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Abstract
Conventional concrete technology generates significant amounts of CO2, NOx and SOx
(greenhouse gases linked with global warming) through the combustion of fossil fuels to process
and transport concrete components as well as the calcination of limestone required to create
portland cement. Furthermore, the mining and processing of conventional concrete components
damages ecosystems and exhausts natural resources. Since concrete is widely used throughout
the world, concrete production places a serious strain on the natural environment, and
consequently sustainable concrete, or “green concrete”, with lower environmental impacts than
conventional concrete should be used in common practice. After defining sustainability and
describing rubrics for measuring sustainability, the environmental impact of conventional
concrete technology is discussed. As the production of portland cement has the highest
environmental impact of any single process in the manufacturing of concrete, this paper reviews
the sustainability, performance and mix design of concrete that replaces cement with high
volumes of fly ash (over 50 percent replacement by weight). Barriers to the use of high volume
fly ash (HVFA) concrete and the need for more research into this type of concrete are discussed.

1. Introduction
Due to the wide availability of its components and need for little skilled labor or technology
during its use in construction, concrete is widely employed throughout the world as a structural
material for buildings and infrastructure. Table 1 highlights the consumption and estimated
consumption of cement from 1995 to 2010, which is estimated at almost two billion tones by the
year 2010.

Table 1. World cement consumption. (Source: Malhotra 2000)

Over the last twenty-five years, beginning roughly with the energy crisis of the 1970s and
highlighted more recently at the World Earth Summits in Rio de Janeiro, Brazil and Kyoto,
Japan in 1992 and 1997 respectively, industrialized nations have recognized both the need to use
energy and natural resources more efficiently as well as the damaging effects of unchecked
pollution on the larger natural environment. The emission of CO2 and other greenhouse gases
have been linked with global warming, and under the 1997 Kyoto Protocol, signatory countries
must stabilize CO2 emissions to 1990 levels by the year 2010 and could potentially use
technologies that save significant amounts of CO2 as credits. Also, there has been an increased
awareness of how industrial processes impact surrounding ecosystems and wildlife habitat. As
the world population continues to grow, more resources will be necessary to meet the needs of
these people, including the continued use of concrete.

1.1 Defining Sustainability
From energy efficiency to recycled materials to occupant comfort and health, sustainability
encompasses a number of ideas relating to the interaction of the built environment with its
inhabitants and the natural environment. As the population increases and concrete is used to
meet various needs of these people, we must try to reduce the impact of the production and use
of concrete. In 1987, the Brundtland Report defined sustainable development as the ability of
humanity “to ensure that it meets the needs of the present without compromising the ability of
future generations to meet their own needs.”1 Within this definition, compromising the natural
environment or over-mining natural resources would both not allow future generations to meet
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their needs. Two key concepts for assessing the sustainability of any material, including
concrete, are the embodied energy and a life-cycle analysis.
1.1.1

Embodied Energy

Embodied energy is the total energy from processes needed to manufacture a product, usually
related in units of energy per unit of that product or material (btu/lb or GJ/ton). These processes
include growing, harvesting, extracting, and/or manufacturing, which differ for a given product.
Exact calculations of embodied energy are difficult as often multiple parallel processes are used
to make the same product, and consequently, a range of embodied energies is often given for a
particular product. One of the goals of using embodied energy as a measure of sustainability is
so that a range of products can be compared on the same scale. Figure 1 shows a comparison of
embodied energies for common building materials. The electricity-intensive manufacture of
aluminum and heat-intensive manufacture of steel gives them higher embodied energies than
wood, which uses photosynthesis to grow and is more easily harvested than metallic ores.
Concrete falls between steel and wood in terms of its embodied energy. It should be noted the
embodied energies in Figure 1 do not include energy saved from using recycled materials or the
energy associated with transportation. It also should be noted that the higher embodied energy of
a given material usually corresponds to more greenhouse gases released into the atmosphere
from the combustion of fuels used for processing directly or generating electricity that is used in
the manufacturing process.

Fig. 1. Embodied energy of different building
materials. (Source: Barnett 1998)

Table 2. Embodied energy of concrete components.
(Source: Glavind and Haugaard 1999)

Ready-mix concrete has an embodied energy ranging from 1,137,713 to 2,594,338 Btu/yd3
(1,570 to 3,580 MJ/m3) [American Institute of Architects 1996]. As shown in Table 2, of the
materials used in concrete, the cement has the highest embodied energy by a factor of almost 100
over aggregate. It should be noted these values are per ton of the material in question, not per
ton of concrete. However, as shown in Table 3, even when the amount of each constituent
material in concrete is accounted for, cement still accounts for over 96 percent of the embodied
energy of concrete.

2

Material
Cement
Sand
Crushed Stone
Water
Concrete

kg/m3
279
831
1187
154
2468

% Weight
12
34
48
6
100

GJ/(tonne material)
6.736
.006
.054
0

GJ/(m3 concrete)
1.998
.005
.064
0
2.067

% Energy
96.7
0.2
3.1
0
100

Table 3. Embodied energy of concrete components adjusted for percent weight in conventional concrete.
(Data: Wilson 1993)

Fly ash and silica fume both have embodied energies of zero as they are waste products of
another industrial process. While embodied energy has the advantage of allowing one to
compare two different building materials side by side, many aspects of how a given building
material impacts the environment are neglected. In particular, impact due to transportation,
using recycled materials, and long-term durability are usually ignored.

1.1.2

Life-cycle Analysis

While it is more difficult to quickly compare one life-cycle against another, life-cycle analysis
more completely accounts for the environmental impact of a building material throughout every
stage of its life. The basic stages for concrete are shown in Figure 2 including the possibility of
recycling it, however, this sketch does not include the byproducts such as greenhouse gases
emitted during a particular stage. Appendix A includes a more complete life-cycle of concrete
and portland cement, including the outputs to and impact on the environment at each stage.

Fig. 2. Schematic sketch of the life cycle for
concrete (Source: Tuutti 2000)

By accounting for byproducts, such as greenhouse gases, at each stage of a building material’s
life, a more detailed comparison of certain materials can occur using life-cycle analysis. Tuutti
(2000) used three beams and columns of different materials designed to span the same distance
and carry the same load to compare both the greenhouse gases and embodied energy of each
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beam from production processes to the final demolishing procedure. The environmental impact
of each beam is shown in Table 4. The concrete beam, while having the lowest embodied
energy, emits slightly more greenhouse gases into the atmosphere that the steel or wood.

Table 4. Environmental impacts from a beam and column produced by reinforced
concrete, steel and glued wooden structure. (Source: Tuutti 2000)

Furthermore, life-cycle analysis accounts for energy and impact of transporting components and
finished building materials. In general, the main components in concrete, cement, aggregate and
water, can all be found locally around most sites, significantly reducing the environmental
impact of the concrete when compared to steel or wood that must be shipped from a centralized
mill. Table 5 shows a comparison of the quantity and transportation distance of concrete
components, highlighting that while mineral admixtures such as silica fume and fly ash have low
embodied energies as they are byproducts of other processes, they must be transported on
average greater distances than cement or aggregate. More specifically, as fly ash is a by product
of coal power plants that are typically located away from populated centers and few in number, it
must be shipped longer distances than other concrete materials.

Table 5. Normal concrete composition and average transport
distance in Sweden (Source: Tuutti 2000)

It should be noted that the United States imported 20 percent of the portland cement it consumed
in 1998 from Canada, Thailand, China and Mexico, significantly increasing the transportation
distance and associated fossil fuel consumption [Malin 1999]. Furthermore, as quarries
consisting with aggregates less prone to the alkali-silica reaction are depleted, less reactive
aggregate must now be shipped much further than the 5 kilometers suggested in Table 5. Table
6, accounts for both the embodied energy and energy required to transport concrete materials.
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When both of these environmental factors are considered, cement production and transport
account for 92% of the energy involved in the manufacturing of concrete.
Material
Cement
Sand
Crushed Stone
Water
Concrete

Concrete
(kg/m3)
279
831
1187
154
2468

% Weight
12
34
48
6
100

Materials
(GJ/tonne)
6.736
.006
.054
0

Distance
hauled
50 miles
10 miles
10 miles

Hauling
(GJ/tonne)
.586
.043
.062

5 miles

Concrete
(GJ/m3)
2.172
.041
.138
0
2.067

% Energy
92.4
1.7
5.9
0
100

Table 6. Embodied energy of concrete components and transportation adjusted
for percent weight in conventional concrete. (Data: Wilson 1993)

Another environmental concerns when looking at the life-cycle analysis of concrete production is
water pollution. During concrete production, large quantizes of water are used to wash out
trucks, chutes and other equipment used in the transport and handling of fresh concrete. Due to
the alkaline nature of portland cement, this water can have a pH as high as 12 and is highly toxic
to fish and other aquatic life [Wilson 1993]. Life-cycle analysis also accounts for service life of
a building material, including the need for maintenance and repair to materials that are not
durable enough to withstand given environmental conditions or uses.

1.2 Defining Sustainable Concrete
Due to both the large quantity of concrete produced throughout the world and the relatively high
negative environmental impact of conventional concrete practices, creating new, less polluting
concrete technologies will be necessary to ensure that the needs of future generations can be met.
This sustainable concrete, or “green concrete,” can be simply defined as concrete with lower
environmental impacts than conventional concrete [Glavind and Haugaard 1998]. Figure 3
shows the three ways that we can decrease the negative environmental impact of current concrete
technology in order to create more sustainable concrete.

Fig. 3. Three tenets of sustainable concrete (Source: Ho, et al. 2000)

Using less material and energy involves reducing the consumption rate of natural resources,
potentially through the use of recycled materials or the waste products of other processes.
Reducing waste and environmental impact focuses on reducing the embodied energy and other
byproducts as well as recycling waste to be reused instead of being placed in a landfill. Ensuring
durability and other properties could enhance service life performance. Technologies that fall
within one or more of the three categories make up the basis for developing sustainable concrete.
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1.3 Environmental Impact of Conventional Concrete Technology
With the aforementioned concerns about CO2 emissions, energy use and resource efficiency in
mind, we can evaluate the environmental impact of current concrete technologies. The major
concerns are summarized below:


CO2, NOx and SOx (greenhouse gas) emissions from both the calcination of limestone
and fossil fuels used in the production of portland cement.



The use of fossil fuels, and consequent greenhouse gas emissions, in the transportation of
concrete components.



Mining and processing the various components of concrete degrading the surrounding
natural environment through the runoff, habitat change and tailing waste.



Mining equipment releasing greenhouse gases and particulates into the atmosphere.

Despite these initial impacts in its production, concrete is more durable than many other building
materials, such as wood, and will consequently need to be replaced less frequently, reduce the
energy and resources associated with deconstruction and reconstruction.

1.3.1 Environmental Impact of Cement Production
Of all the components in concrete, portland cement has the highest embodied energy, as shown
previously in Table 2, and the highest CO2 emissions. Furthermore, cement production is one of
the most energy intensive of all industrial manufacturing processes [Wilson 1993], accounting
for over 6% of all carbon emissions globally [Malin 1999]. For every ton of cement produced,
1.25 tons of CO2 are released into the atmosphere either through the combustion of fossil fuels
used to operate the rotary kiln or the calcination of limestone, the chemical reaction of
converting limestone into lime and CO2 [Wilson 1993].
In 2000, the total world consumption of cement was 1839.1 million tones (2027 million short
tons). To better illustrate the amount of CO2 released into the atmosphere globally, 52 million
acres of forest, or a forest roughly half the size of California, would be needed to sequester the
amount of CO2 generated just from the production of cement.2 In the United States, cement
production accounts for 100 million tons of CO2 emissions, or just fewer than 2 percent of the
total human-generated CO2 in the United States [American Institute of Architects, 1996]. To put
this in perspective, this amount of CO2 is equivalent to 22 million passenger cars driving 12,500
miles a year and getting 25 mile per gallon [Malin 1999]. Mining the various components of
cement also degrades the surrounding natural environment through the runoff, habitat change
and tailing waste.

2

This assumes one acre of forest with 344 trees per acre sequesters 39 tons of CO2 per year. Trees “trap” or
sequester CO2 by converting CO2 and water into carbohydrates and oxygen through photosynthesis.
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Consequently, cement offers the greatest opportunities for developing sustainable concrete
technologies. Figure 4 highlights the CO2 emissions during the first part of the life-cycle for a
non-supporting wall, excluding service and disposal. The thickness of the wall analyzed by
Glavind 2000 is 100 mm and the density of the lightweight concrete used is 1200 kg/m3.
Carbonation has a negative value as CO2 is trapped and stored within the concrete wall during
this process. Excluding the benefits of carbonation, which would be difficult to take advantage
of in many structural applications, cement production accounts for 60% of the total CO2 emitted
during the production and erection of this wall. On top of having the highest embodied energy of
any concrete component, of all the energy consumed throughout the life-cycle of a concrete edge
beam studied by Glavind and Munch-Petersen 2000, the energy consumed in cement production
is one-third of the total life-cycle energy, as seen in Figure 5.

Fig. 4. CO2 emissions during the lifetime of a 1200
kg/m3 lightweight concrete, non-supporting wall.
(Source: Glavind 2000)

Fig. 5. Energy consumed during all the stages of a
concrete edge beam life-cycle.
(Source: Glavind and Munch-Petersen 2000)

Outside the scope of this paper, reducing the amount of energy used and the greenhouse gas
emitted during the production of portland cement is one step toward developing more sustainable
concrete. Likely due to the monetary advantages of using less fuel, the portland cement industry
has been steadily reducing the amount of energy required to process cement as seen in Figure 6.
However, as seen in Table 7, still roughly 40 percent of the CO2 emitted during the making of
cement is from the chemical reaction of converting limestone to lime and CO2 and will be
emitted regardless of the amount of energy used. The cement industry also relies heavily on coal
to operate rotary kilns, which releases especially high amounts of CO2, nitrous oxide, and sulfur
and makes up roughly 60 percent of the fuels used in cement production as seen in Table 8.

CO2 emissions from
energy use
CO2 emissions from
calcining of limestone
Total CO2 emissions

lbs CO2 per ton of cement
1,410

lbs CO2 per yd3 of concrete
381

Percent of total CO2
60

997

250

40

2,410

631

100

Table 7. CO2 emissions from cement and concrete production. (Data: Wilson 1993)
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Fig. 6. Energy consumption in Btu/ton of portland
cement. (Source: Malhotra 2000)

Table 8. Fuel use for cement production. (Source: Wilson
1993)

1.3.2 Environmental Impact of Aggregate Production
As mentioned earlier, the negative environmental impact of aggregate used in concrete is the
runoff, habitat change and tailings waste from mining as well as the greenhouse gases emitted
from and energy used by mining and processing equipment. With only five percent of concrete
being recycled in 1993, concrete accounted for 67 percent by weight (or 53 percent by volume)
of all construction and demolition waste [Wilson 1993]. Consequently, replacing raw aggregate
with recycled aggregate or byproducts from other industrial processes would be advantageous for
reducing pollution as well as reducing the amount of material sent to landfills.
Loo 1998 describes three processes for recycling and reusing building and demolition waste.
The first and most conventional of these processes consists simply of crushing building waste
and using the resulting aggregate in road construction. The second process consists of isolating
concrete waste and then crushing, washing and sieving the crushed concrete waste into coarse
and fine aggregates to be use in new concrete. Finally, the third processes moves from a model
of recycling to one of complete reuse. A small-scale separation process, using an electrical
furnace at a temperature of 650-700 oC to heat the concrete waste, desagglomorating the cooled
concrete in a milling unit (KEMA-DECO process), and sieving, can separate the waste into
reusable sand and gravel (greater than 150 mm) and hardened cementstone ( less than 150 mm).
A life-cycle analysis of the three recycling processes [Loo 1998] revealed that energy, CO2
emissions, and the need for first-use components was not drastically reduced by using recycled
aggregate or completely reusing the concrete as seen in Figure 7. However, the life-cycles
chosen were closed loops that did not allow for high values of recycled concrete to be reused.
Still, this life-cycle analysis does highlight that using recycled aggregate reduces waste by twothirds. The complete reuse, KEMA-DECO, process has comparable energy use and greenhouse
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gas emissions when compared to conventional concrete processes, and only reduces waste. It is
therefore less sustainable than the less energy intensive processing and use of recycled aggregate.

Fig. 7. Energy, CO2, waste and amount of first-use sand, gravel and limestone used of
the three scenarios for concrete production and recycling. (Source: Loo 1998)

As the production and transportation of both fine and coarse aggregate accounts for less than 8
percent of the energy used in the manufacture of concrete, as previously shown in Table 6, and
recycling aggregate has little reduction in energy use and CO2 emissions, as seen in Figure 7, this
paper focuses on the reduction of cement as it has more potential for significantly improving the
overall sustainability of concrete. As recycled aggregate can significantly decrease the amount
of construction debris sent to landfills, this paper does not want to negate the importance of
reducing waste – a component of sustainable concrete – but it is clear from both the embodied
energy and life-cycle perspective that cement production is more harmful to the natural
environment.
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1.3.3 Service Life Properties of Concrete
While addressing the environmental impact of concrete and developing sustainable concrete
technologies, we should not neglect the strengths of conventional concrete in terms of
sustainability. One such strength, if the concrete is designed and cured properly, is the potential
for a longer life-cycle with less maintenance than many other conventional building materials.
Consequently, as Horton summarizes: “A variety of characteristics of modern concrete must be
addressed in order to substantially increase its longevity. These include:


reduced heat of hydration



reduced porosity



limited free water



acceptable early strength



high durability”3

However, conventional concrete mixes have become optimized to achieve high earlier strength
by grinding cement more finely and using more of it in the mix [Malin 1999]. Reducing the
amount of time formwork must be kept in place with high early strength concrete allows a
contractor to reduce costs by increasing the speed of construction. Furthermore, contractors
often do not cure conventional concrete properly or use chemical agents to reduce the cure time
to further increase cost savings. In the long term, the increased heat of hydration due to
increased cement content could lead to thermal cracking, potentially reducing the durability and
service life of the concrete in question. Furthermore, building codes, like those in California,
require lower water to cement ratios when building in soils or using aggregates with sulfates to
resist sulfate attack. Instead of reducing the amount of water, contractors add more cement and,
consequently, increase the likelihood of thermal cracking. Another major concern when looking
at the service life and durability of conventional concrete is how to minimize expansion due to
the reaction of alkaline cement with high-silica aggregates, known as the alkali-silica reaction
(ASR).

3
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2. Sustainability of High Volume Fly Ash Concrete
As the environmental impact of aggregates in conventional concrete is minimal in comparison
with the production of portland cement, this paper focuses on two environmental issues
surrounding the improvement of current concrete technologies in order to create more
sustainable concrete. These issues include (1) reducing the embodied energy and environmental
impact (greenhouse gas emissions and other pollution that degredates the natural environment)
caused by the production of portland cement and (2) enhancing the service life performance of
concrete. High volume fly ash (HVFA) concrete can address both of these issues, significantly
reducing the environmental impact of concrete.

2.1 Replacing Portland Cement with High Volumes of Fly Ash
The most promising strategy to reduce the negative environmental impact of conventional
concrete is to replace portland cement with other cementing materials such as fly ash, blastfurnace slag, natural pozzolans, rice-husk ash and silica fume. Many of these supplementary
cementing materials are the byproducts of other industrial processes and consequently have low
embodied energies and do not directly add greenhouse gases or other pollution into the
environment. The supplementary cementing material with the most potential is fly ash, which is
produced as the by-product of burning coal to generate electricity. As shown in Table 9, the
production of coal-ash, which included fly ash, bottom ash and slag, significantly outweighed its
use in 1995, implying that hundreds of millions of tons of useful coal-ash was sent to landfills.
Malhotra estimates that in 2000 there were greater than 600 million tons of fly ash available in
comparison with the 1.4 billion tons of portland cement produced [Malhorta 2000].
Consequently, there is potential for the increased use of fly ash in concrete around the world. In
1984, Ed Abdun-Nur, a U.S. concrete technologist, summarized the increasing role of fly ash in
concrete production: “In the real world of modern concrete, fly ash is as essential an ingredient
of the mixture as are portland cements, aggregates, water, and chemical admixtures. In most
concrete I use, it is no larger amounts (by volume) than portland cement, and therefore it is not
admixture i.e. an addition to the mixture. Concrete without fly ash and chemical admixture
should only be found in museum show cases [Malhotra 2000].”

`
Table 9. Coal-ash production and use in selected
countries in 1995. (Source: Malhotra 2000)
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More specifically, fly ash is a by-product of pulverized coal blown into a furnace at an electricity
generation plant. After the pulverized coal is ignited, a certain amount of non-burnable material
residue remains as either slag or airborne particles, known as fly ash. Fly ash is categorized into
two classes, ASTM Class F or ASTM Class C. Class F fly ash is produced when either
anthracite, bituminous, or sub-bituminous coal is burned, is low-calcium (low lime) and
possesses little or no cementitious properties. However, Class F fly ash is pozzolanic, and in the
presence of moisture it will react with calcium hydroxide to form compounds (including CSH)
possessing cementitious properties. Type C fly ash is derived from lignite or sub-bituminous
coal and is high-calcium (high lime) with cementitious properties along with being pozzolanic.
Consequently, a greater amount of portland cement could be replaced with Type C than Type F
fly ash. Slag is even more cementitious than Type C fly ash and could be used as a high volume
replacement for portland cement.
Numerous experiments and case studies have shown that both Class F and Class C fly ash can
replace up to 55 percent of portland cement with the proper mix design and curing. This HVFA
concrete shows both adequate early strength and enhanced service life properties, both of which
will be discussed in detail in Sections 3 and 2.1.3 respectively. First, the sustainability of HVFA
concrete will be broken down in the categories suggested by Ho in Figure 3: using less materials
and energy, reducing waste and environmental impact, and enhancing service life properties.

2.1.1

Using Less Materials and Energy

Using significantly less portland cement is the greatest sustainable advantage HVFA concrete
offers. Highlighted earlier in this paper, the manufacturing of cement is one of the most energy
intensive of all industrial processes. As the world demand for concrete increases, especially in
China and India where coal fired power plants are plentiful, the use of HVFA concrete can offset
not only the energy needed to manufacture cement but the resources and energy needed to build
new portland cement plants as well.
While the embodied energy related to the production of fly ash can be considered as zero as it is
the waste product of another industrial process, fly ash must be transported farther that most
materials used to manufacture concrete as coal power plants are fewer in number and more
isolated from population centers. Even if fly ash is moved 1,000 miles by train, requiring
310,000 Btus per ton (360 MJ/tonne), this transportation energy is only 5 percent of the
5,600,000 Btus per ton (6,500 MJ/tonne) required to produce portland cement [Malin 1999].
Consequently, even when transportation is considered, fly ash has a significantly lower
embodied energy than cement.
As this paper will discuss in Section 2.1.3, fly ash has been shown to significantly reduce
expansion due to the alkali-silica reaction (ASR) in concrete. Instead of importing less-reactive
coarse aggregate large distances at significant monetary and environmental costs for use in
conventional concrete, local, high silica content aggregates could be used in HVFA concrete.
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2.1.2

Reducing Waste and Environmental Impact

Currently, 50 percent of fly ash produced globally is stockpiled or placed in a landfill [Sear
2002] and only 20 percent of available fly ash is being used in the cement and concrete industry
[Malhotra and Mehta 2005]. Consequently, using more fly ash, a waste product from generating
electricity at coal burning power plants, in concrete reduces waste that would otherwise take up
increasingly valuable space in landfills. While there is a financial incentive for many European
countries and Japan to find uses for waste products such as fly ash, in the United States, there is
no such incentive yet and as fly ash is a relatively benign waste product it is cheap to dispose of,
likely hindering the implementation of HVFA concrete on a larger scale.
Replacing any amount of portland cement with fly ash will reduce CO2 and other greenhouse gas
emissions due to concrete production, but exactly how much carbon dioxide will be offset varies
widely throughout the literature reviewed for this paper. These estimated offsets are summarized
in Table 10.
Study
Malin 1999
Glavind and Munch-Petersen 2000
Sear 2002
Li, et al. 2004

Fly Ash Replacement
35%
40%
30%
50%

CO2 Reduction
28%
54%
17%
54%

Table 10. CO2 reduction estimates corresponding to fly ash replacing portland cement

Glavind and Munch-Petersen estimates that CO2 emissions can be reduced by 54 percent using a
40 percent replacement of cement [Glavind and Munch-Petersen 2000]. Sear states that a 17
percent reduction in greenhouse gas emissions for concrete of equal 28-day strength is possible
by using 30 percent replacement of cement with fly ash [Sear 2002]. Malin suggests that CO2
emissions can be lowered by 28 percent by reducing the amount of portland cement from 85 to
50 percent of cementitious materials and replacing the difference with fly ash in a typical 3,000
psi (20 MPa) mix [Malin 1999]. That is equivalent to saving .104 tonnes of CO2 emissions per
cubic meter of concrete. In the most comprehensive study of the both the overall environmental
impact and greenhouse gas emissions of conventional versus HVFA concrete, Li et al. calculates
using a life-cycle analysis that 54 percent of CO2 emissions can be reduced by using a 50 percent
replacement of cement with fly ash [Li, et al. 2004]. Even though the exact environmental
benefits of using HVFA concrete are not clear, the use of 50 percent fly ash replacement or
higher will significantly reduce, on the order of one-third to one-half, the greenhouse gas
emissions from the production of portland cement. When considering that portland cement
accounts for over 6 percent of global CO2 emissions, using HVFA concrete has the potential to
reduce global CO2 emissions by 3 percent.
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2.1.3

Enhancing Service Life Properties

HVFA concrete meets all five of the service life properties listed by Horton and discussed in
Section 1.3.3, including reduced heat of hydration, reduced porosity, limited free water,
acceptable early strength and high durability. Fly ash has been used as an admixture in
conventional concrete for decades to reduce the heat of hydration, and, consequently, thermal
cracking. In order to achieve acceptable early strengths, HVFA concrete must have a lower
water to cementitious materials ratio than conventional concrete. The fine, spherical shape of fly
ash acts as a water reducer, allowing for the lower w/cm ratio and lower water content in general,
and reduces inter-particle friction, facilitating mobility. In turn, this reduces porosity and free
water, enhancing the service life properties of HVFA concrete over conventional concrete. The
fly ash also deflocculates cement grains, freeing trapped water between grains. The reduction in
water and, in turn, cement paste reduction in HVFA concrete also reduces drying shrinkage.
HVFA concrete performs better at most measures of durability than conventional concrete. As
highlighted by Malhotra and Mehta in Table 11, the resistance of HVFA concrete to sulfate
attack and reinforcement corrosion is high.

Table 11. Durability test results on HVFA concrete (Source: Malhotra and Mehta 2002)
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Furthermore, HVFA concrete significantly reduces expansion to the alkali-silica reaction (ASR).
As seen in Figures 8 and 9, even 20 percent replacement of cement with fly ash shows reduced
expansion due to ASR in accelerated tests. Figure 8 illustrates that Class F fly ash controls
expansion more than Class C fly ash when both a potentially reactive and known reactive
aggregate is used. Figures 9 also show that all HVFA concrete samples tested stayed well
beneath expansion limits when exposed to both moderate or highly reactive aggregates even
when the concrete has a high alkali content.

Fig 8. Effect of fly ash replacement on expansion: (a) potentially reactive aggregate; (b) reactive aggregate
for two Class F (FFA1 and FFA 2) and two Class C (CFA1 and CFA2) fly ashes
using the modified ASTM C 1260 test method. (Source: Shon 2004)

Fig 9. Two-year expansions as a function of the alkali content of concrete mixtures containing fly ash.
(Source: Malhotra and Mehta 2005)
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Both Figures 8 and 9 show that increased fly ash content decrease expansion, and therefore
HVFA concrete with fly ash as 50 percent of total cementitious materials should adequately
control ASR expansion even when reactive aggregate is used. While the exact mechanism for
the reduction in expansion in HVFA concrete is unknown, the low permeability of this type of
concrete in combination with lower alkali levels due to the use of less cement [Malhotra and
Mehta 2005], the reduced OH- ion concentration of the pore solution due to the pozzolanic
reaction, and mortars with low CaO contents, causing a reduction of Ca2+ ions to alkali-silica
gels [Kawamura, et al. 1998], likely reduces the expansion due to ASR.
However, as discussed in Section 3 of this paper, the enhanced service life properties of HVFA
concrete will not be realized unless the mix design is proportioned, considering percent fly ash
replacement, water to cementitious materials ratio and percent volume cement paste, and the
concrete itself is cured properly.
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3. Mix Design and Performance of High Volume Fly Ash Concrete
As discussed in Section 2.1.3, when designed and cured properly, HVFA concrete has better
service life properties than conventional concrete. Without even considering the environmental
benefits, HVFA concrete performs better and will last longer, reducing the need for costly
retrofits or replacement due to early deterioration. However, one of the largest concerns
regarding HVFA concrete is its potentially lower early strength than conventional concrete.
After detailing both traditional mix design using fly ash and HVFA concrete mix design, this
section will discuss the relationship between the strength development of HVFA concrete and
mix design, highlighting how acceptable early strengths can be achieved.

3.1 Traditional Mix Design Using Fly Ash
While the use of high volumes of fly ash in concrete is a relatively new development, fly ash has
been used to replace smaller volumes of concrete or as a mineral admixture for decades.
Consequently, several general rules for the mix design of concrete using fly ash have been
established and include the following:


Simple replacement – the partial replacement of cement where a certain mass or volume
of fly ash replaces an equal mass or volume of cement



Addition – fly ash is added as fine aggregate with no change in the amount of cement
used



Modified replacement – a control mix is modified so that the concrete containing fly ash
will have a similar slump and/or water/cementitious material ratio

Using one of these methods, the strength development rates of cylinders using different levels of
fly ash replacement are tested. The mix design with the highest replacement level meeting the
required strength development is chosen. The modified replacement method is most commonly
used, and the mass of fly ash used is relatively more than the cement replaced (often around
replacement ratios of 1:1.1 or 1:1.2) with additional adjustments in water and fine aggregate to
obtain the desired performance. This increased amount of fly ash leads to a higher volume of
cement paste. Even when using the simple replacement method, replacing portland cement with
fly ash by mass also leads to an increase in the volume of cement paste as fly ash is less dense
than cement. The specific gravity of fly ash ranges from 2.0-2.8 and portland cement has a
specific gravity of roughly 3.0-3.2.
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3.2 High-Volume Fly Ash Concrete Mix Design
Unfortunately, traditional fly ash concrete mix design yields low early strengths in comparison to
conventional concrete at replacement levels higher than 30 percent. To achieve the necessary
strength development in HVFA concrete, there are three major differences between traditional
fly ash mix design and HVFA concrete mix design:


a lower water to cementitious materials ratio



the use of a superplasticizer to achieve desired slumps with the lower water to
cementitious materials ratio



a reduction in the volume of cement paste

Table 11 shows a comparison between the mix design for conventional concrete and HVFA
concrete, highlighting the lower water to cementitious materials ratio as well as the reduction in
cement paste volume from 30 percent in conventional concrete to closer to 25 percent in HVFA
concrete (a 16% percent reduction). As seen in Table 12, to achieve higher strength HVFA
concrete, less water and more cementitious materials are added, lowering the water to
cementitious materials ratio.

Table 11. Comparison of concrete proportions.
(Source: Malhotra and Mehta 2005)

Table 12. Typical proportions for HVFA concrete.
(Source: Malhotra and Mehta 2005)
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3.3 Mix Design and Strength Development
While the increased service life performance of HVFA concrete does not depend on the mix
design but simply the inclusion of fly ash in the concrete, the strength development is highly
dependent on mix design. As many contractors claim low early strength is the primary reason
for not using HVFA concrete, the relationship between mix design and strength development
deserves special attention. Furthermore, as Class C fly ash has both cementitious and pozzolanic
properties, higher volumes of cement could be replaced with Class C fly ash while maintaining
adequate strength development. One-day strengths on the order of 6 to 10 MPa are adequate for
the removal of formwork [Malhotra and Mehta 2005].
As seen in Figure 10, the typical strength development of HVFA fly ash concrete using Class F
fly ash is significantly lower than normal portland cement (NPC) concrete at 1, 3 and 7 days, but
by 28-days the compressive strengths are more comparable. At 56-days and beyond, the strength
of the HVFA concrete still shows significant increases, surpassing the compressive strength of
the NPC concrete. While the compressive strength would be adequate for form removal, if a
higher one to seven day strength is required, ASTM Type III cement can be used as seen in
Table 13. It should be noted that HVFA concrete mix design used in both Figure 10 and Table 13
had a reduced volume of cement paste (25 percent). However, Malhotra and Mehta [2005]
report on a case study with similar strength development as shown in Table 13 without any
reduction in the volume of cement paste. As Class F fly ash is only pozzolanic, early strength in
the first three days is entirely dependent on the portland cement. Consequently, HVFA with fly
ash replacement higher than 60 percent is unlikely to have adequate early strength regardless of
the type of cement used.

Fig. 10. Compressive strength versus age for various
high-performance concretes, including HVFA concrete
using 57% Class F fly ash. (Source: Malhotra 2000)

Table 13. Typical mechanical properties of moderate
strength high-performance HVFA concrete using 50%
Class F fly ash. (Source: Malhotra and Mehta 2005)

Conflicting experimental results with respect to the strength development of HVFA concrete
using Class C fly ash can be seen in Figures 11 and 12. While the chemical composition of the
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fly ash used was similar with CaO contents of 28.6 and 30.3 percent, the two studies differ
significantly in the mix design used. Naik, et al. (1995) used the traditional modified replacement
method, holding the water to cementitious materials (.33-.37) and slump (114-159 mm)
relatively constant across specimens with different levels of Class C fly ash replacement.
Consequently, a higher replacement of fly ash corresponds to a higher volume cement paste
because a cement to fly ash replacement ratio of 1:1.2 was used and the amount of water was
also increased as fly ash replacement was increased. The 56 percent replacement specimen had a
cement paste volume of 35 percent and the 74 percent replacement specimen had a cement paste
volume of 37 percent. These are compared to 32 percent cement paste volume of the control and
both much higher than the 25 percent recommended by Malhotra and Mehta for HVFA concrete.
In this study, the HVFA concrete, the 54% and 74% replacement specimens, showed
immeasurable early strength at 1-day and lower compressive strength from 7 to 28 days in
comparison with the control concrete, despite the use of a low water to cementitious materials
ratio.
Yuan and Cook (1983) tested both air-entrained and non-air-entrained cement with various levels
of Class C fly ash replacement, keeping the water to cementitious materials (.45) constant across
all specimens while allowing slump to vary. The amount of total cementitious material and
water was reduced as percent replacement was increased, decreasing the volume of cement paste.
The 50 percent, non-air-entrained specimen had a cement paste volume of 27 percent, compared
to the 30 percent cement paste volume of the control specimen. Focusing on the non-airentrained specimens, the HVFA concrete, the 50% replacement specimen, showed higher
strength at 7, 14 and 28 days than the control – despite using a relative high water to
cementitious materials ratio for HVFA concrete. As a lower early strength was expected, the
authors of this study commented on this atypical result in their conclusion: “The rate of strength
development of fly-ash concrete used in this study is comparable to that of the control portland
cement concrete with or without air entrainment. Low early strength gain, typical of other type
fly-ash concrete, was not observed.”4
As the specimen size was not given for the compressive strength tests in Yuan and Cook, it is not
possible to compare the strengths of the specimens between the two tests, however, it is possible
to look at the relationship of the HVFA concrete to the control specimens in both studies. While
the benefit of reduced drying shrinkage due to reduced cement paste volume is clear, the reduced
cement paste volume may also influence strength development as seen in these two studies. This
could be due to the fact that the cement paste is the weakest portion of HVFA concrete until the
pozzolanic reaction can increase the compressive strength. As HVFA concrete has a denser
transition zone between aggregate and cement paste matrix, it is possible to reduce the amount of
cement paste without adversely affecting strength. The two studies also suggest that lowering
the water to cementitious materials ratio alone will not produce higher early strengths.
Consequently, the strength development in HVFA concrete is likely tied to the fly ash
replacement level, the water to cementitious materials ratio, and the volume of cement
paste. All three of these variables must be considered when designing mix proportions for
HVFA concrete.

4

Yaun and Cook 1983, p. 312.
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Fig 11. Compressive strength versus age for concrete with a range of Class C fly ash replacement.
Volume cement paste increases as fly ash content increase. (Data: Naik, et al. 1995)

Fig. 12. Compressive strength versus age for concrete with a range of Class C fly ash replacement.
Cement paste volume decrease as fly ash replacement increases. (Source: Yuan and Cook 1983)
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Mixture
Portland Cement
Fly Ash (Class C)
Water
Sand, SSD, < 6.35mm
Coarse Agg, SSD, 25mm
Superplasticizer
W/C
W/(C+FA)
Air Content
Slump
Unit Weight, fresh concrete
percent fly ash by weight
percent cement paste
increase in cement paste vol.
fly ash replacement ratio
percent coarse agg

(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(L/m3)

%
mm
(kg/m3)

C-3 P4-6 P4-2 P4-3 P4-7 P4-8
375
320
259
220
180
110
0
71
139
182
226
316
136
129
133
150
135
155
693
677
659
655
607 natural sand
682
1183 1181 1173 1153 1138 1146 crushed limestone
2.8
2.8
2.7
2.7
2.6
2.9
0.36 0.40 0.51 0.68 0.75 1.41
0.36 0.33 0.34 0.37 0.33 0.36
6.3
6.7
5.2
6.4
7
6.4
146
159
121
114
121
120
2381 2400 2393 2360 2337 2365
0.00 0.18 0.35 0.45 0.56 0.74
0.32 0.32 0.32 0.35 0.35 0.37
0.01 0.00 0.09 0.08 0.15
1.29 1.20 1.17 1.16 1.19
0.50 0.49 0.49 0.49 0.49 0.48

Table 14. Mix designs used in Naik, et al. 1995, highlighting the increase in cement paste volume as the percentage
of fly ash by weight of cementitious materials is increased. (Data: Naik, et al. 1995)

Mixture
Portland Cement
Fly Ash (Class C)
Water
Sand, SSD, < 6.35mm
Coarse Agg, SSD, 25mm
Superplasticizer
W/C
W/(C+FA)
Air Content
Slump
Unit Weight, fresh concrete
percent fly ash by weight
percent volume cement paste
reduction in cement paste vol.
fly ash replacement ratio
percent coarse agg

(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(kg/m3)
(L/m3)

%
mm
(kg/m3)

D1
371
0
167
785
1062

D2
290
72
163
785
1062

D3
244
105
157
831
1074

D4
156
156
141
883 natural sand
1063 crushed limestone

0.45
0.45
1.3
150
2384
0.00
0.31

0.56
0.45
1.5
180
2390
0.20
0.31
0.00
0.89
0.44

0.64
0.45
1.6
160
2409
0.30
0.29
-0.04
0.83
0.45

0.90
0.45
2
70
2396
0.50
0.27
-0.11
0.73
0.44

0.45

Table 15. Mix designs for the non-air-entrained specimens tested in Yuan and Cook 1983, highlighting the reduction
in cement paste volume as the percentage of fly ash by weight of cementitious materials is increased.
(Data: Yuan and Cook 1983)
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3.4 Special Considerations Affecting HVFA Concrete Performance
While HVFA concrete is more sustainable than conventional concrete and can be designed to
meet strength requirements for structural applications, this type of concrete must be mixed and
cured properly to ensure enhanced service life properties are achieved. As the water to
cementitious materials and volume of cement paste influence strength development, the addition
of water to restore slump loss should be avoided and superplasticizer used when possible. The
early strength, up to 7 days, of HVFA concrete is severely retarded at temperatures less than 10
o
C as it comes from the hydration of the portland cement, so it is critical that the temperature of
the fresh concrete be kept above 10 oC. It should also be noted, that in general, HVFA concrete
takes two to three hours longer to set than conventional concrete. While a slight delay, it should
not significantly impact construction scheduling or overall construction costs.
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5. Discussion
Glavind and Munch-Petersen best summarize the challenges that face the continued development
of sustainable concrete: “Therefore, the challenge is to develop a new technology for this type of
concrete. The technology must include all aspects of performance, including:


mechanical properties (strength, shrinkage, creep, static behaviour etc.)



fire resistance (spalling, heat transfer, etc.)



workmanship (workability, strength development, curing, etc.)



durability (corrosion protection, frost, new deterioration mechanisms, etc.)



thermodynamic properties (input to the above)



environmental impact (how green is the new concrete?)

Meeting these requirements is not an easy task, and all must be reached at the same time if
constructors are to be tempted to prescribe green concrete. A constructor would not normally
prescribe green concrete if the performance is lower than normal - for example, a reduced service
life.” 5 This paper has shown the potential of HVFA concrete to immediately and with existing
resources serve as a more sustainable alternative to conventional concrete. HVFA concrete has
the ability to significantly reduce energy use and global greenhouse gas emissions due to the
manufacture of portland cement and is more durable and stronger in the long run than
conventional concrete. However, the potential of HFVA concrete has not been reached due to
several barriers to its expanded use. This resistance to using HVFA concrete shows that more
research is necessary to ensure that concerns regarding low early strength and other issues can be
addressed satisfactorily.

5.1 Barriers to the Use of HVFA Concrete
There are multiple barriers to the use of HVFA concrete in current construction. The most
common concern is the perceived low early strength of this type of concrete. As this paper has
shown with proper mix design and curing, adequate early strengths can be achieved. However,
issues that hinder the education of contractors and engineers that HVFA concrete can be used to
replace conventional concrete, in most cases, with an improvement in workability, durability and
other service-life properties include:

5



conflicting research, such as the two Class C HVFA concrete strength development
studies reviewed in this paper



the continued use of traditional fly ash concrete mix design, such as the modified
replacement method, which yields inadequate early strengths above 40 percent

Glavind and Munch-Petersen 2000, p.2
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replacement, instead of HVFA mix design which reduces the water to cementitious
materials ratio and the cement paste volume


the difficultly in comparing conventional concrete to HVFA concrete with different water
to cementitious materials ratios to achieve the same 28-day strength

As contractors have come to cut corners in the curing of conventional concrete, enforcing proper
curing for HVFA will require a change in what is currently acceptable practice. As mentioned
earlier, there will be a slightly longer set time for HVFA concrete, and that coupled with the need
for proper curing cause many professionals to be concerned that construction will be delayed and
cost more. Several case studies have been documented in which the use HVFA concrete did not
increase construction costs, and in some cases, actually lowered construction costs [Malhotra and
Mehta 2005].
Currently, there is little incentive for power plants in the U.S. to sell fly ash. As discussed earlier,
while there is a financial incentive for many European countries and Japan to find uses for waste
products such as fly ash, in the United States, there is no such incentive yet. Fly ash is a
relatively benign waste product and is cheap to dispose of, likely hindering the implementation
of HVFA concrete on a larger scale.

5.2 Needed Research into HVFA Concrete Mix Design
Earlier research, such as that of Naik et al. (1995), used the modified replacement method for the
mix designs of their specimens to inaccurately represent HVFA concrete as achieving inadequate
early strengths, especially at replacement levels higher than 60 percent. Consequently, little
research has tried to find the tipping point between the maximum replacement of fly ash possible
while still developing adequate early strength. Before a tipping point can be explored, a better
understanding of the relationship between HVFA mix design – specifically the percentage
cement paste volume – and strength development is required.
This paper proposes an experiment to test the relationship between percent cement paste volume
and strength development in HVFA concrete. Using the mix designs in Table 14, this experiment
would hold not only the water to cementitious materials ratio and slump constant, through the
use of a superplasticizer, but also control the percent volume of cement paste as the replacement
of fly ash is varied. In this way, how the volume of cement paste affects strength development in
HVFA concrete can be studied.
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control_30
portland cement
fly ash (Class C)
water
sand
coarse agg
w/cm
slump
vol. cement paste

3

kg/m
kg/m3
kg/m3
kg/m3
kg/m3
mm
%

400
155
825
1040
0.39
120
30

50_30
195
195
154
775
1210
0.39
120
30

60_30
155
230
152
775
1210
0.39
120
30

70_30
115
265
150
775
1210
0.39
120
30

control_25
300
118
825
1040
0.39
120
25

50_25
154
154
120
775
1210
0.39
120
25

60_25
120
180
118
775
1210
0.39
120
25

70_25
89
205
115
775
1210
0.39
120
25

Table 14. Mix design for specimens to test the relationship between percent volume cement paste and strength
development in HVFA concrete.

6. Summary
Sustainable concrete technologies exist today that can significantly reduce the negative
environmental impact of current concrete technologies and processes as well as improve the
service life qualities. The most promising of these new technologies is high volume fly ash
concrete using either ASTM Class F or Class C fly ash. As the world demand for cement
increases, especially in China and India where coal fired power plants are plentiful, the use of
HVFA concrete can offset the need for cement and the building of new cement plants. Locally,
as reactive silica aggregates are plentiful in California, the use of fly ash can minimize the need
for shipping non-reactive aggregate long distances decreasing the environmental impact of
concrete.
Both research and successful built projects show that HVFA concrete (with approximately 50%
replacement) can be used for projects or parts of projects where high early strength is not a
requirement. Furthermore, adequate early strength for most structural applications can be
achieved using a proper mix design with a low water to cementitious materials ratio,
superplasticizer to achieve the desired slump and a lower cement paste volume than conventional
concrete. Recent projects built using HVFA have showed no increase in construction costs – and
sometimes HVFA is less expensive than conventional concrete. Also, a high quality surface
finish can also be achieved. As traditional mix designs for adding fly ash are not optimized for
high volumes, more research is needed into the relationship between cement paste volume and
strength development in HVFA concrete. Potentially, improved mix design guidelines for
HVFA concrete could show increased early strength and an increase in the amount of cement
replacement possible (on the order of 60-80%) especially with Class C (high lime) fly ash.
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Appendix A
Life-cycle analysis of concrete and portland cement. (Source: American Institute of Architects
1996, MAT 03100, pp. 4-5)
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