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Fly ash is used in concrete primarily because of its pozzolanic and cemen-
titious properties. These properties contribute to strength gain and may
improve performance of fresh and hardened concrete. Use of fly ash often
results in a reduction in the cost of concrete construction.

This report gives an overview of the origin and properties of fly ash, its
effect on the properties of portland-cement concrete, and the proper selec-
tion and use of fly ash in the production of portland-cement concrete and
concrete products. The report contains information and recommendations
concerning the selection and use of Class C and Class F fly ashes generally
conforming to the requirements of ASTM C 618. Topics covered include a
detailed description of the composition of fly ash, the physical and chemi-
cal effects of fly ash on properties of concrete, guidance on the handling
and use of fly ash in concrete construction, use of fly ash in the production
of concrete products and specialty concretes, and recommended proce-
dures for quality assurance. Referenced documents give more information
on each topic.

Keywords: abrasion resistance, admixtures, alkali-aggregate reactions,
concrete durability, concrete pavements, controlled low-strength materials,
corrosion resistance, creep properties, drying shrinkage, efflorescence,
fineness, finishability, fly ash, mass concrete, mixture proportioning, per-
meability, portland cements, pozzolans, precast concrete, quality assur-
ance, reinforced concrete, roller-compacted concrete, soil-cement,
strength, sulfate resistance, thermal behavior, workability.
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ACI Committee Reports, Guides, Standard Practices, Design
Handbooks, and Commentaries are intended for guidance in
planning, designing, executing, and inspecting construction.
This document is intended for the use of individuals who are
competent to evaluate the significance and limitations of its con-
tent and recommendations and who will accept responsibility for
the application of the material it contains. The American Con-
crete Institute disclaims any and all responsibility for the appli-
cation of the stated principles. The Institute shall not be liable for
any loss or damage arising therefrom.
Reference to this document shall not be made in contract docu-

ments. If items found in this document are desired by the Archi-
tect/Engineer to be a part of the contract documents, they shall
be restated in mandatory language for incorporation by the Ar-
chitect/Engineer.
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CHAPTER 1—GENERAL

1.1—Introduction
Fly ash, a by-product of coal combustion, is widely us

as a cementitious and pozzolanic ingredient in portland
ment concrete. It may be introduced either as a separ
batched material or as a component of blended cement
use of fly ash in concrete is increasing because it impro
some properties of concrete, and often results in lower 
concrete. This report describes the technology of the us
fly ash in concrete and lists references concerning the c
acterization of fly ash, its properties, and its effects on c
crete. Guidance is provided concerning the specification
-
ly
e
s
t
f

r-
-
d

use of fly ash, along with information on quality control 
fly ash and concrete made with fly ash.

According to ACI 116R, fly ash is “the finely divided re
idue resulting from the combustion of ground or powde
coal and which is transported from the firebox through 
boiler by flue gases; known in UK as pulverized fuel a
(pfa).” ACI 116R defines “pozzolan” as “a siliceous or s
ceous and aluminous material, which in itself possesses
or no cementitious value but will, in finely divided form a
in the presence of moisture, chemically react with calc
hydroxide at ordinary temperatures to form compounds 
sessing cementitious properties.” Fly ash possesses 
zolanic properties similar to the naturally occurri
pozzolans of volcanic or sedimentary origin found in ma
parts of the world. About 2000 years ago, the Romans m
volcanic ash with lime, aggregate and water to produce m
tar and concrete (Vitruvius, 1960). Similarly, fly ash 
mixed with portland cement (which releases lime during 
dration), aggregate and water to produce mortar and 
crete. All fly ashes contains pozzolanic materials, howe
some fly ashes possess varying degrees of cementitiou
ue without the addition of calcium hydroxide or portland 
ment because they contain some lime.

Fly ash in concrete makes efficient use of the product
hydration of portland cement: (1) solutions of calcium a
alkali hydroxide, which are released into the pore struc
of the paste combine with the pozzolanic particles of fly a
forming a cementing medium, and (2) the heat generate
hydration of portland cement is an important factor in in
ating the reaction of the fly ash. When concrete contain
fly ash is properly cured, fly-ash reaction products fill in 
spaces between hydrating cement particles, thus lowe
the concrete permeability to water and aggressive chem
(Manmohan and Mehta, 1981). The slower reaction rat
many fly ashes compared to portland cement limits 
amount of early heat generation and the detrimental e
temperature rise in massive structures. Properly pro
tioned fly ash mixtures impart properties to concrete 
may not be achievable through the use of portland cem
alone.

Fly ash from coal-burning electric power plants beca
available in quantity in the 1930s. In the United States,
study of fly ash for use in portland cement concrete bega
about that time. In 1937, R. E. Davis and his associates a
University of California published results of research 
concrete containing fly ash (Davis et al., 1937). This w
served as the foundation for early specifications, method
testing, and use of fly ash.

Initially, fly ash was used as a partial mass or volume
placement of portland cement, an expensive compone
concrete. However, as the use of fly ash increased, rese
ers recognized the potential for improved properties of c
crete containing fly ash. In subsequent research Davis
his colleagues studied the reactivity of fly ash with calci
and alkali hydroxides in portland-cement paste, and th
with the ability of fly ash to act as a preventive meas
against deleterious alkali-aggregate reactions. Much
search (Dunstan, 1976, 1980, and Tikalsky and Carrasq
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1992, 1993) has shown that fly ash often affects the r
tance of concrete to deterioration when exposed to sulf
The U.S. Army Corps of Engineers, the Bureau of Recla
tion, major U.S. engineering firms, and others recognized
beneficial effect of fly ash on the workability of fresh co
crete and the advantageous reduction of peak temperatu
mass concrete. The beneficial aspects of fly ash were 
cially notable in the construction of large concrete da
(Mielenz, 1983). Some major engineering projects in 
United Kingdom, most notably the Thames Barrage, and
Upper Stillwater Dam in the United States, incorporated
75 percent mass replacement of portland cement by fly
to achieve reduced heat generation and decreased perm
ity.

In the United States, a new generation of coal-fired po
plants was built during the late 1960s and 1970s, at leas
tially in response to dramatically increased oil prices. Th
modern power plants, utilizing efficient coal mills and sta
of-the-art pyroprocessing technology, produced finer 
ashes with a lower carbon content than those previo
available. In addition, fly ash containing higher levels of c
cium became available due to the use of new coal sou
(usually subbituminous and lignitic). Concurrent with t
increased availability of fly ash, extensive research in N
America and elsewhere has led to better understanding 
chemical reactions involved when fly ash is used in conc
and improved technology in the use of fly ash in the conc
industry. Fly ash is now used in concrete for many reas
including reduced cost, improvements in workability 
fresh concrete, reduction in temperature rise during in
hydration, improved resistance to sulfates, reduced ex
sion due to alkali-silica reaction, and contributions to the
rability and strength of hardened concrete.
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1.2—Source of fly ash
Due to the increased use of pulverized coal as fuel for e

tric power generation, fly ash is now available in most ar
of the United States and Canada, and in many other pa
the world. Fly ash is produced as a by-product of burn
coals which have been crushed and ground to a finene
70 to 80 percent passing a 75 µm (No. 200) sieve. Approxi
mately 45,000 Gg (50 million tons) of fly ash is produced 
nually in the United States (American Coal Ash Associat
1992). An estimated 10-12 percent of that total is utilize
the production of concrete and concrete products.

ASTM C 618 categorizes fly ashes by chemical comp
tion, according to the sum of the iron, aluminum, and si
content (expressed in oxide form). Class F ashes are no
ly produced from coals with higher heat energy, such a
tuminous and anthracite coals, although some s
bituminous and lignite coals in the western United Sta
also produce Class F fly ash. Bituminous and anthracite
fly ashes rarely contain more than 15 percent calcium ox
Subbituminous fly ashes typically contain more than 20 
cent calcium oxide, and have both cementitious and 
zolanic properties. There are important differences in 
formance of fly ashes from different sources. As a gro
Class F ashes and Class C ashes generally show diff
e
,

,

performance characteristics; however, the performance
fly ash is not determined solely by its classification as ei
Class F or Class C. In general, the sulfate resistance and
ity of a fly ash to mitigate the effects of alkali-silica react
are a function of the coal sources. Strengthening charac
tics of a fly ash vary widely depending on the physical 
chemical properties of the ash.
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1.2.1 Production and processing—The ash contents o
coals may vary from 4 to 5 percent for subbituminous 
anthracite coals, to as high as 35 to 40 percent for som
nites. The combustion process, which creates tempera
of approximately 1600 C (2900 F) liquifies the unburn
minerals. Rapid cooling of these by-products upon lea
the firebox causes them to form spherical particles, wi
predominantly glassy structure. Many variables may af
the characteristics of these particles. Among these are
composition, grinding mill efficiency, the combustion en
ronment (temperature and oxygen supply), boiler/bu
configuration, and the rate of particle cooling.

Modern coal-fired power plants that burn coal from a c
sistent source generally produce uniform fly ash. Howe
the fly ash particles vary in size, chemical composition, 
density. Sizes may run from less than 1 µm (0.00004 in.) to
more than 80 µm (0.00315 in.), and density of individu
particles from less than 1 Mg/m3 (62.4 lb/ft3) hollow spheres
to more than 3 Mg/m3 (187 lb/ft3). Collection of these parti
cles from the furnace exhaust gases is accomplished by
trostatic or mechanical precipitators, or by baghouses
typical gas flow pattern through an electrostatic precipit
is shown in Fig. 1.1.

As the fly ash particles are collected, they segregate i
quential precipitator hoppers according to their size and 
sity; larger/heavier particles tend to accumulate closer to
gas inlet (typically called the “primary”) while the sma
er/lighter particles tend to be collected farther from the i
-
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Fig. 1.1—Electrostatic precipitator
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nt o at re-
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(“backpasses”). The fineness, density, and carbon conte
fly ash may vary significantly from hopper to hopper.
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1.2.2 Beneficiated fly ash—Most fly ash produced from 
power plant is of suitable quality for collection and use
concrete. However, if the quality of some or all of the fly a
produced is less than required by specification or ma
standards, methods may be used to beneficiate the fly
The properties which are commonly controlled by benef
ation are fineness and loss on ignition, LOI, (an indicato
carbon content). As noted in 1.2.1 above, segregation occu
in various precipitator or baghouse hoppers. If the con
and piping systems in the power plant allow it, fly ash can
selectively drawn from those hoppers which contain 
higher quality fly ash.

Mechanical or air-classification equipment may be e
ployed to reduce the mean particle size of fly ash to m
specification or market requirements. Such classifiers ef
tively remove the denser particles, and may be adjuste
vary the amount of coarser ash removed. Depending o
size, density, and distribution of particles containing carb
the LOI may be increased, decreased, or unchanged b
classification technique. A typical centrifugal classifier 
stallation (one classifier) could beneficiate 54 to 91 
(60,000 to 100,000 tons) of classified material per year.

Technology is now being developed to reduce the ca
content of fly ashes. Electrostatic separation (Whitlo
1993) and carbon burnout techniques (Cochran and B
1993) are considered effective in reducing the loss on i
tion of fly ash without deleterious effects on its other prop
ties.
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CHAPTER 2—FLY ASH COMPOSITION

2.1—General
Fly ash is a complex material consisting of heterogene

combinations of amorphous (glassy) and crystalline pha
The largest fraction of fly ash consists of glassy sphere
two types, solid and hollow (cenospheres). These gl
phases are typically 60 to 90 percent of the total mass o
ash with the remaining fraction of fly ash made up of a v
ety of crystalline phases. These two phases are not com
ly separate and independent of one another. Rather
crystalline phases may be present within a glassy matr
attached to the surface of the glassy spheres. This uni
phases makes fly ash a complex material to classify 
characterize in specific terms.
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2.2—Chemical composition
The bulk chemical composition has been used by AS

C 618 to classify fly ash into two types, Class C and Clas
The analytic bulk chemical composition analysis used to
termine compliance with ASTM C 618 does not address
nature or reactivity of the particles. This type of analysi
used as a quality assurance tool. Minor variations in 
chemical composition of a particular fly ash do not relate
rectly to the long-term performance of concrete contain
that fly ash. Although the constituents of fly ash are not t
ically present as oxides, the chemical composition of fly 
f
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is so reported. The crystalline and glassy constituents th
main after the combustion of the pulverized coal are a re
of materials with high melting points and incombustibility

Wide ranges exist in the amounts of the four principal c
stituents, SiO2 (35 to 60 percent), Al2O3 (10 to 30 percent)
Fe2O3 (4 to 20 percent), CaO (1 to 35 percent). The sum
the first three constituents (SiO2, Al2O3, and Fe2O3) is re-
quired to be greater than 70 percent to be classified a
ASTM Class F fly ash, whereas their sum must only exc
50 percent to be classified as an ASTM Class C fly ash. C
C fly ashes generally contain more than 20 percent of m
rial reported as CaO; therefore the sum of the SiO2, Al2O3,
and Fe2O3 may be significantly less than the 70 percent C
F minimum limit.

The SiO2 content of fly ash results mainly from the cl
minerals and quartz in the coal. Anthracite and bitumin
coals often contain a higher percentage of clay minera
their incombustible fraction than do subbituminous and 
nite coals; therefore the fly ash from the high-rank coals
richer in silica. The siliceous glass is the primary contribu
from the fly ash to the pozzolanic reaction in concrete s
it is the amorphous silica that combines with free lime 
water to form calcium silicate hydrate (C-S-H), the binde
concrete.

The principal source of alumina (Al2O3) in fly ash is the
clay in the coal, with some alumina coming from the orga
compounds in low-rank coal. The types of clays found
coal belong to three groups of clay minerals:

Smectite Na(Al5,Mg)Si12O30(OH)6 ⋅ nH2O
Illite  KAl 5Si7O20(OH)4
Kaolinite Al 4Si4O10(OH)8
Northern lignites typically contain a sodium smecti

whereas bituminous coal typically contains only member
the illite group and kaolinite. This difference in types of c
explains the lower Al2O3 in low-rank coal fly ash. From th
alumina/silica ratios of smectite, 0.35, illite, 0.61, and 
olinite, 0.85, it is clear why lignite fly ashes typically conta
40 percent less analytic Al2O3 than bituminous fly ashes.

The Fe2O3 content of fly ash comes from the presence
iron-containing materials in the coal. The highest concen
tions of iron-rich fly ash particles are between 30 and 60 µm,
with the lowest iron contents in particles less than 15 µm.

The source of the materials reported as CaO in fly as
calcium, primarily from calcium carbonates and calcium s
fates in the coal. High-rank coals, such as anthracite an
tuminous coal, contain smaller amounts of noncombus
materials typically showing less than five percent CaO in
ash. Low-rank coals may produce fly ash with up to 35 
cent CaO. The southern lignite coals found in Texas 
Louisiana show the least CaO of the low-rank coals, a
10 percent.

The MgO in fly ash is derived from organic constituen
smectite, ferromagnesian minerals, and sometimes dolo
These constituents are typically minimal in high-rank co
but may result in MgO contents in excess of 7 percent in
ashes from subbituminous and northern lignites (lignite c
sources in North Dakota, Saskatchewan, and surroundin
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MgO contents of less than 2 percent.

The SO3 in fly ash is a result of pyrite (FeS2) and gypsum
(CaSO4·H2O) in the coal. The sulfur is released as sulfur 
oxide gas and precipitated onto the fly ash or “scrubb
from the flue gases, through a reaction with lime and al
particles.

The alkalies in fly ash come from the clay minerals a
other sodium and potassium-containing constituents in
coal. Alkali sulfates in northern lignite fly ash result from t
combination of sodium and potassium with oxidized pyr
organic sulfur and gypsum in the coal. McCarthy et 
(1988) reported that Na2O is found in greater amounts tha
K2O in lignite and subbituminous fly ash, but the revers
true of bituminous fly ash. Expressed as Na2O equivalent
(percent Na2O + 0.658 x percent K2O) alkali contents are
typically less than 5 percent, but may be as high as 10 pe
in some high-calcium fly ashes.

The carbon content in fly ash is a result of incompl
combustion of the coal and organic additives used in the
lection process. Carbon content is not usually determine
rectly, but is often assumed to be approximately equal to
LOI; however, ignition loss will also include any combine
water or carbon dioxide, CO2, lost by decomposition of hy
drates or carbonates that may be present in the ash. Cl
fly ashes usually have loss on ignition values less than 1
cent, but Class F fly ashes range from this low level to va
as high as 20 percent. Fly ashes used in concrete typi
have less than 6 percent LOI; however, ASTM C 618 p
vides for the use of Class F fly ash with up to 12.0 perc
LOI if either acceptable performance records or labora
test results are made available.

Minor elements that may be present in fly ash inclu
varying amounts of titanium, phosphorus, lead, chromiu
and strontium. Some fly ashes also have trace amounts o
ganic compounds other than unburned coal. These addit
compounds are usually from stack additives and are 
cussed in a subsequent section.

Table 2.1 gives typical values of North American fly as
bulk chemical composition for different sources. Other r
erences that provide detailed chemical composition data
Table 2.1—Example bulk composition of fly ash with coal sources

Bituminous Subbituminous Northern Lignite Southern Lignite

SiO2, percent 45.9 31.3 44.6 52.9

Al2O3, percent 24.2 22.5 15.5 17.9

Fe2O3, percent 4.7 5.0 7.7 9.0

CaO, percent 3.7 28.0 20.9 9.6
SO3, percent 0.4 2.3 1.5 0.9

MgO, percent 0.0 4.3 6.1 1.7

Alkalies,* percent 0.2 1.6 0.9 0.6

LOI, percent 3 0.3 0.4 0.4
Air permeability fine-
ness, m2/kg

403 393 329 256

45 µm sieve retention,
percent

18.2 17.0 21.6 23.8

Density, Mg/m3 2.28 2.70 2.54 2.43

  * Available alkalies expressed as Na2O equivalent.
also available (Berry and Hemmings, 1983; McCarthy e
1984; Tikalsky and Carrasquillo, 1992).
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2.3—Crystalline composition
From the bulk chemical composition of fly ash a divis

can be made between the phases in which these che
compounds exist in fly ash. Developments in the techniq
of quantitative X-ray diffraction (XRD) analysis have ma
it possible to determine the approximate amounts of cry
line material in fly ash (Mings et al., 1983; Pitt and Demi
1983; McCarthy et al., 1988).

Low-calcium fly ashes are characterized by having o
relatively chemically inactive crystalline phases, nam
quartz, mullite, ferrite spinel, and hematite (Diamond, 
pez-Flores, 1981). High-calcium fly ash may contain th
four phases plus anhydrite, alkali sulfate, dicalcium silic
tricalcium aluminate, lime, melilite, merwinite, periclas
and sodalite (McCarthy et al., 1984). A list of crystalli
compounds found in fly ash is given in Table 2.2.

Alpha quartz is present in all fly ash. The quartz is a re
of the impurities in the coal that failed to melt during co
bustion. Quartz is typically the most intense peak in the
ray diffraction (XRD) pattern, but this peak is also subjec
the most quantitative variability.

The crystalline compound mullite is only found in su
stantial quantities in low-calcium fly ashes. Mullite form
within the spheres as the glass solidifies around it. It is
largest source of alumina in fly ash. It is not normally che
ically reactive in concrete.

In its purest form magnetite (Fe3O4) is the crystalline
spinel structure closest to that found in fly ash. A slight 
crease in the diffraction spacing of ferrite spinel is dete
through XRD. Stevenson and Huber (1987) used a scan
electron microscope (SEM) electron probe on a magnetic
separated portion of the fly ash to determine that the cau
this deviation is the Mg and Al substitution into the struct
of this phase as an iron replacement. The ferrite spinel p
found in fly ash is not chemically active. Hematite (Fe2O3),
formed by the oxidation of magnetite, is also present in s
fly ashes; it too is not chemically active.

Coal ashes containing high calcium contents often con
between 1 and 3 percent anhydrite (CaSO4). The calcium
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Table 2.2—Mineralogical phases in fly ash

Mineral name Chemical composition

Thenardite (Na,K)2SO4

Anhydrite CaSO4

Tricalcium Aluminate (C3A) Ca3Al2O6

Dicalcium silicate (C2S) Ca2SiO4

Hematite FE2O3

Lime CaO
Melilite Ca2(Mg,Al)(Al,Si)2O7

Merwinite Ca3Mg(SiO2)2
Mullite Al6Si2O3

Periclase MgO
Quartz SiO2

Sodalite structures Na8Al8Si6O24SO4

Ca2Na6Al6Si6O24(SO4)2

Ca8Al12O24(SO4)2
Ferrite spinel Fe3O4

Portlandite Ca(OH)2
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acts as a “scrubber” for SO2 in the combustion gases an
forms anhydrite. Crystalline CaO, sometimes referred t
free lime, is present in most high-calcium fly ashes and 
be a cause of autoclave expansion. However, lime in
form of Ca(OH)2,“slaked lime,” does not contribute to aut
clave expansion. Soft-burned CaO hydrates quickly 
does not result in unsoundness in concrete. However, h
burned CaO, formed at higher temperatures hydrates sl
after the concrete has hardened. Demirel et al., (1983
pothesize that the carbon-dioxide rich environment of 
combustion gases cause a carbonate coating to form on 
ly burned CaO particles, creating a high-diffusion ene
barrier. This barrier retards the hydration of the particle 
thereby increases the potential for unsoundness. If free
is present as highly-sintered, hard-burned material, there
potential for long-term deleterious expansion from its hyd
tion. Although there is no direct way to separate soft-bur
lime from the sintered lime, McCarthy et al., (1984) note t
when hard-burned lime is present it is often found in the l
er grains of fly ash. If there is sufficient hard-burned CaO
cause unsoundness it should be detected as excessive
clave expansion. Ca(OH)2 is also present in some high calc
um fly ashes that have been exposed to moisture.

Crystalline MgO, periclase, is found in fly ashes w
more than two percent MgO. Fly ash from low-rank co
may contain periclase contents as high as 80 percent o
MgO content. The periclase in fly ash is not “free” Mg
such as that found in some portland cements. Rather
crystalline MgO in fly ash is similar to the phase of Mg
found in granulated blast furnace slags in that it is nonr
tive in water or basic solutions at normal temperatu
(Locher 1960).

Phases belonging to the melilite group include:
Gehlenite Ca2Al2SiO7

Akermanite Ca2MgSi2O7

Sodium-Melilite NaCaAlSi2O7

These phases have been detected in fly ash, but ar
chemically active in concrete. Each of these phases can
an Fe substituted for Mg or Al.
-
y
-

r-

Merwinite is a common phase in high-calcium fly ash
and the early stages of the devitrification of Mg-contain
glasses. Northern lignites typically have higher MgO c
tents and lower Al2O3 contents than subbituminous-coal 
ashes, allowing the merwinite phase to dominate ove
C3A phase in the northern lignite fly ash. Merwinite is no
reactive at normal temperatures.

The presence of C3A in high-calcium fly ash was con
firmed by Diamond (1982) and others. The intense X
diffraction peaks of this phase overlap those of the merw
phase, making the quantitative interpretation difficult. Ho
ever, McCarthy et al., (1988) reported that the C3A phase is
the dominant phase in fly ashes with subbituminous-
sources, and the merwinite phase is dominant in lignite
ashes. Neither phase is present in low-calcium fly ashes
cementitious value of C3A contributes to the self-cementin
property of high-calcium fly ashes. The C3A phase is ex-
tremely reactive in the presence of calcium and sulfate 
in solution.

Phases belonging to the sodalite group form from m
rich in alkalies, sulfate, and calcium and poor in silica. 
sean and hauyne compounds have been identified in fl
by McCarthy et al., (1988). Mather (1980) and others h
found tetracalcium trialuminate sulfate (C4A3S), the active
constituent of Type K expansive cement. C4A3S reacts readi
ly with water, lime and sulfate to form ettringite.

Among the other phases found in fly ash are alkali su
and dicalcium silicate. Dicalcium silicate is a crystall
phase which is present in some high-calcium fly ashes a
thought to be reactive in the same manner as C2S in portland
cement. Northern lignite fly ashes often contain crystal
alkali sulfates such as thenardite and aphthitilite.
a
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2.4—Glassy composition
Fly ash consists largely of small glassy spheres wh

form while the burned coal residue cools very rapidly. T
composition of these glasses is dependent on the com
tion of the pulverized coal and the temperature at which 
burned. The major differences in fly ash glass composi
lie in the amount of calcium present in the glass. Coal 
has only small amounts of calcium; e.g., anthracite and b
minous or some lignite coals, result in aluminosilicate gla
fly ash particles. Subbituminous and some lignite coals le
larger amounts of calcium in the fly ash and result in calc
aluminosilicate glassy phases (Roy et al., 1984). This ca
seen in the ternary system diagram shown in Fig. 2.1. The
normalized average glass composition of high-calcium
ash plots within the ranges where anorthite to gehlenite
the first phases to crystallize from a melt, whereas the l
calcium fly ashes fall within the regions of the diagra
where mullite is the primary crystalline phase. It is wide
believed that the disordered structure of a glass resem
that of the primary crystallization phase that forms on co
ing from the melt. In fly ash, the molten silica is accomp
nied by other molten oxides. As the melt is quenched, th
additional oxides create added disorder in the silica g
network. The greater the disorder and depolymerization
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the fly-ash glass structure, the less stable the networ
comes.

In a simplified model the mass of crystalline compou
can be subtracted from the bulk mass to yield the mass 
glassy portion of the fly ash. Extending this model to ch
ical compounds, the crystalline composition can be stoic
metrically subtracted from the bulk chemical compositio
yield an average composition of the glass for any given
ash. This is of importance when considering the level o
activity of a fly ash.

The ternary diagram shown in Fig. 2.1 may also be used 
illustrate the basic composition of the glassy portion of
ash. Fly ashes which have calcium-rich glassy phase
considerably more reactive than aluminosilicate glas
Glasses in fly ash with a devitrified composition furth
from the mullite fields are most reactive within a portland
ment-fly ash system because they have the most disor
network. This would indicate that fly ash containing hi
calcium or high-alkali glasses possess a greater reac
than low-calcium or low-alkali fly ashes.
Fig. 2.1—CaO-SiO2 — Al2O3 ternary system diagram
nsity
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2.5—Physical properties
The shape, fineness, particle-size distribution, and de

of fly ash particles influence the properties of freshly mix
unhardened concrete and the strength development of
ened concrete. This is primarily due to the particle influe
on the water demand of the concrete mixture. In addition
ashes produced at different power plants or at one plan
different coal sources may have different colors. Fly ash
or and the amount used can influence the color of the r
ing hardened concrete in the same way as changes in c
or fine aggregate color. Fly ash color is generally not an
-

e

-

gineering concern, unless aesthetic considerations relat
the concrete require maintaining a uniform color in expo
concrete. However, a change in the color of an ash fro
particular source may be an indicator of changed prope
due to changes in coal source, carbon content, iron con
or burning conditions.
e
.

d

-

2.5.1 Particle shape—Particle size and shape characte
tics of fly ash are dependent upon the source and unifor
of the coal, the degree of pulverization prior to burning,
combustion environment (temperature level and oxy
supply), uniformity of combustion, and the type of collect
system used (mechanical separators, baghouse filte
electrostatic precipitators). Lane and Best (1982) repo
that the shape of fly ash particles is also a function of par
size. The majority of fly ash particles are glassy, solid
hollow, and spherical in shape. Examples of fly ash par
shapes are shown in Fig. 2.2 and 2.3. Fly ash particles tha
are hollow are translucent to opaque, slightly to highly 
rous, and vary in shape from rounded to elongated. It
been shown that the intergrinding of fly ash with cemen
the production of blended cement has improved its cont
tion to strength (EPRI SC-2616-SR). Grinding further red
es particle size, breaks up cenospheres, and sep
particles which have surface attractions. However, if 
mixture of fly ash and cement clinker is ground too fine, 
ter requirements can be increased.
-
nt

-

2.5.2 Fineness—Individual particles in fly ash range i
size from less than 1 µm to greater than 1 mm. In older plan
where mechanical separators are used, the fly ash is co
than in more modern plants which use electrostatic pre
tators or bag filters. In fly ash suitable for use in concr
ASTM C 618 states that not more than 34 percent of the
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Fig. 2.2—Fly ash at 4000 magnification
Fig. 2.3—Fly ash showing plerospheres at 2000 magnification
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ticles should be retained on the 45-µm (No. 325) sieve. The
45-µm (No. 325) sieve analysis of fly ash from a particu
source will normally remain relatively constant, provid
there are no major changes in the coal source, coal grin
process operations, and plant load. Minor variations ma
expected due to sampling techniques.

Fineness of a specific fly ash may have an influence o
performance in concrete. Lane and Best (1982) used re
of tests by ASTM C 430, 45-µm (No. 325) sieve fineness, a
a means to correlate the fineness of Class F fly ash with
tain concrete properties.
g,
e

s
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Their data indicate that for a particular source of fly a
concrete strength, abrasion resistance, and resistan
freezing and thawing are direct functions of the proportio
the fly ash finer than the 45µm (No. 325) sieve. They con
cluded that fineness within a particular source is a relati
consistent indicator of fly ash performance in concrete 
that performance improves with increased fineness.

Fly ash fineness test methods other than the ASTM C
45-µm (No. 325) sieve procedure are the air-permeab
test (ASTM C 204), the turbidimeter method (ASTM C 11
and the hydrometer method. Fineness values obtained 
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these three tests can differ widely depending on the pr
dure used, and the test results are also strongly influenc
the density and porosity of the individual particles. The 
permeability test procedure provides a rapid method for
tecting changes. Increased surface area as determined 
permeability tests in many cases correlates with higher 
tivity, especially when comparing ashes from a sin
source. Exceptions to this trend are found with some h
carbon fly ashes, which tend to have high fineness va
which may be misleading. Useful information on size dis
bution of particles finer than 45-µm (No. 325) sieve can b
obtained by sonic sifting and by particle sizing equipm
based on laser scattering. Data on the particle size dis
tion of several Class C and Class F fly ashes indicate t
large percentage of particles smaller than 10µm had a posi-
tive influence on strength (EPRI CS-3314).

2.5.3Density—According to Luke (1961), the density 
solid fly ash particles ranges from 1.97 to 3.02 Mg/m3 (123
to 188 lb/ft3), but is normally in the range of 2.2 to 2.8 Mg/3

(137 to 175 lb/ft3). Some fly ash particles, such as cen
pheres, are capable of floating on water. High density is
ten an indication of fine particles. Roy, Luke, and Diam
(1984) indicate that fly ashes high in iron tend to have hig
densities and that those high in carbon have lower dens
ASTM Class C fly ashes tend to have finer particles and 
er cenospheres; thus their densities tend to be higher, 
range of 2.4 to 2.8 Mg/m3 (150 to 175 lb/ft3).
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2.6—Chemical activity of fly ash in portland cement con-
crete

The principal product of the reactions of fly ash with c
cium hydroxide and alkali in concrete is the same as tha
the hydration of portland cement, calcium silicate hydr
(C-S-H). The morphology of the Class F fly ash react
product is suggested to be more gel-like and denser than
from portland cement (Idorn, 1983). The reaction of fly a
depends largely upon breakdown and dissolution of 
glassy structure by the hydroxide ions and the heat gene
during the early hydration of the portland cement fracti
The reaction of the fly ash continues to consume calcium
droxide to form additional C-S-H as long as calcium hydro
ide is present in the pore fluid of the cement paste.

Regourd (1983) indicated that a very small, immedi
chemical reaction also takes place when fly ash is mi
with water, preferentially releasing calcium and aluminu
ions to solution. This reaction is limited, however, until a
ditional alkali or calcium hydroxide or sulfates are availab
for reaction. The amount of heat evolved as a consequ
of the reactions in concrete is usually reduced when fly 
is used together with portland cement in the concrete. 
rate of early heat evolution is reduced in these cases an
time of maximum rate of heat evolution is retarded (Meh
1983; Wei, et al., 1984). When the quantity of portland 
ment per unit volume of concrete is kept constant, the h
evolved is increased by fly ash addition (Mehta, 1983).

Idorn (1984) has suggested that, in general, fly ash r
tion with portland cement in modern concrete is a two-st
reaction. Initially, and during the early curing, the prima
-
y

-
ir-
-

s

-
a

.

e

reaction is with alkali hydroxides, and subsequently the m
reaction is with calcium hydroxide. This phase distinctio
not apparent when research is conducted at room tem
ture; at room temperature the slower calcium-hydroxide
tivation prevails and the early alkali activation is minimiz
As was shown to be the case for portland cement by Ver
(1960), the pozzolanic reaction of fly ashes with lime 
water follows Arrhenius’ law for the interdependence
temperatures and the rates of reaction. An increase in
perature causes a more than proportionate increase in t
action rate.

Clarifying the basic principles of fly ash reaction make
possible to identify the primary factors which, in practi
will influence the effectiveness of the use of fly ash in c
crete. These factors include; (a) the chemical and phase
position of the fly ash and of the portland cement; (b)
alkali-hydroxide concentration of the reaction system;
the morphology of the fly ash particles; (d) the finenes
the fly ash and of the portland cement; (e) the developm
of heat during the early phases of the hydration process
(f) the reduction in mixing water requirements when us
fly ash. Variations in chemical composition and reactivity
fly ash affect early stage properties and the rheology of 
crete (Roy, Skalny, and Diamond, 1982).

It is difficult to predict concrete performance throu
characterization of fly ashes by themselves. Fly ash ac
ability with regard to workability, strength characteristi
and durability must be investigated through trial mixture
concrete containing the fly ash.
f
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2.7—Future research needs
Future research needs in the area of fly ash compositio

clude:
a) better understanding of the effects of particle-size 

tribution
b) determining the acceptable levels of variation wit

the chemical and phase composition
c) clarifying the role of carbon particles as a function

their size and adsorption capability for chemical admixtu
d) identifying the chemically active aluminate presen

some fly ashes that causes such ashes to increase rath
to reduce the severity of sulfate attack on concrete.

e) determining the minimum effective C ratio of C-S
as this allows more pozzolanic silica to be converted to C
H by combination with a given amount of calcium ion tha
released to the pore fluid by the hydration of portland
ment. If one uses 60 percent fly ash with 40 percent port
cement will there be enough calcium ion to make usefu
S-H out of all the silica in the cement and in the fly ash?

f) characterizing of glass phases of fly ash and their
fect on pozzolanic properties
t

-

CHAPTER 3—EFFECTS OF FLY ASH
ON CONCRETE

3.1—Effects on properties of fresh concrete
3.1.1Workability—The absolute volume of cement pl

fly ash normally exceeds that of cement in similar conc
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mixtures not containing fly ash. This is because the fly 
normally is of lower density and the mass of fly ash use
usually equal to or greater than the reduced mass of cem
While it depends on the proportions used, this increas
paste volume produces a concrete with improved plast
and better cohesiveness (Lane, 1983). In addition, the
crease in the volume of fines from fly ash can compen
for deficient aggregate fines.

Fly ash changes the flow behavior of the cement p
(Rudzinski, 1984); the generally spherical shape of fly 
particles normally permits the water in the concrete to be
duced for a given workability (Brown, 1980). Ravina (198
reported on a Class F fly ash which reduced the rate of s
loss compared to non-fly ash concrete in hot-weather co
tions. Class C fly ashes generally have a high proportio
particles finer than 10-µm (EPRI CS-3314), which favorabl
influences concrete workability. Data on the rheology
fresh fly ash-cement-water mixtures was reviewed in de
by Helmuth (1987).
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3.1.2 Bleeding—Using fly ash in air-entrained and no
air-entrained concrete mixtures usually reduces bleedin
providing greater surface area of solid particles and a l
water content for a given workability (Idorn and Henriks
1984).
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3.1.3 Pumpability—Improved pumpability of concret
usually results when fly ash is used. For mixtures defic
in the smaller sizes of fine aggregate or of low cement 
tent, the addition of fly ash will make concrete or mo
more cohesive and less prone to segregation and blee
Further, the spherical shape of the fly ash particles serv
increase workability and pumpability by decreasing frict
between particles and between the concrete and the 
line (Best and Lane, 1980).
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3.1.4Time of setting—The use of fly ash may extend t
time of setting of concrete if the portland cement conte
reduced. Jawed and Skalny (1981) found that Class 
ashes retarded early C3S hydration. Grutzeck, Wei, and Ro
(1984) also found retardation with Class C fly ash. The 
ting characteristics of concrete are influenced by amb
and concrete temperature; cement type, source, conten
fineness; water content of the paste; water soluble alka
use and dosages of other admixtures; the amount of fly
and the fineness and chemical composition of the fly 
(Plowman and Cabrera, 1984). When these factors are 
proper consideration in the concrete mixture proportion
an acceptable time of setting can usually be obtained.
actual effect of a given fly ash on time of setting may be
termined by testing when a precise determination is ne
or by observation when a less precise determination is
ceptable. Pressures on form work may be increased whe
ash concrete is used if increased workability, slower sl
loss, or extended setting characteristics are encoun
(Gardner, 1984).
er
res

t fly
hich
ing 

n of

ler
riod
100
3.1.5Finishability—When fly ash concrete has a long
time of setting than concrete without fly ash, such mixtu
should be finished at a later time than mixtures withou
ash. Failure to do so could lead to premature finishing, w
can seal the bleed water under the top surface creat
t.

-
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plane of weakness. Longer times of setting may increas
probability of plastic shrinkage cracking or surface crus
under conditions of high evaporation rates. Using very 
mixtures containing fly ashes with significant amounts
very light unburned coal particles or cenospheres can c
these particles to migrate upward and collect at the sur
which may lead to an unacceptable appearance. Some 
tions are encountered when the addition of fly ash resu
stickiness and consequent difficulties in finishing. In s
cases the concrete may have too much fine material o
high an air content.
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3.1.6Air entrainment—The use of fly ash in air-entraine
concrete will generally require a change in the dosage ra
the air-entraining admixture. Some fly ashes with LOI v
ues less than 3 percent require no appreciable increase 
entraining admixture dosage. Some Class C fly ashes 
reduce the amount of air-entraining admixture required, 
ticularly for those with significant water-soluble alkalies
the fly ash (Pistilli, 1983). To maintain constant air conte
admixture dosages must usually be increased, dependi
the carbon content as indicated by LOI, fineness, and am
of organic material in the fly ash. When using a fly ash w
a high LOI, more frequent testing of air content at the p
of placement is desirable to maintain proper control of
content in the concrete.

Required air-entraining admixture dosages may incre
with an increase in the coarse fractions of a fly ash. In 
laboratory study, separate size fractions of a fly ash w
used in a series of mortar mixtures with only one size f
tion per mixture. The finer fractions required less air-entra
ing admixture than the total ash sample (Lane, 1983). 
coarse fraction usually contains a higher proportion of 
bon than the fine fraction. The form of the carbon partic
in fly ash may be very similar to porous activated carb
which is a product manufactured from coal and used in
tration and adsorption processes. In concrete, these p
particles can adsorb air-entraining admixtures, thus redu
their effectiveness (Burns, Guarnashelli, and McAsk
1982). Adjustments must be made as necessary in the a
ture dosage to provide concrete with the desired air con
at the point of placement.

Meininger (1981) and Gebler and Klieger (1983) ha
shown that there appears to be a relationship between th
quired dosage of air-entraining admixture to obtain the s
ified air content and the loss of air in fly ash concrete w
prolonged mixing or agitation prior to placement. Those
ashes that require a higher admixture dosage tend to s
more air loss in fresh concrete. When this problem is 
pected, air tests should be made as the concrete is plac
measure the magnitude of the loss in air and to provide in
mation necessary to adjust properly the dosage level fo
equate air content at the time of placement. Meinin
(1981) showed that once the mixture is placed in the fo
no further appreciable loss of air is encountered. Agitatio
the concrete is a prerequisite for loss of air to continue.

In one investigation dealing with air entrainment (Geb
and Klieger, 1983), the retention of air over a 90-min pe
in different fly ash concretes ranged from about 40 to 
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percent, as measured on the fresh concrete, expressed
basis of the initial air content. Air contents were also m
sured in the hardened concrete. This particular study sh
that for conditions where the air reduction occurred, th
content in the hardened concrete was not reduced belo
percent. The spacing factor increased somewhat, bu
above the accepted limit of 0.20 mm (0.008 in.).

The loss of air depends upon a number of factors: pro
ties and proportions of fly ash, cement, fine aggregate, le
of mixing or agitating time, and type of air-entraining adm
ture used (Gaynor, 1980; Meininger, 1981). Neutral
Vinsol resin air-entraining admixtures did not perform w
with fly ashes having high LOI values. For a given fly a
the most stable air content was achieved with the cem
fine aggregate combinations that had the highest air-en
ing admixture requirement. On the other hand, a chan
fly ash that requires a higher admixture dosage to obtai
specified air content is more likely to cause loss of air if
mixture is agitated or manipulated for a period of time. H
loss on ignition of fly ash is often, but not always, an ind
tor of the likelihood of air-loss problems; so far, the prob
seems to be confined to the lower CaO, Class F fly ash

The foam-index test (see Appendix) is a rapid test tha
be used to check successive shipments of fly ash to de
change in the required dosage of air-entraining admixtu
concrete. The test is useful to predict needed changes 
amount of admixture, and if the foam-index value incre
by a large amount, it is an indicator that loss of air during
livery and placement should be checked. For quality-co
purposes a procedure can be adapted from the refer
(Meininger, 1981; Gebler and Klieger, 1983) which, wh
used in a consistent manner, can be useful at ready-m
concrete plants.
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3.2—Effects on properties of hardened concrete
3.2.1 Compressive strength and rate of strength gai—

Strength at any given age and rate of strength gain of
crete are affected by the characteristics of the particula
ash, the cement with which it is used, and the proportio
each used in the concrete (EPRI CS-3314). The relatio
of tensile strength to compressive strength for concrete
fly ash is not different from that of concrete without fly a
Compared with concrete without fly ash proportioned
equivalent 28-day compressive strength, concrete conta
a typical Class F fly ash may develop lower strength 
days of age or before when tested at room temperature
dun-Nur, 1961). If equivalent 3-day or 7-day strength is
sired, it may be possible to provide the desired streng
using accelerators or water-reducers, or by changing
mixture proportions (Bhardwaj, Batra, and Sastry, 19
Swamy, Ali, and Theodor-Akopoulos, 1983). Test results
dicate that silica fume can be used, for example, in fly
concrete to increase the early-age strength; simultaneou
of silica fume and fly ash resulted in a continuing increas
56- and 91-day strengths indicating the presence of suffi
calcium ion for both the silica-fume reaction and the lon
term fly-ash reaction to continue (Carette and Malho
1983). Also, Mukherjee, Loughborough, and Malho
he
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(1982) have shown that increased early strengths ca
achieved in fly ash concrete by using high-range wate
ducing admixtures to reduce the water to cementitious m
rial ratio to at least as low as 0.28.

After the rate of strength contribution of portland cem
slows, the continued pozzolanic activity of fly ash cont
utes to increased strength gain at later ages if the concr
kept moist; therefore, concrete containing fly ash with eq
alent or lower strength at early ages may have equivale
higher strength at later ages than concrete without fly 
This higher rate of strength gain will continue with time a
result in higher later age strengths than can be achieve
using additional cement (Berry and Malhotra, 1980). Us
28-day strengths as a reference, Lane and Best (1982) r
ed strength increases of 50 percent at one year for con
containing fly ash, as compared with 30 percent for conc
without fly ash. Other tests, comparing concrete with 
without fly ash showed significantly higher performance
the concrete containing fly ash at ages up to 10 y
(Mather, 1965). The ability of fly ash to aid in achieving h
ultimate strengths has made it a very useful ingredient i
production of high-strength concrete (Blick, Peterson, 
Winter, 1974; Schmidt and Hoffman, 1975; Joshi, 1979)

Class C fly ashes often exhibit a higher rate of reactio
early ages than Class F fly ashes (Smith, Raba, and Me
1982). Even though Class C fly ash displays increased e
age activity, strength at later ages in high-strength con
appears to be quite acceptable. Cook (1982) with Class
ash and Brink and Halstead (1956) with Class F fly 
showed that, in most cases, the pozzolanic activity incre
at all ages proportionally with the percent passing the 45µm
(No. 325) sieve. Class C fly ashes typically give very g
strength results at 28 days. Cook (1981) and Pitt and De
(1983) reported that some Class C fly ashes were as effe
as portland cement on an equivalent-mass basis. How
certain Class C fly ashes may not show the later-age str
gain typical of Class F fly ashes. The effect of Austra
Class F fly ash on strength development with different
ments was demonstrated by Samarin, Munn, and A
(1983) and is shown in Fig. 3.1. Strength development fo
Class C fly ash is shown in Fig. 3.2.

Both Brink and Halstead (1956) and Mather (19
showed that changes in cement source may change co
strengths with Class F fly ash as much as 20 percent. Fo
ample, cements with alkali contents of 0.60 percent N2O
equivalent or more typically perform better with fly ash 
strength measured beyond 28 days. However, when p
tially alkali-reactive aggregates are used in concrete, low
kali cement should be used, even if fly ash is also used
se

t

3.2.2 Modulus of elasticity—Lane and Best (1982) repo
that the modulus of elasticity of Class F fly ash concrete
well as its compressive strength, is somewhat lower at 
ages and a little higher at later ages than similar conc
without fly ash. The effects of fly ash on modulus of elas
ity are not as significant as the effects of fly ash on stren
Fig. 3.3 shows a comparative stress-strain relationship fo
ash and non-fly ash concrete with 19.0-mm (3/4-in.) nom
maximum size aggregate. The increase in modulus of 
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ash
Fig. 3.1—Rate of strength gain for different cementitious materials: Class F fly 
(Samarin, Munn, and Ashby 1983)
h part
Fig. 3.2—rates of strength gain of portland cement concrete and concrete in whic
of the cement is replaced pound-for-pound with a Class C fly ash (Cook 1983)
all.
teris

han

ich
e of
plus
stress
ticity under these conditions with Class F fly ash is sm
The study concludes that cement and aggregate charac
tics will have a greater effect on modulus of elasticity t
the use of fly ash (Cain, 1979).
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3.2.3 Creep—The rate and magnitude of creep strain
concrete depend on several factors including ambient 
perature and moisture conditions, strength of concrete, m
ulus of elasticity, aggregate content, the age of the con
when loaded, and the ratio of the sustained stress t
strength at the time of loading. The effects of fly ash on c
-

-

strain of concrete are limited primarily to the extent to wh
fly ash influences the ultimate strength and the rat
strength gain. Concrete with a given volume of cement 
fly ash loaded at ages of 28 days or less to a constant 
will normally exhibit higher creep strain than concrete h
ing an equal volume of cement only, due to the lo
strength of fly ash concrete at the time of loading (Lane
Best, 1982). However, both Lane and Best (1982) sho
that concrete with fly ash proportioned to have the s
strength at the age of loading as concrete without fly ash



FLY ASH IN CONCRETE 232.2R-13
Fig. 3.3—Stress-strain relationship at 90 days (TVA Technical Report CR-81-1)
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duced less creep strain at all subsequent ages. When 
mens with and without fly ash are sealed to prevent moi
losses, simulating conditions in mass concrete, creep 
values are essentially equal after loading at an age of 1
(Ghosh and Timusk, 1981). When unsealed specime
equal strength were also loaded at 1 year, creep strain v
for concrete containing fly ash were only half those m
sured for concrete without fly ash.

Most investigations have shown that if concretes with
without Class F fly ash having equivalent 28-day stren
are equally loaded at the same age, the fly ash concret
exhibit lower long-term creep due to the greater rate of 
age strengths gain common to most fly ash concrete. 
and Cook (1983) investigated the creep of concretes 
Class C fly ash. With 20 percent replacement, creep
about the same; at above 20 percent, creep increased w
creasing fly ash content.
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3.2.4 Bond of concrete—The bond or adhesion of concre
to steel is dependent on the surface area of the steel in c
with the concrete, the location of reinforcement, and the 
sity of the concrete. Fly ash usually will increase paste 
ume and may reduce bleeding. Thus, the contact at the 
interface where bleed water typically collects may be
creased, resulting in improved bond. Development leng
reinforcement in concrete is primarily a function of concr
strength. With proper consolidation and equivalent stren
the development length of reinforcement in concrete with
ash should be at least equal to that in concrete withou
ash. These conclusions about bond of concrete to ste
based on extrapolation of what is known about conc
without fly ash. The bonding of new concrete to old is li
affected by the use of fly ash.
ci-

n
r
f

3.2.5 Impact resistance—The impact resistance of co
crete is governed largely by the compressive strength o
mortar and the hardness of the coarse aggregate. Use
ash affects the impact resistance only to the extent that 
proves ultimate compressive strengths.

s

ll

3.2.6 Abrasion resistance—Compressive strength, curin
finishing, and aggregate properties are the major factors
trolling the abrasion resistance of concrete (ACI 201.2R,
210R). At equal compressive strengths, properly finis
and cured concretes with and without fly ash will exhibit
sentially equal resistance to abrasion.
n

n-

ct
-

r

,

re

3.2.7 Temperature rise—The chemical reaction of ceme
with water generates heat, which has an important bearin
the rate of strength development and on early stress dev
ment due to differential volume change in concrete. Mos
this heat is generated during the early stages of hydrati
the alite (substituted C3S) and C3A phases of the cement. Th
rate of hydration and heat generation depends on the q
ty, fineness, and type of the cement, the mass of the s
ture, the method of placement, the temperature of
concrete at the time of placement, and the curing temp
ture. The temperature rise can be reduced by using fly a
a portion of the cementitious material in concrete, as sh
in Fig. 3.4 (Samarin, Munn, and Ashby, 1983; Mehta, 198
As the amount of cement is reduced the heat of hydratio
the concrete is generally reduced (Mather, 1974). Value
heat of hydration at 3, 7, and 28 days for blends of Typ
portland cement and a Class F fly ash when the fly ash m
up more than 50 percent by mass of the cementitious m
al were reported (Mather, 1974) and are given in Table
However, some Class C fly ashes do contribute to early 
perature rise in concrete (Dunstan, 1984). When heat o
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rete
Fig. 3.4—Variation of temperature with time at the center of 15 cubic meter conc
blocks (Samarin, Munn, and Ashby, 1983)
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Table 3.1—Heat of hydration of portland
cement/fly ash blends (Mather, 1974)
Fly ash, percent of

cementitious
material

Calories per gram

3 days 7 days 28 days

0 61 75 91
52 31 42 61
57 37 43 56
65 35 42 53
68 31 40 49
71 29 36 48
ture
59)

inate
dration is of critical concern, the proposed concrete mix
should be tested for temperature rise.
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3.2.8 Resistance to high temperatures—With respect to
the exposure of concrete to sustained high temperat
Carette, Painter, and Malhotra (1982) indicate that the u
fly ash in concrete does not change the mechanical pr
ties of concrete in relation to similar concrete contain
only portland cement when exposed to sustained high-
perature conditions ranging from 75 to 600 C (170 to 1
F).
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3.2.9Resistance to freezing and thawing—The resistance
to damage from freezing and thawing of concrete made 
or without fly ash depends upon the adequacy of the air-
system, the soundness of the aggregates, age, maturity 
cement paste, and moisture condition of the concrete (
son, 1964). Because of the often slower strength gain of
cretes with Class F fly ash, more cementitious mate
(cement plus fly ash) may be used in mixtures to ach
comparable strength at 28 days.

Care should be exercised in proportioning mixtures to
sure that the concrete has adequate strength when firs
posed to cyclic freezing and thawing, that is, about 24 M
(3500 psi) or more. When compared on this basis in prop
air-entrained concrete, investigators found no significant
ference in the resistance to freezing and thawing of conc
with and without fly ash [Lane and Best, (1982) for Clas
fly ash and Majko and Pistilli, (1984)] for Class C fly ash
addition, Halstead (1986) exposed fly ash concrete to f
ing and thawing at very early ages and found no degrad
of performance as compared with control concrete.
,
f
-
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e
-
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3.2.10Permeability and corrosion protection—Concrete
is permeable to water to the extent that it has interconne
void spaces through which water can move. Permeabil
concrete is governed by many factors such as amount 
mentitious material, water content, aggregate grading,
solidation, and curing efficiency. Powers et al., (19
showed that the degree of hydration required to elim
capillary continuity from ordinary cement paste cured
standard laboratory conditions was a function of the wat
cementitious materials ratio and time. Required time ra
from 3 days at a water to cement ratio of 0.40 to 1 yea
water to cement ratio of 0.70.

Calcium hydroxide liberated by hydrating cement is 
ter-soluble and may leach out of hardened concrete, le
voids for the ingress of water. Through its pozzolanic p
erties, fly ash chemically combines with calcium hydrox
and water to produce C-S-H, thus reducing the risk of le
ing calcium hydroxide. Additionally, the long-term react
of fly ash refines the pore structure of concrete to reduc
ingress of chloride ions. As a result of the refined pore s
ture, permeability is reduced (Manmohan and Mehta, 1
and EPRI CS-3314).

Despite concern that the pozzolanic action of fly ash c
reduce the pH of concrete, researchers have found that
kaline environment very similar to that in concrete with
fly ash remains to preserve the passivity of steel reinfo
ment (Ho and Lewis, 1983). Moreover, the reduced pe
ability of fly ash concrete can decrease the rate of ingre
water, corrosive chemicals, and oxygen.
s
3.2.11Reduction of expansion caused by alkali-silica 

action (ASR)—The reaction between the siliceous glass



FLY ASH IN CONCRETE 232.2R-15

en
 fo
f a
nt

pan
at
e-
e

gr
ces

ties
si-
high
r re-
m of
or-

sing
 for

n in
 are
8 in
fly ash and the alkali hydroxides in the portland-cem
paste consumes alkalies, which reduces their availability
expansive reactions with reactive aggregates. The use o
equate amounts of some fly ashes can reduce the amou
aggregate reaction and reduce or eliminate harmful ex
sion of the concrete (Farbiarz and Carrasquillo, 1987). D
for mixtures containing eight different fly ashes with a c
ment of 0.66 percent Na2O equivalent and a highly reactiv
aggregate are shown in Fig. 3.5a and 3.5b. Often the amount
of fly ash necessary to prevent damage due to alkali-ag
gate reaction will be more than the optimum amount ne
Fig. 3.5a—Mortar bar expansion versus percentage of cement replaced for all
highly reactive aggregate mixtures containing fly ash with less than 1.5 percent
alkalies
Fig. 3.5b—Mortar bar expansion versus percentage of cement replaced for all highly
reactive aggregate mixtures containing fly ash with more than 1.5 percent alkalies
t
r
d-
 of
-

a

e-
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sary for improvement in strength and workability proper
of concrete. Fig. 3.5b illustrates the phenomena of a pes
mum level, where particular replacement levels of some 
alkali fly ashes increase the problem of ASR and highe
placement levels of the same fly ash reduce the proble
ASR. The pessimum level of a particular fly ash is an imp
tant consideration when selecting mixture proportions u
potentially reactive aggregates. The available methods
preventing harmful expansion due to alkali-silica reactio
concrete containing fly ash when reactive aggregates
used include: (a) use of a pozzolan meeting ASTM C 61
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a sufficient amount to prevent excessive expansion, o
the use of blended cement demonstrated to control ASR
pansion using ASTM C 595 and C 1157 (Portland Cem
Association, 1994). Several recent case studies of alka
ica reactions in concrete suggest that some aggregate
pass the current ASTM limits may cause deleterious rea
ity in the course of a number of years, even with low-al
cement (Farbiaz and Carrasquillo, 1987; Snow, 19
Therefore, Class F fly ash at 20-25 percent mass replace
may be used as a general preventive measure.
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3.2.12Sulfate resistance—As a general rule, Class F f
ash can improve the sulfate resistance of concrete mixt
The increase in sulfate resistance is believed to be due i
to the continued reaction of fly ash with hydroxides in c
crete to continue to form additional calcium silicate hydr
(C-S-H), which fills in capillary pores in the cement pas
reducing permeability and the ingress of sulfate soluti
The situation with Class C fly ash is somewhat less clear
idence suggests that some Class C fly ashes may reduc
fate resistance when used in normal proportions. K. Ma
(1982) found that several Class C fly ashes used at 30
cent replacement of several high C3A cements made the sy
tem less sulfate resistant. Tikalsky and Carrasquillo (1
1993) and Dunstan (1976) showed that concrete conta
some high calcium fly ashes are susceptible to sulfate a
and generally higher volumes of high calcium fly ash m
tures have a greater susceptibility to sulfate deterioratio

Deterioration due to sulfate attack depends on chem
reactions which yield products of greater volume than th
of the original reactants, resulting in expansion. A reac
occurs between the sulfates (usually of external origin, 
as sulfate-bearing soils or sulfate-rich groundwater) and
active phases producing calcium sulfoaluminates. Dam
due to this reaction can be reduced by minimizing 
amount of C3A (tricalcium aluminate) in the concrete. Dik
ou (1975) and Pierce (1982) established that certain fly a
used in concrete under wetting and drying conditions gre
improve the sulfate resistance of concretes made wit
types of cement. The cements and cement-fly ash com
tions studied indicated a descending order of resistan
sulfate attack: (a) Type V plus fly ash - most resistant to
fate; (b) Type II plus fly ash; (c) Type V; (d) Type II; (
Type I plus fly ash; and (f) Type I - least resistant. All 
ashes used in this study were Class F, and the ratios of t
ash to total cementitious material by mass varied from 1
25 percent.

The sulfate resistance of fly ash concrete is influence
the same factors which affect concrete without fly ash: 
ing conditions, exposure, and water-to-cementitious mat
ratio. The effect of fly ash on sulfate resistance will be 
pendent upon the class, amounts, and the individual ch
cal and physical characteristics of the fly ash and cem
used.

An indicator of the relative sulfate resistance of a fly 
is the “R-value” developed by Dunstan (1980) and discu
by Pierce (1982). The “R-value” is the ratio of the perce
age of calcium oxide minus 5 percent (CaO percent-5 
cent) to the percentage iron oxide (Fe203) in a fly ash, based
)
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t
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rt

.
-
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r
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g

on the bulk chemical analysis. More recent research (Me
1986; Tikalsky and Carrasquillo, 1993) has shown that
R-value is not a definitive method for predicting sulfate 
sistance. They found that sulfate resistance depended o
amount of reactive alumina and the presence of expan
phases in the fly ash and not as strongly influenced by F203

as indicated by the R factor. Generally, ASTM C 618 fly a
es with less than 15 percent CaO content will improve 
sulfate resistance of concrete. Fly ashes with more C
should be tested for sulfate expansion using ASTM C 1
or USBR Test 4908.

The maximum sulfate resistance will be achieved in a g
en exposure and situation by employing a low water-cem
titious materials ratio, sulfate-resisting portland cement, 
fly ash which exhibits good sulfate-resistance qualities
attempting to select the fly ash which will give the maximu
sulfate resistance to a concrete mixture, one should 
blends of cements and fly ashes using ASTM C 1012. AS
C 1157, the performance-based specification for blended
ment, sets a limit on expansion at 6 months (tested in ac
dance with C 1012) of 0.10 percent for moderate sul
resistance and 0.05 percent for high sulfate resistance
ashes with large amounts of chemically active alumina m
adversely affect sulfate resistance.

k

l

-

s

3.2.13Drying shrinkage—Drying shrinkage of concrete 
a function of the fractional volume of paste, the water c
tent, cement content and type, and the type of aggrega
those cases where the addition of fly ash increases the
volume, drying shrinkage may be increased slightly if
water content remains constant. If there is a water-conte
duction, shrinkage should be about the same as con
without fly ash. Davis et al., (1937) studied different fly a
cement mixtures and found no apparent differences in d
shrinkage between concrete with up to 20 percent fly
content and non-fly ash concrete. Dunstan (1984) and
mons and Fleming (1980) found that increased fly ash 
tent resulted in slightly less drying shrinkage.
l
-
o

ly

3.2.14Efflorescence—Efforescence is caused by leach
of water soluble calcium hydroxide and other salts to e
nal concrete surfaces. The leached calcium hydroxide r
with carbon dioxide in air to form calcium carbonate, 
source of the white discoloration on concrete. The use 
ash in concrete can be effective in reducing efflorescen
reducing permeability. This reduced permeability h
maintain the high alkaline environment in hardened 
crete. However, certain Class C fly ashes of high alkal
sulfate contents may increase efflorescence.
l

-
t

3.2.15Deicing scaling—Scaling of concrete exposed
deicing salts occurs when immature or nonair-entrained
crete pavements are exposed to large quantities of de
salts in a freezing and thawing environment. Concrete p
ments containing fly ash that are exposed to deicing 
should be air entrained and allowed to reach a spe
strength or maturity. There is some laboratory research
indicates concrete containing 40 percent fly ash, as a
centage of the total mass of cementitious material, ma
more susceptible to scaling (Gebler and Klieger, 1986; 
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CHAPTER 4—CONCRETE MIXTURE
PROPORTIONING

4.1—General
The most effective method for evaluating the performa

of a given fly ash in concrete and establishing proper mix
proportions for a specific application is by use of a trial b
and testing program (ACI 211.1). Because different fly a
have different properties and concrete requirements d
proportions for a given fly ash and cement cannot be 
scribed for all materials combinations and requireme
Therefore, a series of mixtures should be prepared and 
to determine the required total amount of cementitious m
rials to obtain a specified strength with various percent
of fly ash (Ghosh, 1976; Cook, 1983). Fly ash is norm
used at the rate of 15 to 35 percent by mass of total cem
tious material. Larger proportions of fly ash may be used
mass concrete to reduce the likelihood of cracking u
cooling, to improve sulfate resistance, to control alkali
gregate reaction, or they may be used in other special a
cations (Malhotra, 1984; Haque et al., 1984).
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4.2—Considerations in mixture proportioning
Fly ash may be used in concrete either as a constitue

an ASTM C 1157 blended cement or as specified in AS
C 595 for portland-pozzolan cement, Type IP, pozzo
modified portland cement, Type I (PM), or it may be int
duced separately at the concrete mixer. When used as p
blended cement, the proportions of portland cement to
ash are fixed by the cement manufacturer within the ra
provided in the specification. In mixture proportioning us
Type IP cement or fly ash blended cement, the total am
of the blended cement to achieve the desired concrete 
erties needs to be determined. When fly ash blended ce
is obtained under ASTM C 1157 one may order it for gen
use, moderate heat and sulfate resistance, high e
strength, low heat of hydration, high sulfate resistance or
reactivity with alkali reactive aggregate. When fly ash
batched separately the individual proportions of cement
fly ash must be selected, and their relative ratio should b
justed as appropriate for each job situation.

It is usually possible to proportion concrete mixtures fo
particular strength level with a blend of cement and fly 
in which the portland cement is less than it would be in s
ilar strength mixtures not containing fly ash. If water-red
ing admixtures are also used, the cement content is us
further reduced, as it is with non-fly ash concrete. Lovew
and Washa (1958), Cannon (1968), and others have sug
ed methods of proportioning concrete containing fly ash w
and without chemical admixtures. When fly ash is used
dications are that the total volume of cementitious mate
used (cement plus fly ash) must exceed the volume o
ment used in cement-only mixtures to produce equal e
strength and equal slump. The total mass of the cementi
material and the optimum proportion of fly ash selected
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pend on the class and quality of fly ash; the type, quality,
alkali content of the portland cement; the presence of ch
ical admixtures; placement conditions; and parameters 
as strength requirements, curing conditions, and wea
conditions at the time of placement (Prusinski, Fouad 
Donovan; Majko and Pistilli, 1984).

The optimum use of fly ash and chemical admixtures o
requires that adjustments be made in the ratio of ceme
fly ash between winter and summer conditions. For exam
in cold weather, a reduction in the fly ash percentage of
cementitious material may be prudent or a change in the
of chemical admixture or dosage rate may be indicate
permit earlier finishing or form removal. Conversely, h
weather concreting provides greater opportunities for u
high proportions of fly ash since higher curing temperatu
tend to increase the relative strength of fly-ash concrete c
pared to non-fly ash concrete at all ages, especially if lo
term curing is provided.

Because use of fly ash normally contributes additio
volume to the concrete, certain adjustments must be ma
proportions. When following ACI 211.1, the volume of fin
aggregates should be adjusted to compensate for thi
crease and for any change in volume of mixing water and
void system. Ordinarily, a small reduction in the mixing w
ter demand can be expected when fly ash is used.

Most specifying agencies and concrete producers com
an equivalent water-cement ratio (w/c) for fly ash concr
by adding the cement + pozzolan by mass to get a wat
total cementitious material ratio by mass. This ratio is so
times called the water to binder ratio (ACI 363R). This i
consistent approach since the fly ash in a blended ce
meeting ASTM C 595 will be counted as part of the cem
In those cases where a maximum water-cement ratio 
minimum cement content is specified or recommended,
generally accepted practice to count the mass of the fly
as part of the amount of cementitious material required w
separately batched fly ash is used.

Where there is uncertainty concerning the proper wa
cementitious material ratio to use in air-entrained concre
attain frost resistance of concrete, it may be advantageo
specify that a strength level, such as 24 MPa (3500 ps
stipulated in ACI 308, be obtained prior to exposing the c
crete to freezing and thawing while saturated with wate
minimum strength level is needed to achieve a reason
low porosity of concrete and thus minimize capillary con
nuity in the paste (Powers et al., 1959; Buck and Thorn
1967). This is the same approach used in the ACI Build
Code (ACI 318) for concrete with lightweight aggrega
since it is difficult to calculate accurately the water to cem
titious material ratio in such mixtures.

Similar to non-fly ash concrete, the water requirement
concrete containing fly ash may be reduced by 5 to 10 
cent by using conventional water-reducing admixtures. D
reported by Vollick (1959) indicate that the amount of wa
reduction obtained in concrete incorporating fly ash m
vary depending on the specific fly ash used and its pro
tion in the concrete. The use of high-range water-redu
admixtures in concrete containing fly ash may lead to w
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reductions of 15 to 40 percent. The results appear to be l
ly dependent on type and dosage of admixture, chem
composition of the cement, and the cementitious mat
content of the concrete. Cementitious material content
excess of 385 kg/m3 (650 lb/yd3) usually are required for 2
percent or greater water reduction. Ryan and Munn (19
have reported that when a rapid rate of slump loss of 
crete incorporating high-range water-reducing admixture
experienced, it is not appreciably affected by the amoun
fly ash used.
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CHAPTER 5—FLY ASH SPECIFICATIONS, TEST
METHODS, AND QUALITY ASSURANCE

5.1—Introduction
The ASTM specification for fly ash is ASTM C 618, Sta

dard Specification for Coal Fly Ash and Raw or Calcin
Natural Pozzolan for Use as a Mineral Admixture in Po
land-Cement Concrete, and the standard sampling and
methods are in ASTM C 311, Standard Test Methods
Sampling and Testing Fly Ash or Natural Pozzolans for 
as a Mineral Admixture in Portland-Cement Concrete. Th
standards are under the jurisdiction of ASTM Committee
9. ASTM C 618 was originally published in 1968 to comb
and replace C 350 on fly ash and C 402 on other pozzo
for use as mineral admixtures. Standard C 311 for samp
and testing was published originally 1953. It is recomme
ed that specifiers of fly ash use the latest edition of th
standards. The following discussion is based on the req
ments of ASTM C 618 and C 311 which were in effect at
time this report was written. It is not intended to be a deta
review of all requirements. The Canadian Standards Ass
ation has a published standard for fly ash (CAN/CSA 
23.5 - M 86). This standard is very similar to ASTM C 61
with exceptions which will be noted in the following discu
sions.

 ASTM C 618 classifies fly ashes as Class F, which m
have at least 70 percent (SiO2 + Al2O3 + Fe2O3); or Class C,
which must have at least 50 percent of these compound
chemical analysis. Class C fly ash generally contains m
CaO than Class F and has significant cementitious, as w
pozzolanic, properties. The CaO content of Class C fly
by chemical analysis is generally greater than 10 percen
may exceed 35 percent. The CaO is mainly combined in
iceous and aluminous glass.

ASTM C 618 states that Class F is “normally produc
from burning anthracite or bituminous coal;” and Class C
“normally produced from lignite or subbituminous coa
Many power plants blend various types of coals for po
generation. Some fly ashes produced from subbitumin
coals and lignite meet all the physical and chemical requ
ments of Class F are thus marketed as Class F. Most Cl
fly ashes meet the ASTM C 618 physical and chemica
quirements for Class C.
ht to

 that
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5.2—Chemical requirements

As pointed out by Halstead (1981), early studies soug
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relate fly ash performance to individual chemical oxide a
ysis results for silica, alumina, or iron oxide with little su
cess. Today many but not all specifications have a minim
requirement for the sum of the oxides, (SiO2 + Al2O3 +
Fe2O3) (Manz, 1983). The intent is to assure that suffici
reactive glassy constituents are present. A lower require
is necessary for Class C since the calcium oxide content
be substantial, thus making it impossible in some case
the sum of (SiO2  +Al2O3 + Fe2O3) to be 70 percent or more

There has been a criticism of this sum of the oxides
proach to fly ash classification, and it has been sugge
that fly ash should be classified by its CaO content (R
Luke, and Diamond, 1984). The problem is illustrated in
paper by Majko and Pistilli (1984), where properties of f
ashes are reported. They referred to these ashes as "Cl
because of the good strength development obtained in
crete and CaO contents in the 9 to 25 percent range; ho
er, four of the five fly ashes contained more than 70 per
(SiO2 + Al2O3 + Fe2O3) which means they were chemical
classified as Class F.

Virtually all specifications have a limit on the amount 
what is reported as sulfur trioxide (SO3) in fly ash. ASTM C
618 has a limit of 5.0 percent for both classes; other spe
cation limits range from 2.5 to 12.0 (Manz 1983). The sul
in fly ash can affect the optimum amount of fly ash nee
for maximum strength development and acceptable se
time for the portland cement mixture in which it is used. 
upper limit is considered necessary to avoid an excess o
fate remaining in the hardened concrete which could con
ute to harmful sulfate attack.

Limits on moisture content of fly ash are necessary to
sure proper handling characteristics. Also, many Class C
ashes will begin to hydrate in the presence of moist
ASTM C 618 limits moisture to 3.0 percent.

The maximum allowable loss on ignition in ASTM C 6
is 6.0 percent for both Class C and Class F fly as
CAN/CSA-A 23.5-M allows 12 percent for Class F and
percent for Class C. Some specifiers modify this limit t
value lower than 6 percent, particularly where air-entrai
concrete is involved. The great majority of fly ashes fr
base-load power plants are well below 6 percent loss o
nition, due mainly to the efficiency of operation required
make economical use of coal as an energy source. In 
special circumstances, a user may elect to use a Class
ash with up to 12 percent loss on ignition when accept
laboratory or performance data are available.

Specification ASTM C 618 contains an optional chemi
requirement on amount of available alkalies, expresse
equivalent Na2O. This requirement limits the available alk
lies in Class F and Class C fly ashes to 1.5 percent maxim
However, fly ash with available alkalies greater than 1.5 
cent may be used with reactive aggregate if laboratory 
show that deleterious expansion does not occur. Thes
quirements are not appropriate unless the concrete wi
made using reactive aggregates or unless it is known
higher alkali levels interact adversely with chemical adm
tures (Halstead, 1981).
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5.3—Physical requirements
Fly ash fineness is controlled in most cases by limiting

amount retained on the 45-µm (No. 325) sieve by wet siev
ing. Reactivity of fly ash has been found to be related dir
ly to the quantity passing this sieve since the coarser part
generally do not react rapidly in concrete. ASTM C 618 li
its the amount retained to 34 percent for both Class F
Class C fly ashes. Control of fineness has occasionally b
specified by surface area (air permeability). Surface are
normally reported by mass for portland cement and by 
ume for fly ash; the test results are not directly compara
The relationship between fineness based on various den
is shown in Table 5.1.

The strength activity index with portland cement is co
sidered only as an indication of reactivity and does not 
dict the compressive strength of concrete containing the
ash. It does not necessarily bear any relation to the optim
proportion of fly ash for use in concrete. The alternat
strength activity index with hydrated lime at 7 days has
cently been dropped from ASTM C 618 because it is 
widely regarded as a significant indicator of quality. Howe
er, tests conducted on consecutive samples of a given s
of fly ash by a single laboratory using a single source of l
correlate well with the results of other qualification tests.

In the past, the strength activity test with lime filled a ne
for more rapid results on strength performance (7 days ra
than 28 days). More recent revisions of ASTM C 618 h
included a 7-day strength activity test with portland ceme
The 7-day C 618 test uses standard 23 C (73 F) labora
curing temperatures, whereas Canadian Standard CSA
S-M specifies curing at 65 C (149 F) for 7 days.

Other specified and optional physical properties includ
1. Water requirement of the mortar used in the strength

tivity test to assure that fly ash does not cause a large
crease in mixing water demand.

2. Soundness by measuring autoclave expansion or 
traction. A length change of 0.8 percent is the maximum
lowed by ASTM C 618 for both fly ash classes. It is requi
that if the fly ash will constitute more than 20 percent of 
cementitious material in the proposed concrete, the p
used for autoclave testing shall contain the anticipated 
centage of fly ash. The test protects against the delaye
pansion that could occur if sufficient amounts of MgO a
present in the concrete as periclase, or CaO as hard-bu
crystalline lime (Halstead, 1981; Pitt and Demirel, 198
Bobrowski and Pistilli (1979) found no correlation amo
autoclave expansion, SO3 content, and concrete strength 
their laboratory study.

3. Variability limits are given in ASTM C 618. Limits ar
specified for both Class F and Class C fly ashes to keep
variation of specific gravity and fineness of the fly ash with
practical limits for shipments over a period of time. Also, 
fly ash used in air-entrained concrete there is an optional
it on the permitted variation of demand for air-entraining 
mixture caused by variability of the fly ash source. Th
limits are invoked to restrain the variability of properties
concrete containing fly ash.
s

n

.
s

Table 5.1—Relationship between pa rticle size and
surface area

Equivalent surface area, m2/kg at various
densities

Mean
particle
diameter

µm

Surface
area, m2/m3 2.0 Mg/m3 2.5 Mg/m3 3.0 Mg/m3 3.15 Mg/m3

2 3000 1500 1200 1000 950
3 2000 1000 800 670 630
4 1500 750 600 500 480
5 1200 600 480 400 380
6 1000 500 400 330 320
7 860 430 340 290 270
8 750 380 300 250 240
9 670 330 270 220 210
e

r

y
3

-

4. The optional Multiple Factor, applicable only to Cla
F, is calculated as the product of LOI (percent) and am
retained on the 45-µm (No. 325) sieve (percent). The max
mum value of 255 restricts sieve residue (less than 34
cent) only when the loss on ignition exceeds 6 percent.

5. Increase in drying shrinkage of mortar bars at 28 d
This limit is applied only at the request of the purchase
show whether the fly ash will cause a substantial increa
shrinkage in mortar bars as compared to bars with port
cement only.

6. Reactivity with alkalies. Optional mortar-bar expans
tests can be requested if a fly ash is to be used with an a
gate regarded to be deleteriously reactive with alkalies.
ash has been recommended for use in concrete to redu
damage from alkali-silica reaction (Snow, 1991). ASTM
618 limits the actual expansion of potentially reactive ag
gate/paste combinations, whereas CSA-A 23.5-M de
mines the effect of fly ash in reducing expansion 
compared to portland cement only samples.
n-
-

te

5.4—General specification provisions
ASTM C 618 requires that the purchaser or an author

representative have access to stored fly ash for the pu
of inspection and sampling and that the fly ash may be re
ed if it fails to meet any of the specified requirements.
-
x-

ed

e
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5.5—Methods of sampling and testing
ASTM C 311 outlines the procedures to be used for s

pling and testing fly ash. For a number of test procedu
reference is made to other cement, mortar, or concrete 
for the body of the test procedure, with ASTM C 311 in
cating the modifications in proportions, preparation pro
dures, or test parameters needed to accommodate fly
testing. The three main divisions of the standard are s
pling methods, chemical analysis methods, and physical
procedures.

Either individual grab samples or composite samples m
be used depending on the circumstances. The method
vides detailed procedures for sampling from: (1) conve
delivering to bulk storage, (2) bulk storage at points of d
charge, (3) bulk storage by means of sampling tubes, an
railroad cars or trucks.
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Chemical test procedures involve determining mois
content by drying to constant mass and then determinin
LOI. The latter requires igniting the dried sample to cons
mass in a muffle furnace at 750 ± 50 C using an uncovere
porcelain crucible (not a platinum crucible as used for
ment testing). Many of the required chemical determinat
are then made using procedures which are the same 
very similar to, those used in testing portland cement.

Physical tests on fly ash include density and amoun
tained on the 45-µm (No. 325) sieve determined using t
test methods developed for portland cement. Soundnes
strength activity testing procedures are included in ASTM
311 with reference to cement testing procedures where
propriate.

Of all the tests conducted, the two which are most diffi
to obtain credible, repeatable, results are fineness 
strength activity with lime. In the fineness test, test sieves
not precisely manufactured to exactly 45 µm. The standard
procedure calls for calibrating sieves using a portland
ment reference sample, and computing a correction fa
for the sieve. Since the fly ash particles retained on the
sieve tend to be much larger than 45 µm, large correction
factors give inaccurate results. Sieves with small correc
factors give more accurate results. In the strength activit
dex test with lime, results are highly dependent on the 
used by the laboratory. Since the performance of the lim
not controlled by the test method standards, tests cond
by different laboratories on the same fly ash sample 
yield significantly different results. For many of the chem
cal and physical tests on fly ash contained in ASTM C 
the precision and bias estimates have not been establis
nce
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5.6—Source quality control
A company selling fly ash intended to be in conforma

with ASTM C 618 should have a quality control progr
that is technically and statistically sound. The first rec
mended step in starting a fly ash quality control progra
to establish its quality history. The purpose of the quality
tory is to demonstrate that the fly ash consistently confo
to specification and uniformity requirements. For a n
source of fly ash, at least six months of testing is rec
mended. This quality history should include monthly AS
C 618 certification as well as at least 40 individual tes
sults for loss on ignition, 45-µm (No. 325) sieve residue, sp
cific gravity, and SO3. An analysis of these data by statisti
techniques helps determine whether the proposed sou
fly ash is suitable for the intended use (Dhir, Apte, and M
day, 1981). After the quality history is established, 
source should be tested at least monthly to assure con
conformance to ASTM C 618.

A quality control program should be established for e
individual source. Such programs may vary with coal ty
collection systems, and other factors. The important ch
teristics of the particular source of fly ash should be de
mined and a quality control program established for 
source taking into account those characteristics and th
quirements of specifications for its use in concrete. Tes
for critical requirements may be needed more freque
e
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than prescribed in ASTM C 311. For example, critical ch
acteristics of fly ashes may include: loss on ignition, fi
ness, color, or SO3. However, all fly ashes may not have t
same critical characteristics nor may all these character
need to be included in regular testing programs. Sam
may also be taken periodically and stored in the event
future testing and evaluation is desirable.

An effective quality control program allows the fly a
supplier to maintain test reports on the fly ash for demon
tion of product compliance with regard to the physic
chemical, and variability requirements of ASTM or oth
special project performance requirements, as well as to 
itor variability of critical characteristics. Statistical evalu
tions of the test data provide the supplier with information
long-term variations.

ASTM C 311 provides for tests to be conducted on fly 
samples representing not more than 360 Mg (400 tons
certain tests and not more than 1800 Mg (2000 tons) for
ers. Some of the tests require at least 28 days to be com
ed. Consequently, it is often desirable to establish a qu
control program employing rapid testing techniques as i
cators of certain critical fly ash characteristics, in additio
ASTM compliance testing. Sampling and testing on a t
schedule basis, in addition to the shipping basis presc
by ASTM C 311, may be a useful part of the program.

Fly ash testing using rapid techniques is a basis for ma
continual judgments as to the selection of fly ash fro
source and determining its suitability for a desired end us
directing it to waste disposal (see Section 5.8 and the Appen-
dix for descriptions of rapid tests). In conjunction with 
quality control program, the fly ash supplier should 
knowledgeable about power plant operation and take a
to exclude questionable fly ash when variations in the po
plant operation may influence fly ash quality. The chem
composition and fineness of fly ash from one source are
likely to vary significantly at a power plant where the c
source is consistent, maintenance of the coal pulverizer
fly ash collectors is satisfactory, and the load on the po
plant is fairly constant.

The performance of fly ash in concrete is related to
properties and the variation of these properties with con
ing shipments from the source of supply. Variations in o
ingredients in the concrete will also affect the performa
of the mixture. For Class F fly ash from a single coal sou
the properties that are most likely to affect its performanc
concrete are fineness, loss on ignition, and autoclave ex
sion (Minnick, Webster, and Purdy, 1971). Significant pr
erties of Class C fly ash that affect performance in conc
include fineness, loss on ignition, autoclave expansion,
the amounts of SO3, CaO, and alkalies present. Variability
fly ash color should also be monitored since changes in 
may be of importance for architectural concrete applicati
Fly ash color may also indicate changes in carbon conte
power plant burning conditions, which may alter the per
mances of the fly ash, especially in air-entrained concre

McKerall, Ledbetter, and Teague (1981) have develo
regression equations for fineness and specific gravity o
ashes produced in Texas from subbituminous coal and
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5.7—Start-up, oil, and stack additives
The fly ash distributor and user should be aware of ch

es in the ash properties that may result from changes in 
er-plant operation, such as use of stack additives, flue
conditioners, and changes in other aspects of produ
such as boiler start-up (Ravina, 1981). Changes in bur
and fly ash collection procedures at the power station 
affect fly ash quality. The use of oil (to supplement burni
or stack additives, some of which may produce strong 
monia odors, needs to be detected rapidly. The additio
sodium sulfate to reduce blinding of precipitators may af
the time of setting of concrete, especially when certain
mixtures are used. Liaison between the fly ash supplier
the power station shift engineers, combined with frequ
rapid tests, should be used to detect problems early and 
vert questionable quality fly ash to waste disposal. Whe
coal-boiler unit is first fired, oil is often used to help initia
combustion, and the ash may contain hydrocarbon resi
from the oil. In power plants where this is done during st
up or under some other transient, short-term condition,
fly ash collected during these brief oil burning perio
should not be used in concrete. There are also some o
tions — in the UK, for example — where oil is burned w
coal on a continuous basis. Fly ash from these opera
may be suitable for concrete under certain circumstan
particularly in concrete which is not air-entrained where c
trol of admixture dosage is not a factor.

Materials are sometimes used by electric utilities dur
coal burning and fly ash collection to improve the efficien
of these operations. Materials termed “fireside additiv
(EPRI CS-1318) are sometimes used in the burner to re
SO3 emissions, reduce corrosion and fouling, and to impr
the collection efficiency of the electrostatic precipitato
Fireside additives are used more in oil-fired boilers tha
coal-fired plants.

Materials injected into the flue gas to enable the elec
static precipitators to collect a greater proportion of the
ash are termed “flue gas conditioners” (EPRI FP-910). F
gas conditioners are often used in coal-burning power pla
When these types of materials are used, however, the fl
may contain a small amount of substances such as mag
ammonium compounds, alkalies, or SO3. Prior to the use o
fly ash containing an additive, the variability of the amo
of additive used in the power plant or present in the fly 
and its effect in concrete should be carefully evaluated.
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5.8—Rapid quality control tests
Fly ash collection at a base load power plant usually 

tinues around the clock, and because of limitations in sto
capacity, decisions must be made fairly rapidly concern
the probable quality of the fly ash so that material that d
not meet requirements may be designated for other us
directed to waste disposal. Some of the properties spec
p-
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s
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a-

in ASTM C 618 as well as other characteristics are use
making these rapid fly ash quality judgments. Several 
methods have been devised to make daily, and in some 
hourly, quality estimates, if needed.

One or more of the rapid tests listed in the Appendix 
be used as indicators of quality. The principal objective i
determine by rapid tests if the fly ash meets pre-establi
parameters for quality. These results should be supporte
periodic comparison with results of standard tests of the
ash and could be used in developing correlations betwee
ash characteristics and concrete performance. Dependi
the objective of the testing they may be used by the fly
marketer at the power plant or by the user to check shipm
of fly ash for changes in properties or to predict air-entr
ing admixture dosage or strength performance in conc
The rapid testing procedures discussed in the Appendix

1. Loss on ignition
2. Carbon content
3. 45-µm (No. 325) sieve fineness
4. Air-jet sieving
5. Air-permeability fineness
6. Color
7. Density (specific gravity)
8. Foam index test
9. Organic material
10. CaO content
11. Hydrocarbons
12. Ammonia
ns
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CHAPTER 6—FLY ASH IN CONCRETE
CONSTRUCTION

6.1—Ready-mixed concrete
A survey of the ready-mixed concrete industry in the U

ed States in 1989 indicated that, of the companies wh
sponded to the questionnaire, 92 percent use at least so
ash compared to 31 percent in 1983 (Justman, 1991).
proximately 55 percent of the concrete produced conta
fly ash; as compared to 46 percent in 1983. Some of the
sons for this substantial increase are: (a) technical ben
(b) increased cost of energy to produce cement encour
cost savings in concrete through the use of cement-fly
combinations; (c) the increased use of high-strength con
of 52 MPa (7500 psi) or greater which commonly requ
the use of fly ash (Cook, 1981; Albinger, 1984); (d) incre
ing availability of fly ashes meeting industry standards in
United States and Canada; and (e) governmental policie
couraging the use of fly ash to the maximum extent prac
ble.

Many concrete producers use fly ash to overcome d
ciencies in aggregate grading or have developed mixt
specifically for pumping. This takes advantage of the ca
ity of concrete containing fly ash to pump higher and furt
at faster rates, and with less segregation. Ready-mixed
crete containing Class C fly ash was successfully pumpe
a 75-story office tower in Houston, Texas (Cook, 1982).

Very high strengths, up to 100 MPa (14,000 psi) in 
field and higher in the laboratory, have been used with 
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tain Class C fly ashes. Class F fly ashes are also used in
strength concrete because of the contribution to workab
and long-term strength gain.

Class F fly ashes are used to mitigate the deleteriou
pansion associated with alkali-silica expansion. Aggreg
that are otherwise unsuitable for use due to reactivity ca
used when a fly ash known to reduce alkali-silica expan
is used at the proper proportion in the concrete mixture.

Albinger (1984) has stated that the decision to use o
use fly ash should be based on four factors: fly ash pro
ties; effectiveness of the quality control program of the s
plier; ability to adjust to concrete changes, such as del
finishability and increased air-entraining admixture dema
and cost effectiveness. The cost of additional equipme
store and batch fly ash is an expense which may be offs
the savings in material cost.
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6.2—Concrete pavement
A 1992 EPRI study of 32 states found that all 32 states

mitted the use of fly ash in pavement concrete and perm
the use of blended cements containing fly ash (EPRI 19
Halstead (1981) summarized quality control and log
problems relating to the use of fly ash in concrete. Prob
with the control of air entrainment and costs of transpor
fly ash long distances were identified as the principal d
rents to more extensive use. Franklin (1981) reporte
studies in the United Kingdom considering the incorpora
of fly ash in pavement concrete. In the United States, th
of increased amounts of fly ash in highway constructio
being encouraged because of the availability of quality
ash in most areas and governmental policies on funding
relates to the use of fly ash to the maximum extent prac
(Cain, 1983). Hester (1967) reported on the use of fly a
concrete pavement and structures in Alabama. This s
was found that for mixtures containing fly ash with redu
cement contents, higher flexural strengths were obtaine
Kansas, after 10 years of exposure and service, fly as
duced, but did not eliminate, map-cracking and abnorma
pansion in a 1949 test road (Scholer, 1963; Stingley e
1960; K. Mather and Mielenz, 1960). During the 1950s, 
nois, Nebraska, Wisconsin, Michigan, and Kentucky c
structed experimental pavements with fly ash concre
evaluate strength, crack resistance, placing and finis
qualities, and long-term wear resistance. All of these r
are reported to have performed well.
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6.3—Mass concrete
Mass concrete was one of the first applications in wh

fly ash was used in the United States. Hungry Horse D
Montana, completed in 1953, contains over 2.3 million m3 (3
million yd3) of concrete and a total of 110,000 Mg (120,0
tons) of fly ash. From that time until 1970, at least 100 m
locks and dams using fly ash were constructed under th
rection of either the Corps of Engineers or private engin
ing firms. There are few mass concrete dams built in any
of the world that do not contain fly ash or natural pozzo
in the concrete (Hyland, 1970). Large volumes of fly a
h-

-

e

t
-

d

y

have been used in roller-compacted concrete dams (Sc
er, 1982).

Use of fly ash can reduce the thermal stresses by red
the heat of hydration in mass concrete structures (Nasse
Marzouk, 1979; Blanks, Meissner, and Rawhauser, 1
Carlson, Houghton, and Polivka, 1979). By using fly as
concrete in massive structures, it is possible to achieve
duction in temperature rise (and reduce the risk of the
cracking) without incurring the undesirable effects asso
ed with very lean mixtures; i.e., harshness, bleeding, ten
cy to segregate, and tendency for increased permea
(Price, 1982; Montgomery, Hughes, and Williams, 19
Improved sulfate resistance and reduction of expansion
to alkali-aggregate reaction provided by proper use of fly
in concrete mixture are other important considerations in
construction of mass concrete.
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6.4—Bulk handling and storage
Since fly ash is normally of lower density than portland 

ment, its bulk density should be considered when orderin
taking inventory. Fly ash storage typically requires about
40 percent more volume per unit mass than does portlan
ment; a 100 Mg (or tons) portland cement bin will hold ab
70 to 75 Mg (or tons) of fly ash. Packaging in paper ba
“big bags,” or other bulk containers may also reflect th
differences in bulk density. The bulk density of fly ash
bins or silos is generally between 880 and 1280 kg/m3 (55
and 80 lb/ft3); whereas cement in bins and silos is gener
between 960 and 1500 kg/m3 (60 and 94 lb/ft3). Both fly ash
and cement may have lowered bulk density immediately
ter conveying (Strehlow, 1973).  Rail cars can not carry
much mass of fly ash as cement. Bulk pneumatic tank tr
that typically carry cement or fly ash are usually la
enough in volume to receive a full legal load for over-hi
way delivery. Occasionally, fly ashes with very low bu
density may reduce the load that can be carried.

The spherical particle shape of fly ash, as well as sig
cant quantities of very fine grains mean that fly ash will
quire handling and storage facilities slightly different fro
portland cement. When aerated, fly ash tends to exhibit 
fluid handling characteristics, with an aerated angle of
pose of 10 to 15 deg. As a result, bins for storage of fly 
as well as transport systems (pneumatic or mechanical) 
be well sealed to prevent leakage. This characteristic
creases the possibility of leakage of fly ash from bins an
los.

Bins and silos intended for cement may be used to stor
ash. Bins or silos should be large enough to receive at 
two deliveries. The fluid nature of aerated fly ash may
quire slightly different unloading techniques than portla
cement. Due to the similar appearance of fly ash and cem
it is prudent to color-code and label the fill pipes or to t
other precautions to minimize the possibility of cross-c
tamination. Care must also be taken to clearly identify wh
storage compartments contain fly ash, and to establish p
er materials-management procedures (Gaynor, 1978). 
should be completely cleaned when they are being conv
to handle a different type of material. As with cement fr
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different mills, fly ash from different sources should not
mixed in the same bin.

Since it is virtually impossible to detect fly ash contami
tion of a cement storage compartment by visually examin
the cement as batched or the concrete as mixed, ca
avoiding intermingling of cement and fly ash is of great 
portance. A separate silo for fly ash is preferred. Segme
storage bins containing fly ash and portland cement (in a
cent bins) should be separated by double bin wall with a
space between, to prevent fly ash and cement from flow
together through a breach in a common wall; otherwise
ash may move from one bin to the other through faulty w
ed connections, or through holes caused by wear. If ce
and fly ash must be stored in different compartments of
same bin or silo and are separated by a common divi
partition, frequent inspections of the partition must be ma

Each storage bin and silo should be equipped with a p
tive shutoff to control the flow of the fly ash to the weig
batcher. Rotary valves, rotary-valve feeders, and butte
valves are generally suitable for this purpose. A convent
al scissor gate may be used if it is well maintained. Inde
dent dust collectors on cement and fly ash bins, as show
Fig. 6.1 are recommended to prevent cross-contaminatio
Fig. 6.1—Cement and fly ash silo with separate dust col-
lection systems
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6.5—Batching
When batching fly ash and cement at a concrete plant

usually not necessary to install separate weigh batchers
ash and cement may be weighed cumulatively in the s
weigh batcher. Due to the lower density of fly ash, we
batchers must be sized adequately to handle larger vol
of cementitious material. Cement should be weighed firs
that accidental overbatching of fly ash will not cause und
baching of cement (Gaynor, 1978). However, care mus
taken to accurately batch the correct amounts of both ce
and fly ash, since overbatching or underbatching may re
in unacceptable variations in the properties of the plastic
hardened concrete.

To transport fly ash from bin to weigh batcher, meth
such as gravity flow, pneumatic or screw conveyors, or
slides are most often used. The method depends on the
tion of the fly ash bin relative to the weigh hopper. Fly a
-
n

y
e

s

from overhead storage is normally conveyed by gravity f
or an air slide. If the fly ash storage is at nearly the same
as the weigh batcher, an air slide or a screw conveyor c
used (see Figs. 6.2a and b). Since fly ash flows very easily,
positive shut-off valve should be installed to insure 
overbatching does not result from fly ash flowing throu
the air slide or screw when the device is stopped. Fly as
be conveyed from lower level storage by pneumatic con
or. During storage and batching, fly ash should be prote
from moisture (in the air, from condensation, or from 
clement weather) to avoid problems in handling and cha
in the fly ash characteristics.
Fig. 6.2(a)—Schematic of an air slide
in

d
-

ir
g

-
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i-Fig. 6.2(b)—Screw conveyor for transporting fly ash
t
t
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CHAPTER 7—FLY ASH IN CONCRETE PRODUCTS

7.1—Concrete masonry units
The manufacture of concrete masonry units typically

volves the use of a dry, harsh concrete mixture compa
into molds with mechanical force. When demolded, th
units maintain their shape during handling and transporta
into a curing environment. Fly ash has found widespread
in the manufacture of these products as a cementitious 
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rial and aggregate mineral filler.
Curing methods for masonry units include autoclave c

ing and atmospheric-pressure steam curing. Manufactu
using both curing systems are able to incorporate fly as
their concrete mixtures and obtain the required strength
addition, they obtain better mold life, and products with i
proved finish and texture, and sharper corners. Fly ash
portedly gives added plasticity to the relatively har
mixtures used in concrete masonry units (Belot, 1967). 
toclave curing, though not as common as in the past, is
used to manufacture high quality masonry units. Conc
masonry units cured in autoclaves show early strength eq
alent to that of 28-day moist-cured strength and reductio
volume change in drying (Hope, 1981). The process u
temperatures of 135 to 190 C (275 to 375 F) and pressu
0.52 to 1.17 MPa (75 to 170 psi). These conditions typic
allow for the use of fly ash in amounts up to 35 percent
Class C and 30 percent of the cementitious material for C
F fly ashes. Percentages greater than this can result in e
rescence and reduced strength with Class C fly ash and 
variation and reduced strength with Class F fly ash. Part
lar care should be taken to insure that the fly ash meet
soundness requirement of ASTM C 618, especially when
fly ash will constitute more than 20 percent of the total 
mentitious material in the product.

Atmospheric-pressure steam curing is typically carried
in insulated kilns. The exact temperature used is a func
of the materials and the amount of fly ash used. Up to 35
cent for Class C and 25 percent for Class F fly ashes by m
of total cementitious material has been used satisfacto
with a curing temperature above 71 C (160 F). Dry
shrinkage of atmospheric-pressure steam-cured con
units can be reduced by the addition of fly ash. Optimum 
ing temperature is 82 to 93 C (180 to 200 F).

Accelerated curing techniques require a period of pr
before the concrete products are subjected to elevated
peratures. Where fly ash is used in conjunction with cem
this preset period may be longer. If so, it must be use
damage to the product may result.

Proportioning of mixtures for the manufacture of concr
masonry units is not carried out as an exact science. Co
tions may vary widely from plant to plant. When proportio
ing mixtures, concrete product producers should check
grading and types of aggregates, cements, equipment
kiln temperatures, and then adjust trial batches with var
amounts of fly ash to achieve specific technical or econo
objectives (Valore, 1970).
 two
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7.2—Concrete pipe
The manufacture of concrete pipe is accomplished by

different processes, one using extremely dry concrete 
tures and the other using more fluid concrete mixtures. D
cast concrete pipe is produced utilizing mechanical com
tion, vibration or both to consolidate the dry concrete m
ture into a form which is removed as soon as the castin
finished. With removal of the form, the green pipe is care
ly transported to its place of curing. Accelerated, atmosp
ic curing is typically used to obtain early age performanc
s
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Wet-cast concrete uses more fluid concrete placed 
compacted in a form which remains around the pipe u
certain levels of performance are achieved. Wet-cast 
may be manufactured by the spinning process to remove
cess water and air to produce high density and low per
ability.

Fly ash has found widespread use in the manufactur
concrete pipe as a cementitious material and as an aggr
mineral filler to enhance quality and economy. Beca
properly proportioned mixtures containing fly ash make 
concrete less permeable, pipe containing fly ash may
more resistant to weak acids and sulfates (Davis, 1954
Mather, 1982). Factors pertaining to the life of concrete p
exposed to sulfate attack include the type of cement, cla
fly ash, quality of concrete, bedding and backfill used, a
sulfate concentration.

Dry-cast concrete pipe mixtures without fly ash typica
use greater cement contents than necessary for streng
obtain the required workability. In a packerhead pipe cas
operation, concrete with a very dry consistency and low 
ter content is compacted into a vertical pipe form using a
volving compaction tool. Vibratory pipe processes u
mechanical vibration to compact dry concrete into a fo
The cement content can be reduced by replacing some o
cement with fly ash. Fly ash is used as a cementitious m
rial and as a mineral filler to provide added workability a
plasticity. Equipment used in pipe production may last lo
er due to the lubricating effect of the fly ash. Use of fly a
can increase the cohesiveness of the no-slump, fre
placed concrete facilitating early form stripping and mo
ment of the product to curing.

Other benefits attributed to the use of fly ash include a
duction in the heat of hydration of concrete mixtures c
taining fly ash which can reduce the amount of hairl
cracks on the inside surface of stored pipe sections (C
1979). Concrete mixtures containing fly ash also tend
bleed less which is very beneficial in wet-cast pipe.

Current ASTM specifications for the production of co
crete pipe require the use of fly ash meeting the provision
ASTM C 618, Class F or C. These specifications allow 
the use of portland-pozzolan cement per ASTM C 595 c
taining a maximum of 25 percent fly ash by mass. Where
ash is used separately, it is limited to between 5 and 25
cent of total cementitious material. The cementitious mat
als content for concrete for pipe production shall not be 
than 280 kg/m3 (470 lb/yd3). The concrete mixture shall als
have a maximum water-cementitious materials ratio of 0
-
-
-

s

-

7.3—Precast/prestressed concrete products
Precast concrete products can be produced with or wi

reinforcement. Reinforcement typically includes the us
fibers, conventional reinforcing steel, and prestressing 
tendons, either pretensioned or post-tensioned, or com
tions thereof. By definition, precast concrete products
cast and cured in other than their final position (ACI 116
This enables the use of reusable forms which, for econ
are cycled as rapidly as possible. For this reason, these
crete products generally achieve their competitive pos
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in the marketplace by using a limited number of forms w
a rather short production cycle. Normal production sch
ules allow for one use of forms per day, however, 10 to 
hr schedules are common. Accelerated curing is typic
employed to enhance early age concrete performance
handling, shipping, and product use.

Concrete mixtures for these products are proportioned
high levels of performance at early ages. Compress
strengths of 24 to 34.5 MPa (3500 to 5000 psi) are typic
required at the time of form removal or stripping. These e
ly concrete strengths are generally achieved with cem
contents of 355 to 445 kg/m3 (600 to 750 lb/yd3). Conven-
tional and high-range water-reducing admixtures are o
used for workability at very low water content. Non-chlori
accelerating admixtures are also sometimes used for
creased times of setting. Under these conditions, fly ash 
erally has not been considered as an appropriate ingre
for concrete mixtures. However, conditions appear to
changing toward the use of fly ash in these applications.

Responding to a questionnaire distributed in August 19
77 members of the Prestressed Concrete Institute (PCI
sponded to questions about their use of fly ash in prestre
concrete products (Shaikh and Feely, 1986). Of the total
percent indicated that they were currently using fly ash
their products, 9 percent had used fly ash but had stop
and 58 percent had never used fly ash. Of those respon
that they were using fly ash, the average fly ash content
percentage of total cementitious material was 19 perc
with the lowest being 12 percent and the highest being
percent. Of the respondents who have discontinued the
of fly ash, 86 percent stated low initial strength gain a
problem. Other problems experienced in using fly ash w
1) lack of consistency of fly ash, 2) slump loss, and 3) di
culty in obtaining uniform mixing. It was felt that additiona
studies should be carried out to define the effect of fly ash
some of the critical parameters such as: 1) early stre
gain, 2) creep, 3) shrinkage, 4) permeability, and 5) ela
modulus.

Favorable results were obtained by Dhir et al., (1988
investigations on concrete containing fly ash at ages from
hours to 1 year measuring: 1) strength development (c
pressive and tensile) and 2) deformation behavior (ela
creep, and shrinkage) using Class F fly ash. The amoun
fly ash used as a percentage of total cementitious mat
ranged from 22 to 45 percent, and the ratio (by mass
Class F fly ash added versus cement replaced ranged 
1.23:1 to 1.59:1. It was concluded that concretes contain
fly ash perform as well as, or better than, concretes cont
ing only rapid-hardening cement.

Another investigation was conducted with Class C fly a
to determine the extent of strength gain obtainable (Naik 
Ramme, 1990). Cement replacements of 10 to 30 per
were investigated with fly ash replacing cement at a ratio
1.25:1 using an established nominal 34.5 MPa (5000 
concrete mixture without fly ash. This study concluded t
high-early strength concrete can be produced with high
placement of cement by fly ash for precast/prestressed 
crete operations. This work was done with the cooperatio
r

t

-
-
t

,
-
d

,

two different prestressed-concrete operators. One of th
erations is using fly ash as 20 percent of the cementi
material in daily work year around.

In cases where fly ash can not be economically justifie
a cementitious material, it may be used to enhance 
product features. Fly ash used in precast concrete pro
improves workability, resulting in products with sharp, d
tinctive corners and edges; fly ash may also impr
flowability resulting in products with better surface appe
ance. Better flowability and workability properties achiev
by using fly ash are particularly desirable for products w
intricate shapes and surface patterns and for those th
heavily reinforced. Additionally, an appropriate fly ash m
be used in areas with potentially reactive aggregates o
known sulfate conditions to provide protection against th
types of long-term durability problems.

The most common reasons for using fly ash are the sa
in cost of materials and labor that can generally be achi
and improved quality of concrete. However, proportions 
curing procedures used must produce adequate 
strength or the turnaround time on forms or molds will be
creased (Ravina, 1981). In general, fly ash becomes mo
sirable for applications where early strength is not a cri
parameter. This usually occurs only when the specificat
prohibit form removal before specified ages.
a
t

e
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7.4—No slump extruded hollow-core slabs
Pretensioned hollow-core structural slabs are produce

ing no-slump concrete. It is consolidated and shaped 
passes through an extrusion machine. The particle sha
the coarse aggregate and the amount of fine aggrega
very important to workability. Fly ash has been added to
crease the workability of these dry, harsh mixes (Ju
1987).
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CHAPTER 8—OTHER USES OF FLY ASH

8.1—Grouts and mortars
According to ACI 116R, grout is “a mixture of cemen

tious material and water, with or without fine aggregate, 
portioned to produce a pourable consistency with
segregation of the constituents.” Its primary purpose i
permanently fill spaces or voids. Mortar contains the s
basic ingredients, but with less water so that a less fluid
sistency is achieved. Mortar is used primarily in maso
construction. The benefits derived from using fly ash
grouts and mortars are much the same as those ob
when fly ash is used in concrete (Bradbury, 1979). Thes
clude economy, improved workability, lower heat of hyd
tion, reduced expansion due to alkali-silica reaction, red
permeability, and improved sulfate resistance. The flowa
ity of grout is generally improved, particularly under pr
sure, due primarily to the favorable particle shape and lo
specific gravity of the ash particles, which tend to stay in 
pension longer and reduce segregation (Hempling and
zella, 1976).

Common uses of grout include: (a) preplaced aggre
concrete where grout is injected into the voids of previo
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placed coarse aggregate to produce concrete (ACI 304R
contact grouting either under machinery to fill the space
tween a base plate and the substrate concrete or betwe
top surface of concrete placed or pumped under existing
crete or rock, as in tunnel linings, (c) providing support
deep mine applications, (d) curtain grouting where very f
mixtures (often without aggregate) are used to fill crack
fissures in rock foundations, (e) soil stabilization, to 
voids in the soil or between soil particles to densify and g
erally improve its load carrying capacity, (f) slab jacking
raise and realign concrete slabs or structures that hav
tled, and (g) underwater placing and slope protection w
grout is generally injected into preplaced inflatable cl
bags or blankets which are flexible enough to conform to
surrounding contour to completely fill the void and prov
complete contact.
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8.2—Controlled low-strength material (CLSM)
These materials are discussed in ACI Committee Re

229 “Controlled Low Strength Materials,” and are oft
known by other names such as flowable fill, lean-mix ba
fill, controlled-density fills, flowable-mortar, K-krete, fly
ash slurry, and flowable fly ash. CLSM’s normally consis
fly ash, cement, water and fine aggregate. On occasion
may include coarse aggregate, lightweight aggregate,
admixtures such as air-entraining admixtures, water-re
ers and high-range water-reducers.

CLSM’s can be proportioned to flow like liquids; no tam
ing or compaction is needed to achieve strength or den
They are ideal for trench backfilling, pipe bedding and p
tection, foundation subbase, spread footings, paving b
floor fills, culvert backfill, and for filling abandoned tank
manholes, steam lines, and sewer lines. Large voids su
sink-holes, basements, and mines have been filled 
CLSM. Failing bridges have often been replaced by culv
for 25 percent of the cost of replacing the bridge (Lars
1988). Voids under bridges, culverts, slabs, and pavem
are filled with no compactive effort using CLSM to achie
stability without replacement. Wash-outs of all types 
commonly filled with CLSM. Rip-rap has been grouted w
CLSM to protect it from erosion, and revetment mats on 
er banks have been filled with CLSM to protect them fr
erosion (Larsen, 1990).

Compressive strengths ranging from 0.35 to 8.25 MPa
to 1200 psi) are commonly achieved in CLSM to provide
gidity for volume stability. Self-leveling CLSM can be pr
portioned to support normal loads. At strength levels 
than 1.0 MPa (150 psi), it can be readily excavated. If CL
is used where future excavation is anticipated then an e
is made to keep strengths low for easy excavation.

Economy is achieved because backfill compaction cr
and equipment are not necessary. Excavations for sewe
and other conduits can be smaller because compa
equipment is not needed. Pavements, bridges, and cu
can be repaired with minimal interruption of traffic and u
of detours.  However, the amount of subsidence of these
wet mixtures must be provided for in some applications.
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8.3—Soil cement
Soil cement is “a mixture of soil and measured amoun

portland cement and water compacted to a high den
(ACI 116R). Soil cement is explained in detail by a “Sta
of-the-Art Report on Soil-Cement” by ACI Committee 23
Soil cement is used as a base for road, street and airpor
ing. It provides uniform, strong, solid support for paving
is used for slope protection for dams and embankment
liners for reservoirs, lagoons, and other channels. It has
used as a mass placement for dikes, foundations, and
containment berms in power plants. It has also been us
rammed-earth wall systems and as regular backfill mate
Fly ash may be used in soil cement as a cementitious m
al. Usually the cementitious material content is 4 to 16 
cent of the dry weight of soil of which any portion of t
cementitious material may be fly ash.
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8.4—Roller compacted concrete
Roller-compacted concrete is used principally in m

concrete and pavements. ACI Committee 207 has deve
a report, “Roller Compacted Mass Concrete” (ACI 207.5
that discusses its use in the construction and repair of d
This economical form of concrete is transported and pla
by dump truck or belt at the construction site, spread by 
ventional earth-fill placement methods, and then compa
by rollers. Final compaction is normally done by vibrat
roller. Construction time is very fast, the mixture is econo
ical and it achieves the strength of richer conventional m

ACI Committee 325 is preparing a state-of-the-art re
on roller compacted concrete pavements. Roller-compa
concrete for pavement is a low-slump concrete with a
mm (3/4-in.) maximum aggregate size, low water con
and not less than 11 percent by mass of cementitious m
als, of which 70 percent may be fly ash. The materials
mixed to a low slump consistency and laid down in lifts, u
ally by a lay-down machine. Rubber and steel-wheel vib
ing rollers are used to compact the lifts. The pavement 
receives a water cure or curing compound. Control joints
not normally provided. Successful uses include military
hicle, car, truck, and aircraft parking areas as well as log 
ing and storage yards, forestry and mine haul roads,
railroad unloading yards.
t
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8.5—Waste management
“Wastecrete” is the name that has been given to solidif

tion and stabilization of hazardous wastes with fly ash
with various combinations of cementitious materials. Fly 
is typically used to solidify many types of hazardous wa
such as manufacturing waste streams, incinerator ash, 
fill waste, mine tailings, radioactive wastes, and superf
wastes. The advantages and properties that may be ass
ed with this use of fly ashes are:

1. reduction in permeability
2. pH adjustment
3. pozzolanic activity
4. self-cementing
5. economy
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6. free water reduction
7. ease of application
Fly ash immobilizes many toxic heavy metals as relativ

insoluble hydroxides or carbonates. This immobilization
accomplished by maintaining a pH in the range betwee
and 12. Other additives are sometimes used to treat the 
and decrease leachability of various organic compou
The benefits of stabilization are solidification and limiti
the solubility or mobility of the hazardous contaminan
When solidifying and stabilizing hazardous waste with 
ash it is essential to conduct treatability studies on the c
bined wastes and solidifying agents, so that appropriat
sults are obtained (Roy, Eaton, and Cartledge, 1991; Roy
Eaton, 1992).

“Oilcrete” is a term that has been used to describe soli
cation and stabilization of various oil wastes with fly ash 
other solidifying agents. The oil wastes to be treated are
based drilling fluids, water-based drilling fluids, and listed
unlisted refinery sludges. Fly ash has been used for m
years to stabilize oil wastes in Louisiana and Texas; rece
these techniques were modified for use in the western
plains states.

In-situ treatment of oil-reserve pits is a relatively sim
procedure accomplished by mixing fly ash by pneumatic
jection or mechanical methods. The oil waste and fly 
mixture harden to form a low-permeability, solid mass. G
erally, 0.14 MPa (20 psi) will support 10 m (30 ft) of ove
burden, but some agencies require 1.4 MPa (200 psi) w
will necessitate the use of additional fly ash. After stabili
tion, oilcrete can be covered and the natural grade resto
oc
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CHAPTER 9—REFERENCES

9.1—Specified and/or recommended references
The various standards or reports referred to in this d

ment are listed below with their serial designation.

American Concrete Institute

116R Cement and Concrete Terminology
201.2R Guide to Durable Concrete
207.5R Roller-Compacted Mass Concrete
210R Erosion of Concrete in Hydraulic Structures
211.1 Standard Practice for Selecting Proportions 

Normal, Heavyweight, and Mass Concrete
212.3R Chemical Admixtures in Concrete
212.4R Guide for Use of High-Range Water-Reduci

Admixtures in Concrete
229R Controlled Low-Strength Materials (CLSM)
230.1R State-of-the-Art Report on Soil Cement
304 Guide for Measuring, Mixing, Transporting an

Placing concrete
308 Standard Practice for Curing Concrete
318 Building Code Requirements for Reinforced Co

crete
363R State-of-the-Art Report on High-Strength Co
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ASTM

C 14 Specification for Concrete Sewer, Storm Drain, a
Culvert Pipe

C 76 Specification for Reinforced Concrete Culve
Storm Drain, and Sewer Pipe

C 109 Test Method for Compressive Strength of Hydra
lic Cement Mortars (Using 2-in. or 50-mm Cub
Specimens)

C 115 Test Method for Fineness of Portland Cement 
the Turbidmiter

C 151 Test Method for Autoclave Expansion of Portlan
Cement

C 157 Test Method for Length Change of Hardened H
draulic Cement Mortar and Concrete

C 185 Test Method for Air Content of Hydraulic Cemen
Mortar

C 188 Test Method for Density for Hydraulic Cement
C 204 Test Method for Fineness of Portland Cement 

Air Permeability Apparatus
C 227 Test Method for Potential Alkali Reactivity of Ce

ment-Aggregate Combinations (Mortar-Bar Met
od)

C 289 Test Method for Potential Reactivity of Aggregat
(Chemical Method)

C 311 Method for Sampling and Testing Fly Ash or Nat
ral Pozzolans for Use as a Mineral Admixture 
Portland Cement Concrete

C 361 Standard Specification for Reinforced Concre
Low-Head Pressure Pipe

C 412 Specification for Concrete Drain Tile
C 430 Test Method for Fineness of Hydraulic Cement 

the 45-µm (No. 325) Sieve
C 441 Test Method for Effectiveness of Mineral Admix

tures or Ground Blast-Furnace Slag in Prevent
Excessive Expansion of Concrete due to the Alka
Silica Reaction

C 478 Specification for Precast Reinforced Concre
Manhole Sections

C 505 Specification for NonReinforced Concrete Irrig
tion Pipe with Rubber Gasket Joints

C 506 Reinforced Concrete Arch Culvert, Storm Drai
and Sewer Pipe

C 507 Specification for Reinforced Concrete Elliptica
Culvert, Storm Drain, and Sewer Pipe

C 595 Specification for Blended Hydraulic Cements
C 618 Specification for Fly Ash and Raw or Calcined Na

ural Pozzolan for Use as a Mineral Admixture 
Portland Cement Concrete

C 654 Specification for Porous Concrete Pipe
C 789 Specification for Precast Reinforced Concrete B

Sections for Culverts, Storm Drains, and Sewers
C 850 Specification for Precast Reinforced Concrete B

Sections for Culverts, Storm Drains, and Sew
with Less Than 2 ft of Cover Subjected to Highw
Loadings
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for Use in Concrete and Mortars

C 1012 Test Method for Length Change of Hydraulic-C
ment Mortars Exposed to a Sulfate Solution

C 1157 Performance Specification for Blended Hydrau
Cements

Electric Power Research Institute

SC-2616-SR, Special Report, 1982 Workshop Proce
ings:Research and Development Needs for Use of Fly A
Concrete

CS-3314, Jan. 1984,Testing and Correlation of Fly As
Properties with Respect to Pozzolanic Behavior

Highway Research Board

HRB Special Report 127, 1972,Guide to Compounds o
Interest in Cement and Concrete Research

HRB Special Report, 119, 1971,Pozzolans in Highway
Concrete, “Admixtures in Concrete,” pp. 21-32

American Coal Ash Association

How Fly Ash Improves Concrete Block, “Ready-Mix Con-
crete, and Concrete Pipe,” 1978-1979, reprinted from
Concrete Industries Yearbook

Tennessee Valley Authority

Technical Report CR-81-1, 1981,Properties and Use o
Fly Ash in Portland Cement Concrete

United States Bureau of Reclamation

4908   Length Change of Hardened Concrete Expose
Alkali Sulfates

Canadian Standards Association

A23.5M Standard Specification for Fly Ash in Concre

These publication may be obtained from the following 
ganizations:

American Concrete Institute
P.O. 9094
Farmington Hills, MI 48333

ASTM
100 Barr Harbor Drive
West Conshohocken, PA  19428-2959

Electric Power Research Institute
Box 50490
Palo Alto, CA  94303
-
n

Transportation Research Board
2101 Constitution Avenue
Washington, DC  20418

American Coal Ash Association
2760 Eisenhower Ave., Ste. 304
Alexandria, VA 22314

Tennessee Valley Authority
Singleton Materials Engineering Laboratory
Knoxville, TN  37902

Materials Engineering and Research Laborat
Technical Service Center
Bureau of Reclamation
P.O. Box 25007
Denver, CO  80225

Canadian Standards Association
178 Rexdale Blvd.
Rexdale, Ontario
Canada M9W 1R3
o
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APPENDIX—RAPID QUALITY CONTROL TESTS

A.1—Loss on ignition
The test, in accordance with ASTM 311, involves dry

to constant mass for moisture content. However, if the m
ture content is known to be low, a quick loss on ignition 
be run in less than an hour using a preheated muffle fur
a crucible providing greater surface area, and a cooling
that increases heat los from the sample. In this case
moisture would be included in the ignition loss value.
but
fur-
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A.2—Carbon analysis
Carbon content of fly ash is related to loss on ignition, 

it is not a totally comparable measurement. A rapid Leco 
nace method is available to make a total carbon determ
tion. Gebler and Klieger (1983) tested a number of Clas
and Class C fly ashes using this procedure. In all cases
carbon determination was somewhat less than the AST
311 loss on ignition, but the correlation between the two
values was very good.
f

A.3—Material retained on 45-µm (No. 325) sieve
The ASTM C 311 procedure generally involves at le

two hours of drying of the residue on the sieve after the 
sieving operation. However, a hot plate or higher oven t
perature can be employed to obtain more rapid results
method is preferred for Class C fly ash to minimize wei
gain during drying due to hydration.

Wet sieving of fly ash may produce errors if the fly a
contains significant water-soluble materials or mater
which react rapidly with water.
e

A.4—Air-jet sieving
Alpine air-jet sieve equipment is available that will pr

vide a faster test since the sieving operation is conducte
ing air instead of water, and the material retained on the s
can be weighed directly. Other rapid particle size distri
tion instruments (such as the ATM sonic sieve equipm
are also available which can be employed to indicate ch
es in the particle size distribution of the fly ash.
-

A.5—Air-permeability fineness
The ASTM C 204 method can be used to measure the

cific surface of fly ash within 10 min. Specific surface is 
currently specified in ASTM C 618; however, it  has b
cited in previous versions of the specification. It is a fast 
cedure which may be used to detect changes in fly ash
ness from given source, particularly changes at the lowe
of the size distribution.
A.6—Color
Color changes can be checked by comparing the col

the fly ash with that of a reference fly ash. Spread the tw
ashes side by side on a white surface and compare the
under daylight or controlled light source. If necessar
piece of clear glass can be placed over the fly ashes fo
comparison. A change in color can be an indicator of ch
in fly ash properties, and it may cause changes in con
color, important in architectural uses. A concrete prod
can save a jar sample from each fly ash delivery for a pe
of several months. A comparison of color of a new deliv
with previous deliveries from the same source can pro
an immediate indication of changed conditions.
,
t
y

A.7—Density (specific gravity)
Changes in density or the amount of cenospheres that

on water is another fairly rapid procedure which may be u
ful in identifying changes. The density procedure for fly a
referenced in ASTM C 311 is C 188. The measurement
be made in an hour or two; however, excellent tempera
control is required for good accuracy.
-

e

A.8—Foam-index test
(Meininger, 1981; Gebler and Klieger, 1983.) Foam-ind

values based on the amount of air-entraining admix
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needed in a slurry of 50 ml of water, 4 g of fly ash, and 1
of cement to produce a layer of foam just covering the 
face of liquid in a 473 ml (16 oz) wide-mouthed jar after v
orous shaking. There is a good relationship between
minimum amount of admixture in this test necessary to c
foam to cover the surface, without discontinuities, and
admixture dosage needed in concrete containing the 
sources of fly ash and cement.
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ACI 232.2R-96 was submitted to letter ballot of the committee and was approved in
accordance with ACI balloting requirements.
A.9—Organic material
(Meininger, 1981; Gebler and Klieger, 1983.) Analysis

fly ash by the Wakeley-Black soil testing method is one
proach that has been used to estimate the easily oxidi
organic matter or carbon in fly ash using sodium dichrom
and sulfuric acid. Those fly ashes with greater oxidiza
material measured in this manner tended to require h
admixtures demand and caused more loss of air in conc

The University of Maryland method used in these fly 
studies provides a value which is increased by a facto
give an estimate of total oxidizable matter. The factor u
for soils may not apply to fly ash so the direct amount of
idized material should be used. Previous work on the e
-
of organic material in cement also showed that it can ha
effect on air-entrainment (Greening, 1967).
e

A.10—CaO content
Measurement of heat evolution when fly ash is rea

with an appropriate chemical solution as described by M
erall, Ledbetter, and Teague (1981). In addition to the c
reference, some trails using automated equipment have
used. Future development of this type of equipment may
vide indicators of CaO content which can be obtained in
than 15 min.
le
A.11—Presence of hydrocarbons (start-up oil)

Mix the fly ash with tap water and note the presence 
black film on the surface of the water.
r
e.

A.12—Presence of ammonia (precipitator additive)
Add 20 to 50 g fly ash to tap water which includes cem

or other alkaline material. Cover the bottle and mix. O
the bottle to detect ammonia odor (Ravina 1981).
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