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Pozzolanic and Cementitious
Byproducts as Mineral Admixtures

for Concrete - A Critical Review
By P. Kumar Mehta

Synopsis: Granulated blast furnace slag and low-calcium fly ashes
have long been used as portland cement additives or as mineral ad-
mixtures in concrete., With the addition of high-calcium fly ash,
rice husk ash, and condensed silica fume to the list of traditional
mineral admixtures, a scientific approach for characterization and
evaluation of all industrial byproducts which are suitable for use
as admixtures in concete is neceded. Since it is not the source of
origin or the chemical composition of a mineral admixture but the
mineralogical composition and particle characteristics which deter-
mine its contribution to concrete behavior, in this review the en-
tire area is treated as a unified discipline. This approach scems
to provide a better basis for explaining the similarities and dif-
ferences in behavior between mineral admixtures originating from
either the same or different sources. Mineralogical compositions,
particle characteristies, current production rates, and utiliza-
tion of major pozzolanic and industrial byproducts available in

the United States and Canada arc included. Mechanisms by which

the use of these byproducts in portland cement concrete can improve
engineering properties are discussed, and examples of data from
field and laboratory investigations are given.

Keywords: admnixtures; alkali-aggregate reactions; blast furnace
slag; compressive strength; concrete durability; fly ash;
hydration; particle size distribution; permeability; pozzolans;

rheological properties; rice; silica; sulfate resistance; thermal
properties.
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INTRODUCTION

Power plants using coal or rice husks as fuel, and metallur-
gical furnaces producing pig iron, steel, copper, nickel, lead,
silicon and ferrosilicon alloys arc major sources of byproducts
which amount to millions of tons every year. These byproducts are
generally disposed by dumping into abandoned land, or in some in-
stances used for low-value applications such as landfills, aggre-
gates for concrete, and sub-basec construction. There is currently
great interest in cxploiting the pozzolanic and ccementitious prop-
crties of these materials by incorporating them as components of
portland-cement concrete, either in the form of blended portland
cements or directly as mineral admixtures in concrete. Since port-
land ccment sells at about 60 to 80 U.S. dollars a ton and is pro-
duced at the expense of substantial amounts of cnergy, a partial
substitution of portland cement by these byproducts which are gen-
erally available at substantially lower prices would clearly rep-
resent a high-value use of the materials. Furthermore, there is
evidence that most of the mineral byproducts discussed in this
paper are able to improve the ultimate strength and durability of
portland cement concrete, especially when used partially to re-
place fine aggregate rather than cement.

Countries such as France, Germany, Italy, Japan, the Nether-
lands, and U.S.S.R, have had a longer history of interest in con-
servation of energy and virgin materials than the U.S. and Canada.
These countries are already engaged in the production and use of
large quantities of blended portland cements containing pozzolanic
and cementitious additives. Due to various reasons, there is more
interest in the U.S. and Canada in utilizing the byproduct mate—
rials in the form of mineral admixtures in concrete rather than as
components of blended cements., Tt should be noted however, that
the underlying mechanisms by which the combination of pozzolanic
and cementitious materials with portland cement influences the
engincering behavior of the product are not significantly affected
by the way by which these byproducts are incorporated into con-
crete.

Typical chemical compositions of the industrial byproducts
available in the United States which are discussed in this revicw
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Cementitious Byproducts 3

are shown in Table 1. For comparison purposes a typical chemical
composition of portland cement is also included to show that both
portland cement and the industrial byproducts being discussed are
composed of similar elements. In specific cases, depending on the
local raw materials, there may be large differences between the
actual chemical compositions of the industrial byproduct used and
the compositions shown in Table 1. However, this normally would
have little or no influence on the pozzolanic and cementitious
properties of the materials, which are controlled mainly by their
mineralogical composition and granulometric characteristics.

Published literature contains many excellent papers including
state-of-the-art reviews by numerous authors (1-9) which provide a
wealth of information on composition and properties of the impor-
tant mineral admixtures and on their influence on properties of
concrete. The object of this paper, which is not intended to be a
formal literature review, is to present a critical appraisal of
the published data from the standpoint of providing scientific ex-
planations for some of the phenomenological observations. This is
needed for a clear understanding of the performance of these mate-
rials and to encourage their proper use by cement and concrete in-
dustries. '

First, a brief review of the chemical recactions considered
responsible for setting and hardening of portland cement will be
given. This will be followed by defining pozzolans and pozzolanic
reactions. The availability of major pozzolanic and cementitious
byproduct types in the U.S. is discussed. Mineralogical and par-
ticle characteristics of major industrial byproducts suitable for
use as admixtures in portland cement concrete are reviewed, es-
pecially in regard to relationships between physical-mineralogical
properties of admixtures and performance characteristics of con-
crete. The latter include water demand, consistency, bleeding,
workability, setting time, air entrainment, and temperature rise
in fresh concrete; and strength, modulus of elasticity, creep, dry-
ing shrinkage, durability to sulfate attack, alkali-silica reac-
tion, and corrosion of steel in hardened concrete. Finally, a
bricf discussion of costs and energy saving aspects is presented.

REVIEW OF CEMENTITIOUS AND POZZOLANIC REACTIONS

A brief review of the physics and chemistry of portland ce-
ment hydration process of the pozzolanic reactions will be helpful
in understanding the mechanism by which mineral admixtures are
able to modify the behavior of concrete.

Cementitious Reactions of Portland Cement

Portland cement consists essentially of crystalline compounds
(minerals) of calcium combined with silica, alumina, iron oxide,
and sulfate. Typically, the approximate composition and amounts
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of the principal minerals present are: C3S = 50%, CZS = 25%, C3A =

10%, C4AF = 8%, C§H2 = 5%. These minerals are unstable in water

and begin to undergo dissolution at various rates as soon as water
is added to cement. In order to accelerate the hydration reac-
tions, commercial portland cement is pulverized to about 90% pass-—

ing 75 um sieve or 300 to 400 mz/kg Blaine surface area.

When water is added to portland cement the minerals begin to
ionize, and the ifonic species form hydrated products of low solu-
bility which precipitate out of the solution. Due to the lower
density of the hydration products as compared to the anhydrous
minerals, the formation and deposition of these hydration products
into previously water-filled space leads first to a progressive
decrease in consistency, and after solidification (set) to progres-
sive decrease in porosity. The process results in corresponding
increases in strength and decreases in the permeability of the sys-
tem, as illustrated in Fig. 1.

Although the chemical reactions of hydration of portland ce-
ment compounds are complex and do not proceed to completion, for
the purposes of providing some idea of composition of the hydra-
tion products, a simplistic view of the chemistry of principal set-
ting and hardening reactions may be presented as follows:

Hydration Reactions of Aluminates in the Presence of Gypsum and Lime

C3A and CQAF + 3CSH2 + aq. —> [CGAS3H32, CGA(P)S3H32]

Lttringite and iron analog
+ CSH2 + aq. = [(’4[\5“18’ CAI\(P)Sng]

Monosulfate hydrate
and iron analog

+ CH + aq. —=> [CZ;A1119’CZ;A(F)H_]Q]

Calcium aluminate hydrate
and iron analog

Hydration Reactions of Calcium Silicates in Portland Cement

C3S and CZS + aq. — [C—S—H + Cl-l]
Calcium silicate
hydrate has about
1.5 lime-silica ratio

The trisulfate hydrate (C6A§ 32), popularity known as et-

311
tringite, is usually the first product to precipitate out of the
system, and is mostly responsible for the initial set and very

early strength (up to 3 days) in portland cecment. Subsequently,
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depending on the content and reactivity of the sulfate, alkali, and
aluminate bearing phases in the cement, either a monosulfate hy-
drate (C4ASH18) or a mixture of monosulfate and calcium aluminate

hydrate (C4AH ) may also form. Hydration of the ferrite phase

19

(C4AF) in portland cement is somewhat slower than C,A and produces

3
iron analogs of ettringite, monosulfate, and calcium aluminate hy-
drate. It is important to note here that the reaction products of
the aluminate-sulfate interaction, namely, ettringite, monosulfate
hydrate, calcium aluminate hydrates and their iron analogs, are
capable of contributing strength to hardened cement paste.

The main product of hydration of the silicate minerals in
portland cement is a calcium silicate hydrate (C-S-H) of colloidal
dimensions which, at early age, under a scanning electron micros-
cope, usually shows up as an aggregation of acicular particles, or
often as very fine equant grains partly intergrown together. It
is highly cementitious and constitutes about 60 to 65 percent of
the total solids in a fully hydrated portland cement. The other
product of hydration of the silicate minerals is about 20 percent
calcium hydroxide (CH), which usually occurs as large hexagonal
crystals, and contributes little to the cementitious properties of
the system. Also, being relatively more soluable and alkaline
than the other hydration products, it is easily subjected to attack
by water or acidic solutions, thus reducing the durability of port-
land cement systems to such environments.

Pozzolanic Reactilons

According to ASTM C 595, a pozzolan is defined as '"a siliceous
or siliceous and aluminous material which in itself possesses lit-
tle or no cementitious value but will, in finely divided form and
in the presence of moisture, chemically react with calcium hydrox-
ide at ordinary temperature to form compounds possessing cementi-
tious properties."”

It is clear from the above definition of pozzolans, that port-
land cement minerals are not the only possible source of formation
of the cementitious hydrates. There are many natural and indus-
trial materials capable of providing components to form the cal-
cium silicate hydrates, calcium sulfoaluminate hydrates, calcium
aluminate hydrates, calcium aluminoferrite hydrates and calclum
sulfo-aluminate-ferrite hydrates of the type discussed above. In
fact, before the advent of the portland cement, mixtures of lime
and volcanic ashes or calcined clays were routinely employed as
hydraulic cements for making mortars and concretes. As defined
earlier, such materials, which are mailnly siliceous and aluminous,
are called "pozzolans', and their reaction with lime, which is
slow at ordinary temperature, is called "the pozzolanic reaction".

Not all siliceous and aluminous materials are pozzolanic. It
is known that crystalline minerals, for instance silica as quartz,
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alumina as corundum, and aluminosilicates such as sillimanite
(8102 1203), and mullite (38102 ~2A1203) do not react with lime

solution at room temperature. It is only when the siliceous and
aluminous materials are present in noncrystalline form and as small
particles, that they can hydrate at a slow rate in alkaline solu-
tions to furnish silica and alumina for rcaction with lime which
leads to formation of cementitious products. This is contrary to
the hydration conditlons in portland cement where the principal
silicate (CBS and BCZS) and aluminate (CBA) compounds are cssen-

tially crystalline but decompose rapldly in water to provide the
desired silicate and aluminate ilons for formation of the cementi-
tious hydrates., Therefore for the purposes of evaluating the in-
dustrial byproducts for use in cement and concrete, it should be
noted that the mineralogical composition and particle size rather
than the chemical composition would determine whether or not, or
how fast a material can provide silica and alumina for cementi-
tious reactions with lime.

Again in portland cement hydration, the calcium ions needed
for formation of the cementitious hydrates become available with
the dissolution of the principal compounds present. In portland-
pozzolan cements, the portland cement component becomes the source
of calcium ions, because decomposition of C3S and BCZS releases

substantial amount of lime. Normally, the pozzolan component of
the cement contains a little or no calcium., This is, however, not
the case with many industrial ashes and slags, some of which con-
tain 20 to 40 percent analytical Ca0 (Table 1). If a part or all
of this calcium is available for the hydration reactions, the mate-
rial may be sclf-cementitious like portland cement. This depends
again on the mineralogical rather than the chemical composition of

the material. Whereas crystalline CBA’ C3S and BCZS present in

portland cement hydrate readily at room temperature, many crystal-
line compounds of lime such as wallastonite (CS), gehlenite (CZASL

anorthite (CASZ), akermanite (CZMSZ)’ etc. are not reactive. Like

the aluminosilicates, when present in noncrystalline form, the
materials corresponding to the latter compositions can hydrate in
alkaline solutlons, though at slow rate, to furnish calcium and
other ionic species needed for formation of cementitious products.
When this happens, the material can no longer be considered merely
a pozzolan, in the classical sense of the term "pozzolan'. It is
more appropriate to consider thesc materials as "cementitious and
pozzolanic,' because they contain enough calcium to be self-
cementing but need more of it from an external source in order to
develop their full cementitious potential. However it should be
obvious that due to their high calcium and lower silica and alumi-
na content, when compared to normal pozzolans, larger proportions
of these cementitious and pozzolanic materials may be used in a
portland cement concrete for achieving a gilven level of mechanical
strength at a specified age.
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As a first approximation, the difference between the ''pozzo-
lanic reaction', (which as used here, is not limited to the lime-
silica interaction but includes all cementitious reactions in the

system CaO—S102—A1203—Fe203—503—H20L and cementitious reactions in

the hydration of portland cement, therefore, lies mainly in the
reaction rates, and not in the character of the hydration products.
The pozzolanic reaction, like other chemical reactions, can be
accelerated by temperature and by chemical accelerators such as
alkalis and sulfates.

CURRENT PRODUCTION RATES AND USES OF MAJOR
POZZOLANIC AND CEMENTITIOUS BYPRODUCTS

Coal Ashes

During the combustion of powdered coal in modern power plants,
as coal passes through the high-temperature zone in the furnace,
the volatile matter and carbon are burned off whereas most of the
mineral impurities deposited in coal during its formation, such as
clays, shale, quartz and feldspar generally fuse and remain in
suspension in the flue gas. The fused matter is quickly trans-
ported to lower temperature zones where it solidifies as spherical
particles. Some of the mineral matter agglomerates to form bottom
ash, but most of it flies out with the flue gas stream and hence
is called "fly ash'., This ash is subsequently removed from flue
gas by mechanical separators, electrostatic precipitators, or bag
filters.

In the U.S., according to Covey (10), total ash collection in
1980 reached 66.4 million tons which included 48.3 million tons of
fly ash, 14.4 million tons of bottom ash, and 3.6 million tons of
boiler slag. It is estimated that about a fifth of the 900 mil-
lion tons of coal used annually is lignite and subbituminous,
which 1s increasingly used by the power-generating stations in the
West and Midwest. These coals generally produce high-calcium fly
ash.

Due to their fine particle size and generally noncrystalline
character, the fly ashes usually show satisfactory pozzolanic
property, or in the case of high-calcium ashes, pozzolanic and
cementitious properties. Yet only 6.4 million tons of the fly ash
produced in the country was used in 1980, from which less than 6
percent (2.67 million tons) of the total found its way into cement
and concrete products. In a'report prepared for the Office of Re-
cycled Materials, Frohnsdorff and Clifton (11) projected that
about 18 million tons of fly ash could be consumed every year by
the cement and concrete industry, provided there is adequate qual-
ity control and a better understanding of the technical require-
ments for satisfactory performance of the material. Therefore, in
this paper, fly ash characterization and influence of fly ash on
properties of concrete will be discussed in detail.
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Rice Husk Ash

Rice husks, sometimes called rice hulls, are the shells pro-
duced during the dehusking operation of paddy rice. Since they are
bulky, the husks present an enormous disposal problem for central-
ized rice mills. Each ton of paddy rice produces about 200 kg of
husks, which on combustion produce about 40 kg of ash. The ash
formed during open-field burning or uncontrolled combustion in in-
dustrial furnaces which use husks as fuel consists mainly of crys-
talline silica minerals such as cristobalite and tridymite, and
must be ground to very fine particle size to develop pozzolanic
property. On the other hand, the ash produced at low temperatures
in a process developed by Mehta and Pitt (7) contains silica in a
cellular, high surface area, noncrystalline form, and is therefore
highly pozzolanic (8).

Although worldwide potential for production of this highly
pozzolanic ash is high, about 80 million tons of husks per year,
the economic feasibility is limited to areas of centralized paddy
milling in large rice-growing countries. The U.S. potential is
small (200,000 tons per year husk production) and is limited to the
rice growing states of Arkansas, California, Louisiana, and Texas.
In 1975, a furnace with a capacity to burn 7.5 tons of rice husks
per hour to noncrystalline ash was installed in Arkansas (7), and
plans to set up similar furnaces in Malaysia, India and Pakistan
are reported to be in advanced stages.

Condensed Silica Fume

Condensed silica fume, sometimes known simply as silica fume
or volatilized silica, is produced by electric arc furnaces as a
byproduct of the production of metallic silicon or ferrosilicon
alloys., In the reduction of quartz to silicon at temperatures up
to 2000°C, a gaseous Si0 is produced. It is transported to lower
temperature zones where it oxildizes on coming in contact with air
and condenses in the form of spheres consisting of noncrystalline
silica. The material which is extremely fine is removed by fil-
tering the outgoing gases in a bag-filter. Like rice husk ash,
because it consists essentially of noncrystalline silica with a
very high surface arca (20-23 m“/g), condensed silica fumc is
highly pozzolanic.

The worldwide yearly production of condensed silica fume is
cstimated to be about 1.1 million tons, U.S.,A., U.S.S.R., and
Norway being the largest producers with 300,000 tons, 150,000 tons,
and 120,000 tons production per year, respectively. Although there
are reports of extensive laboratory research on the material, so
far only limited fiecld applications have been carried out.
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Blast Furnace Slag

In the production of pig iron in a blast furnace, if the slag
is cooled slowly in alr, the chemical components of slag are usu-

ally present in the form of crystalline melilites (CZAS—CZMS2 solid

solution) which do not react with water at ordinary temperature.

If ground to very fine particles, the material will be weakly ce-
mentitious and pozzolanic., However, when the liquid slag is rapid-
ly quenched from high temperature (1400-1500°), either by water or
a combination of water and air, most of the lime, magnesia, silica,
and alumina can be held in a noncrystalline or glassy state. The
water—-quenched product is called granulated slag due to the sand-
size particles, whercas the slag quenched by water and air is in
the form of pellets, and is called pelletized slag. Normally the
former contains more glass; however, both products when ground to

2 . .
400 to 600 m“/kg Blaine surface area are capable of developing
satisfactory cementitious and pozzolanic properties.

At present, the U.S. production of blast furnace slag amounts
to 26 million tons. Most of the slag is slowly cooled in air,
hence is poorly pozzolanic, and therefore is suitable only for use
as aggregate for concrete or for subbase construction. Only 1.6
million tons of slag is available in the granulated form which is
suitable as a cementitious and pozzolanic admixture. The Canadian
blast furnace slag production is about 2,8 million tons per year
from which up to 500,000 tons is pelletized. About 200,000 tons
of the pelletized slag is used as a mineral admixture after fine
grinding, the remaining being used as lightweight aggregate.

Steel Slags

Steel slags are a byproduct of the conversion of pig iron to
steel. Basic oxygen furnace, open-hearth, and electric-arc furnace
are used for this purpose. The slag is similar in chemical com-
position to iron blast furnace slag except that it usually con-
tains a larger proportion of iron oxide and smaller amounts of
silica and alumina. As may be expected, steel slag cooled slowly
in air is virtually inert. However, reactive slag for use as a
cementitious and pozzolanic admixture for concrete can be produced
by water granulation.

In the U.S., about 9 million tons of stecel slag are produced
yearly. All of it is air-cooled, hence discarded or used for low-
value applilcations. Similarly, nearly 3 million tons per year of
the Canadian steecl slag is generally discarded.

Non-Ferrous Slags

In the production of metallic copper, nickel, and lead, about
6 million tons of slag arc produced by the various smelting fur-
naces. All these slags contain unusually large amounts of iron
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oxide (40 to 60 percent). The copper and nickel slags are also
characterized by low lime content. On water quenching and fine
grinding, they show pozzolanic but not cementitious behavior., On
the other hand, lead slags contain 10 to 20 percent Ca0, and should
be able to develop some cementitious character as well. However,
at present, these slags arc cither being discarded or used for road
construction.

Duec to large variability in their composition as compared to
blast furnace slags, it scems that granulated non-ferrous slags
would be potentially less attractive for use as mineral admixtures
in concrete; therefore they will not be discussed any further.

MINERALOGICAIL COMPOSTTION, PARTICLE CHARACTERISTICS, AND REACTIVITY

The rate at which cementitious products are formed as a re-
sult of interaction between a mineral admixture and portland ce-
ment hydration products depends on the composition of porcland
cement, mineralogical composition and particle characteristics of
the admixture, recaction temperature, and ionic concentration of the
solution phase in the system. TIn portland cement, a close rela-
tionship between chemical and mineralogical composition generally
holds; however this is not the case with byproduct mineral admix-
tures which may contain large amounts of noncrystalline or glassy
matter and are usually subject to greater variations in thermal
history during the production process. Because no direct relation-
ship exists between chemical and mineralogical composition (which
controls the reactivity of these materials at room temperature) the
standard specifications emphasizing chemical requirements do not
serve much useful purpose. Therefore, closer attention needs to
be paid to the mineralogical rather than to the chemical analysis
of mineral admixtures.

On the basis of their cementitious and pozzolanic activity,
which depends on mineralogical and particle characteristics, a
classification of byproduct mineral admixtures suitable for usc in
concrete is suggested in Table 2, The mineralogical character of
cach of the important admixtures arc discussed in detail below.
Also discussed are particle size, morphology, and surface texturec,
which not only affect the reactivity of mincral admixtures in port-
land cement concrete but also exert an important influence on wa-
ter demand, consistency, stability, and workability of concrete.

The Nature of Glass and Minerals in Fly Ash

From the standpoint of conspicuous differences in mineralogi-
cal composition and properties, fly ashes can be divided into two
categories, which differ from each other mainly in their calcium
content. The first category, containing usually less than 5 per-
cent analytical Ca0, is generally a product of combustion of an-
thracite and bituminous coals. The second category, containing

Documents

Full document details: ACI SP-79


http://www.avadocuments.com/doc/aci-sp-79
http://www.avadocuments.com/doc/aci-sp-79

Cementitious Byproducts 11

usually 15 to 35 percent analytical Ca0 generally happens to be the
product of combustion of lignite and subbituminous coals. The ASTM
Standard Specification for Mineral Admixtures (C 618) does not dif-
ferentiate fly ashes on the basis of calcium content, although this
objective is achieved indirectly by requiring a minimum of 70 per-
cent of major non-calcium oxides (silica + alumina + iron oxide)
for Class F fly ash, and 50 percent for Class C fly ash, since the
latter is high in calcium.

The low-calcium fly ashes, due to the high proportions of sil-
ica and alumina, consist principally of aluminosilicate glass. In
the furnace very large spheres of molten glass may not get cooled
rapidly and uniformly, thus crystallization of aluminosilicates

such as sillimanite (A1203 -3102) and mullite (3A1203 '23102) as

slender needles, takes place in the interior of the glassy sphere.
This partial devitrification of glass in low-lime fly ashes, there-
fore, would account for the presence of crystalline aluminosili-
cates which are relatively nonreactive. The microscopic evidence
of the presence of the crystalline phases encapsulated within sol-
id glassy spheres comes from many researchers including Diamond
(12) who have examined fly ashes after chemical reactions in con-
crete or after etching to remove glass. Also, depending on the
fineness to which coal has been ground before combustion, remnants
of a quartz are likely to be present in the ash in the original
(unaltered) crystalline state. Researchers, including Diamond (12)
and Mortureux et al (13), have confirmed that the principal crys-
talline minerals in low-calcium fly ashes are a quartz, mullite,
sillimanite, hematite, and magnetite. Since the crystalline min-
erals are nonreactive at ordinary temperature in the portland ce-
ment solution phase, their presence in large proportions, at the
cost of the noncrystalline component or glass, reduces the reac-
tivity of the ash. Also the assumption in the ASTM Specification
C 618 that all silica, alumina, and iron oxide present in pozzolans
is potentially reactive with lime (and therefore are in noncrys-
talline form) is incorrect since, in actual practice substantial
amounts of these oxides occur as nonreactive crystalline minerals,
such as SiO2 as quartz, mullite, and sillimanite; alumina as mull-

ite and sillimanite, and iron oxide as hematite and magnetite.

In regard to high-calcium fly ashes which may also contain
significant amounts of magnesia, alkalis and sulfates, the situa-
tion is more complex than the low-calcium ashes from anthracite or
bituminous coal. As will be discussed later, it appears that the
chemical composition and reactivity of the noncrystalline or glassy
phase is different from the glassy phase typically present in low-
calcium fly ashes. Also, the principal crystalline mineral in
high-calcium fly ash is generally C3A, which is known to be the

most reactive mineral present in portland cement. In some high-
calcium fly ashes this writer as well as others have detected crys-—

talline C4A3§, CS and free Ca0 (Fig. 2) which, in addition to C3A,

readily react to form cementitious calcium aluminates and sulfoalu-
minate hydrates. Alkali sulfates volatize at high temperature and
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later condense as crystalline sodium, potassium, or double-alkali
sulfates on the external surfaces of fly ash spheres. Being highly
soluble, they are available for fly ash and portland cement hydra-
tion reactions. Sometimes crystalline MgO (periclase) is detected,
however, periclase formed at > 1000°C shows poor hydration charac-—
teristic at room temperature. As in low-calcium fly ashes, crys-
talline quartz, mullite, and iron oxide arec also detected in high-~
calcium fly ash, however, their proportion is usually much smaller
in the latter case. Thus, it ghould be immediately apparent that
in general, the crystalline minerals in a low-calcium fly ash are
nonreactive, whereas many of the crystalline minerals in a high-
calcium fly ash are reactive, and capable of imparting cementitious
characteristic to the ash. 1In fact, quick setting behavior of some
ASTM Class C fly ashes due to rapid formation of CAAHLB’ CQA§”]8’

and ettringite has been observed by this writer as well as other
researchers.

Since the noncrystalline phase or glass is the major component
of fly ashes (sometimes 90 percent or even more), it seems that the
reasons for high reactivity of high-calcium fly ashes may parti-
ally lie in the chemical composition of the glass which is differ-
ent than the glass in low-calcium fly ashes. Diamond and Lopez-
Flores (14) have made an important contribution to the state-of-
the-art by pointing out that the position of the diffraction halo
(diffuse-band) produced by X-ray scattering can provide some in-
dication of the glass composition. This is consistent with the
findings of the writer as shown in Fig. 2. Tt can be seen that the
maximum intensity of the diffuse-band due to glass in the low-
calcium fly ash is between 21 to 25° 20 (Cu radiation), whercas the
diffuse-band due to glass in the high-calcium fly ash shows high
intensity between 30 to 34° 20. It is interesting that the writer
(Fig. 2) and Regourd et al (15) found a similar diffuse-band with
highest intensity between 31 to 35° 20 in a granulated blast fur-

nace slag containing 42.5% Ca0, 33.6% Si02, 12.2% A1203, and 8.47%
MgO., Tt can be deduced thercfore that, as a first approximation,
the chemical composition and reactivity of glass in rapidly cooled
high-calcium fly ashes may be similar to the glass in granulated
blast furnace slag. The slag portion in portland cement granulat-
ed blast furnace slag mixtures normally starts hydrating 3 days
after adding water, and the fly ash portion of low-calcium fly
ashes in portland cement-fly ash mixtures does not show any sig-
nificant degree of hydration until about two weeks after adding
water. Therefore, it appears that the calcium aluminosilicate
glass in high-calcium fly ash, which is similar in composition to
the glass in granulated blast furnace slag, would be more reactive
than the aluminosilicate glass in low-calcium fly ashes. Although
small amounts of alkalles and iron oxide may be present in the
glass of low-calcium fly ash, and some Mg0 may be present in high-
calcium fly ash, the deduction that a more reactive glass is pres-
ent in the latter appears reasonable to the writer.

Another difference between the low-calcium and high—~calcium
fly ash, which is commonly reported by many observers, is that in
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the latter there is usually a little (< 1%) or no unburned carbon.
In the former casc complete removal of carbon is rare and the pres-
ence of 2 to 10 percent carbon, which can be ecasily determined by
the loss on ignition test, is quite common in industrial products.
Some of this carbon may be encapsulated in glass, but a major por-
tion appears to occur as cellular, or lacy particles which have a
high internal surface, and are therefore capable of adsorbing large
amount of water and chemical admixtures from an aqueous solution.
If the proportion of cellular or lacy particles of carbon which are
usually larger than 45 um is high in a fly ash, the use of such fly
ash as a mineral admixture in concrete increcases water requircment
and consumption of air-entraining admixtures. It may be noted how-
ever that the relationship between +45 um fraction and the carbon
content in fly ash need not be direct since a portion of the coarse
particles may consist of quartz; furthermore some of the unburned
carbon may be present within glass.

Particle Characteristics of Fly Ash

Scanning electron micrographs of typical fly ashes, both low-
calcium and high-calcium, are shown in Fig. 3. 1In general fly ash
consists of glassy spheres of sizes varying from under 1 um to as
large as 100 um, although typical particle size distribution (Fig.
4) shows that most of the material is under 20 um. Due to the low-
er proportion of surface deposits consisting of alkali sulfate crys-
tals, low-calcium fly ashes tend to show a cleaner appearance under
the microscope. On the basis of optical and scanning electron mi-
croscope observations, Fisher et al (16) and Lauf (17) have pro-
posed several morphological categories of fly ash which may be sum-
marized as follows:

(1) Most of the fly ash particles occur as solid glass
spheres, which are mostly transparent but may be par-
tially devitrified.

(i1) 1Irregular masses of large size may exist either as ag-
glomerates of small silicate glass spheres or porous
particles of incompletely burnt carbonaceous matter.

(ii1) Magnetite and hematite occur as opaque spheres in high-
iron fly ashes.

(iv) Sometimes low-calcium fly ashes may contain a small
amount (up to 5% by weight) of hollow spheres which are
either completely empty (cenospheres) or packed inside
with smaller spheres (plerospheres). A scanning elec-—
tron micrograph of a broken plerosphere is shown 1in
Fig. 3C.

It appears that differences in particle size distribution,
morphology, and surface characteristics of fly ash would influence
water demand and reactivity. Fly ashes consisting of clean,
glassy, spherical particles (Fig. 3A), by virtue of being good
void-fillers in concrete, should be able to reduce water require-
ment, especially in lean concretes or when the proportion of fines
in aggregate is lacking. Rough-texturcd and porous glass_sphercs
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(Fig. 3B) which are sometimes seen in high-calcium fly ashes pos-
sess larger surface area for reactivity than smooth spheres, hence
particle size distribution alone may not reflect the potential re-
activity of a fly ash.

Granulated Blast Furnace Slag

Although high-calcium fly ashes arc relatively of recent ori-
gin, and the production and use of granulated blast furnace slag
is more than one hundred years old, there are many striking simi-
larities in the mineralogical character and properties of the two
products. Not only are both essentially glassy (usually 90 percent
noncrystalline), but also the composition and reactivity of the
glass appears to be similar. The chemical composition of the glass
in granulated blast furnace slag corresponds to melilite phase
which is a solid solution phase between gehlenite (CZAS) and aker-

manite (CZMSZ)' It should be noted that gehlenite, akermanite, and

melilites are nonreactive when crystalline; however when they are
in noncrystalline state Akatsu et al (18) and Regourd et al (15)
found that the reactivity of slag generally goes up with increas-
ing ratio of gehlenite to akermanite composition in the glass. In
addition to crystalline gehlenite and akermanite, the presence of
diopside (CMSZ) and merwinite (C3M32) have been detected in the

devitrified particles of granulated blast furnace slag. All of
these crystalline minerals are nonreactive at room temperature.

Therefore, one difference between some high-calcium fly ash
and granulated blast furnace slag, is in the types of crystalline
phases that may be present. The former may contain reactive crys-
talline compounds such as free CaO, C3A, C4A3§, CS, and alkali

sulfates; whereas all the crystalline compounds in the latter are
essentially nonreactive., This makes some high-calcium fly ashes
very reactive, so that hydration reactions may begin to take place
almost immediately after addition of water. On the other hand,
the hydration of granulated blast furnace slag ina portland cement-
slag mixture must await the hydration of the portland cement which
provides alkalies and sulfate for "activating'" the slag component,
i.e., for initiating the hydration of glass and formation of ce-
mentitious products. Data from the work of Sadatsune (19), and
Hogan and Meusel (6) shows that under normal conditions it takes
about 3 days before the contribution of the cementitious proper-
ties of the granulated slag to the composite system becomes no-
ticeable.

Although the glass content of granulated slag is the most
valuable parameter in characterizing the value of the material for
use in cement and concrete industry, there is evidence that the
reactivity of a glass may depend not only on its composition but
also on the degree of disorder and content of flaws which are af-
fected by the overall thermal history of slag. Obviously, slags
cooled from higher temperaturc and at a faster rate are likely to
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contain more reactive glass. There is also some evidence that in
the range of 80 to 100 percent glass content, the slags with a low-
cr glass content sometimes show reactivity similar to the slags
with higher glass content. However, Akatsu et al (18) found that
such differences in reactivity play a role only in the early stages
of hydration up to 7 days; the strengths at later ages (28 days and
after) of portland cement-slag mixtures are primarily related to
the total glass content.

In the pig iron manufacturing process, the thermal history af-
fecting the glass content and reactivity of slag can not be easily
altered because the slag is only a byproduct. However, the slag
obtained even after granulation is too coarse for use as a mineral
admixture. Tor example, Hogan and Meusel (6) reported that 50%
particles were larger than No. 20 mesh. This presents an oppor-
tunity to improve the reactivity of the material by controlling the
fineness of grinding. Wada and Tkawa (20) found that slag parti-
cles less than 10 um contributed to early strength development in
concrete (until 28 days), whereas 10 to 40 um particles continued
to hydrate thereafter. 1In short, the ground slag for use as min-
eral admixture in concrete should not only be glassy, but also
should contain few particles above 45 um and a considerable pro-
portion of particles below 10 um,

A major difference between fly ash and ground granulated blast
furnace slag 1s in the shape and texture of the particles. The fly
ash particles are mostly spherical and have generally a smooth sur-
face texture. In contrast, slag is angular and has rough surface
texture. Due to their glassy nature both are often able to reduce
the water requirement for standard flow of pastes or mortars. How-
ever, in a given concrete mixture the workability and finish should
be superior with fly ash additions than with granulated slag addi-
tions.

Condensed Silica Fume and Rice Husk Ash

As stated earlier, both condensed silica fume, and rice husk
ash produced by controlled combustion consist essentially of silica
in noncrystalline form. They belong to a superior class of pozzo-
lans because they do not suffer the variability in composition and
heterogeneity in mineralogical character typical of fly ashes. Al-
so, both materials possess exceedingly high surface area which is
an important reason for their highly active pozzolanic behavior.
There are however significant differences between the two in re-
gard to particle characteristics.

Condensed silica fume particles are mostly spherical like fly
ash, although they are about 100 times smaller in size (0.1 um
average diameter). Typical scanning electron micrographs are
shown in Fig. 5A and 5B and particle size distribution is plotted
in Fig. 4. Rice husks ash from the controlled burning process de-
veloped by Mehta and Pitt (7) 1s very soft and is easily_pulver-
ized to < 45 um size. Unlike condensed sllica fume; the cuments
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of rice husk ash are angular yet highly cellular, hence the reac-
tive surface is not reflected by the particle size distribution but
by the internal porosity of the individual particles. A typical
scanning electron micrograph of the rice husk ash is shown in Fig.
5C.

Surface areas of the order of 20 to 23 mz/g for condensed sil-

ica fume and 50 to 60 mz/g for rice husk ash are reported in the
published literature. At a given water-cement ratio small addi-
tions (2 to 3% by weight of cement) of these byproducts may be use-
ful for improving the stability and workability of concrete by re-
ducing the tendency towards bleeding and segregation. However
large additions would produce dry or unworkable mixtures unless
water-reducing admixtures are used.

In regard to recactivity of condensed silica fume or rice husk
ash when used as mineral admixture in portland cement mortar and
concrete, the writer observed (8) that the rice husk ash showed
significant reactivity even at ages 1, 3, and 7 days. Tor in-
stance, at a constant water-cementing materials ratio in ASTM C 109
mortars, portland cement-rice husk ash mixtures containing as high
as 70 percent ash by weight of the total cementing material ex-—
ceeded the strength of the reference portland cement even at 3 days
after casting. Due perhaps to the lower surface area and denser
surface texture, the condensed silica fume reacts somewhat at a
slower rate than the rice husk ash. Carette and Malhotra (21) have
reported that concretes containing condensed silica fume show con-
siderably lower strength than the control specimens at age 1 day
but begin to show a significant improvement in strength from about
3 days after casting. Due to the adsorptive character of rice husk
ash particles, concrectes containing rice husk ash require more wa-
ter for a given consistency. However, there is evidence that this
does not lead to lower strengths of the same order as would be
expected in portland cement concretes.

MECHANISMS BY WHICH MINERAL ADMIXTURES TMPROVE CONCRETE PROPERTIES

By adding mineral admixtures, many aspects of concrete can be
favorably influenced, some by physical effects associated with
small particles which have generally a finer particle size distri-
bution than does portland cement, and others by pozzolanic and ce-
mentitious reactions resulting in certain desirable physical ef-
fects which will be discussed later. Concrete mix proportions,
rheological behavior of plastic concrete, and degrece of hydration
of portland cement are among the physical cffects associated with
the particle size of mineral admixtures. Strength and permeabil-
ity of hardened concrete; resistance to thermal cracking, alkali-
silica expansion, and sulfate attack are the main effects associ-
ated with the pozzolanic and cementitious reactions.

Compared to the portland cements of fifty years ago, cements
produced by modern plants are more reactive because they are finer,
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contain more C,S and at times more alkali sulfatces, Therefore dur-

3

ability of concrete structures built today is likely to suffer due
to causes mentioned above unless adequate precautions are taken.
The use of mineral admixtures in modern concrete makes sense, since
they should cause considerable improvement in durability. However,
experience shows that the potential benefits from application of
admixtures are not always realized. Therefore, a discussion on the
mechanisms by which improvement in properties of concrete takes
place is given below in the hope that this will lecad to proper se-
lection and use of mineral admixtures.

Concrete Mix Proportions

For a given consistency of concrete, reduction in the water
requirement can lead to an overall improvement in many engineering
properties. Granulometric characteristics of the coarse aggre-—
gate, fine aggregate, and cement particles influence the volume of
voids and water requirement of a concrete mixture., Addition of
fine particles of a mineral admixture, typically of the order of 1
to 20 um size, would supplement the effect of portland cement
grains in further reducing the volume of voids in the concrete mix-
ture, thus requiring less water to produce a concrete of given con-
sistency. Berry and Malhotra (2) cite two cases in which 30 per-
cent fly ash subgtitution for cement was found to reduce the water
requirement by about 7 percent at constant slump. Using three fly
ashes of different particle size, Lane and Best (5) reported 5 to
10 percent reduction in mortars of equal consistency when 33, 67,
or 133 percent fly ash by weight of cement was added. Similarly,
investigations by Hogan and Meusel (6) on a granulated blast fur-
nace slag, ground to various particle sizes corresponding to 508

to 608 mz/kg Blaine surface area, showed that about 6.4 percent re-
duction in water required for standard flow (ASTM C 109) was pos-
sible for a large number of portland-cement slag mixtures contain-
ing 40 to 65 percent cement replacement by slag.

Not all mineral admixtures will reduce the water demand. For
instance, many investigators have observed that the use of a coarse
fly ash, or a fly ash with high loss-on-ignition (usually 10 per-
cent or more) caused an increase in the water requirement instead
of reducing it. Tt is now known that this would happen only when
a considerable amount of cellular particles of coke, which are us-
ually large in size (100 um), are present in the fly ash. Again,
some high-calcium fly ashes may contain significantly large amounts
of C3A which tend to increase the water requirement due to loss of

congistency caused by the rapid formation of calcium aluminate hy-
drates or sulfoaluminate hydrates. Mineral admixtures having ex-
tremely fine particle size or very high surface arca, such as con-
densed silica fume or rice husk ash, are generally known to in-
crease the water required for normal consistency In almost direct
proportion to their amount present by weight of cement.
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Rheological Behavior of Plastic Concrete

The mechanism by which bleeding may be reduced or eliminated
by addition of very fine particles of silica fume in a cement paste
is illustrated in Fig. 6. 1In the same manner, the presence of fly
ash or ground blast furnace slag between the aggregate particles
helps to reduce bleeding. A substantial reduction in the sizc of
bleed-water channels in concrete would evidently decrease the ten-—
dency for segregation, and improve finishability characteristics.
It should be apparent that lean concretes or those made with aggre-
gates deficient in fine-size fraction would benefit more from fly
ash addition. Non-bleceding concrete containing condensed silica
fume or rice husk ash additions must be suitably protected when
conditions for plastic shrinkage cracking prevail.

Workability is another important property of plastic concrete;
it depends mainly on cohesiveness. Cohesiveness 1is largely con-
trolled by the volume of the paste in concrete. An advantage from
replacement of cement in concrete by an cqual weight of lower-
density mineral admixtures lies in the resulting increase in the
paste content. For instance, Lane and Best (5) calculated that on

equal weight basis the volume of fly ash with 2.4 Mg/m3 density
will exceed the volume of portland cement by approximately 30 per-
cent, Proportioning fly ash concrete on an equal 28-day strength
basis would require a cement replacement ratio greater than 1:1

by weight (the additional fly ash replacing a portion of the fine
aggregate), thereby producing even a greater increase in the paste
(cement + fly ash + water) to aggregate ratio. Tt is due to the
superior cohesiveness that the pumpability of fly ash concrete is
generally excellent.

In regard to setting time, Davis et al had concluded as carly
as 1937 (1) that fly ash-cement mixtures set more slowly than cor-
responding cements but the setting times were within the usual
specification limits. FExperience of Lane and Best (5) with modern
fly ashes generally confirms this, especially for high-carbon fly
ashes which increase the water requirement for normal consistency,
and thus the setting time. By replacing the cement with 60 percent
fly ash by weight, the blend with the high-carbon ash (12% carbon)
produced an increase of 200 percent in the time of final set of the
control mixture, without exceeding the ASTM C 150 maximum limit of
8 hours. Such concretes must be protected against freezing in cold
weather. Tt may be pointed out, however that the observations of
both Davis et al, and Lane and Best pertain to low-calcium fly
ashes. The high-calcium fly ashes which are generally low in car-
bon and high in reactive constituents (both crystalline and non-
crystalline) sometimes exhibit opposite behavior. Calling such
ashes ''reactive', Covey (10) states, "When you add water to the
reactive materials, you had better be prepared to get to the job
site in about 30 minutes''. Obviously, this refers to the quick
setting tendency of concretes containing certain high-calcium fly
ashes. ©Not all high-calcium fly ashes would cause quick setting.
Diamond and Lopez-Flores (14, 34) studied three high-calcium and
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two low-calcium fly ashes, all of which retarded the initial set by
2 hours or more, and final set by at least 5 hours. Therefore, it
seems that before using an unknown fly ash, the influence of the
fly ash on setting time of concrete should be investigated and
suitably controlled when necessary by application of set-modifiers.

Ground blast furnace slag when added as mineral admixture to
concrete is likely to improve resistance to bleeding and segrega-
tion but due to its angular texture may not improve finishability
and workability to the same extent as fly ash addition. Hogan and
Meusel (6) reported that both the initial and final time of set of
portland-blast furnace slag mixtures containing 40, 50, or 65 per-
cent slag by weight increased by about one hour when compared to
the reference portland cement.

Acceleration of Cement Hydration

Kobayashi and Sato (22) showed that by helping to separate or
disperse the flocculated structure of particles of portland cement
more efficiently, the prescnce of fine particles of any material
increases the early hydration of cement. Thus strength of con-
cretes at a given cement content to which a fly ash or limestone
powder was added (as fine aggregate replacement) was equally en-
hanced at 7 and 28 days. Only at 91 days or more, did the fly ash
concrete show higher strength, which was attributed to the pozzo-
lanic reactionm.

Strength and Impermeability of Concrete

The two factors which adversely affect both strength and im-
permeability of concrete are: (i) the presence of large voids
in the hydrated cement paste, and (i11) the microcracks at the
aggregate-cement paste transition zone. Since it is the view of
this writer that improvements in strength and durability of con-
crete associated with the use of mineral admixtures are possible
only through transformation of large pores into fine pores, and
reduction of microcracking in the transition zone, a detailed dis-
cusslon of these mechanisms follows.

From an investigation on the rate of strength development in
blended portland cements containing a natural pozzolan, the writer
(23) found that at various stages during the curing process the
volume of large voids (> 100 nm), not the total porosity of the
hydrated paste, was inversely correlated to strength. This sug-
gests that strength improvement as a result of pozzolanic reaction
is accompanied by and partly results from reduction in the volume
of large pores. Manmohan and Mehta (24) showed that additions of
pozzolanic and cementitious admixtures such as rice husk ash, fly
ash, and granulated blast furnace slag to portland cement were
instrumental in causing pore refinement or transformation of large
pores into fine pores--a process which had a far reaching influ-
ence on the permeability of the hardened cement pastes. Typical
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pore size distribution plots for various levels of additions of the
three mineral admixtures in 28 days old cement pastes arc shown in
Fig. 7.

The exact mechanism by which pore refinement occurs in hy-
drated pozzolan cements is not fully understood. However, Regourd
et al (25) observed that compared to the C-S-H phase in hydrated
portland cements, a less compact C-S-H is found in well-hydrated
portland-pozzolan cements. Evidently, if such a product forms as
a result of chemical reaction between pozzolanic silica and lime,
it would have the effect of filling up large empty spaces. This
mechanism is illustrated by the writer (26) in Fig. 8. Thus con-
version of high density phases and large voids in a portland ce-
ment paste system to low density products and small voids, as a
result of pozzolanic reaction, appears to be the most logical ex-
planation for increase in strength and impermeability, which is
generally observed in well hydrated portland-pozzolan cement pastes.
Among others, Feldman (27) using a fly ash and a slag as admix-
tures, and Sellevold et al (28) using silica fume as admixture
have confirmed the process of pore refinement and its significance
to strength and impermeability.

In concrete it is now known that the transition phase between
the aggregate and hydrated cement paste plays a very important part
in determining the mechanical properties and long-term durability
characteristics., 1In normal portland cement concretes the transi-
tion zone is generally less dense than the bulk paste and contains
a larger amount of plate-like crystals of calcium hydroxide, with
c~-axis perpendicular to the aggregate surface. It is consequently
more prone to microcracking by tensile stresses induced by normal
thermal and humidity changes. The structure of the transition
phase, therefore, explains why it is the weakest phase in concrete,
and would thus exercise a great influence on the properties of the
material.

There is not much information on the effect of mineral admix-
tures on the structure and properties of the transition phase in
concrete. Carles-Gilbergues et al (29) investigated the influence
of water-to~cement ratio and pozzolanic admixtures on the two im-
portant parameters of the transition phase, namely its thickness
and the degree of orientation of calcium hydroxide crystals in it.
With increasing water-to-cement ratio, both the thickness of the
transition phase and the degrece of orientation of calcium hydrox-
ide increased, which is expected from the corresponding increase
in the bleeding characteristics of the mortars. Compared to the
reference mortar containing only portland cement, the thickness of
the transition phase decreased with the addition of a condensed

silica fume. The latter, due to very high surface area (23 mz/g),
had the effect of reducing the consistency and setting time of the
reference mortar. The presence of silica fume or a lignite fly
ash reduced the degree of orientation of calcium hydroxide crys-
tals in the transition phase; on the other hand the addition of a
bituminous coal fly ash (which exerted little influence on the
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consistency and setting characteristics of the reference mortar)
increased both the thickness of the transition phase and the degree
of orientation of calcium hydroxide at the same hydration age (28
days). Therefore at this age, mortars and concretes containing the
silica fume or the lignite fly ash would be expected to show better
mechanical properties than corresponding products containing the
bituminous ash.

In the context that mineral admixtures are capable of altering
the water requirement, consistency, bleeding characteristics or
time of setting of portland cement pastes, it is apparent that they
can be made to exercise a beneficial effect on the structure and
mechanical strength of the transition phase. This, together with
their ability for pore refinement in hydrated portland cement
pastes as discussed above, holds the promise that concretes con-
taining mineral admixtures can be stronger and more durable than
concretes without them. TFrom an understanding of the mechanism by
which mineral admixture can improve the properties of portland ce-
ment concrete it may be concluded that the use of admixtures which
would reduce water demand and bleeding in fresh concrete, decrease
the size and number of large voids in hydrated cement paste, lower
the amount and degree of orientation of crystalline calcium hy-
droxide as well as microcracking in the transition phase, should
improve the ultimate strength and impermeability of a portland ce-
ment concrete. This clearly underscores the importance of proper
curing of concretes containing mineral admixtures, since without
sufficient progress in the pozzolanic and cementitious reactions
associated with the mineral admixtures, significant improvements
in strength and durability of concrete can not be expected.

EXPERIENCE FROM FIELD AND LABORATORY INVESTIGATIONS

In the light of the above mechanisms by which mineral admix-
tures are able to improve the properties of concrete, it would be
interesting to examine the results of some selected cases of field
and laboratory experience from the standpoint of durability of con-
crete to thermal cracking, sulfate attack, alkali-silica expansion,
and corrosion of reinforcing steel in concrete. Strength develop-
ment and other properties such as modulus of elasticity, creep,
and drying shrinkage are also discussed below.

Durability to Thermal Cracking

In thin sections of structural concrete, heat produced by ce-
ment hydration is quickly lost to the environment, and the temper-
ature rise is usually not large enough to cause serious thermal
stress on cooling. However in mass concrete even in sections as
small as 600 mm, depending on the cement type and content, thick-
ness and type of formwork, and concrete placement temperature, the
temperature rise at times may amount to 20°C to 50°C. Thdis is too
great to ignore. Assuming that maximum temperature in s g%&pggnts
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concrete is reached within 2 to 5 days after placement, mineral ad-
mixtures such as fly ash and blast furnace slag have the potential
of reducing the temperature rise almost in proportion to the amount
used as cement replacement since generally they do not react to any
significant degree for several days. Thus Berry and Malhotra (2)
cite MacInnis who found that 30 percent substitution of portland
cement with a fly ash reduced the maximum temperature rise in con-
crete (which occurred 4 days after the placement) from 47°C for
plain conecrete to 33°C for fly ash concrete. However in a field
test Bamforth (30) found the reduction in temperature rise in con-
crete sections, 2.5 m and 4.75 m deep, was about 15 percent at 30
percent cement replacement level. From the standpoint of thermal
stress on cooling, cement replacement by fly ash offers an obvious
advantage and has long been exploited in mass concrete construc-
tion where low cement contents and high fly ash portions (60 to

100 percent by weight of cement) are often used to counteract ther-
mal cracking. Since after long-term curing the ratio of flexural
strength to compressive strength in fly ash concrete is higher than
the plain concrete because of the superior aggregate--cement paste
bond, many investigators including Kobayashi (31) also recommend
the use of fly ash for normal reinforced cement structures and
highway pavements.

The disadvantages of temperature rise in massive concrete con-
taining only portland cement, and the advantage of replacing a part
of the cement by a mineral admixture are clearly shown by Bamforth
(30) who found that the early age heat cycle reduced the in-situ
28-days strength of portland cement concrete up to 30 percent,
when compared to laboratory-cured specimens. This was probably due
to less microcracking at a lower thermal gradient in the labora-
tory. llowever, this was not the case in portland-fly ash concretes
where thermal gradient is lower and healing of microcracks by the
products of fly ash-cement interaction, which is accelerated at
higher than normal temperature, is possible. Thus when concrete
is exposed to high temperatures at carly age, a marriage between
portland cement and fly ash or other mineral admixtures is mutually
advantageous., The mineral admixtures which react slowly at normal
temperature can benefit from the heat of hydration of portland ce-
ment, which otherwise goes to waste. Another examplce was given by
Kobayashi (31) for the intake pressure tunnel of Kurobegawa Power
Station in Japan which was located in hot base rock (100-160°C).

In this casce the use of 25 percent fly ash as cement replacement
showed favorable cffect on concrete strength.

Since high-calcium fly ash is generally more rcactive, there
is some concern that it may not be as effective as low-calcium ash
in reducing the heat of hydration. For instance, Vance and Roberts
(32) found that the total heat of solution by the method described
in ASTM C 186 was 422 to 507 cal/g for a number of high-calcium
ashes, whereas the heat of solution values for several low-calcium
ashes were less than 405 cal/g. Using the same method, Cook (33)
reported an 11 percent reduction of the heat of hydration at 7 days
with 20 percent cement replacement by a high-calcium fly ash, 25
percent reduction with 30 percent ash, and only an 18 percent

Documents

Full document details: ACI SP-79


http://www.avadocuments.com/doc/aci-sp-79
http://www.avadocuments.com/doc/aci-sp-79

Cementitious Byproducts 23

reduction with 40 percent ash. Diamond and Lopez-Flores (34) also
found that high-calcium fly ashes contributed substantially to ear-
ly heat evolution.

Mcehta and Pirtz (35) successfully used 30 percent by weight
replacement of Type I portland cement by rice husk ash in a high-
strength mass concrete (6000 psi designed strength at 28 days)
which on adiabatic curing showed 12°C less temperature rise at 28
days than the reference concrete without the admixture. Since the
7 and 28 day compressive strength of the rice husk ash concrete
were higher, it was concluded that cement-pozzolanic combinations
produce more strength per unit of temperature rise than portland
cement alone.

Durability of Concrete to Sulfate Attack

Davis et al (1) investigated five low-calcium fly ashes at 20
percent cement replacement level for their effectiveness in im-
proving the sulfate resistance of cement. Before immersion into a
10 percent sodium sulfate solution, the 3 by 6 inch concrete cy-
linders were normally cured for 28 days. Compressive strengths of
the specimens were determined after 5 months of immersion. On the
basis of the ratio of compressive strengths of fly ash concrete to
the corresponding plain concrete specimens, all fly ash coneretes
were found to be superior to the corresponding plain concrete
specimens. The fly ash containing low-carbon and the lowest alu-
mina content (16.4%) exhibited a slight increase rather than de-
crease in the compressive strength during the 5-month sulfate im-
mersion period. Similarly, using an accelerated test procedure
for evaluation of sulfate resistance, Mchta (36) found that a hy-
drated cement paste containing 20 percent fly ash of low alumina
content (15% A1203) showed 8 percent strength gain, whereas the

cement paste containing high alumina (307 Al

03) fly ash showed
23 percent strength loss.

2

Many researchers have found a similar correlation between the
alumina content of blast furnace slag and sulfate resistance of
portland cement products containing the slag. The FEuropean slags
are relatively high in alumina (13-15%) as compared to the Ameri-
can slags (8 to 10%). Whereas 70 percent or more Type I cement
replacement by slag is recommended for sulfate resistance in
Europe, investigation by Hooten et al (37) on a Canadian slag con-
firmed that 50 percent Type I cement (12% C3A content) replacement

by slag provided as good sulfate resistance as shown by that of a
Type V sulfate resisting portland cement. Tt was once believed
that the improvement in sulfate resistance of portland pozzolan
and portland slag cements was caused primarily by reduction in
free lime and reactive alumina content due to pozzolanic reaction.
The writer (26), however, has shown that reduction in permcability
as a result of pore refinement associated with the pozzolanic re-
action is equally important, which agaln underscores the impor-
tance of proper curing of concretes containing mineral admixtures
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if potential benefits from their use are to be realized.

Permeability and Corrosion of Steel in Concrete

Reduction of alkalinity of the cement paste by carbonation
from atmospheric CO2 is generally the first step in the process of

corrosion of steel in concrete. In a hydrated portland cement
paste, about 20 percent Ca(OH)2 is present to provide the reserve

basicity for steecl protection. Since pozzolanic reaction consumes
Ca(OH)z, theoretically about 25 percent reactive silica present in

a portland-pozzolan mixture is cnough to consume all the available
Ca(OH)2 from portland cement hydration. This has caused some con-

cern among construction enginecrs who feel that due to the reduced
alkalinity of concrete, the addition of pozzolans to reinforced
and prestressed concrete would present a danger for corrosion of
steel.

According to Massazza (38), the resistance to the carbonation
of concrete does not appear to be related to the amount of calcium
hydroxide in the pore solution since many researchers including
Diamond (39) have reported that the pore solutions in mature port-
land cement pastes contain little or no calcium. Like sulfate re-
sistance therefore, causes of resistance to carbonation must be
sought mainly in physical factors such as permeability of the ce-
ment paste.

Manmohan and Mehta (24) found that 10, 20, or 30 percent rice
husk ash by weight of cement, and 30 or 70 percent blast furnace
slag effectively reduced the size of large pores in 28-days cur-
ing, yielding cement pastes of very low permeability. 1In the case
of cements containing 10, 20, or 30 percent fly ash, the pore-size
refinement and a drastic drop in permeability of the cement paste

(from 11—].3><10—11 to lxloﬂllcm/sec.) occurred during the 28 to 90
days curing period. This is consistent with the results of Davis,
cited by Berry and Malhotra (2) on permeability of concrete pipe
containing fly ash, which was higher than plain concrete at 28
days, but substantially lower after 6 months of curing. Again,
the importance of differences between the reactivity of various
mineral admixtures and the significance of prolonged curing are
obvious if the benefits from the use of such materials are to be
realized.

In conclusion, the pozzolanic and cementitious reactions
associated with byproduct mineral admixtures while reducing the
free lime present in the cement paste on one hand, decrease the
permeability of the system on the other hand, thus improving the

overall resistance to CO2 attack. Suggesting that enough hydroxyl

ion concentration and free calcium hydroxide is always present
in the portland-pozzolan cement pastes, even when very active
Si0,-rich pozzolans are used, Massazza (38) feels that the danger

2
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due to carbonation should be of less concern in concretes contain-
ing pozzolans.

Expansion Due to Alkali-Silica Reactions

A slow reaction between the alkaline solution from a high-
alkali portland cement (> 0.6% Na20 eq.) and certain forms of sil-—

ica in aggregate is known to cause expansion and cracking in con-
crete. In numerous laboratory investigations, a partial replace-
ment of the high-alkali cement by a mineral admixture has been
found to be effective in reducing the expansion due to the alkali-
silica reaction. The exact mechanism by which this reaction
causes expansion, and the mechanism by which mineral admixtures
are able to reduce expansion are still imperfectly understood. It
appears that in some silica or silicate structures highly alkaline
solutions (pH 13 to 14) are able to destroy bonding and the prod-
ucts thus formed can swell by imbibition of water. When a part of
the portland cement is replaced by a mineral admixture, the avail-
able alkali in the system is reduced by the amount of the admix-
ture present, provided the latter does not contain "soluble al-
kali". A further reduction in alkalinity may also occur with the
progress of the pozzolanic reactions.

Berry and Malhotra (2) reported that 75 percent reduction in
expansion according to the ASTM Standard C 441 test was achieved
by numerous investigators when 36 to 48 percent of the volume of
high-alkali portland cement was replaced by fly ash. The authors
question whether the early strength losses caused by such high
cement substitutions by fly ash would be tolerable for more than
a limited number of applications. However, Mehta and Polivka (40)
reported that only 10 percent rice husk ash by weight of cement
was sufficient for effectively reducing the alkali-silica expan-
sion in ASTM C 441 test, and there was no loss of early strength.

It should be noted that similar to high-alkali portland ce-
ments, the addition of some high-calcium fly ashes containing
large amounts of soluable alkali sulfates might increase rather
than decrease the alkali-gilica activity. Such a phenomenon has
been reported by the writer (36), and also by Diamond (41). Both
investigators have pointed out that it is the soluble alkali and
not the total alkali present in a fly ash which plays a role in
increasing the alkali-silica reactivity.

Compared to fly ash, it seems that blast furnace slag addi-
tions would be less sensitive to the amount and variation in slag
composition from the standpoint of combating alkali-silica reac-
tion. Hogan and Meusel (6) showed that portland cement replace-
ment by 40, 50, or 65 percent granulated slag in ASTM Test C 227,
with pyrex glass as reactive aggregate, reduced the expansion of
the control mortar bar specimens from about 0.3 percent to 0.07
percent or less.
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Effect of Mineral Admixture on Concrete Strength

It is not easy to summarize the large volume of published da-
ta on the effect of mineral admixtures on concrete strength. Both
the strength development rate and the ultimate strength, which are
important to the construction engineer, are controlled by the kin-
etics of hydration reaction of compounds of portland cement and
mineralogical phases of the admixture. This is because strength
development is a function of the pore-filling process which takes
place with the formation of hydration products. Therefore, sub-
ject to variations in the mineralogical composition and particle
characteristics of the mineral admixture, composition of the port-
land cement, curing temperature and humidity, and concrete mix
proportions, the following general observations can be made in re-
gard to the effect of mineral admixtures on: (i) rate of strength
development, and (ii) ultimate strength of concrete.

(i) With highly active pozzolans, such as rice husk ash and
condensed silica fume, the pozzolanic reaction may start as soon
as calcium and hydroxyl ions are available from the hydration of
portland cement compounds. TIn the presence of rice husks ash with
the high internal porosity of its particles, significant effects
of the pozzolanic reaction on the mechanical properties of mortars
and concretes were observed by the writer at all ages, even at 1-
day after hydration at 20°C. 1In the case of condensed silica
fume, Sellevold et al (28) found considerable pozzolanic reaction
and improvements in properties associated with it during 2 to 14
days curing at 20°C.

For a typical low-calcium fly ash, Owens and Butler (42) re-
ported that the pozzolanic reaction commenced at 11 days after hy-
dration at 20°C, and significant effect of the reaction on crush-
ing strength was noticed in the 28-day test. Similarly the low
calcium fly ashes used by Diamond and Lopez-Flores (34), at 30 per-
cent cement replacement by weight showed no contribution to the
strength of ASTM C 109 mortars tested at 1, 3, and 7 days. How~
ever, thereafter significant contribution of the pozzolanic reac-
tion was observed to the 28-day strength; by 90 days the strengths
of the cement-fly ash mortars were of the same order as the refer-
ence portland cement. As expected, with high-calcium fly ashes
the authors found significant contribution to strength at 3 days,
and strengths similar to those of the refercnce mortar at 7 days.

In conclusion, whereas the highly active pozzolans start
their contribution to strength almost from the beginning of port-
land cement hydration, the low-calcium fly ash does not show large
enough pozzolanic activity to affect strength until about two
weeks after hydration; the high-calcium fly ash may start 1its ce-
mentitious and pozzolanic activity as early as 3 days after hydra-
tion. It seems that availability of hydroxyl, sulfate and calcium
ions in the surrounding solution triggers the hydration of high-
calcium fly ash relatively quickly, and the process is self-
sustaining due to the supply of these ions from the hydration of

fly ash itself.
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In regard to ground granulated blast furnace slag, cementi-
tious and pozzolanic behavior is essentially similar to high-
calcium fly ashes. At 40, 50, or 65 percent cement replacement by
weight, Hogan and Meusel (6) found that generally through 3 days
of age, strength contribution of slag to ASTM C 109 mortars was
low, however strengths similar to the reference portland cement
were achieved at 7 days, and higher strengths thereafter. From
the standpoint of contribution to strength, the relative rates of
reactivity of various byproduct mineral admixtures in the presence
of portland cement and moisture are illustrated in Fig. 9. Tt is
worth pointing out here that blending low-calcium fly ash with
silica as suggested by Mchta and Gjorv (43) or a high-calcium fly
ash or granulated blast furnace slag offers an interesting ap-
proach for reducing the carly strength loss resulting from cement
replacement by a low-calcium fly ash alone.

(ii) The ultimate compressive strength of products containing
mineral admixtures depends on cement content, water—to-(cement +
admixture) ratio, and degree of hydration. It is well known that
plain portland cement mortars or concretes, cven at very high ce-~

ment content (1000 lb/yd3 or 600 kg/m3) do not show more than
about 50 MPa ultimate strength. This maybe because the presence
of large amounts of crystalline calcium hydroxide within the bulk
hydrated cement paste, and at the aggregate-cement paste transi-
tion phase, creates zones of weakness. The pozzolanic reactions
associated with the mineral admixtures in concrete are able to
consume calcium hydroxide and thereby strengthen the material,
principally through pore refinement during the early stage of hy-
dration and later by improving the strength of the transition
phase.

According to Berry and Malhotra (2), high-strength concrete

mixtures containing 850 ].bs/y(l3 portland cement, 100 lbs/yd3 low-
calcium fly ash (ASTM Type F), and a water-reducing agent (ratio
of water-to-cementitious material = 0.33) developed for use in the
Water Tower Place and River Plaza in Chicago, showed about 70 MPa
compressive strengths at 50 days. For application in Texas, simi-
lar strengths werc obtained by Cook (33) from concrete mixtures

containing only 667 lbs/yd3 (400 kg/m3) portland cement, 167 1lbs/

yd3 (100 kg/mj) high-calcium fly ash (ASTM Type C) and a water-
reducing admixture (ratio of water-to-cementitious material =0.33).

Hogan and Meusel (6) reported that cements containing 40 or

50 percent granulated blast furnace slag of 008 mz/kg Blaine sur-
face area gave about 60 MPa compressive strength at 60 days in ASTM
C 109 mortars whereas, at the same age, the reference mortar had
only 47 MPa compressive strength. At a water-to-(slag + cement)
ratio of 0.38, concretes made with cements containing 40 or 50
percent slag gave about 55 MPa strength at 28 days, when compared
to 48 MPa for the reference concrete. The striking similarity in
behavior between granulated blast furnace slag and high-calcium
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fly ash is again demonstrated by the data of Dodson and Roberts
(32) which show that a high~calcium fly ash replacing 70 percent
cement by weight when incorporated into concrete at 0.3 water-to-
(cement + ash) ratio gave 53 MPa compressive strength at 90 days.

In regard to rice husk ash, the writer (8) found that 30 per-
cent cement replacement by rice husk ash gave 40 percent strength
increase over the control mortars at ages 3, 7, and 28 days in
ASTM C 109 test. The 90-day strength of rice husk ash cement mor-
tars was 63 MPa, when compared to 47 MPa for the control portland
cement, It should be noted that no water-reducing agent was used
in this test. In a concrete-containing the same proportion of
rice husk ash and a water-reducing agent about 80 MPa compressive
strength was achieved at one year (ratio of water to cement +
ash = 0.4)., Simllar results are reported from the use of con-
densed silica fume in concrete mixtures. Many researchers have
claimed that the silica fume addition to concrete yields an ef-
ficiency factor of 3 to 4, which means that within certain limits
of cement replacement 1 pound of silica fume can replace 3 to 4
pounds of portland cement at a given compressive strength. Using
special aggregates of controlled particle size distribution and a
high range water-reducing agent, Bache (44) was able to produce
concretes with less than 0.2 water-to-(cement + silica fume) ratio
which gave over 200 MPa compressive strengths after curing.

Modulus of Elasticity, Creep, and Drying Shrinkage

Although individual studiles have shown contradicting data,
there is general agreement that modulus of elasticity, creep and
drying shrinkage characteristics of concrete are greatly influ-
enced by strength of concrete and stiffness of the aggregate. TFor
instance, Lane and Best (5) found that compared with plain con-
crete, the compressive strength and modulus of elasticity of fly
ash concrete were lower at carly ages but slightly higher at 90
days. Since creep is influenced by compressive strength and mod-
ulus of elasticity of concrete, higher creep strains were found
in fly ash concrete at early age loading when strength was low;
however the rate of crcep decreased at later ages. In general up
to 25 percent cement replacement showed no significant difference
in creep for up to 100 days; beyond this age concrete containing
fly ash produced less creep.

In regard to drying shrinkage Lane and Best (5) quoted a TVA
study which showed that the drying shrinkage of plain and fly ash
concrete prisms was essentially the same after 400 days. Earlier
Davis et al (1) arrived at a similar conclusion. They found for
concrete masses of ordinary thickness, such as highway slabs and
walls and frames of buildings, the drying shrinkage at the exposed
surfaces of fly ash concretes, as compared to that of plain con-
crete was similar up to the age of onc year and somewhat lower for
the fly ash concretes. At a short distance from the exposed sur-—
face, the drying shrinkage of the [ly ash concretes was substan-
tially less.
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Hogan and Meusel (6) found that concrete containing 40, 50,
or 65 percent blast furnace slag by weight of total cementitious
material exhibited somewhat greater drying shrinkage than plain
portland cement concrete. However, research in Japan has shown
that this can be remedied by correcting the optimum sulfate con-
tent of the total cementitious material. TFor highest strength and
lowest drying shrinkage, most portland cement-slag combinations

were found to require 2 to 2.5 percent 303 content. Not much data

are available on creep and drying shrinkage properties of concretes
containing condensed silica fume and rice husks ash; however, duc
to their ability to contribute high early strength, they are like-
ly to reduce rather than increase the drying shrinkage and creep.
Carette and Malhotra (21) reported that up to 84 days of test pe-
riod the drying shrinkage of concretes containing 5, 10, 15, and
20% silica fume by weight of portland cement was less than the
control concrete.

ECOLOGICAL, ECONOMIC, AND ENERGY CONSIDERATIONS

Ecological problems associated with the current disposal
practices of the industrial byproducts discussed in this report
are well known. For instance, stockpiling on land causes air pol-
lution, whereas dumping into ponds or streams would release toxic
metals which are usually present in small amounts. Tashiro and
Oba (45) have shown that many toxic metal ions can be chemically
bonded in the calcium aluminate and sulfoaluminate hydrates in
concrete.

In regard to energy savings, the manufacture of 1 ton of port-
land cement in the United States requires fossil fuel input of the
order of 7.4 million Btu (48). Since fly ash, condensed silica
fume, and rice husk ash normally do not need additional energy in-
put before use, 1t is clear that the energy saving from ccment
replacement by such admixtures in concrete will be in direct pro-
portion to the amount used. Blast furnace slag needs to be dried
and ground before use. Spellman (46) has estimated that the total
energy input for this purpose is about 1/5 of that required for
portland cement production, thus offering a substantial potential
for energy savings. Using bleeded cements containing portland
cement, plaster of Paris, and large proportions of fly ash, rice
husk ash, or condensed silica fume, the writer (47) showed that up
to 75 percent energy in cement production can be saved, while the
strength and water-resisting qualities of the products remain
suitable for many applications in the construction industry.

Several authors including Lane and Best (5) have convincingly
demonstrated the economic benefits from use of fly ash as a min-
3 (72,000

3
m~) of concrete placed at Normandy Dam, 10,000 tons of fly ash
were required, resulting in a cement reduction of 6600 tons and a
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cost saving of $225,000., Again according to the authors, at the
Watts Bar Nuclear Plant scheduled for completion in 1984, an es-

timated 320,000 yd3 of structural and mass concrete containing fly
ash would require $825,000 less cost, since about $l.75/yd3 for

structural concrete and $2.0/yd3 for mass concrete will be saved
by the use of fly ash.

Given the potential engineering benefits from the use of many
industrial byproducts as supplementary materials in cement and
concrete in addition to ecological, economic, and cnergy benefits
pointed out by numerous authors including the writer (48), it is
surprising that the U.S. cement and concrete industry shows no
visible signs of making rapid progress toward utilization of avail-
able quantities of these byproducts. Tor certain materials such
as fly ash there is some concern about variability and quality
control of the material. However similar problems have existed in
the cement manufacturing process which are resolved satisfactorily
by proper blending or homogenization of materials. Problems of
specifications and accelerated tests for cvaluating the suitabil-
ity of mineral admixtures for use in concrete are difficult but
not insurmountable. This is proven by the approach taken by fly
ash marketing agencies in the United Kingdom and some other coun-
tries (49).

CONCLUDING REMARKS

1. Ecological, economic, energy, and engineering considerations
require that the use of those industrial byproducts which are poz-
zolanic and cementitious should be increased in the cement and
concrete industry. Both as cement additions and as mineral admix-
tures, the use of granulated blast furnace slag and low-calcium
fly ash is widely practiced by many countries outside the U.S.

Due to historic reasons, the science and technology associated
with these materials have developed along separate lines. How-
ever, with the advent of many additional byproducts, such as high-
calcium fly ash, rice husk ash, condensed silica fume, and granu-
lated non-ferrous slags, there is a need to treat the entire sub-
ject as a unified discipline. A review of the mineralogical com-
position of these materials and their reactions in the presence of
portland cement and water shows that this is not only possible but
highly desirable.

2. The engineering benefits from the use of mineral admixtures in
concrete result partly from their granulometric characteristics,
such as particle size and texture, and partly from the pozzolanic
and cementitious reactions. The latter cannot be taken for grant-
ed because curing conditions (for instance, environmental humidi-
ty and temperature) and concentration of ions in the surrounding
medium play a very important role in the hydration of mineral ad-
mixtures.
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3. The slower hydration characteristic of most mineral admixtures,
when compared to portland cement, requires that the user should
pay special attention to concrete curing temperaturc and humidity.
He should also be cautioned that in general mineral admixtures
tend to slow down the time of sect and rate of strength development
at early age. Some of the problems can easily be solved by proper
mix proportioning (increasc of cement content or addition of some
highly pozzolanic material) and application of water-reducing or
set-accelerating admixtures. Similarly, due to the high surface
arca of mineral admixtures (especially in the presence of cellular
carbon particles), more air-entraining agent may be nceded for
proper air-entrainment in a concrete which needs to be protected
against frost action.

4, Since it is the mineralogical composltion, and not the chemi-
cal composition, which would govern the pozzolanic and cementi-
tious behavior of a mineral admixture, classifications and speci-
fications emphasizing the chemical composition are more of a hin-
drance than help in promoting the use of mineral admixtures in
cement and concrete industries. New clagsifications, sgpecifica-
tions, and accelerated tests such as the one reported by the writ-
er (50) that are capable of relating the desired performance cri-
teria to the microstructure of the hydrated cement paste contain-
ing the admixture are urgently needed.
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TABLE 1. Analytical Oxide Content of Typical Portland

Cement and Industrial Byproducts

%
Oxide Analysis , % S| Al F{ Cc|] M{S | LOL

Portland Cement: 22 6 3163 312 1

Ash from the Combustion of:

Anthracite or Bituminous Coals 48 128 9 4 211 5
Lignite or Subbituminous Coals 38 22 4124 513 1

Rice Husks (Uncontrolled
Temperature) 96 - - - N 1

Rice Husks (Mehta-Pitt Furnace) 85 - - - -1 - 12

Condensed Silica TFume from:

Metallic Silicon Furnace 94 - 1 - - |- 3

Ferrosilicon Alloy Furnace 90 | - 2 1 1f- 4

Slag from Metallurgical Furnaces:

Iron Blast Furnace 361 9] 1140} 11 ] - -
Steel (Open Hearth) 33 7110|3710}~ -
Copper 35 3152 2 1y~ -
Nickel 38 6150 3 31- -
Lead 22 | 8140117 21 - -

*
Abbreviations used by cement chemists are as follows:

wi
-e

510, = S; Al,03 = A; Fep03 = F; Ca0 = C; Mg0 = M; S0;3 =
H,0 = H; Loss of ignition = LOI.

sk
In portland cement, LOI is generally duc to combined water in

gypsum. In industrial byproducts, it is generally due to the
presence of carbonaceous matter.
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TABLE 2. Classification, Composition, and Particle Characteristics

of Cementitious and Pozzolanic Byproducts for Concrete

Classification

Chemical and
Mincralogical Conposition

Particle Characteristics

I. Cementitious and Pozzolanic

Granulated Blast Furnace Slag:

Nigh-calctum fly ash:

11, Highly Active Pozzolans

Condensed Sillca Pume:

Rice Husk Ash:
{Mehta-Pitt proce

111,

Low=calcium Fly Ash:

Iv. Weak Por

Slowly-cooled blast furnace
slag, bottom ash, boller
slag, field=-burnt rice

husk ash.

Mostly silicate glass contain-
ing mainly calcium, magnesiun,
aluminum, and silica, Crys-
talline compounds of melilite
group may be present in small
quantity.

Mostly silicate glass contalning
matnly calcium, magnesium, alu-
minum, and atkalies, The small
quantity of crystalline matter
present generally consists of
quartz and C;A; free lime and
periclase may be present; €5 and
CyA1S may be present in the case
of high-sulfur coats, Unbuornt
carbon fs usually less than 2%,

Consists essentially of pure
silica {u noncrystalline form.

Consists essentially of pure
silica in noncrystalline forn.

Mostly silicate glass containing
aluminum, iron, and alkalies.
The swmall quantity of crystal-
1ine matter present consists
senerally of quartz, wullite,
sillimanite, hematite, and nag-
netite. Unburnt carbon is usu-
ally less than 5%, but may be

as high as 10%,

Consists essentlally of crystal-
line silicate minerals, and only
a small amount of noncrystalline
natter.

Unprocessed material is of sand
size and contains 10 to 15% mois-
ture, Before use it is dried and
ground to particles less than 45

um (usually about 500 m®/kg Blaine).
Particles have rough texture,

Powder corresponding to 10-15%
particles larger than 45 pm (usu-
ally 300-400.m?/kg Blaine). Most
particles are solid spheres of less
than 20 um diameter. Particle sur-
face is generally smooth but not as
clean as in low-calcium fly ashes.

Extremely fine powder consisting of
solid spheres of 0.1 um average di-
ameter (about 20 m?/p surface area
by nitrogen adsorption}.

Particles are gencrally less than
45 ym but they are highly cellular
{about 60 m’/g surface arca by
nitrogen adsorption),

Powder corresponding to 15-30%
particles larger than 45 um (usu~
ally 200-300 m?/kg Blafne). HMost
particles are solid spheres of
average 20 pm diameter. Ceno-
spheres and plerospheres may also
be prescent. Particles have a
smooth texture.

The materials must be pulverized to
very fine particle size In order to
develop some pozzolanfe activity.
Ground particles ave rough in tex-
ture.

Full document details: ACI SP-79

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/aci-sp-79
http://www.avadocuments.com/doc/aci-sp-79

38 Mehta

®

CO (OH)2

wemweea Monosulfate //

RELATIVE AMOUNTS OF HYDRATION PRODUCTS

1 e ”

0 5 3012 4 1 2 7 28 90
\ Min. / “—Hours/ "\ Days /

HYDRATION AGE —— >

® ™ -
) Porosity Rd
R4
/

"..<—Permeability

.
>
-

\0
e Q'h
- Initial Set——h-:;f‘

-
(loss in consistency) ™**vew.. 4

/;—Strengfh

4

4

PHYSICAL PROPERTIES

<—Final Set :7"'"....,
(complete solidification) /Jrigid solicr""--»..,._
*— gaining strength

Fig. l--Changes in a portland cement paste with hydration
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Fig., 2~--X-ray diffraction patterns of fly ashes and
granulated blast furnace slag
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Fig. 3--Scanning electron micrographs of a: (A) low-calcium fly ash,
(B) high-calcium fly ash; (C) broken plerosphere in a low-calcium fly ash
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Fig. 4—-Particle size distribution of typical materials
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Fig. 5~-Scanning electron micrographs of: (A) condensed silica fume, (B) condensed
silica fume at high magnification (courtesy of P. Aitcin, Univ. of Sherbrooke,

Canada), (C) rice husk ash
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Fig. 6--Mechanism of bleeding reduction in cement paste by
silica fume addition (Courtesy of L. Hjorth, Aalborg Cement
Co., Denmark)
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Fig. 7--Effect of fly ash, rice husk ash or slag additions on pore size distribution
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PORTIAND

PORTLAND POZZOLAN

Fig. 8--Model of well-hydrated pastes of
portland-pozzolan cement

A cpresents aggroegation of poorly
crystalline C-S-H particles which
have at least one colloidol dimen-
sion {1 to 100nm).

Inter ~ particle spacing within on ag-
gregation is 0.5 to 3.0nm

{avg. 1.5nm).

g H represents hexogonal erystalline

products such as CH, CASHy,
C4AHie. They form large crystals,
typically Tpm wide.

C represents capillary cavities ar

vaids which exist when the spaces
orginally occupied with woter do

not get completely filled with the
hydration products of cement,

The size of capillory voids ranges
from 10nm to 1pm, but in weli~
hydrated, low water~cement ratio
pastes, they are < 100nm,

CH+S ~» C~S~-H of iewdonsity
Pozzolanic reaction converts the
denser CH phose and larger pores
in to less dense C-S-H and smaller
pores.

portland or
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Twenty-Five Years” Experience
Using Fly Ash in Concrete

By Joseph F. Lamond

Synopsis: The U.S. Arny Corps of Engineers has used fly ash as a
material that partially replaces portland cement in concrete for
twenty-five years. Initially research was perforned on use of
fly on concrete properties for bleeding, permeability, heat rise,
resistance to freezing and thawing, elasticity, and compressive
and flexural strength development. Those properties affected by
partial replacement of portland cement with fly ash were heat
rise in mass concrete, resistance to freezing and thawing and
strength development. The concrete materials properties of three
massive concrete gravity dams are reported. Since construction,
these dams have been periodically inspected. Although these
structures have sore ninor cracking, spalling, and erosion, their
perfornance has been similar to other concrete gravity dams
constructed using concrete without fly ash. Cost savings per
cubic yard of concrete has been the benefit derived from using
fly ash as a partial cement replacement material in massive
concrete structures. Fly ash is specified to conform to ASTH
€618, Class C or Class F with modifications to this specification
as needed based on location or type of structure. Fly ash may
replace portland cenent up to 35 percent by absolute volume in
interior nass concrete and 25 percent by absolute volume in
exterior mass concrete and in structural concrete. Fly ash
concrete has performed satisfactorily on Corps of Engineers
projects over the last twenty-five years.

Keywords: bleeding {concrete); compressive strength; concrete
durability; flexural strength; fly ash; freeze-thaw durabiTity;
fresh concrete; hardened concrete; gravity dams; mix proportioning;
permeability; pozzolans; temperature rise (in concrete}; water
content; workability.
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ACI Member Joseph F. Lamond {is Chief, Concrete Section,
Structural Branch, Engineering Division, Directorate of Civil
Works, Headquarters, U.S. Army Corps of Engineers, Washington,
D.C. Mr. Lamond is the concrete material engineer responsible
for design, construction and testing of concrete for the Corps
of Engineers Civil Works Program.

INTRODUCTION

In 1958 fly ash was first used in concrete construction in
Sutton Dam by the U.S. Army Corps of Engineers. This project was
part of the Corps Civil Works program and, since that time, fly
ash has been used in approximately 50 projects. The Corps
Military program used fly ash concrete for rehabilitation of the
U.S. Arny Base wharf in Boston, Massachusetts in the 1950's but
it has not been used on many other military projects.

An investigation of pozzolan as a cement replacenent material
was performed by the U.S. Arny Waterways Experiment Station.
This investigation, authorized by the 0ffice Chief of Engineers,
started in 1950 and was completed in 1966, This investigation
was directed toward large size aggregate concrete used in massive
structures. The investigation studied the properties of both
fresh and hardened concrete. Acceptance testing procedures for
fly ash were standardized during this investigation.

The 0ffice Chief of Engineers authorized a study on the use
of fly ash concrete in airfield pavement at the U.S. Army Corps
of Engineers, Rigid Pavement Laboratory, in 1956,

Field experience on three Corps of Engineers Civil Works

projects was reported by VWaugh in American Concrete Institute
SP-6(1). Economy was the major benefit derived from the ggciments
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fly ash as a cement replacement material. The fly ash concrete
usually required less water and more air-entraining admixture
per cubic yard than similar concrete made without fly ash. With
equal slump fly ash concrete was reported to be more workable.
Periodically the three projects reported by Waugh (1) have been
inspected. The twenty-five year performance of fly ash concrete
is satisfactory.

The original design quidance on use of fly ash has changed
Tittle over the twenty five years since the Corps first adopted
its use. The term "cement replacement material” was first used
in 1953 design quidance to describe fly ash and other mineral
adnixtures. The present design quidance defines fly ash as
either Class F or Class C pozzolan conforming to ASTM C618(2).

LABORATORY INVESTIGATIONS

In 1950 an investigation was authorized to study materials
that could be used in concrete to replace a portion of portland
cement. This investigation was performed by the U.S. Army
Haterways Experiment Station in Vickshurg, Mississippi. Five
types of portland cement were investigated in combination with
sixteen cement replacement nmaterials. Fly ashes from four
different sources were anong the sixteen replacement materials.
Among the properties that were studied were bleeding,
perneability, heat rise, resistance to freezing and thawing,
elasticity, compressive strength to an age of ten years and
flexural strength. Sixteen reports were published between April
1955 and Noverber 1967 (3-17).

In 1966 another investigation was authorized to study use of

fly ash in airfield pavements. This investigation was performed
by the U.S. Army Corps of Engineers, Rigid Pavements LaSd@gidraents
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Cincinnati, Ohio. A report (18) published in January 1960,
investigated three sources of fly ash in combination with one
type of portland cement. Among the properties studied were
flexural strength and resistance to freezing and thawing. The
physical and chemical properties of the fly ashes used in the
two investigations are shoun in Table 1. The fly ash sources
designated T and V are fron I11inois, II and VII from Michigan,
11T from Pennsylvania, IV from Maryland and VI from Kentucky.

EFFECTS OF FLY ASH ON PROPERTIES OF FRESH CONCRETE

For each investigation fine and coarse aggregates were from
one source. The slump and air contents were controlled to very
close limits. The workability of the mass concrete study was
controlled by a remolding test. The remolding test determined
the mechanical effort required to remold samples of freshly
mixed concrete from a molded form of a frustum of a cone to a
cylindrical disk. This method is CRD-C6 (19).

The water requireménts per cubic yard of concrete were
usually reduced when fly ash replaced cement. This amount of
reduction varied with each source of fly ash. Essentially no
reduction was experienced with two fly ash sources. Factors
influencing water requirements are discussed in ACI 212.2R (21).

The air content of freshly mixed concrete was maintained at
6.0 + 0.5 percent. As the percentage of fly ash increased in the
mixture, the amount of air-entraining admixture had to be
increased to maintain the air content. The quantity of air-
entraining admixture needed when the percentage of fly ash
remained constant varied considerably for different sources of
fly ash. Factors influencing air-entraining admixture
requirements are discussed in ACI 212,2R (21). Documents
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