrete has a matching carbon footprint. In 2004, the cement industry alone was
responsible for 7 percent of the total anthropogenic CO2 emission (2). As a result, concrete’s
environmental credentials are coming under increased scrutiny especially since the use of
Portland cement is forecasted to reach two times the current level by 2020 (2). In addition to
producing large quantities of CO2, concrete production harms the environment through the
disruption of virgin lands to obtain the raw materials for both cement and aggregate. The negative
impacts of concrete can be mitigated through creating a “green” concrete which uses fly ash (a
byproduct of coal combustion at a power plant) to replace 100 percent of the Portland cement and
uses post-consumer pulverized glass to replace the conventional sand and gravel aggregates. This
ecologically-aware concrete uses alternative materials to avoid the harmful environmental impact
of Portland cement while reducing both waste and the demand of virgin materials.
The generation of Portland cement is an energy intensive procedure where raw materials
are mined, crushed, and then heated at high temperatures to change their chemical state.
Similarly, fly ash comes from coal that is mined, crushed, and burned at high temperatures to
produce electricity. As could be expected, fly ash resembles Portland cement both chemically and
physically and is commonly used for low-rate partial replacement of Portland cement in concrete
(typically less than 25 percent by weight). While fly ash can have self-cementitious properties,
differences between coal deposits and power plant operations cause high variations in reactivity
among different fly ashes (thus fly ash is not generally used for high replacement of Portland
cement). Researchers at the Western Transportation Institute/Montana State University
(WTI/MSU), however, have identified numerous power plants throughout the United States that
produce fly ashes capable of being used for 100 percent replacement of Portland cement in
concrete mixtures. These fly ash sources were identified by developing and implementing a
selection criteria based on the coal type burned, the coal combustion process, and the emission
control devices used at a power plant (3). Through increasing the use of fly ash in concrete
particularly by 100 percent Portland cement replacement, more of the 39 million tons of unused
fly ash which are generated annually in the United States can be used in an environmentally
beneficial manner rather than becoming a waste product with attendant disposal needs (4).
Similar to fly ash, post-consumer glass is also environmentally friendly to use in
concrete, specifically to replace the natural aggregates. Since concrete is composed of 60 to 75
percent aggregate by volume (5) and large quantities of concrete are consumed yearly, virgin
lands are significantly disturbed by the mining of natural aggregate. Replacing traditional
aggregates with recycled glass aggregate is advantageous given that the majority of postconsumer glass is not recycled. In 2006 alone, 10.3 of the 13.2 million tons of glass generated in
the United States was discarded as waste (6). While glass is difficult to recycle to make new
containers (due to chemical differences between the various glass colors), it can easily be
pulverized and used as concrete aggregate, keeping it out of landfills.
Past research at WTI/MSU (3, 7-9) has shown that creating an entirely “green” concrete
composed of 100 percent fly ash as the binder and pulverized glass as the aggregate is not only
feasible in the lab, but is practical for field applications. In 2008, the first major commercial
project was constructed using this material, namely, a branch of the Missoula Federal Credit
Union in Missoula, MT (9). In this structure, fly ash from the J.E. Corette Power Plant in Billings,
MT was used as the sole cementitious binder for the concrete used in footings, foundation walls,
slabs on grade, architectural panels, and load-bearing structural beams. While this project was a
success, it identified the need to further investigate the fundamental engineering properties and
durability of this new material. Furthermore, while the Corette fly ash has been the primary
source of fly ash used for research by WTI/MSU, further efforts have been made to identify other
self-cementing fly ash sources. These efforts identified the Jeffrey Energy Center (JEFF) near St.
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Marys, Kansas, and the Laramie River Station (LRS) near Wheatland, Wyoming as two of
several power plants that produce highly self-cementitious fly ash that can potentially be used as
the sole binder in “green” concrete (3).

EXPERIMENTAL PROGRAM
In an effort to better understand 100 percent fly ash and glass concrete and support its potential
use in practical infrastructure applications, the study presented herein investigated the
fundamental engineering properties and durability of “green” concrete made with fly ash from the
JEFF and LRS power plants. A summary of the engineering property and durability tests
performed is given in Table 1.While the American Society for Testing and Materials (ASTM)
have many standardized tests for traditional Portland cement based concrete with natural
aggregate, no such tests exist for 100 percent fly ash and glass concrete. As a starting point to
understand the behavior of this fly ash/glass concrete, ASTM tests for traditional concrete were
used, exercising engineering judgment when necessary in applying these tests to this new
material. All of the specimens used in this study were cured in a 100 percent humidity
environment until they were tested.

Table 1: Summary of Fundamental Engineering Property and Durability Tests
Property
Compressive Strength
Elastic Modulus
Splitting Tensile Strength
Modulus of Rupture
Alkali Silica Reactivity
Abrasion
Chloride Permeability

ASTM Test Method
C39
C469
C496
C78
C1260
C944
C1202

Specimens/Tests
3
3
3
3
3
4
2

Days to be Tested
7, 14, 28, 56, 84
7, 14, 28, 56, 84
7, 14, 28, 56, 84
7, 14, 28, 56, 84
28
28
91

MATERIALS
The two fly ashes used in this study (JEFF and LRS) are byproducts from electric generation
stations that burn subbituminous coal in dry bottom boilers. Cold-side electrostatic precipitators
(without flue gas conditioning) were used to collect the fly ash at each power plant. No mercury
emission control systems were in use at the plants when the fly ash was collected. The fly ashes
from the JEFF and LRS power plants are categorized as Class C according to ASTM C618. Table
2 lists selected properties of these ashes obtained from the ASTM C618 test report.
Table 2: Selected ASTM C618 test properties
Power Plant

Location

SiO2

JEFF
KS
30.07
WY
LRS
33.02
Note: All units are in percent

Al 2O3 Fe 2O3 CaO

MgO

SO3

Na2O

21.05
18.75

6.77
6.14

1.98
2.11

1.88

6.15
5.78

28.46
27.85

K 2O

Total Available
Alkalies Alkalies
0.38 2.13
-

The glass aggregate used for this research was collected, pulverized, and provided by the
Montana Department of Environmental Quality (DEQ). Even though the glass was of assorted
color, the varying chemical composition of the glass was not accounted for in this study. An
Andela crusher was used to create coarse and fine glass gradations. The aggregate sizes were
relatively small, utilizing 1/8 inch minus fine aggregate with a 3.54 fineness moduli and 1/8 to 3/8
inch coarse aggregate with a 5.51 fineness moduli. Prior to its use in the 100 percent fly ash
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concrete, the pulverized glass was washed thoroughly to remove contaminants such as dirt and
sugars.

MIX DESIGN
This section presents the mixture designs of the concretes studied in this project. The mix designs
used in this study varied substantially from traditional practice primarily due to differences in the
physical properties of pulverized glass and natural aggregates, and differences between fly ash
and Portland cement.
Unlike natural aggregate, pulverized glass is non-absorptive, causing bleed-water lenses
to coat the aggregate, which lowers the strength of the aggregate-paste bond. One study (10)
showed that when waste glass was used in Portland cement based concrete, the compressive
strengths typically decrease with increasing glass particle size since the paste has difficulties
binding to the smooth surface of large glass aggregate. Thus, to induce higher concrete strengths,
a reduction of the amount of large glass aggregate was achieved by using a 3:1 fine to coarse
aggregate ratio in the mix.
The high aggregate surface area associated with the large percentage of fine glass
particles used in the mix (i.e., 3:1 ratio of fine to coarse aggregate, and maximum coarse
aggregate size of 3/8 inch), required a substantial paste content to thoroughly coat the particles
and ensure a well bonded concrete matrix. A 48 percent water and fly ash paste content by
volume was used, which is significantly larger than the typical 25 to 40 percent paste content of
traditional concrete (5). The water-to-cementitious material (i.e. water-to-fly ash) ratio used for
the paste was 0.22. While complete hydration of Portland cement can be achieved at a 0.22 waterto-cement ratio (11), higher ratios are used (typically from 0.40 to 0.50) to allow a workable mix
because of Portland cement’s angular shaped particles (5). Due to the so-called “ball-bearing”
effect of the spherical shaped fly ash particles, adequate workability can be obtained at low water
contents for 100 percent fly ash concrete.
All of the test specimens (excluding those for ASR) were cast from a total of six batches
of concrete (three for each ash). The self-cementitious fly ashes used in this study would flash set
when combined with water; that is, the chemical reactions initiated by the added water would
cause the concrete to set so quickly that it would not be usable. Therefore, commercially available
20 Mule Team Borax (Na2B2O3∙10H2O) was used to retard the set, allowing sufficient time for the
concrete’s placement before it hardened. For the JEFF and LRS bulk fly ash mixes, 0.325 and
0.675 percent borax by weight of the fly ash was used respectively. The set time was fairly
consistent among the six mixes, ranging from 172 to 235 minutes. Until the concrete set, all six
mixes remained highly workable with 7¼ to 7¾ inch slumps (measured according to ASTM
C143). In addition to the six bulk mixes (two 2.0 and four 7.5 ft3), four small (0.075 ft3) mixes
(two with each ash) were performed for the ASR specimens, using 0.325 and 0.625 percent borax
for the JEFF and LRS ashes respectively. These smaller mixes matched as close as possible the
mix proportions specified by the ASR test method (ASTM C1260), as will be discussed below.

FUNDAMENTAL ENGINEERING PROPERTIES
Compressive Strength (ASTM C39)
An often cited and important property of hardened concrete is its unconfined compressive
strength, which also is indicative of many other material properties. Figure 1 shows the
compressive strength profiles as function of time for both the JEFF and LRS concretes
determined from, 6x12 inch test cylinders. For many applications, a minimum concrete strength
of 4,000 psi at 28 days is required.
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Figure 1: Unconfined compressive strength
Both the JEFF and LRS concretes exceeded 4,000 psi at 28 days with strengths of 4,180
and 5,070 psi respectively. In addition to favorable 28-day strength, the concretes exhibited high
early strength. At 7 days, the JEFF and LRS concrete had strengths of 87 and 89 percent of their
28-day strengths, respectively. These strengths are significantly higher than traditional concrete,
where the 7-day strength is typically 75 percent of the 28-day value (5). From 28 to 56 and 84
days, the concretes gained a considerable amount of strength. At 56 and 84 days, the JEFF
concrete had strengths of 4,580 and 4,850 psi (a 10 and 16 percent increase from the 28 day
value) while the LRS concrete had strengths of 6,450 and 7,210 psi (a 27 and 42 percent increase
from the 28 day value). While the JEFF concrete had a similar rate of strength gain to traditional
concrete which typically exhibits a 10 and 15 percent strength increase of the 28-day value at 56
and 90 days (5), the LRS concrete had a noticeably higher rate of strength gain. One unusual
feature of the LRS concrete was the 180 psi strength loss from 7 to 14 days before the concrete
continued to gain strength. Overall, the LRS concrete outperformed the JEFF concrete with
respect to strength and strength gain; however, the performance of both concretes was satisfactory
and comparable to that of traditional concrete.
A cursory review of the ASTM C 618 information on each ash (Table 2) revealed no
particular differences in ash properties that obviously would suggest that the LRS concrete would
be stronger than the JEFF concrete. This situation is not surprising, as other investigators have
previously commented on the general absence of simple/strong indicators (i.e., from the bulk
chemical analysis) to predict the hydration behavior of a given fly ash (12).

Elastic Modulus (ASTM C469)
Research has shown that both the paste to aggregate ratio and the individual moduli of each of
these components have an effect on the overall modulus of elasticity of concrete (13). The ACI
equation for the elastic modulus, Ec, of conventional concretes (14) considers properties of the
material strongly related to both the paste and the aggregates in estimating this parameter:
=

.

33

′

Concrete strength, f’c, is related to the stiffness of the paste, and the unit weight of the
concrete, wc, is related to the unit weight of the aggregate which further imputes the aggregate
stiffness. Thus, the ACI equation increases stiffness for increased paste stiffness, and reduces the
stiffness for lighter (and typically softer) aggregates. Research by Yang et al. (15) showed that
the elastic modulus of concrete should further be amplified with the increasing volume fraction of
stiff aggregate. In Yang’s study, concrete made with spherical glass aggregate (with an elastic
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moduli of 10,470 ksi) had a noticeably higher elastic modulus than concrete made with angular
crushed stone aggregate – with an elastic moduli of 5,510 ksi (15).
Figure 2 shows the empirical elastic modulus profiles as well as the ACI predicted elastic
modulus profiles versus time for both the JEFF and LRS concrete. Elastic modulus was measured
using 6x12 inch cylinders according to ASTM C469. The ACI predicted moduli were obtained
from the equation above using the measured compressive strengths and concrete unit weights
(typically 141 lbs/ft3). In general, the empirical modulus of elasticity of the fly ash and glass
concrete was stiffer than the corresponding ACI predicted value (on average 31 percent stiffer for
JEFF and 17 percent stiffer for LRS). Previous research at MSU has shown the elastic modulus
for fly ash concrete with a 40 percent paste content and conventional aggregate to correspond
closely (within 3 percent) to the values determined using the ACI equation, yielding an elastic
modulus of 3,807 ksi from concrete with a corresponding unconfined compressive strength of
4.49 ksi (16). Based on these results, it is deduced that the increased stiffness of the fly ash and
glass concrete is most likely attributed to the stiff glass aggregate.

Figure 2: Elastic modulus
The change in the measured elastic modulus with time is notable, since this profile does
not completely mimic (in shape) the strength profiles presented in Figure 1, as would be expected
based on the empirical data and the ACI predictive equation for estimating elastic modulus. For
the JEFF concrete, the elastic modulus unexpectedly decreases from the 7-day value at 14 and 28
days before it steadily increases at 56 and 84 days. The results for the LRS concrete are somewhat
more irregular, showing a decrease in the stiffness from 7 to 14 days (corresponding to the ACI
prediction) before rebounding at 28 and 56 days and decreasing once again at 84 days (varying
from the ACI prediction). This phenomenon could be the result of the differences between some
of the early hydration products of the fly ash paste versus Portland cement paste, which could
cause the early stiffness of the fly ash and glass concrete to vary from traditional concrete.

Splitting Tensile Strength (ASTM C496)
The splitting tensile strengths of the JEFF and LRS concretes were tested by applying a diametral
compressive force along the length of 6x12 inch concrete cylinders according to ASTM C496. As
a comparison for the empirical data, the concrete’s predicted splitting tensile strength, fct, was
calculated according to ACI’s conventional concrete equation (14).
= 6.7

′

The unconfined compression strength used in this equation was obtained from the
average of three 6x12 inch cylinders. Figure 3 shows both the measured and calculated splitting
tensile strength profiles versus time for the Jeff and LRS concretes. The measured splitting tensile
strength was consistently lower than the ACI predicted value for traditional normal-weight
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concrete. On average, the measured splitting tensile strength of the JEFF and LRS concrete was
13 and 17 percent lower than the corresponding predicted values respectively, indicating that a
new coefficient for the ACI equation could possibly be necessary for 100 percent fly ash and
glass concrete. The lower tensile strength of the fly ash and glass concrete could be due to the
relatively poor bond expected to form between the fly ash paste and glass aggregate.
Additionally, the concrete’s resistance to crack propagation could be somewhat lower than
traditional concrete due to the lower percentage of aggregate used in the mix and the smaller
aggregate sizes, leading to a reduction in the concrete’s tensile capacity.

Figure 3: Splitting tensile strength
In general, the shape of the measured splitting tensile strength profiles mimicked that of
the concrete’s compression strength as was observed in previous research (17), and would be
expected based on the ACI equation relating tensile and compression strength. For the LRS
concrete, the unconfined compression strength was less at 14 days than at 7 days which is
represented by the ACI predicted profile of the splitting tensile strength and followed by the
measured data. The JEFF concrete showed a slight variation between the measured and predicted
profile shapes with an increase in the measured value and a decrease in the predicted value at 28
days.

Modulus of Rupture (ASTM C78)
Similar to the splitting tensile strength, the ACI has an equation to predict modulus of rupture, fr,
based on the compression strength for normal weight concrete (14).
= 7.5

′

ACI’s equation for rupture strength is similar to that prescribed by the AASHTO LRFD
Bridge Design Specifications with the exception of the constants used in the equation. In the
AASHTO specifications, the modulus of rupture is calculated between 7.6 ′ and 11.7 ′
depending on the application in which the value is to be used (18).
The observed modulus of rupture of the JEFF and LRS concrete was obtained from the
average of three 20x6x6 inch specimens. The modulus of rupture profiles are shown in Figure 4
along with ACI’s predicted modulus of rupture profiles. The ACI values were obtained using the
unconfined compression strength from the average of three 4x8 inch cylinders from the same
concrete batches. As seen in Figure 4, the modulus of rupture values determined from the beambending test results varied from the values predicted by ACI from the compression strength.
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Figure 4: Modulus of rupture
As seen with other properties related to compression strength, the measured modulus of
rupture profile deviated somewhat from the profile predicted by ACI equation as a function of the
compressive strength. While the LRS concrete exceeded the ACI calculated value throughout the
test, the JEFF concrete had a lower MOR at 7, 14, and 28 days before exceeding the ACI value at
56 and 84 days. One unexpected occurrence was that both the JEFF and LRS concrete had higher
modulus of ruptures at 7 days than at 14 and 28 days. After 28 days, however, the tensile capacity
for the fly ash and glass concretes increased substantially, with the modulus of rupture values
determined by test at 84 days being 8.3 and 9.3 times f′ for the JEFF and LRS concretes,
respectively.

DURABILITY PERFORMANCE
Alkali Silica Reactivity (ASTM C1260)
Several test methods are available to determine the vulnerability of concrete to deleterious alkali
silica reactions (ASR): ASTM C227, C1260, C1293, and C1567. Since these tests have been
designed/specified to determine the reactivity of traditional aggregates in Portland cement based
concretes, care must be taken when applying these methods to fly ash and glass concrete and
interpreting the results. To determine the alkali-silica reactivity of fly ash/glass concrete, the
ASTM C1260 test was used since it is of short duration and has been found to provide repeatable
results. This method assesses the alkali-silica reactivity of the concrete by monitoring the
expansion of mortar bars which are soaked in alkaline solution at 176°F for 14 days. According to
this specification, for conventional concretes, expansion of less than 0.10 percent after 14 days of
exposure is indicative of innocuous behavior while expansion of more than 0.20 percent is
indicative of potentially deleterious expansions. Expansion between these limits are somewhat
unclear, and thus it may be useful to take readings until 28 days (19).
One challenge of using the ASTM C1260 method for fly ash and glass concrete is
conforming to its specific mix design requirements prescribed by this test method. Along with
explicit aggregate grading constraints, ASTM C1260 specifies a cementitious material-toaggregate ratio of 1:2.25 by mass along with a water-to-cementitious material ratio of 0.47 by
mass (19). Thus, the paste content to be used is indirectly mandated by the specification (at 46.8
percent by volume), as the paste content is uniquely determined when both the cementitious
material-to-aggregate and water-to-cementitious material ratios are set. The stipulated 0.47 waterto-cementitious material ratio is unreasonably high to use for fly ash glass concrete which
typically requires a ratio of only 0.22. The water-to-cementitious material ratio of the mix can be
reduced by either decreasing the water content or increasing the fly ash content in the mix. By
simply reducing the water in the mix, the volume of paste in the mix also decreases.
Alternatively, by increasing the fly ash in the mix, the cementitious material-to-aggregate ratio
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within the mix increases. Thus both the paste content and cementitious material-to-aggregate ratio
specified in ASTM C1260 cannot be simultaneously attained at a water-to-cementitious material
ratio of 0.22. In an attempt to appropriately apply the ASTM C1260 method, ASR tests were
done with two mixes with each ash (JEFF 1, JEFF 2, LRS 1, and LRS 2). The JEFF 1 and LRS 1
mixes had a 1:2.25 cementitious material-to-aggregate ratio by mass with a 39.3 percent paste
content by volume while the JEFF 2 and LRS 2 mixes had a 1:1.66 cementitious material-toaggregate ratio by mass with a 46.8 percent paste content by volume. For both mixes a 0.22
water-to-cementitious material ratio was used and the glass aggregate was graded according to
the requirements specified in ASTM C1260. Three mortar bars were used from each mixture to
evaluate the expansion of the concrete made with the JEFF and LRS ashes.
Figure 5 shows the expansion results of the two mixes performed with the JEFF and LRS
ash. Both mixes made with the JEFF ash were well below the 0.10 percent expansion value at 14
days (0.041 percent for JEFF 1 and 0.038 percent for JEFF 2). The expansion behavior of the two
mixes only varied slightly even though more fly ash paste was used in the second mix. The LRS 2
mix was below the 0.10 percent limit with an expansion of 0.036 at 14 days; however, the LRS 1
mix exceeded this limit with an expansion of 0.135 percent at 14 days. As time progressed, the
LRS 1 specimens continued to expand reaching 0.204 percent expansion at 28 days, which
nominally exceeded the 0.20 expansion limit. The low paste content of LRS 1 (versus LRS 2) was
suspected to be the cause of its high expansion values. With less paste, the glass aggregate was
less thoroughly coated, making it more susceptible to attack by the alkaline solution. By matching
the paste content of the ASTM C1260 specified mix, acceptable performance was seen with the
100 percent fly ash and glass concrete with both ashes according to this standardized test.
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Figure 5: Alkali silica reactivity
Although these results are favorable, further assessments with other ASTM tests should
be performed to better understand the ASR resistivity of fly ash/glass concrete. This is especially
true since researchers have questioned the validity of the ASTM C1260 test to detect ASR issues
in concrete with glass aggregate. Zhu et al. (20) voiced such concerns based on the elevated
temperatures of the alkali solution. While hot concentrations of alkali solutions are known to
attack the silica proportion of the glass, the effect of this reaction on the expansion of the concrete
is highly dependent on the size of the glass particles. Zhu et al. (20) suspected that a large portion
of the fine glass particles react pozzolanically with the hot alkali solution which lessens the ASR
of the course glass particles, yielding false negative results. While the glass aggregate may make
the concrete more susceptible to deterioration by ASR, the use of fly ash instead of Portland
cement is expected to diminish this effect. Research by Shehata and Thomas (21) showed that
ASR expansions can be mitigated by using Class C fly ash to partially replace Portland cement in
traditional concrete, even when the fly ash contains relatively high values of available alkalis. In
this research effort, as the fly ash replacement rate was increased, the ASR expansion of the
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concrete decreased. This finding was also observed in several other research efforts and was
concluded to be a result of the overall reduced calcium content of the fly ash and cement paste
(21-23). Therefore, the 100 percent fly ash/glass concretes studied in this research effort is not
expected to have issues with ASR expansion. That being said, a correlation between field
observations and lab test results is required to use ASTM C1260 or any other method to predict
the alkali-silica reactivity of fly ash/glass concrete.

Abrasion (ASTM C944)
Tests have shown that concrete’s abrasion resistance is closely related to its compressive strength,
with strong concrete having more resistance to abrasion than weak concrete (5). In addition to
compressive strength, the aggregate properties, the finishing method, and the curing regime of the
concrete can all affect its abrasion resistance. Furthermore, the inclusion of fly ash as partial
replacement of Portland cement can influence the durability of concrete with respect to abrasion
due to the different characteristics of the paste (24). Therefore, the fly ash glass concrete studied
in this research effort was expected to perform differently than traditional concrete due to the
inherent dissimilarities between fly ash and Portland cement and between glass and conventional
aggregates. Traditional concrete specimens were cast for comparison to provide some perspective
on the abrasion results. Similar curing regimes and finishing methods were used for both the
traditional and fly ash glass concrete. Moreover, the traditional concrete specimens were tested
upon reaching compression strengths similar to the 28-day strengths of the JEFF and LRS
concrete mixes to allow for a more accurate comparison.
Four rectangular cuboids that measured 6x6x2 inches were cast and abraded on both the
formed and finished surfaces for each concrete tested. The JEFF and LRS abrasion tests were
performed at 28 days with the corresponding compressive strength of each mix being determined
by the average of three 6x12 inch cylinders. The two abrasion tests with the traditional concrete
specimens (TRD 1 and TRD 2) were executed when the 6x12 inch cylinders indicated the
concrete compressive strength closely matched that of the fly ash glass concrete. To abrade the
specimens, a 22 lb load was applied to a 3¼-inch rotating cutter which ground the surface for a 2
minute period. Table 3 shows the abrasion test results for both surfaces of the JEFF, LRS, TRD 1,
and TRD 2 concrete mixes with their corresponding compression strengths.
Table 3: Abrasion resistance

Mix
JEFF
TRD 1
LRS
TRD 2

Concrete
Weight Loss
Strength (psi) Formed (g) Finished (g)
4,180
8.6
9.3
4,380
6.1
7.9
5,070
4.6
17.7
5,050
5.0
7.0

Referring to Table 3, for both the traditional and fly ash glass concrete mixes, the formed
surfaces outperformed, i.e., had a lower weight loss than, the finished surfaces. This was
expected since bleed water typically rises to the top of the finished concrete which causes a
higher water-to-cementitious material ratio, lowering the strength of the surface. Both faces of the
JEFF concrete were more susceptible to abrasion deterioration than the TRD 1 mix which had
similar compression strength. The LRS concrete had slightly less abrasion wear for the formed
surface and considerably more wear for the finished surface compared to TRD 2. The high weight
loss of the LRS concrete’s finished surface could indicate that this concrete is more susceptible to
bleeding or that the concrete was overworked when finished.
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Chloride Permeability (ASTM C1202)
It is important for concrete to be able to resist chloride permeability to avoid the corrosion of steel
within reinforced concrete elements. The ASTM C1202 method titled “Standard Test Method for
Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration” was used to
determine the chloride permeability resistance of fly ash glass concrete. This test method
specifically states that it is only applicable to types of concrete where correlations to a long-term
chloride ponding test (such as AASHTO T 259) have been made. Therefore, further analysis of
the fly ash and glass concrete with a long-term method is needed before any definitive statements
can be made about the chloride penetration resistance of the concrete. The chloride ion
penetrability test results for these concretes are shown in Table 4. Following ASTM C1202, these
results correlate with “Very Low” likelihood of chloride ion penetration issues. Note that the total
charge passed was lower for the LRS concrete than the JEFF concrete, which may be attributed to
the higher compressive strength of the LRS concrete.
Table 4: Chloride permeability

Fly Ash
Source
JEFF
LRS

Age at Test
(days)
91
91

Average Compressive
Strength (psi)
5980
6330

Average Total Charge
Passed (coulombs)
460
300

Chloride Ion
Penetrability
Very Low
Very Low

SUMMARY AND CONCLUSION
This research effort was focused on reducing the negative environmental impacts associated with
concrete by replacing the Portland cement with self-cementitious fly ash and replacing the natural
aggregates with post-consumer glass. Specifically, this paper presents the results of mechanical
and durability tests on two fly ash/glass concrete mixtures made with fly ashes from Kansas and
Wyoming.
The following conclusions can be drawn from this study.
1. Overall, the concretes tested in this research effort showed promise with respect to future use
in transportation infrastructure applications. However, further development/investigation
must be conducted before its widespread use. Previous research at MSU on 100 percent fly
ash concrete was somewhat narrowly focused on fly ash from a single power plant, the
Corette plant in Billings, MT. This research has shown that other self-cementing fly ashes
capable of serving as the sole binder in concrete are available.
2. The concretes tested in this research effort demonstrated satisfactory mechanical properties.
Both concretes obtained strengths in excess of 4,000 psi at 28-days, with the JEFF and LRS
concretes obtaining 4,180 and 5,070 psi, respectively. Further, both concretes demonstrated
high early strength when compared to conventional concrete, and continued to gain
significant strength over time. At 84 days, the JEFF concrete had a 16 percent increase in
strength from the 28-days strength to 4,850 psi, while the LRS concrete had a 42 percent
increase to 7,210 psi. The elastic moduli for both concretes were higher than would be
expected for conventional concretes with similar compressive strengths. This increase in
elastic modulus is most likely attributed to the increased stiffness of the glass compared with
natural aggregates. However, the tensile strengths of the concretes were slightly lower than
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expected for conventional concrete of similar compressive strengths. This may be attributed
to the decreased bond that may be forming between the glass aggregates and binder.
3. The LRS fly ash produced concrete that was generally stronger and stiffer than that produced
using the JEFF fly ash. There were no obvious differences in the ASTM C618 properties of
these ashes that would indicate this outcome. Additional work needs to be done on
identifying the fly ash properties that correlate with their ability to serve as the sole binder in
concrete.
4. The concretes tested in this research performed well with respect to durability. The ASR
results were somewhat mixed depending on the manner in which ASTM C1260 was
performed. However, use of this test method for determining ASR issues in fly ash/glass
concrete does not ensure that ASR will not be an issue; this procedure and prescribed
performance limits were designed for conventional concrete. That being said, based on
previous research, ASR is not expected to be an issue for this material because of the reduced
calcium content of the fly ash (when compared to Portland cement) despite the highly
reactive aggregates. The abrasion resistance of the material was comparable to that of
conventional concrete with similar compressive strengths, while the chloride permeability of
the concrete had a “very low” probability of chloride penetration being an issue.

Roskos, Berry, and Stephens

71
ACKNOWLEDGEMENTS
This material is based on work supported by the National Science Foundation under Grant No.
CMMI-0900143. Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect the view of the National Science
Foundation.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

Crow, J.M., The concrete conundrum. Chemistry World, 2008. 5(3): p. 62-66.
Naik, T.R., Sustainability of concrete construction. Practice Periodical on Structural Design
and Construction, 2008. 13(Compendex): p. 98-103.
Roskos, C., et al., Identification and Verification of Self-Cementing Fly Ash Binders for
"Green" Concrete, in World of Coal Ash2011: Denver, CO.
Survey, U.S.G., Historical statistics for mineral and material commodities in the United
States: U.S. Geological Survey Data Series 140, T.D. Kelly and G.R. Matos, Editors. 2005.
Kosmatka, S.H., B. Kerkhoff, and W.C. Panarese, Design and control of concrete mixtures,
2003, Portland Cement Association: Skokie, Ill. p. 1 CD-ROM.
EPA. Environmental Protection Agency Municipal Solid Waste Division, Glass. 2008 (cited
2008 August); Available from: http://www.epa.gov/garbage/glass.htm.
Berry, M., J. Stephens, and D. Cross, Performance of 100% Fly Ash Concrete with Recycled
Glass Aggregate. ACI Materials Journal, 2011. 108(4): p. 378-384.
Cross, D., J. Stephens, and M. Berry, A Green Gem in the Treasure State. Ash at Work,
2009(1).
Cross, D., J. Stephens, and M. Berry, Sustainable Construction Contributions from the
Treasure State, in Concrete International2010. p. 41-46.
Polley, C., S.M. Cramer, and R.V. de la Cruz, Potential for using waste glass in Portland
cement concrete. Journal of Materials in Civil Engineering, 1998. 10(4): p. 210-219.
Akroyd, T.N.W., Concrete: properties and manufacture1962, Oxford, New York,: Pergamon
Press. 336 p.
Tishmack, J.K., et al., Characterization of pore solutions expressed from high-calcium flyash-water pastes. Fuel, 2001. 80(Compendex): p. 815-819.
Pauw, A., Static Modulus of Elasticity of Concrete as Affected by Density. Journal of the
American Concrete Institute 1960. 57(12): p. 679-688.
318-08, A., Building Code Requirements for Structural Concrete, 2008, American Concrete
Institute.
Yang, C.C., et al., Aggregate effect on elastic moduli of cement-based composite materials.
Journal of Marine Science and Technology, 1995. 3(1): p. 5-10.
Cross, D., J. Stephens, and J. Vollmer. Structural Application of 100% Fly Ash Concrete. in
World of Coal Ash. 2005. Lexington, KY.
Polley, C., The Effects of Waste Glass Aggregate on the Strength and Durability of Portland
Cement Concrete, 1996, University of Wisconsin: Madison, WI.
American Association of State Highway and Transportation Officials. and Knovel (Firm),
AASHTO LRFD bridge design specifications customary U.S. units, 2007, American
Association of State Highway and Transportation Officials: Washington, D.C. p. 1 v. (various
pagings).
ASTM, Annual Book of ASTM Standards, 2009, American Society for Testing and Materials.
Zhu, H.Y., et al., Expansion behaviour of glass aggregates in different testing for alkali-silica
reactivity. Materials and Structures, 2009. 42(4): p. 485-494.

Roskos, Berry, and Stephens

72
21. Shehata, M.H. and M.D.A. Thomas, The effect of fly ash composition on the expansion of
concrete due to alkali-silica reaction. Cement and Concrete Research, 2000. 30(7): p. 10631072.
22. Thomas, M.D.A., et al., Performance limits for evaluating supplementary cementing
materials using accelerated mortar bar test. Aci Materials Journal, 2007. 104(2): p. 115122.
23. Garcia-Lodeiro, I., A. Palomo, and A. Fernandez-Jimenez, Alkali-aggregate reaction in
activated fly ash systems. Cement and Concrete Research, 2007. 37(2): p. 175-183.
24. Naik, T.R., S.S. Singh, and M.M. Hossain, Abrasion resistance of high-volume fly ash
concrete systems, in Rep. No. 176 prepared for EPRI1993, Center for By-pro0ducts
Utilization, Univ. of Wisconsin-Milwaukee: Milwaukee.

73

STRUCTURAL PERFORMANCE OF SELF-CEMENTITIOUS FLY ASH
CONCRETES WITH GLASS AGGREGATES
Contribution of Authors and Co-Authors
Manuscript in Chapter 5
Chapter 5:
Author: Colter E. Roskos
Contributions: Performed experiments, collected and analyzed output data, generated
some of the tables and figures, and wrote sections of the manuscript.
Co-author: Timothy R. White
Contributions: Performed experiments, collected and analyzed output data, generated
some of the tables and figures, and wrote sections of the manuscript.
Co-author: Mike P. Berry
Contributions: Obtained funding, conceived the study, and discussed the results and
implications, edited the manuscript at all stages, generated some of the tables and figures,
and wrote sections of the manuscript.
Co-author: Jerry Stephens
Contributions: Obtained funding, conceived the study, and discussed the results and
implications and edited the manuscript at all stages.

74

Manuscript Information Page
Colter E. Roskos, Timothy R. White, Mike P. Berry, and Jerry Stephens
Journal Name: ASCE Journal of Structural Engineering
Status of Manuscript:
X Prepared for submission to a peer-reviewed journal
___Officially submitted to a peer-reviewed journal
___Accepted by a peer-reviewed journal
___Published in a peer-reviewed journal
Publisher: ASCE Journal of Structural Engineering

75
STRUCTURAL PERFORMANCE OF SELF-CEMENTITIOUS FLY ASH CONCRETES
WITH GLASS AGGREGATES
Colter Roskos, Timothy White, Michael Berry, and Jerry Stephens
INTRODUCTION
With an annual production exceeding 2 billion tonnes per year, concrete is the single most
widely used man-made substance on earth due to its remarkable versatility as a building
material (Crow, 2008). The outstanding strength, durability, and availability of concrete
result in its use in a wide range of construction applications from highway pavements to
high-rise buildings. One drawback of concrete as a building material is the harmful effects
the production of its components has on the environment. The environmental impacts
associated with concrete production are a growing concern as its use is predicted to
quadruple in the period from 1990 to 2050 (Crow, 2008). Using alternate/green materials
in concrete to replace the portland cement and natural aggregates can mitigate these
negative impacts. Further, using common waste-streams as the replacements provides a
twofold environmental advantage. This paper presents the results of a recent research
effort focused on developing/characterizing a “green” concrete made with fly ash as the sole
binder and pulverized glass as the sole aggregate for structural applications. While this
new concrete is similar to portland cement concrete in many ways, subtle variations in its
properties could affect both the strength and ductility characteristics of reinforced elements
made with it. Thus, this paper presents the analysis and results of structural tests on
reinforced concrete elements made with this concrete.
Background
Portland cement is the most energy intensive and environmentally taxing component of
conventional concrete. During its production, fuel is combusted to heat raw materials to
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temperatures exceeding 1500°C, causing the decarbonation of limestone to occur. During
this process 0.81 kg of CO2 per kg of cement is released due to fuel combustion and
decarbonation (Hendriks, Worrell, deJager, Block, & Riemer, 2000). This, coupled with
concrete’s widespread use, make the production of portland cement a large contributor to
greenhouse gas emissions. In 2008, portland cement was reported to account for 7 percent
of worldwide greenhouse gas emissions (Naik, 2008). The anticipated increase in concrete
use will undoubtedly increase the demand for portland cement, which in turn will amplify
its harmful effect on the environment.
Fly ash has been used as a partial cement replacement for years; however, it typically is
used at replacement rates of less than 25 percent because of the lack of quality control
during its production/collection and the lack of understanding of its overall effects on
concrete performance at higher levels. Research on high volume fly ash concrete has been
the focus of many research efforts in the past, although until recently these efforts have not
significantly investigated the use of fly ash as the sole binder in concrete. Lately, some
researchers have moved in this direction, a majority of which have focused their work on
activated fly ash binders in which fly ash is combined with an activator (e.g., alkalis) to form
geopolymer bonds as opposed to traditional hydration products (Guo, Shi, Chen, & Dick,
2010; Hu, Zhu, & Long, 2009; Kovalchuk, Fernandez-Jimenez, & Palomo, 2008; Oh, Monteiro,
Jun, Choi, & Clark, 2010; Skvara, Kopecky, Smilauer, & Bittnar, 2009; Winnefeld, Leemann,
Lucuk, Svoboda, & Neuroth, 2010). Other research in the area of fly ash based concretes has
focused on self-cementitious fly ash rather than activated fly ash binders. Extensive
research has been done on this subject at Montana State University (Cross, Stephens, &
Berry, 2010; Cross, Stephens, & Jones, 2008; Cross, Stephens, & Vollmer, 2005) primarily
using a local self-cementious fly ash and natural aggregates. This research effort has clearly
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demonstrated the feasibility of producing concretes that use only fly ash as the binder that
have sufficient strength and durability to be used in common structural applications.
Aggregates typically account for 60 to 75 percent of the total volume in concrete
(Kosmatka, Kerkhoff, & Panarese, 2003), and thus this component of concrete too has a
large environmental impact through the disturbance of virgin lands for its production.
Replacing traditional concrete aggregate with a common waste-stream can reduce both the
demand on landfills and the demand for mined aggregates. A viable environmentallyfriendly material for aggregate replacement is post-consumer pulverized glass. In 2006
alone, 9.3 of the 12.0 million tonnes of glass generated in the United States was discarded as
waste (EPA, 2008), despite recent efforts by society to increase the reuse of this material.
This shortcoming is in part due to the lack of outlets for post-consumer glass. The most
likely outlet for post-consumer glass is the container manufacturing industry; its use in this
application, however, is hindered by the fact that glass of similar color must be used to
create new containers, and most communities do not separate glass by color.
Previous research efforts have focused on the use of glass as aggregate replacement in
portland cement concrete (Dhir, Dyer, & Tang, 2009; Jin, Meyer, & Baxter, 2000; Polley,
1996; Polley, Cramer, & de la Cruz, 1998; Saccani & Bignozzi, 2010; Shayan, 2002; Shi, 2009;
Zhu, Chen, Zhou, & Byars, 2009). However, as is concluded in much of this previous
research, its potential for use in Portland cement concrete is limited due to the high
likelihood for expansive alkali-silica reactions that occur between the alkalis in the cement
and the silica in the glass aggregates. However, concretes made with fly ash as the sole
binder do not appear to suffer this same limitation. Garcia-Lodeiro et. al. (2007) studied the
use of glass aggregates in concretes with an alkali-activated Class F binders, and had no
apparent ASR issues. Roskos et. al. (2011) and Berry et. al. (2011) also concluded that ASR
should not be an issue with glass-aggregate concretes made with fly ash binders.
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A nearly 100 percent-recycled, sustainable building material can be obtained by
combining a fly ash binder, glass aggregates, and reinforcing steel (reinforcing steel is
typically more than 97 percent recycled (CRSI, 2011). Preliminary research at MSU has
demonstrated the use of this material in a variety of applications, including its use in
reinforced structural elements (Berry, et al., 2011; Cross, Stephens, & Berry, 2009). In
2009, this preliminary work culminated in a field demonstration project in which fly
ash/glass aggregate concrete was used in the construction of a branch of the Missoula
Federal Credit Union (MFCU) in Missoula, MT. This material was used in the footings and
foundation walls, floor slab, architectural panels, and two structural beams. This
preliminary research has been a success; however, it was conducted using only one
particular fly ash from the Corette power plant near Billings, MT. In order for this research
to have a larger impact, this work needed to be expanded to include other potential selfcementitious fly ash binders. A research effort at MSU has been investigating other
potential self-cementious binders (Roskos, Berry, et al., 2011; Roskos, Cross, Berry, &
Stephens, 2011), and this paper presents some of the results from this effort. In particular,
this paper presents the results of structural tests performed on reinforced concrete beams
made with these newly identified binders and glass aggregates.
In almost all structural applications, concrete must be reinforced to provide the
strength and/or ductility required in contemporary designs. While the behavior of
conventional concrete coupled with reinforcing steel is well understood, this behavior is
complex, and it is important to confirm by laboratory tests how reinforced concrete
elements made with fly ash as the binder and recycled glass as the aggregate behave. This
aspect of alternate materials research is extremely important and is often unaddressed or
underappreciated.
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Scope
The research presented herein investigated the performance of reinforced concrete beams
made with concretes containing glass aggregates and three self-cementitious fly ash
binders. Three different beam designs were tested in order to fully evaluate the
performance of the material in these structural elements. The behaviors investigated were
flexural yielding of the tension reinforcement, compression failure of the concrete prior to
yielding, and shear failure. In this paper, the materials used in this research effort are
described in detail first. Then, the structural testing matrix is presented, followed by the
results of this testing program. The behavior of the beams made with different binders are
compared to each other as well as to control beams made with conventional Portland
cement concrete. The measured capacities are also compared to the capacities predicted
according to ACI 318 (2008). Finally, the study is summarized and conclusions are
presented.
MATERIALS AND MIXTURES
Fly Ash
The self-cementitious properties of fly ash are a function of the coal type used, the nature of
the combustion process, and the emission control devices used at the power plant that
produces it. These factors vary between power plants, and thus the self-cementitious
behavior of fly ashes in concrete is highly variable. Roskos, Cross, et al. (2011) identified
multiple potential self-cementitious fly ash binders from around the country by screening
power plants based on macro-level properties (e.g., coal type, coal combustion process,
emission control devices, boiler type, collection method). Concretes made with two of the
ashes identified in this research (from the Jeffrey Energy Center (JEFF) near St. Marys,
Kansas, and the Laramie River Station (LRS) near Wheatland, Wyoming) were further
evaluated with respect to mechanical properties and durability (Roskos, Berry, et al., 2011).
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These concretes demonstrated adequate mechanical properties for potential structural
applications, and suitable durability. In the research described herein, reinforced concrete
beams made with these two newly identified ashes were tested along with beams made
with the previously studied fly ash from the Corette (CRT) Power Plant near Billings MT.
The CRT, JEFF, and LRS ashes are categorized as Class C fly ash according to ASTM
C618-08a. They are byproducts from coal-fired power plants that burn subbituminous coal
in dry bottom boilers, and were collected using cold-side electrostatic precipitators without
flue gas conditioning. Mercury emission control devices were not used in the collection of
the JEFF and LRS ashes; however, the CRT ash was collected after the installation of an
activated carbon injection mercury control system at the plant in 2010. Therefore, the CRT
ash used in this research is notably different that the CRT ash used in previous research at
MSU (Berry, et al., 2011). Select physical and chemical properties obtained from ASTM
C618-08a test reports are listed in Table 1.
Glass Aggregates
The Montana Department of Environmental Quality (DEQ) collected, pulverized, and
provided the glass aggregate of assorted color for this study. The varying chemical
composition of glass of dissimilar color was not taken into consideration in this research.
The glass aggregates were separated into fine (3.2 mm minus) and coarse (3.2 to 9.5 mm)
aggregates with fineness moduli of 3.54 and 5.51, respectively. The glass was thoroughly
washed and dried prior to its use in the concrete as dirt can inhibit the paste-aggregate
bond and sugar can induce unwanted retarding effects. More details on the glass aggregate
used in this research can be found in Berry et al. (2011).
Mix Designs
A total of four concrete mix designs were tested (in structural beams) as part of this
research effort: one control mix containing conventional aggregates and Type I/II portland
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cement, and three fly ash/glass mixes. The mix design for the traditional concrete (TC) is
provided in Table 2. As will be discussed in the following section, several beam designs
were tested in this project, two of which had tight reinforcement configurations, making it
difficult to ensure proper consolidation. To avoid this consolidation issue, aggregates larger
than 12.7 mm were screened from the coarse aggregates for these beams.
The fly ash/glass concrete mix design varied substantially from the traditional concrete
design (Table 2). Since cementitious paste bonds poorly to the smooth surfaces of large
glass particles, small aggregate sizes were used in the mix, consisting of 3.2 mm minus fine
aggregate and 3.2 to 9.5 mm coarse aggregate. The fine to coarse aggregate ratio was 3:1.
The fineness of the glass aggregate resulted in a higher aggregate surface area than typically
realized in traditional concrete. To coat and bond the small glass particles together, a high
paste content, 48 percent fly ash and water paste by volume, was used in the fly ash/glass
mixes. Typical paste contents of conventional concrete range from 25 to 40 percent
(Kosmatka & Panarese, 1988). For conventional concrete, a large proportion of the water in
the paste is present solely to increase the workability of the mix. According to the Portland
Cement Association (PCA), complete hydration of Portland cement can be achieved at
water-to-cement ratios of approximately 0.22 to 0.25, but water-to-cement ratios of 0.40 to
0.50 are typically used to provide a workable mix (Kosmatka & Panarese, 1988). The
spherical shaped fly ash particles (compared to the angular shaped Portland cement
particles) provide a workable mix at low water-to-cementitious material (i.e. water-to-fly
ash) ratio. Water-to-fly ash ratios of 0.22-023 were used in the fly ash concretes in this
investigation. In general, when highly reactive, self-cementitious fly ashes come into
contact with water, hydration begins immediately and the mix tends to set immediately
(especially for the fly ashes studied in this research). To allow an adequate window of
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workability before the concrete hardens (approximately 60 to 240 minutes), sodium borate
(Na2B2O3∙10H2O) was used to retard the set time.
A summary of the concrete characteristics for these mixes is provided in Table 3 for
each of the three beam designs (to be discussed in the following section). For each mix
design, the workability of the mix was measured according to ASTM C143-08. All of the fly
ash/glass concrete mixes had higher slumps than the conventional mix (see Table 3). The
set times of the mixes were not specifically monitored, but all mixes were observed to set
within the desired workability window of 60 to 240 minutes. The beams and cylinder
specimens were placed in a 100% humidity cure room within 2 days of their casting.
Cylinder specimens were broken intermittently according to ASTM C39-05 until the
unconfined compression strength reached a value close to the target strength, upon which
the beams were tested. All of the mixtures achieved the target strength of 27.6 MPa in a
relatively short period of time (less than 28 days).
Reinforcing Steel
This research used two bar sizes for the longitudinal reinforcement in the beams: #4 (12.7
mm diameter) and #8 (25.4 mm). The transverse reinforcement stirrups were made with
6.4 mm diameter smooth mild steel. A representative sample of reinforcing bars were
selected and tested in tension to obtain actual yield strengths. The #4 bars (12.7 mm) bars
had an average yield strength of 362 MPa, while the #8 bars had an average yield strength
of 625 MPa. The mild reinforcing had an average yield strength of 248.2 MPa.

STRUCTURAL SPECIMENS
Beam Designs and Details
Duplicate specimens of three beam designs were tested in four-point bending until failure
for each of the four concretes described above (a total of 24 beams). The three beam
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designs used in this study were intended to evaluate the performance of the materials
under several failure criteria and to stress the concrete material in a variety of ways. Two
beam designs were intended to fail in flexure: one in a ductile fashion, and another in a
brittle manner. The moment-controlled ductile beams (MC-D) were designed to fail in a
ductile fashion (i.e., tension controlled failure with large tensile strains in the reinforcing
steel). This is typically the target of conventional design, and therefore it is important to
investigate this behavior with the new materials under these conditions. The momentcontrolled brittle beams (MC-B) were over reinforced and designed to fail through crushing
of the concrete prior to yielding of the longitudinal steel. This is not typically the intention
of conventional design; however, the concrete rather than the reinforcing steel will govern
the failure and post-peak response of these beam specimens. Thus, this design was believed
to test the concrete material more directly than in the MC-D beams. The final beam design
was a shear-controlled (SC) design in which no transverse reinforcement was placed in the
beam. This design allowed for direct determination of the concrete shear capacity (as
opposed to the combined shear capacity of the concrete and any shear reinforcement).
Previous material property testing indicated that fly/ash glass concrete had a lower tension
strength than would be predicted from its compression strength using relationships in this
regard established for conventional portland cement concrete(Roskos, Berry, & Stephens,
2012). This behavior was believed to result from the bond characteristics of the glass
aggregate. Due to the underlying tensile nature of concrete “shear” failures, it was deemed
important to investigate the performance of these concretes directly in beam elements.
The details of the three beam designs are shown in Figure 1. The beams were
rectangular with dimensions of 205 mm tall, 150 mm wide and 2895 mm long. The
longitudinal reinforcement in the MC-D beams consisted of three standard #4 deformed
bars (12.7 mm diameter). The transverse reinforcement consisted of 6.4 mm diameter
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mild-steel smooth stirrups spaced at 76.2 mm. The MC-B beams contained three standard
#8 longitudinal bars (25.4 mm). The stirrups used in this design were identical to those
used in the MC-D beams, and were tightly spaced (at 37.8 mm) to avoid a shear failure in
the specimens. Finally, the SC beams had identical longitudinal reinforcement as the MC-B
beams; however, they did not include stirrups. A side, top, and bottom clear cover of 19 mm
was used for all specimens.
Test Setup and Instrumentation
The test setup used in this research is shown schematically in Figure 2. As can be seen in
this figure, the beams spanned 2590 mm and were loaded with two point loads at the center
spaced at 381 mm. This loading scheme produced a region of constant moment and no
shear in the center of the span. The beams were tested to failure using a single hydraulic
ram while monitoring total applied load and deflection, and noting failure mechanisms.
Deflection was measured at midspan with a Celesco manufactured cable extension
transducer.
Predicted Capacities
The expected capacities of the three beam designs were calculated according to ACI 318
(2008). That is, for flexural capacity, the Whitney stress block was used to model the
concrete, and the steel was modeled as elastic-perfectly-plastic. The shear capacities were
calculated in accordance with the simplified approach prescribed in ACI (2008) Chapter
11.2.1.1 (2

). The measured material properties (concrete strength on day of testing,

and steel yield strength) were used in these calculations. The predicted capacities were
used in conjunction with the measured capacities to evaluate the suitability of this
procedure for predicting capacities of fly ash/glass concrete beams. The predicted
capacities are provided in Table 4.
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TEST RESULTS
Moment Controlled Ductile Beams (MC-D)
All of the MC-D beams (traditional concrete and fly ash/glass concretes) failed as expected;
that is, the steel yielded accompanied by extensive flexural cracking, followed by concrete
crushing in the constant moment region. Figure 3 shows a typical fly ash/glass MC-D beam
at failure. Measured force-deflection curves for both beams for each type of concrete are
provided in Figure 4. The force-deflection response for one beam from each concrete are
overlaid in Figure 5 to expedite comparisons between concretes. The ultimate capacity and
deformation behavior of all the beams was similar. Referring to Figures 4 and 5, as the load
was applied there was a distinct change in stiffness (softening) at around 5 kN due to the
initial cracking of the specimens, which coincided with the first observations of significant
flexural cracks. Each beam subsequently reached a maximum capacity of around 35 kN.
This peak in load carrying capacity occurred at a fairly common deflection of approximately
0.5 percent of the span length, with the TRD, CRT, and LRS beams then demonstrating good
ductility, reaching deflections of 2.5 percent of the span length while still carrying over 80
percent of the maximum load. The JEFF beams carried about 70 percent of the maximum
load at this deformation. There were no noticeable bond issues between the fly ash/glass
concretes and steel rebar during these tests. It should be noted that although the
researchers attempted to test the beams at identical compressive strengths, they varied
slightly between the different concretes (Table 3), and this variance may account for small
differences between the tests.
The average maximum measured load at failure for each of the concretes is provided
and compared to the predicted load at failure in Table 4. As is shown in this table, the ACI
code predictions were within 10% for all four concretes. The TRD beams and LRS beams
had measured-to-predicted ratios of 0.99, while the CRT beams exceeded the ACI prediction
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by 10 percent. The JEFF beams had a measured-to-predicted ratio of 0.92, indicating that
the ACI code prediction overestimated the capacity of beams made with this binder.
Moment-Controlled Brittle Beams (MC-B)
All of the MC-B beams failed as expected, that is, the concrete crushed prior to yielding of
the reinforcing steel and prior to the formation of significant flexural cracks. As mentioned
previously, this behavior is not typically the goal of flexural design, but was chosen to be
tested here because it isolates the behavior of the concrete and might provide more insight
into the fly ash/glass concretes’ performance in structural elements. Figure 6 shows a
typical MC-B beam at failure. The force-deflection response of each MC-B beam is provided
in Figure 7. The force-deflection response for one beam of each concrete are overlaid in
Figure 8 to facilitate comparisons between concretes. While the MC-D beams all exhibited
similar behavior, there were distinct differences in the performance of the MC-B beams
related to concrete type. As can be seen in these figures, the TRD beams exceeded the
capacities of the fly ash/glass beams by more than 20 percent. This, despite the TRD beams
having a slightly lower unconfined concrete compressive strength. Further, the LRS and
JEFF beams had a more rapid loss of strength following the peak load than the TRD beams.
The average measured and predicted ultimate loads are provided in Table 4. The
average TRD capacity exceeded the ACI prediction by 34 percent. The increased capacity of
the TRD beams may be attributable to the unaccounted for effect of partial confinement
provided by the tightly spaced stirrups in these beams (spaced at 38.1 mm). It is
hypothesized that this confinement may have increased the ultimate capacity of the
concrete in the region within these stirrups as well as decreased the post-peak softening,
both of which would increase the beams’ ultimate capacity.
Counter to the conservatism of the ACI code predictions for the TRD beams, these
predictions were within 3 percent for all of the fly ash/glass beams (see Table 4). The fact
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that the fly ash/glass beams did not exhibit the increased capacity observed for the TRD
beams could result from any one or a combination of the following factors.
1. The secondary confinement hypothesized above to explain the performance of the TRD
beams may not have been as effective in the fly ash/glass beams. It is believed that the lack
of large aggregates within these beams may have caused this outcome rather than the fly
ash binders. That is, the fly ash/glass beams only used small glass aggregates (all less than
9.5 mm), and the confinement may not have been as effective on these concretes. The
smaller aggregates could more easily “flow” between the confinement, whereas large
aggregates would more likely bear upon the confinement.
2. The absence of large aggregates in the fly ash/glass concrete may have allowed cracks to
generally propagate more freely in the fly ash/glass beams relative to the TRD beams.
Large aggregates have been seen to provide a barrier to direct crack propagation. Thus, in
the fly ash/glass beams, critical crack sizes could have developed at lower loads than in the
TRD beams.
3. The higher paste volume used in the fly ash/glass beams could have also allowed more
unobstructed paths for crack propagation than in the lower paste volume mix used in the
TRD beams.
4. In unconfined compression tests, fly ash/glass concretes have been seen to reach their
ultimate strength at lower strains than 0.003 with a less robust stress-strain behavior,
possibly resulting in lower net compressive forces being carried in the compression block
than for TRD concretes.
5. The reduced tensile capacity of concretes containing glass aggregates (observed in previous
research) and the subsequent negative effects (e.g., increased microcracking) could also
account for some of this reduced conservatism.
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These various hypotheses to explain the lower capacity of the fly ash/glass MC-B beams
relative to the TRD beams all merit further investigation. Note that all these explanations
are more related to the use of glass aggregate in the concrete, rather than the use of a fly ash
binder.
Shear Controlled Beams (SC)
As expected, the SC beams failed due to the sudden formation of a large shear crack at a 45
degree angle within the constant shear region of the beams. The crack then propagated to
the longitudinal reinforcing steel causing a longitudinal crack to form along the length of the
reinforcement (dowel action), as shown in Figure 9. The force-deflection responses for each
beam are provided in Figure 10, and for one beam from each concrete in Figure 11. As seen
for the MC-B beams, there is a distinct difference in the performance of the various beams
by concrete type. In this case, referring to Figure 11, the basic load-deformation response is
the same for all the beams, but their maximum load carrying capacities are different, with
the average TRD capacity being higher than the fly ash/glass beams. The average TRD
capacity was 33, 34, and 10 percent higher than the CRT, JEFF, and LRS beams, respectively
(see Table 4). In this case, it is believed that these differences are attributable to the
decreased tensile capacity of concretes containing glass aggregates (Roskos, Berry, et al.,
2011) rather than the effects of the alternate binders. Again, the reduced tensile capacity in
glass concretes could be attributed to the increased crack propagation due to lack of large
aggregates and/or to the smooth surfaces on the glass aggregates, and the resulting
decrease in bond between paste and aggregate (Polley, et al., 1998). Despite the lower
capacity compared to the TRD beams, all beams easily exceeded the ACI code predictions
for shear capacity. This is most likely attributed to the conservative nature of the empirical
ACI equations for concrete shear capacity.
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SUMMARY AND CONCLUSIONS
This paper presents the results of a research effort conducted at Montana State University
focused on investigating the structural response of concretes made with self-cementitious
fly ash binders and glass aggregates. This step in the process of developing new concrete
materials, i.e., studying their behavior specifically in the manner in which they will be used
in practice in reinforced elements, is important and can be overlooked in alternate
materials research. In this research, duplicate beams of three designs and four concretes (a
total of 24 beams) were tested until failure. The following conclusions can be drawn from
this study.
1. The moment-controlled ductile (MC-D) beams made with each of the concretes all
performed as expected, with respect to overall behavior and ultimate capacity. The beams
underwent large deformations due to longitudinal steel yielding and ultimately failed due to
concrete crushing. The predicted capacities were within 10 percent of the observed
capacities for all concretes, and were conservative for all but one concrete (the JEFF
concrete).
2. The moment-controlled brittle (MC-B) beams also performed as expected with respect to
overall behavior and ultimate capacity. However, the TRD beams reached capacities
significantly higher (~30 percent) than the fly ash/glass beams and the capacity predicted
by the ACI code. The predicted capacities of fly ash/glass beams were within 3 percent of
the ACI code predictions. The enhanced performance of the TRD beams relative to the fly
ash/glass beams is postulated to be the result of a combination of factors, mostly related to
the glass aggregates as opposed to the alternate binders. This result merits further
investigation.
3. With respect to the shear performance of the fly ash/glass concrete, the TRD beams reached
capacities greater than the beams constructed with fly ash/glass concrete. This effect too
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could be attributed to the aggregates rather than the binders used in these concretes. That
is, the small glass aggregates could decrease the tensile capacity of the concrete due to
increased crack propagation and decreased bond between aggregates and paste.
Overall, the fly ash/glass beams performed well with respect to behavior and ultimate
capacity. However the traditional concrete beams outperformed the fly ash/glass momentcontrolled brittle and shear-controlled beams. Further research is required in this area to
isolate the cause of these variances (aggregates vs. binder), and to further evaluate these
concretes’ performance in structural elements. Further, the use of existing ACI methods for
predicting capacities of these new concretes appears valid: the measured capacities were
within 8 percent of the ACI-code predictions for all beam designs and all fly ash binders.
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Table 1: ASTM C618 Results

Table 2: Concrete Mix Design (1 m3)

Material
Water
Cement/Fly Ash
Coarse Agg.
Fine Agg.
Borax
Note: Units of kg

TRD
195.6
403.7
958.8
791.3
N/A

CRT
176.6
767.6
304.4
913.2
5.0

JEFF
182.1
827.6
326.2
978.5
2.7

LRS
180.9
822.1
326.2
978.5
5.5
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Beam
Type
MC-D

MC-B

SC

Binder
TRD
CRT
JEFF
LRS
TRD
CRT
JEFF
LRS
TRD
CRT
JEFF
LRS

Table 3: Concrete Properties
Slump
Age on Day of Test Strength on Day of Test
(mm)
(days)
(MPa)
75
3
27.8
130
18
29.2
190
11
27.9
190
4
28.0
75
3
26.5
115
15
27.8
190
6
27.4
190
4
26.3
75
4
29.9
140
12
26.4
190
12
28.7
195
6
29.2

Table 4: Measured and Predicted Ultimate Failure Loads
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Figure 2: Schematic of Test Setup
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Figure 4: MC-D Force Deflection Response for: (a) TRD, (b) CRT, (c) JEFF, (d) LRS
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Figure 6: MC-B Fly Ash/Glass Beam at Failure
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SUMMARY AND CONCLUSIONS
This research effort focused on the development and evaluation of an
environmentally friendly concrete in which 100 percent of the Portland cement in a given
concrete mixture is replaced with self-cementitious fly ash and the natural aggregates are
replaced with post-consumer glass. This concrete achieves a twofold environmental
advantage over conventional concrete by reducing the volume of two significant wastestreams and avoiding issues associated with using virgin materials. These issues notably
include the greenhouse gases produced and energy consumed in the manufacture of
Portland cement, and the energy used and ecosystems disturbed in mining and processing
conventional aggregates.
Part of a continuing research program at Montana State University, this effort was
specifically directed toward a) identifying fly ashes across the United States potentially
capable of serving as the sole binder in concrete, b) determining the material properties
of concretes made with these fly ashes, and c) investigating the behavior of reinforced
structural elements made with these concretes.
To accomplish the first of these goals, an extensive literature review was
conducted to determine as possible how various parameters (namely the coal type, the
coal combustion process, and the emission controls at a power plant) affect the reactivity
of fly ash. Using the knowledge gained, selection criteria and testing procedures were
developed to identify and subsequently verify by laboratory test the potential of various
ashes from across the United States to be used in this new green concrete.
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Two of these ashes were then used to produce fly ash concretes which were
extensively tested to characterize their fundamental engineering properties and durability.
Finally, structurally reinforced concrete beams were cast and tested from concretes made
with these two ashes to characterize the strength, stiffness, and ductility of “green”
concrete structural elements compared to traditional concrete elements and American
Concrete Institute design procedures.
More specifically, major activities and associated important findings from this
study include:



Selection criteria were developed based on macro-scale factors related to the coal
being burned and combustion process used to identify fly ashes most likely to
have self-cementitious properties. Using this selection criterion, 95 power plants
were identified as potential sources of highly self-cementations fly ash from a US
DOE database of 491 power plants around the country.



Samples from 15 of the 95 identified plants were obtained and tested to determine
their potential to serve as the sole binder in fly ash, glass aggregate concrete. Over
fifty percent of the concretes made with these 15 ashes had compressive strengths
suitable for structural/general construction applications (with values exceeding
3,000 psi at 28 days).



Five of the 15 ashes that were obtained for testing were further analyzed to better
characterize the retarder to set time relationships for the concretes produced from
them. With four of the five ashes, concretes were readily produced with set times
within a desired 60 to 240 minute workability window using sodium borate as a
retarding admixture.



Due to limited project resources, further work with larger scale trial concrete
batches was restricted to just two of the four ashes identified above, namely, an
ash from the Jeffrey Energy Center in Kansas (JEFF) and an ash from Laramie
River Station in Wyoming (LRS). The mechanical properties and durability of
the concretes made with these ashes were investigated.



With respect to mechanical properties, the JEFF and LRS concretes exhibited 28
day unconfined compression strengths in excess of 4,000 psi, with lower
corresponding tensile strengths and higher elastic moduli than would be expected
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based on the behavior of conventional concretes. The higher stiffness of these
concretes was attributed to the higher stiffness of glass compared to natural
aggregates, and the lower tensile strength most likely results from a reduced bond
between the cementitious paste and glass as compared to natural aggregates.


With respect to durability, ASR, abrasion, and chloride permeability tests were
performed on concretes made with JEFF and LRS ashes. The ASR results were
somewhat mixed depending on the manner in which ASTM C1260 was
performed. However, ASR is not expected to be an issue for this material because
of the reduced calcium content of the fly ash (when compared to Portland cement)
despite the highly reactive aggregates. The abrasion resistance of the two
concretes was found to be generally similar to conventional concretes, and the
permeability test results correlated with “very low” likelihood of chloride ion
penetration being an issue.



A total of 24 reinforced concrete beams were tested with different designs to fully
evaluate the performance of these new concretes in this type of structural element.
Failure mechanisms relating to the yielding of the reinforcement and crushing of
the concrete in flexure, and concrete beam shear failure were targeted with beams
designated MC-D, MC-B, and SC, respectively. Beams made with JEFF and LRS
fly ash were tested alongside beams made with a Montana ash extensively used in
earlier research (referred to as the CRT beams), as well as with beams made with
traditional Portland cement concrete (TRD beams). The capacities of these beams
as determined by this testing were also compared with their theoretical capacities
as predicted using conventional concrete design equations.



The moment-controlled ductile (MC-D) beams made with each of the concretes
all performed as expected, with respect to overall behavior and ultimate capacity.
The beams underwent large deformations due to longitudinal steel yielding and
ultimately failed due to concrete crushing. The predicted capacities were within
10 percent of the observed capacities for all concretes, and were conservative for
all but one concrete (the JEFF concrete).



The moment-controlled brittle (MC-B) beams also performed as expected with
respect to overall behavior and ultimate capacity. However, the TRD beams
reached capacities significantly higher (~30 percent) than the fly ash/glass beams
and the capacity predicted by the ACI code. The predicted capacities of fly
ash/glass beams were within 3 percent of the ACI code predictions. The
enhanced performance of the TRD beams relative to the fly ash/glass beams is
postulated to be the result of a combination of factors, mostly related to the glass
aggregates as opposed to the alternate binders. This result merits further
investigation.



With respect to the shear performance of the fly ash/glass concrete, the TRD
beams reached capacities greater than the beams constructed with fly ash/glass
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concrete. This effect too could be attributed to the aggregates rather than the
binders used in these concretes. That is, the small glass aggregates could decrease
the tensile capacity of the concrete due to increased crack propagation and
decreased bond between aggregates and paste.
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