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Summary: Sustainability is important to the well-being of our planet, continued growth
of a society and human development. Concrete is the most widely used construction
material in the world. For a variety of reasons, the concrete construction industry is not
sustainable: it consumes huge quantities of virgin materials, the production of Portland
cement is a major contributor to greenhouse gas emissions, and many concrete
structures suffer from lack of durability. Recent research has led to the point where
numerous by-products of industrial processes with pozzolanic properties can be
substituted partially for cement. One of the most widely used pozzolanic materials in
concrete is fly ash — a by-product of burning ground coal in power plants. Addition of fly
ash to concrete and replacement of cement up to 30 % can improve workability, porosity
and durability. As a result, fly ash content up to 30 % in cement has become generally
accepted. In this paper, a brief review of the published research on the properties of
concrete containing from 30 % to 70 % replacement of cement with fly ash — so called
high-volume fly ash concrete - is presented. Mechanisms are discussed by which the
incorporation of high volume of fly ash in concrete reduces the water demand, improves
the workability and enhances durability.
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1. INTRODUCTION

Human activities represent a serious threat to the environment and among them the
building industry has one of the largest environmental impacts. Concrete is the world’s
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most consumed man-made material. Unfortunately, the production of Portland cement,
the active ingredient in concrete, generates a significant amount of carbon dioxide (CO,).
During the production of Portland cement, carbon dioxide (CO,) is released due to the
combustion of carbon-based fuels and the calcination of limestone [1]. For each ton of
Portland cement clinker that is produced, approximately one ton of the greenhouse gas
CO, is released [2]. With cement production reaching nearly 6 billion tons per year
worldwide, the sustainability of concrete is a very real concern.

A reduction in CO, emissions may be achieved by reducing the demand for Portland
cement with the use of pozzolanic materials in concrete, as a partial replacement of
cement. Fly ash is most commonly used as a supplementary cementitious material
(SCM) in the production of Portland cement concrete. Fly ash is an inorganic, non-
combustible by-product of coal-burning power plants. As coal is burnt at high
temperatures, carbon is burnt off and most of the mineral impurities are carried away by
the flue gas in the form of ash.

The molten ash is cooled rapidly and solidifies as spherical, glassy particles [3]. Fly ash
particles range in diameter from less than 1 micron up to 150 microns [4]. Despite
modernization efforts in many countries, the main energy source globally still remains
coal combustion. As a result, large amounts of fly ash are being generated worldwide. In
Serbia, there are six coal-burning power plants which cover about 70% of the country’s
electric energy needs [5]. During 2010, about 40 million tons of coal was exploited and
transported from “Kolubara” and “Kostolac” mines. But these processes have a major
environmental consequence — 6 million tons of fly ash obtained per year, mostly
produced in “Nikola Tesla A” and “Nikola Tesla B” power plants located about 30 km
away from Belgrade, the city with 2 million people and the capital of Serbia.

In Serbia, about 200 million tons of fly ash is being currently deposited at surface area
of 1.500 hectares. Fly ash landfills are located next to power plants and they cover a
significant part of the arable land. In power plant “Nikola Tesla B”, during the
2009/2010 repair, the new system of collection, transport and disposal of fly ash was
established. Applying new technology enabled collecting of dry fly ash in silos and its
delivery for the industrial needs afterwards. But, at the moment, only 2.7% of the total
fly ash production in Serbia is used by the construction industry. There is an ongoing
question about whether fly ash is a hazardous waste or not. A lot of speculations about
the answer to that question are the obstacle to bigger commercial use of fly ash in
constructions. In February 2014, United States Environmental Protection Agency
released a report [6] concluding that environmental releases of constituents of potential
concern from fly ash concrete during use is comparable to or lower than concrete
without fly ash, or are at or below relevant regulatory and health-based benchmarks for
human and ecological receptors. This should be stimulation for greater future use of fly
ash in concrete production.

2. HIGH VOLUME FLY ASH CONCRETE - HVFAC

Most fly ash is pozzolanic, which means it’s a siliceous or siliceous and aluminous
material which in itself possesses little or no cementitious value but which will, in finely
divided form and in the presence of moisture, chemically react with calcium hydroxide
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at ordinary temperature to form compounds possessing cementitious properties. In the
presence of moisture, alumino-silicates within the fly ash react with calcium ions to form
calcium silicate hydrates [4]. The hydrated silicate develops strength and the lime fills
the voids. Properly selected fly ash reacts with the lime to form CSH-the same
cementing product as in Portland cement.

This reaction of fly ash with lime in concrete improves strength. Pozzolanic reaction
occurs at a slow rate and releases little heat of hydration in comparison to the
cementitious reactions. ASTM C618 [7] classifies fly ash as Class C or F. It is true that
the specification states that Class F ashes are mainly produced from bituminous or
anthracite coals and that Class C ashes are mainly produced from sub-bituminous or
lignite coals, but the main criterion for classification are its chemical requirements: SiO,
+ AlLO; + Fe,O3 > 70% for Class F and SiO, + AlLO; + Fe20; > 50% for Class C.
Usually, Class F fly ashes have a low content of CaO and exhibit pozzolanic properties,
but Class C fly ashes contain more than 12% of CaO and exhibit cementitious properties.
Fly ash from six power plants in Serbia is classified as class F. Since the 1930’s, fly ash
has been used as a partial replacement of Portland cement in concrete to improve the
material’s strength and durability, while also limiting the amount of early heat
generation.

Traditional specifications limit the amount of fly ash to 25% or 30% cement
replacement. Today, there is a general trend to replace higher contents of Portland
cement with fly ash in concrete. The increased pressure to use higher content of fly ash
in concrete comes from three main aspects. The first aspect is economics. In most
markets fly ash is less expensive than Portland cement. Therefore, as the replacement
level of fly ash increases, the cost of the concrete production decreases.

The second aspect and arguably the most important is the environment. Replacing
cement with fly ash reduces concrete’s overall carbon footprint and diverts an industrial
by-product from the solid waste stream. The third aspect influencing the use of higher
replacement levels is the technical benefits of high volume fly ash concrete (HVFAC).
HVFAC has improved performance over ordinary Portland cement concrete, especially
in terms of durability when appropriately used. HVFAC is defined as concrete
containing more than 30% fly ash by mass of total cement material. The HVFAC has
good workability, low heat of hydration, low drying shrinkage and good durability [8].
But, at all replacement rates, fly ash generally slows down the setting time and hardening
rates of concrete at early ages, especially under cold weather conditions, and when less
reactive fly ashes are used. Furthermore, with industrial by-products, some variability in
physical and chemical characteristics will normally occur, not only between power
plants but also within the same plant. However, when properly designed, HVFAC can
have adequate early-age strength and high later-age strength.

Therefore, to achieve the benefits of HVFAC, guidelines are needed for its proper
application in structural concrete.The fly ash concrete mix techniques can generally be
divided into three main categories: Addition method which involves direct weight
addition of fly ash to cement, replacing part of the aggregate in concrete; Simple
replacement method which involves direct weight replacement of a part of Portland
cement with fly ash and Partial replacement method which involves replacement of a
part of the Portland cement with excess weight of fly ash, replacing also part of the
aggregate.
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3. PROPERTIES OF FRESH AND HARDENED HVFAC
3.1. Water-to-Cementitious Materials Ratio

The water-cement (w/c) ratio is defined as the mass of water divided by the mass of
cement. Similarly, the water-cementitious material (w/cm) ratio is defined as the mass of
water divided by the mass of all cementitious materials (cement plus fly ash). When
proportioning HVFAC, a low w/cm ratio is necessary. During research conducted at
CANMET, Bilodeau [8] determined that for HVFAC, the proportion of fly ash should be
as high as possible and the w/cm ratio as low as possible to provide adequate early age
strength and durability. The literature showed that other studies utilized w/cm ratio in the
range of 0.19 to 0.60 in most cases. According to Malhotra [8], to insure proper
performance w/cm ratio should be kept as low as possible, preferably below 0.40.

3.2. Setting Time

Mehta and Monteiro [10] define setting of concrete as “the onset of solidification in a
fresh concrete mixture.” Initial setting time defines the time at which fresh concrete can
no longer be properly mixed and placed, whereas final setting time defines the beginning
of the development of mechanical properties. Setting time for HVFAC is influenced by
the following factors: class and quantity of fly ash, type and quantity of cement, concrete
temperature, use of chemical admixtures, and w/cm ratio [10]. Ravina and Mehta [11]
indicates that HVFAC exhibit delayed setting times when compared to a control mixture
with no fly ash replacement and a similar w/cm ratio. This research [11] reported initial
setting time delays of 20 minutes to 4 hours and 20 minutes and final setting time delays
of 1 hour to 5 hours and 15 minutes when compared to the control concrete depending
on the fly ash type and dosage. ASTM Class C fly ashes resulted in longer setting times
when compared to equivalent concrete mixtures prepared with Class F fly ashes. Also,
the delay in setting times increased with higher fly ash replacement levels.

3.3. Chemical Admixtures

High range water-reducing admixtures are typically required to maintain adequate
workability at low w/cm ratios. Naphtaline-based, sulfonated naphthaline-formaldehyde
and polycarboxylic ether based superplasticizer are mostly used to achive the required
workability. Having in mind the slow setting time of HVFAC, accelerating admixtures
are often used to shorten the set times by increasing the rate of hydration. With the
correct accelerator dosage, setting times and early-age strength development for HVFAC
can be made comparable to conventional concrete.

3.4. Workability and Water Demand

The use of fly ash as cement replacement generally reduces the water demand for a
given workability. Thomas [12] approximates that each 10% of fly ash replacement
should provide at least 3% water reduction. Mehta [13] states that the reductions in water
demand may be attributed to three mechanisms. First, the fine fly ash particles prevent
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cement flocculation. Also, since the fly ash particles have a smooth, spherical surface,
interparticle friction is reduced. Finally, the reduction in water demand may be attributed
to more efficient particle packing within the paste. Based on the results, it is apparent
that fly ash may be used as a water reducing SCM at high replacement levels.

3.5. Bleeding

Gebler and Klieger [14] verified that fly ash reduces the bleeding capacity of concrete.
They also found that concretes proportioned with Class C ashes generally exhibited less
bleed water than those proportioned with Class F ashes. The bleeding capacity of a
concrete mixture is directly related to the water demand. Therefore, bleeding is typically
reduced in HVFAC mixtures due to the low water contents required for adequate
workability.

3.6. Heat of Hydration

Hydration of cement is an exothermic process. When fly ash is used to replace cement in
Portland cement concrete, the rate of heat development and overall heat of hydration is
altered. In some cases, the total heat of hydration is reduced, which can be very
beneficial in mass concrete construction. Langley [15] performed research to quantify
the effect that high fly ash dosages have on the temperature rise for concrete. The
research showed that the temperature rise caused by the hydration of HVFAC may be
significantly reduced.

3.7. Strength

The rate of strength gain in mixtures containing high volumes of fly ash will be slower
due to the slow rate of the pozzolanic reaction.

This results in lower early strengths. However, the pozzolanic reaction will also
generally produce greater strengths at later ages. Both the strength at a given age and the
rate of strength gain of fly ash concrete are affected by the characteristics of the fly ash,
the type of cement, the proportions of each used in the concrete mix and w/cm ratio [16].
Fig. 1, 2 and 3 show relationship between compressive strenght of concrete made with
fly ash compared to referent concrete (cement concrete with the cement content equal to
cementitious materials content of fly ash concrete) and procentage of replacement of
cement with fly ash.

Compressive strenghts of specimens are measured at the age of 7, 28 and 91 days,
respectively. All specimens had w/cm ratio from 0.40 to 0.60 and the total cementitious
content from 400 to 415kg/m’ of concrete. T

he replacement of cement varied from 15 to 70 percent of total cementitious materials
mass. It can be concluded that increase of cement replacement leads to decrease of
compressive strenght of concrete at all ages. Fig. 4 shows compressive strenght growth
of concrete made with 228kg/m’ of fly ash and 186kg/m’ of cement and w/cm ratio of
0.38, 0.43 and 0.50 [17]. It can be concluded that w/cm ratio is a very important factor of
influence on compressive strenght of HVFAC. To achieve good early and long term
strenght of HVFAC w/cm should be as low as possible.
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Figure 1. Compressive strenght of fly ash Figure 2. Compressive strenght of fly ash
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Results shown in Fig. 1, 2 and 3 indicate that compressive strenght of fly ash concrete
with cement replacement from 30 % to 70 % and w/cm ratio above 0.40 is lower than that
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Figure 3. Compressive strenght of fly ash Figure 4. Compressive strenght growth of
concrete/compressive strenght of cement fly ash concrete with 55% replacement of
concrete ratio at the age of 91 days cement depending on the w/cm ratio [17]
depending on the cement replacement [17,
18, 19, 20, 21]

of referent cement concrete even after 91 days. However, lowering the w/cm ratio below
0.40 and/or replacing not only the part of the cement but also the part of fine aggregate
with fly ash can significantly improve the HVFAC compressive strength at all ages [8,
23, 24].

Results from [23] indicate that HVFAC with 50% of cement replacement and w/cm ratio
0f 0.30 can achieve equal compressive strenght as that of referent cement concrete at the
age of 28 days.

The HVFAC strength at the age of 3 days was decreased by 25% compared to the
referent concrete strength, but still adequate for practical use in concrete construction.

m | JOURNAL OF FACULTY OF CIVIL ENGINEERING (2014) |



40 ANNIVERSARY FACULTY OF CIVIL ENGINEERING SUBOTICA

International conference

Contemporary achievements in civil engineering 24. — 25. April 2014. Subotica, SERBIA

Research from [24] investigated HVFAC with 45% of cement replacement and w/cm
ratio of 0.34, but the total fly ash mass was larger than mass of cement replacement.
Concrete mixture was made with 211.75kg/m’ of cement and 278.25kg/m’ of fly ash.
Results showed that 3-day compressive strenght was 91% and 14-days compressive
strenght was 94% of referent cement concrete strength with 385kg/m’ of cement.

3.8. Durability

One of the major advantages of use of fly ash in concrete mixes is an improved
durability of concrete. The existance of large pores and crystalline products in the
transition zone in concrete without fly ash are greatly reduced by the the introduction of
fly ash particles.

The decrease in water content and fine fly ash particles decreases the permeability of fly
ash concrete. The reduced permability results in improved long term durability and
resistance to various deterioration processes of concrete structures.

Acording to Bilodeau and Malhotra [25] HVFAC has exellent resistance to repeated
cycles of freezing and thawing and very high resistance to the penetration of chloride
ions. This resistance was considerably higher than that of conventional Portland cement
concrete of similar strength [25].

The freeze-thaw resistance of concrete in the presence of deicing salts is generally lower
than the resistance to freezing and thawing alone. Laboratory tests have demonstrated
that HVFAC can provide an excellent protection to the reinforcing steel against
corrosion.

A study performed at CANMET [25] on the sulfate resistance of concrete specimens
immersed in a 5% Na,SO, solution demonstrated that the HVFAC performed better than
the reference cement concrete without fly ash. Alkali-aggregate reaction is caused by the
expansion of concrete due to the reaction between the cement alkalies and certain types
of reactive silica in aggregates [25]. Extensive tests performed at CANMET [25] showed
that the use of HVFAC can effectively reduce the expansion due to alkali-silica reaction.

4. CONCLUSION

The effects of high fly ash dosage on sclected fresh and hardened concrete properties
may be summarized as follows:
— The use of fly ash generally reduces the water demand for a given workability,
— Bleeding is typically reduced for HVFACs mixtures due to low water contents,
— HVFAC exhibit delayed setting times when compared to a referent concrete with
no fly ash replacement,
— Most of the test results show that HVFACs with simple replacement of cement
don’t have compressive strenght comparable to concrete without fly ash. However,
concrete mixtures with w/cm ratio below 0.4 and/or amount of fly ash that is grater
then the amount of removed cement can achieve compressive strenghts equal to or
comparable to concrete without fly ash at all ages. Adequate workability of HVFAC
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with low w/cm ratio can be easily achieved with the addition of high range water-
reducing admixtures.
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KAPAKTEPUCTUKE BETOHA CA BUCOKNM
CAAPKAJEM JIETERET IIEIIEJIA, U IBET'OBA
YJOTI'A'Y OAPKUBOM PA3BOJY

Pesume: Oopoicusocm je npunyun xoju je 00 enuxoe 3nayaja 3a o6yoyhnocm 3emmwe u
paszeoj woseuancmea. Bemon je epahesuncku mamepujan Koju ce y ceemy KOpucmu y
Hajeehium xonuuunama. Muoeo je paznoza 3602 Kojux uHoycmpuja 6emona Huje y ckiaoy
ca  00pICUBUM  pA360jeM: KOpPUCMU 6eluKe KOAUYUHE NPUPOOHUX Mamepujand,
npoU3600Ha NOPMIAHO YEeMEHMA 3HAYAJHO Yyuecmeyje y YKYNHOj eMUCUju ye/beH-
ouokcuoa y ammocgepy, eehuna bemona uma ocpanuveny mpajuocm. Jocadawura
UCMpascugara cy OOnpuHenra Kopuwherwy pasiuyumux HyC nNpoOyKaAma pasHux
UHOYCMPUja KOja umajy nyyonancka c80jcmea Kao 0eruMuyHe 3amene 3a yemenm. Jeoan
00 Hajuewthe xopuwhenux unyc npooykama je nemehu neneo - omnad Koju Hacmaje
cazopesarbem yaba y mepmoeaekmpanama. JJlooamax nemehee neneia 6emony u 3ameHa
yemenma aemehum nenerom 0o 30% Odonpunocu 6060j yepadmusocmu, Maroj
noposnocmu u eéehoj mpajuocmu. Y oeom pady je oam je xpamak npezned iumepamype
0 bemonuma Koju caopoice nemehu neneo xao 30% oo 70% 3amene yemenma — bemonu
ca sucoxum caopxcajem aemehee nenena. Pazmampanu cy mexanusmu y bemonuma ca
nemehum nenenom Koju 00800e 00 cmarera nompebre ode, noseharba yepadsusocmu
U MpajHocmu.

Kwyune peuu: bemonu ca eucoxum caopcajem nemeliee nenena, mexaHuuke
Kapakxmepucmuke, mpajHocm, yemeHnm
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