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PREFACE 

The Canada Centre fo r  Mineral and Energy Technology (CANMET) 
of Energy, Mines and Resources Canada, O t t a w a ,  has played a 
s igni f icant  r o l e  i n  Canada f o r  over twenty years i n  research 
on f l y  ashes, ferrous and non-ferrous slags, and condensed 

In  July-August 1983, CANMET i n  association w i t h  the American 
Concrete I n s t i t u t e  and the U.S. Corps of Engineers sponsored 
a five-day internationalconferenceatMontebellof Quebec, Canada, 
on t h e  Use of Fly Ash, Silica F'ume, Slag and O t h e r  Mineral By- 
Products i n  Concrete. The main purpose of the conference w a s  
t o  bring together representatives from industry, un ivers i t ies ,  
and government agencies t o  present the  latest information on 
these materials and t o  explore new areas of needed research. 
The two-volume proceedings of the conference containing sixty- 
two papers f r o m  f i f t e e n  countries w e r e  published as AC1 Special 
Publication SP-79. 

silica fumes, i n  order t o  conserve both resources and energy. -4 

I n  1986, CANMET i n  association w i t h  the  American Concrete 
I n s t i t u t e ,  the Canadian Society for C i v i l  Engineering, and a 
number of organizations i n  Spain sponsored the Second Interna- 
t i ona l  Conference on the subject of Fly Ash, Silica Fume, 
Slag, and Natural Pozzolans i n  Concrete. The conference w a s  
held April 21-25, 1986 i n  Madrid, Spain. The two-volume 
proceedings of t he  conference containing seventy-seven papers 
from more than twenty countries w e r e  published as AC1 Special 
Publication SP-9 1. 

I n  1989, CANMET i n  association w i t h  t he  American Concrete 
I n s t i t u t e ,  Norwegian I n s t i t u t e  of Technology and several  other 
organizations i n  Canada and Norway sponsored the Third Interna- 
t i ona l  Conference on t h e  above subject. The conference was 
held June 18-23, 1989 i n  Trondheim, Norway. More than 150 
papers from 30 countrieswerereceivedandreviewed inaccordance 
with t h e  po l i c i e s  of the American Concrete I n s t i t u t e ;  83 papers 
w e r e  accepted for  publication. To a l l  those whose submissions 
could not  be included i n  the  symposium volumes, t h e  I n s t i t u t e  
and the ConferenceOrganizing Corni t teeextendtheir  appreciation 
fo r  the i n t e r e s t  and hard work. The accepted papers are published 
i n  t w o  volumes, the f i r s t  volume contains papers dealing w i t h  
f l y  ash and natural  pozzolans, and t h e  second volume cons is t s  
of papers dealing w i t h  condensed si l ica fume and ferrous and 
non-ferrous slags. Some papers could have been published i n  
either volume because themater ia l  coveredmorethanone subject. 

.. 

',;. 

I n  addition t o  t h e  papers which have been published i n  
these volumes, more than 60 papers were presented i n  so-called 
"research sessionsv1 and as I1posters. Some of these papers 
w e r e  published as llsupplementary papersf1, and the authors have 
been encouraged t o  publish them i n  technical journals of t h e i r  
Cho ice. 

... 
111 a 
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Thanks are extended t o  those AC1 members and others  who 
helped review manuscripts. Without their prompt review and 
constructive comments, it would not have been possible t o  
publish these volumes before the conference. The cooperation 
of the authors i n  accepting reviewers'suggestions and revising 
their manuscripts accordingly isgreat lyappreciated.  Par t icular  
thanks are extended t o  D r .  V . S .  Ramachandran f o r  h i s  ass is tance 
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Pozzolanic and Cementitious By-products 
in Concrete-Another Look 

by PK. Mehta 

Svnorisis: This paper intends to update a previous (1983) critical review by the 
author on pozzolanic and cementitious by-products for use in concrete. The 
by-products included in this report are fly ash, granulated blast-furnace slag, and 
condensed silica fume. Recently available worldwide statistics on production and 
utilization rates of these mineral admixtures are given. As far as possible new and 
useful information is presented on their physical and chemical characteristics, 
structure and reactivity of the glassy phase present, mechanisms by which concrete 
properties are enhanced, and engineering properties of concrete containing 
siliceous by-products. A special emphasis is given to durability aspects of 
concretes incorporating fly ash, blast-furnace slag, or condensed silica fume. 
Finally, the status of standard specifications and test methods is reviewed, and the 
contribution of siliceous by-products to make concrete an environment-friendly 
material of construction is emphasized. 

Kevwordc: admixtures; alkali-aggregate reactions; blast fumace m; compressive strength; concrete durability; f lv  ash; glass; 
microstructure; particle s i z e  distribution; reviews; rheological 
properties; silica fume; specifications; workability 
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2 Mehta 

P. K. Mehta, FACI, is Professor in the Civil Engineering Department at the 
University of California at Berkeley. He is the author or coauthor of more than 
125 technical papers and a book on microstructure and properties of concrete. He 
is also the recipient of the Wason Medal for Materials Research awarded by the 
ACI, and a CANMET/ACI award on performance of concrete in marine 
environment. 

INTRODUCTION 

In 1983, at the First International Symposium on Fly Ash, Silica Fume, and 
Slag, the author presented a comprehensive report on pozzolanic and cementitious 
by-products used in concrete (1). During the last five years a relatively large 
number of publications dealing with the subject have appeared. For example, the 
proceedings of the Second Int'l Conference on Fly Ash, Slag, Silica Fume, and 
Natural Pozzolans (Madrid, 1986) contain 80 papers in a Special Publication of 
the ACT (SP-91), and the proceedings of the Eighth Int'l Congress on the 
Chemistry of Cements (Rio de Janeiro, 1986) contains 4 special reports and 43 
supplementary reports on the subject. In addition to numerous research papers 
that are routinely published in scientific and technical journals, the author is aware 
of at least five books (2-5) and four committee reports (7-10) which attempt to 
cover the state of the art in a comprehensive manner. 

This review is not intended to be a digest of the 1983-87 publications on 
pozzolanic and cementitious by-products used in concrete. Instead, it is the 
intention of the author to provide an update on the topics covered by the previous 
review (1) and highlight any new information which, in the author's view, repre- 
sents a significant advancement to the state of the art. 

First, a brief review of the more recent rates of production and utilization 
of pozzolanic and cementitious by-products in many countries of the world will 
be presented. This will be followed by new and useful information on their 
physical and chemical characteristics, influence on concrete properties, 
specifications and test methods, and contribution of siliceous by-products in 
making concrete an environment-friendly material of construction. 

PRODUCTION AND UTILIZATION RATES 

The 1984 production and utilization rates of fly ash, blast-furnace slag, and 
condensed silica fume for several countries of the world (Table 1) were compiled 
by the RILEM Technical Committee 73-SBC, Siliceous By-products in Concrete 
(10). A comparison between the 1984 and the 1980 statistics (1) shows that in 
some developed countries, whereas the annual rates of fly ash being produced and 
used in the cement and concrete industries have remained fairly stable, the 
corresponding rates for blast-furnace slag and condensed silica fume have dropped 
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steeply. For instance, during this period the U.S. production of blast-furnace slag 
has dropped from about 26 million tonnes to 13 million tonnes and condensed 
silica fume production from about 300,000 tonnes to 100,000 tonnes. This is 
because the production of these two by-products is related to the steel production 
which, in the recent years, has come down sharply in the United States. 

Although the actual statistics from the U,S.S.R. are not available, it seems 
that the largest producers of f l y  ash in the world (with at least 10 million tonnes 
fly ash production per annum) are the U.S.S.R.,. U.S.A., China, India, U.K., and 
South Africa. The fly ash utilization rates by the cement and concrete industries 
vary from a high of about 20% for China to a low of about 1% for South Africa. 
In general, poor quality and lack of uniform composition are cited as the primary 
reasons for low utilization rates of fly ash as a pozzolan, With a better under- 
standing of technical requirements for satisfactory performance of fly ash in 
concrete, followed by development of proper test methods and specifications, it 
seems that the utilization rate for fly ash can be much higher than at present. 

Japan, China, Germany, USA, and France are among the largest producers 
of iron blast-furnace slag, Traditionally, a considerable proportion of the total 

'4 available slag is air-cooled and, therefore, is not as cementitious as the 
quickly-cooled products (granulated or pelletized slags). The slag utilization rates 
shown in Table 1 are for the quickly-cooled slag, which is cementitious without 
excessive grinding. Unlike fly ash, the physical-chemical characteristics of iron 
blast-furnace slag from a given production facility do not show large variations 
from one day to another. The availability of a uniform-quality slag is one of the 
reasons why the rates of slag utilization are much higher than fly ash, For 
instance, the cement and concrete industries in many countries of the world 
consume approximately 1/3 to 2/3 of their total iron blast-furnace slag production. 

. . .  . . .  .. ,, . . .  , :,:.: \ . I  .,. :..;:>:; , , I ..' :>< . * . .  

.......................... , .. .... .. ..I,'. . < ......... ..,.~. . .y,< ,,.,: 

Compared to approximately 1 million tonnes production in 1980 (i), the 
current world production of condensed silica fume appears to be of the order of 
500,000 tonnes, which is considerably less than the total available quantities of fly 
ash or blast-furnace slag. Due to the highly-pozzolanic characteristics of the 
material, it is relatively more expensive and therefore its use is limited to special 
applications, such as for making high strength or high durability concrete 

at present it is not being produced or used in any significant quantity. 
. . . . .  .. ., . mixtures. Specially processed rice husk ash is also highly pozzolanic (1), however . ,<>+k 

... ... . ..:,.. .;.. .:. ................ . . .  - .  

CLASSIFICATION 

It is generally accepted now that the cementitious anc pozzolanic properties 
of siliceous by-products used as cement additions depend on their particle 
characteristics and mineralogical composition, and not on their chemical 
composition and source of origin. Therefore, in the previous paper (1) the author 
made an attempt to classify these products on the basis of their cementitious or 
pozzolanic activity when used in combination with portland cement. Since this 
classification transcends the traditional barriers according to which the materials 
are classified by source, a benefit from this approach is the possible development 
of a single, performance-based, standard specification covering all mineral 
admixtures. Table 2 shows the revised version of the original classification (i), 
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which has recently been approved by the RILEM Technical Committee on the use 
of siliceous By-products in Concrete (10). According to the classification proposed 
in Table 2, all siliceous by-products used by the cement and concrete industries 
can be divided into five categories, which are briefly described as follows: 

The Cementitious mineral admixtures consist of fine particles of essentially 
a silicate glass, which has been considerably modified by the presence of large 
amounts of calcium, magnesium, and aluminum ions. Relatively small amounts of 
portland cement or other activators (e.g., alkalies or gypsum) are needed to 
accelerate the hydration and the rate of strength development from this class of 
mineral admixtures, to which rapidly-cooled blastfurnace slag and some 
high-calcium fly ashes (> 20% Cao) belong. 

As will be discussed later, the composition of the silicate glass in some 
industrial by-products may not be uniform. It is possible that a part of the glass 
is essentially an aluminosilicate glass whereas the remainder is a silicate glass 
containing large amounts of calcium and magnesium. In such a case, the product 
will be partly cementitious and partly pozzolanic. The high-calcium fly ashes, 
with 10 to 20% Cao, are categorized as cementitious and pozzolanic mineral 
admixtures, 

By-product materials which consists mostly of a silicate glass, modified with 
aluminum and iron, are categorized as normal pozzolans. Compared to the 
calcium-magnesium substituted silicate glass, the aluminum-iron substituted glass 
appears to be less reactive. The low-calcium fly ashes containing this type of glass 
are categorized as normal pozzolans. 

By-products, which consist essentially of silica in a non-crystalline and high 
surface-area form, exhibit great pozzolanic activity and are therefore categorized 
as highly pozzolanic. Condensed silica fume and specially processed rice husk ash 
belong to this category. 

The last category contains mineral admixtures of low reactivity, such as 
slowly-cooled blastfurnace slag and bottom ash, which must be pulverized to very 
fine particle size in order to develop acceptable levels of strength in combination 
with portland cement. 

PHYSICAL AND CHEMICAL CHARACTERISTICS 

. .  . . .  i . . . . . . . . . . . . . . . . . .  ,. . \> . . , i . . , .  .... 1 .  ~ 

\ .  

A summary of typical physical and chemical characteristics of the principal 
by-products used as mineral admixtures in concrete is presented in Table 2. It is 
the particle shape and size distribution as well as the mineralogical composition of 
a mineral admixture, including the types and amounts of both crystalline and 
non-crystalline (amorphous or glassy) phases present, which affect concrete 
behavior. It would therefore be useful here to compare the similarities and 
differences in physical and chemical characteristics of fly ash, granulated 
blast-furnace slag, and condensed silica fume. Particular attention should be paid 
to the nature of glass in fly ash because, since the previous review (i), some 
valuable information has recently become available on this subject. 
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Particle Characteristics 

Fly ash is a condensation product from droplets of molten coal ash, and is 
therefore mostly spheroidal, with individual particles ranging from less than 1 pm 
to greater than 1 mm. Condensed silica fume is formed by condensation of silicon 
oxide vapor, and the particles are also spheroidal. However it is a much finer 
material than other mineral admixtures, with grain size distribution in the 0.02 to 
0.3 pm range. The most commonly used method of rapid cooling of slag is by 
water granulation. The molten slag is broken up by high-pressure water jets to 
sand-size grains, which are subsequently dried and mechanically pulverized to < 
45 pm particles (passing No. 325 mesh sieve). 

Using X-ray sedimentation technique, particle size distribution data for 
several U.S. fly ashes was reported by Mehta (1 1). In general, probably due to the 
presence of larger amounts of alkali 'sulfates, the high-calcium fly ashes tend to 
be finer than the low-calcium fly ashes. This study showed the possibility of a 
relationship between the amount of < 10 pm particles in fly ash and the 7 or 28-d 
compressive strength of blended cements containing fly ash. Similarly, using 
electron microscopy, particle size distribution plots for several types of condensed 
silica fume are reported by Aitcin et. al (12). Condensed silica fume from silicon 
metal manufacture is usually finer because of the higher furnace temperature. 
With ferrosilicon alloy furnaces, as the amount of iron increases in the alloy, the 
temperature of the furnace decreases and the grain size distribution of the con- 
densed silica fume tends to shift toward coarser particles. Like fly ash, the 
observed difference in the reactivity of different types of silica fume can, to some 
extent, be related to the size distribution of particles (6). 

'.i 

* .  . .. 

Typical nitrogen adsorption surface areas 'for fly ash, ground granulated 
blast-furnace slag, and condensed silica fume are on the order of 300 to 500 
.m2/kg, 400 to 600 m2/kg, and 17,000 to 20,000 m2/kg, respectively. 

The physical characteristics of siliceous by-products account for their 
water-reducing ability in portland cement concrete mixtures. The vitreous (glass), 
smooth, and non-absorbing surface texture of these admixtures is in part 
responsible for better workability and lower water requirement of pastes, mortars, 

. .  . . . .  and concretes containing siliceous by-products as cement replacement. Another 
reason seems to be the reduction in the volume of voids that is made possible by 
a denser packing, when fine spherical particles are present in a concrete mixture. 
Helmuth (13) believes that the water reduction in portland cement-fly ash 
mixtures is the result of a better dispersion of cement particles. Very small fly ash 
particles get adsorbed on the surface of electrically charged cement grains, causing 
dispersion of the system in a manner similar to conventional (organic) 
water-reducing admixtures. 

.*. . r i . r . . . , . , . r ;~. \ .<r , ,~ .~~, . (~~,~.  ;;..A:. 

Chemical Characteristics 

From numerous publications including the previous review ( i ) ,  the wide 
variations in the oxide analyses of siliceous by- products become readily apparent. 
In the U.S. typical chemical analyses for low-calcium fly ashes (< 10% Cao), 
usually formed by combustion of bituminous coal, show 45-65% SiO,, 20-30% 
Alzo3, 4 2 0 %  FezO3, 1-2% MgO, up to 3% alkalies, and up to 5% loss on ignition 
(9,ll).  The high-calcium fly ashes (> 10% Cao) formed by combustion of 
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subbituminous and lignite coal, typically contain 20-50Yo SO,, 15-20% Alzo,, 
15-30% Cao, 5-10% Fe,O,, 3-5% MgO, up to 8% alkalies, and less than 1% loss 
on ignition. The chemical composition range for iron blast-furnace slag produced 
in the U.S. and Canada (5 ,8 )  corresponds to 32-40% SO,, 7- 17% Alzo,, 29-42% 
Cao, 8-19% MgO, and up to 2% each sulfur and iron oxide. The condensed silica 
fume from Si and, FeSi-75% industries shows a relatively narrow chemical 
composition range (6,7,12) which, typically, corresponds to 90-95 SO,, 0.3 to 0.7% 
Alzo,, 0.1 to 3% Fe,03, 0.1 to 0.5% MgO, 0.1 to 1% Cao, up to 1% alkalies, and 
up to 4% loss on ignition. 

It is generally accepted that there is little correlation between the oxide 
analysis of a mineral admixture and its performance in concrete. From the 
standpoint of concrete behavior, the chemical composition is important only to the 
extent that it influences the mineralogical characteristics of the mineral admixture, 
including the glass content and type. In addition to chemical composition, the 
processing conditions also influence the mineralogical characteristics of the 
product. Therefore, variations in processing parameters in industrial furnaces 
make it possible that two samples of fly ash, with a similar chemical analysis, 
would give entirely different mineralogical compositions and performance 
characteristics in concrete. 

' ,%<Q,,>,\,. .;;;i<>:. 
,* ,:..\ \, .,.+:>, < .\ Although the crystalline components present in some mineral admixtures 

have the ability to affect properties of concrete, it should be noted that most of 
them are inert or poorly reactive to water. The predominant constituent in fly ash, 
granulated blast-furnace slag, and condensed silica fume is the, non-crystalline 
(amorphous), silicate glass. There is a growing realization among the researchers 
now that the key to differences in reactivity (for instance, between two fly ashes 
or two slags, or between a fly ash and a slag) has to be sought in the characteristics 
of the glass present. 

The crystalline minerals in low-calcium fly ashes generally comprise of 
quartz, mullite, and magnetite or ferrite spinel. In addition to quartz, the 
crystalline phases in subbituminous fly ashes are known to include C,A, C,A3S, 
calcium sulfate, and alkali sulfates. The calcium compounds and alkali sulfates are 
reactive. In fact, some fly ashes with large proportions of C,A or free C a 0  are 
known to cause quick setting and high heat of hydration, but such fly ashes are 
exceptions rather than the rule. The crystalline compounds identified in 
devitrified blast-furnace slags (1,5) are mainly the melilite solid solution series 
with end members gehlinite (C,AS) and akermanite (C,MS), and lesser amounts 
of monticellite (CMS), diopside (MCS,), and merwinite (C,MS,). 

. a .  :d<;<:t,;\<,<>< .- ,~~~f,~,,.}::;~:~::,:/~,,,. 

Typically, fly ashes contain 60 to 90% glass, granulated slags contain 85-95% 
glass, and condensed silica fume consists essentially of vitrified silica (100% glass). 
The characteristics of the glassy phase in siliceous by-products, which range from 
simple (condensed silica fume) to highly complex (fly ashes), are discussed next. 
It will also be helpful here to include a brief description about the structure of 
glass, which is based on a review by Hemmings and Berry (14). 

Structure of Glass 

i '.:>: 

Solid materials lacking long-range interatomic order are generally 
Among these, glasses form a special group that can best be non-crystalline. 
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described as, "the product of fusion of inorganic materials, which have cooled to 
a rigid condition without crystallizing". The degree of disorder in a glass can be 
inferred by observations of the way in which it diffracts X-rays to form a 
diffraction pattern. Fig. 1 illustrates diffraction patterns of: (a) ordered, 
crystalline SiO, (cristobalite); and (b) non-crystalline SO,. In the non-crystalline 
state, diffraction of X-rays results in a broad diffuse halo rather than sharp 
diffraction peaks. 

Further, according to Hemmings and Berry (14), a feature of simple 
glass-forming oxides, such as pure SiO,, is that although the integral structure 
lacks long-range order, there is continuity in the chains of constituent atoms (Fig. 
2a). The disorder results from randomness in the size of the rings into which these 
chains are linked to form a structural network. When more complex glasses are 
formed, for example by introducing sodium ions into the silicate structure, a 
greater level of disorder results. Not only are the rings of the glass-forming 
component disordered, but also many are broken to form non-bridging oxygen 
atoms (Fig. 2b). As more constituents are introduced into a glass, further levels 
of disorder result, e.g., random chemical disorder may be caused by the 
replacement of Si by Al or Fe (Fig. 2c). Most of the glasses of practical interest 
to the cement industry are disordered both by chain breaking through the presenck 
of modifier cations such as Na, K, and Ca, and by chemical disordering of the - . . .  .. :.: . _ . > . .  . . .  . . .  . .  

. .  chains (Al, Fe). . . .  :.- . .  

Glass in condensed silica fume--X-ray diffractograms of samples of 
different types of condensed silica fume shown in Fig. 3a (6)  reveal that the 
material is essentially vitreous silica with a diffuse halo peak at about 4.42  (21.9' 
2ûmX, Cu Kai). This happens to be the strongest peak for cristobalite. In fact, 
when heated to 1 100'C and subsequently cooled slowly, condensed silica fume will 
form crystalline cristobalite (Fig. la). 

Glass in rarGdlv cooled blast-furnace slag--X-ray diffractograms of three 
quenched blast-furnace slag samples are shown in Fig. 3b (14). The 
predominant halo with 28,, a t  about 32O, clearly indicates their essentially non- 
crystalline composition, with minor amounts of crystalline components present 
(melilite, merwinite, and quartz). It should be noted that in the previous review 
the author (i) ,  on the basis of the diffuse halo peaks on diffractograms, was able 
to point out the similarity in the composition of glass between a granulated 
blast-furnace slag and a high-calcium fly ash. 

.y:("\(:; d,i;sn.::>. ,{?;iK,:,<I.:*\, 

. . .  - .  . ;  . . . .  * i  . . .  . 

Glass in flv ash--Since glass is the major component of fly ashes, the 
impetus for research on composition of glass in fly ash came from the general 
observation that low-calcium fly ash is less reactive than high-calcium fly ash. On 
the basis of the position of the diffraction halo produced by X-ray scattering, 
Diamond and Lopez-Flores (15) as well as this author (1) pointed out that the 
composition of glass is different in low-calcium and high-calcium fly ashes. 
Typically, low-calcium fly ashes show a diffuse halo maxima at 21-25' 28 (Cu 
Ka), and high-calcium fly ashes at 30-34' 28. 

From similarities in the X-ray diffraction diffuse halo maxima between 
high-calcium fly ash and granulated blast-furnace slag, this author (1) speculated 
that the composition of the glass in high-calcium fly ash is essentially melilitic, 
Le. a silicate glass modified with calcium and aluminum, On the other hand, 

-- 

A 
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Diamond (16) attributed the 32'28 diffraction halo from glass in high-calcium fly 
ashes (> 20% Cao) to a calcium aluminate type glass, similar to C,,Ai. Recent 
reports of work by Roode (17) and Hemmings and Berry (1 8), as will be discussed 
next, support the conclusion reached by this author (1). 

There is no doubt that the value of 2ûmX on a typical XRD pattern for fly 
ash indicates the extent of glass modification. Diamond (16) concluded that with 
increasing calcium content of fly ash in the zero to 20% analytical C a 0  range, the 
value of 2emX increased gradually from about 22' to 28' 28; however with high- 
calcium ashes (20-30% Cao) the 2OmX shifted to 32' 28 (Fig. 4). Diamond 
attributed 32' 28,, to a calcium aluminate type glass similar in composition to 
C,,A,. Other researchers including McCarthy et. al (19), Roode and Hemmings 
(17), and Mehta (20), working with a broad base of fly ashes, confirmed the 
general trend of increase in the 26mx value with increasing C a 0  in fly ash but 
could not confirm the discontinuity in the C a 0  vs 28,, plot as reported by 
Diamond (Fig. 4). Whereas the interpretation vis-a-vis C1,A, glass remains in 
doubt, there is little doubt from the XRD data of fly ashes that the composition 
of the silicate glass is modified by substitution with other ions, such as Al, Ca, Mg, 
Fe, Na, and K. 

Hemmings and Berry (18) have presented an excellent overview of the 
state-of-the-art on the nature of glass in fly ash. The authors attempted to resolve 
two important issues which have a direct bearing on the relationship between the 
composition of fly ash and its reactivity. To address the question: is the value of 
2OmX an indication of the extent of glass modification, the work of Roode and 
Hemmings (17) is cited. The authors examined sodium silicate model-glasses in 
which sodium content varied from zero to 50% (Table 3). In these systems, the 
ratios between non-bridging oxygens to silicon ranged from zero to 2, with 
structures that became progressively more depolymerized (i.e. network > sheets > 
chains > monomer). From the corresponding XRD patterns (Fig. 5) ,  it can be 
observed that there is a marked shift in the halo to the higher 211max with 
increasing Na20 content. It should be noted that the halo shows at least two 
maxima of varying intensity: a low-angle composition at 22-24' 2OmaX and a 
high-angle composition at 30-34' 2OmX. Therefore, Roode and Hemmings (1 7) 
concluded that, even in simple systems, different glass types can Co-exist over a 
wide range of compositions (Le. they are phase separated, and are distinguishable 
by their XRD patterns). Hemmings and Berry (18) point out the significance of 
this investigation to fly ash systems. The implications are that if the fly ash halo 
is asymmetric and shifts in position, it may be attributable to any or all of the 
following: (a) different glass with different modifier levels in different particles 
(inter-particle speciation), (b) different glasses in the same particle (intra-particle 
speciation), or (c) phase separation. 

Hemmings and Berry (18) investigated the extent of inter-particle 
differences in fly ash glass by examining ash fractions separated by density. 
Density-separated fly ash fractions exhibited not only dramatic changes in bulk 
chemical composition but also in their XRD patterns. It was shown that the 28,, 
values of the diffuse halos of these fractions correlated strongly with the total 
network modifier cation contents of the glasses. Thus, the authors concluded that 
different glass types Co-existed within samples of fly ash from a single source, 
and therefore the asymmetry of the glass halo in the bulk ash is caused by an 
overlap in the XRD patterns of the constituent glasses. The authors also concluded 
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that the shift in the XRD halo to higher 2ûmX values for different size fractions 
of a fly ash is the result of an increasing content of cation modifiers in 
essentially the same aluminosilicate matrix (and not due to formation of a new 
type of glass, viz, C,,A7 glass). 

REACTIVITY 

In solids, a close relationship exists between the microstructure of a material 
and its properties, The microstructure of hydraulic cement products is influenced 
by the hydration reactions of various constituent phases, both crystalline and non- 
crystalline, under given curing conditions. The previous paper (1) contains a 
comprehensive review of the physical-chemical changes associated with the 
hydration of portland cement minerals, and relative rates of reactivity of various 
siliceous by-products when used in combination with portland cement. Briefly, 
it was shown that portland cement consists essentially of highly reactive crystalline 

. minerals, which hydrate under ambient curing conditions to form a relatively 
porous solid with a heterogeneous structure composed mainly of calcium silicate 
hydrates (CaO/SiO, ratio, approximately 1 S), calcium hydroxide, and calcium 
sulfoaluminate hydrates. 

The pozzolanic and cementitious by-products consist essentially of 
non-crystalline matter,* which, under ambient conditions hydrates slowly even in 
the presence of the alkaline solution that is formed by the dissolution of portland 
cement minerals, The reason for the slow reactivity is the mechanism of hydration 
according to which the particles of mineral admixtures hydrate essentially in situ 
by diffusion controlled reactions, as will be discussed. This is why particle size 
or surface area plays a dominant role in determining the relative rates of reac- 
tivity. For instance, it was stated that condensed silica fume which, typically, has 
extremely fine particle size (0.1 - 0.3 pm) compared to the average particles in slag 
or fly ash (10-20 pm), begins to contribute to the strength of portland cement 
mortar or concrete after 1-d curing, whereas dags take more than 3 days, and f ly  
ashes more than 7 to 14 days (1). 

The relative rates of hydration of pozzolanic and cementitious materials 
depend, in general, on their particle size and composition of the non-crystalline 
phase, both of which control the activation energy available for the hydration 
reactions. The concept of activation energy involves chemical energy from the 
chemical reactants (Le., chemical composition of the non- crystalline phase and the 
solution chemistry of the contact fluid), mechanical energy from fine grinding, 
and thermal energy from heat of hydration or an outside heat source (21). 
Important findings on reactivity, hydration reactions, and microstructure of 
blended portland cements containing various pozzolanic and cementitious 
admixtures are summarized next. 

*exception to this, as discussed earlier, are so-me high-calcium fly ashes containing 
crystalline minerals, such as C,A and C4A,S, which are reactive. 
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According to Hooton (22), factors affecting the slag reactivity (hvdraulicityl 
are the degree of vitrification (glass content), the chemical composition, the 
fineness of grinding, and the activation of slag glasses by chemical or thermal 
means. Although increasing glass devitrification (crystallization) reduces the 
reactivity of a slag, the relationship between the glass content of slag and the 
strength development in a blended portland cement containing the slag is not 
linear. In fact Demoulian et al. (23), and more recently Frearson and Uren (24), 
have reported that the presence of some crystalline merwinite in certain slag 
glasses made them more reactive. 

Although the non-crystalline structure (glassy state) is essential to the slag 
reactivity, the chemical composition of slag is also a factor. For instance, it is 
generally known that commercial high SiO, glasses are not readily attacked by 
water or alkaline solutions, but their reactivity increases with increasing content 
of Cao, MgO, and Alzo,. In fact a basicity factor, (C+M+A)/S 1. 1.0, is used in 
Germany to evaluate the quality of slag for use in blended cements. Also, in his 
review Hooton (22) cites Kondo's work showing that iron blast-furnace slag is both 
cementitious and pozzolanic. For instance, to develop high levels of strength, some 
Japanese slags require more calcium hydroxide than is needed for glass activation 
alone. 

Compared to hydrated portland cement, a similar slag-cement paste (with 
identical water/cement ratio and curing conditions) will have a denser 
microstructure and a relatively lower calcium hydroxide content. Many 
investigators including this author (i) ,  have reported that in normally-cured 
cement pastes the inclusion of slag shifts the pore size distribution from coarser 
to finer pores. Since the presence of large capillary pores is believed to be 
responsible for high permeability and low strength of a hardened cement paste, 
this physical modification of the microstructure rather than any chemical 
modification seems to play a more important role in improving the strength and 
durability of slag-cement products. 

Recently, Harrison et al. (25) reported the microstructure of hydrated 
cement pastes containing 40% slag. Reaction rims around slag particles and relics 
of fully reacted slag particles demonstrated that the slag hydration reactions were 
diffusion-controlled. Qualitatively, the microstructure resembled neat portland 
cement pastes of similar ages except that less Ca(OK), was present, and the 
composition of the C-S-H in fully reacted slag particles corresponded to a Si/Ca 
ratio of 0.62. 

As with iron blast-furnace slag, the reactivity of fly ash in portland 
cement-fly ash mixture depends largely on dissolution of the glassy structure by 
the hydroxide ions present as a result of the portland cement hydration. Again, 
many researchers including this author (20), have shown that the reactivity of fly 
ash is greatly influenced by the curing temperature and the fineness of fly ash. 
Portland cement-fly ash mixtures made with several U.S., low-calcium or 
high-calcium fly ashes, when cured at 5OoC, produced similar levels of strength 
in 7 days as normally cured (2OOC) mixtures in 28 days. Under most ambient 
conditions, massive concrete members can easily attain temperatures of the orer 
of 5OoC due to the heat evolved during the hydration of portland cement. Also, 
from the data on the particle size distribution of fly ashes, the author (20) 
concluded that fly ash particles smaller than 10 pm have a positive influence on 
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early strength development rates of portland cement-fly ash mixtures. 

Again, as with blast-furnace slag, it seems that the hydration of fly ash in 
the presence of portland cement involves a three-stage reaction. Immediately after 
mixing with water, reaction rims of impermeable coatings surround the fly ash 
particles. No further reactions occur until alkali or calcium hydroxide and sulfates 
ions in sufficient concentration are available in the solution phase. Thus during 
the second stage, it is primarily the hydroxide ions which activate the hydration 
of glasses in fly ash. The third and the main reaction involving fly ash hydration 
is the slow pozzolanic reaction, which continues to consume calcium hydroxide and 
form calcium silicate hydrates as long as calcium and hydroxyl ions are available. 

In regard to the reactivity of condensed silica fume, Cheng-yi and Feldman 
(27) compared the amount of calcium hydroxide formed a t  different times during 
the first three days of hydration in portland cement pastes, both with and without 
silica fume (30% by weight). For control purposes, a third cement containing 30% 
of a coarsely ground silica powder was included in the study. The amount of 
Ca(OH)2 in the three cement pastes was similar up to 8 hr, however, at later 
periods, the cement pastes containing no additive showed higher Ca(OH)2 contents. 
Subsequently, the paste containing the silica fume showed the lowest calicum 
hydroxide content because due to the high surface area and noncrystalline nature 

of coarsely ground silica. 

. . .  . u,. ’..~ ;\: :... * .. ..:..., \... 
. I :  . ,A:. .,.:: :,*t . . 

of silica, the additive in this paste was more pozzolanic than the additive consisting B 

Again, as with the hydrated cement pastes containing slag or fly ash, the 
main characteristics of the microstructure of cement pastes containing 30% 
condensed silica fume are a dense structure free from large pores and absence of 
crystalline calcium hydroxide. Mehta and Gjorv (28) determined pore size distri- 
butions for various blended cement pastes at a given W/C and hydration ages of 
7, 28, and 90 days. The threshold pore diameter (the minimum pore diameter in 
a solid at which a continuous pore system exists) decreased with silica fume 
addition even after 7 days of hydration. After 90 days, the threshold diameters 
decreased in the following order: portland cement > portland cement + fly ash > 
portland cement + fly ash + silica fume > portland cement + silica fume. Earlier 
the author had reported a close relationship between the threshold diameter and 
the permeability in hardened cement pastes. Sellevold and Nilson (29), citing the 
work by Sellevold et al. and other investigators confirmed that, at a constant W/C, 
increasing the content of silica fume in concrete leads to the refinement of the 
pore structure. Feldman (30) showed that a relatively discontinuous system of fine 
pores exists in hydrated cement pastes containing silica fume. 

<, , ~ : ~ : ~ , . ~ ~ ~ . , ~ : ~ ~ ~ ~ ~ , ; ; ~ ~ ~ ~ ~ ~ ; ~ ~ ~ ~ ~ ~ ~ ; ~ ~ ~ ~ ~ ~  

Kaizaki et. al (31) reported the microstructure of a low W/C ratio (0.25) 
paste obtained by hydration of a blended portland cement containing 20% 
condensed silica fume (with 2% superplasticizer by weight of cement). The 
hardened paste contained a large number of unreacted cement particles surrounded 
by C-S-H of low Ca/Si ratio (0.67-1.1). In addition to being the source of 
Ca(OH& supply for the pozzolanic reaction, the cement particles appeared to serve 
as a filler (microaggregate). The authors confirmed that, compared to hydrated 
portland cement pastes, the pastes with silica fume contained finer and more 
discontinuous pores. 

: .<.:.i;. . .  ... . .:.::. ’ 
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Alkali Activation of S l a ~  

It has been observed that within a few minutes of exposure to water, 
coatings of aluminosilicate hydrates form on the surface of slag grains. These 
coatings are impermeable to water and their formation inhibits further hydration 
unless a chemical activator is present. In the presence of a chemical activator the 
impermeable coating will disintegrate, exposing the slag particle to further 
hydration. Since hydroxyl or sulfate ions are able to decompose the 
aluminosilicate-hydrate coating, a portland cement, especially one with more than 
normal amounts of C,S, SO,, and alkalies, usually can serve as an inexpensive 
chemical activator for granulated blast-furnace slag. 

Since 1970's, instead of portland cement, the alkali activation of slag by the 
use of sodium or potassium hydroxide, carbonate, sulfate, and silicate has been 
intensively investigated with mixed results. In Finland, an activator called 
F-admixture was developed in the late seventies. It consists of a mixture of 
NaOH, Na,CO,, and a water-reducing admixture (a lignosulfonate). Many 
researchers have reported studies on the properties of alkali-activated slags. 
Typical r e s u h  are given by a recently reported Swedish study using a slag ground 
to 350, 530, or 670 m2/kg specific surface. Andersson and Gram (32) tested both 
normally cured (room temperature curing) and steam-cured (up to 80') mortars 
containing the slag, a fine aggregate, and water in the ratio of 1:3:0.43 by weight. 
The amount of the activator was varied between 3 and 11% by wt. of cement, and 
air-curing rather than moist-curing was used. At room temperature, with the 530 
m2/kg slag, compressive strengths up to 55 MPa at 28-d were obtained with 6% 
sodium silicate addition. The strength development with NaOH seemed to be little 
affected by varying the amounts of NaOH. With steam curing, 56 MPa was 
achieved in 8 hours only with a 11% sodium silicate activator. Also, in general the 
higher the amount of alkali activator, the higher was the compressive strength. 

Although the strength development was satisfactory, Andersson and Gram 
(32) found that the drying shrinkage of the air-cured slag mortar was more than 
double, when compared to the corresponding portland cement mortar. Large 
autogenous shrinkage on hydration of slag was responsible for extensive 
microcracking in the system, thus reducing impermeability and durability. 

MECHANISMS BY WHICH MINERAL ADMIXTURES IMPROVE 
CONCRETE PROPERTIES 

In the previous report (1) it was emphasized that the incorporation of 
mineral admixtures in concrete (whether in the form of additions to cement or as 
admixtures to concrete) would lead to a general enhancement in most properties 
of concrete, provided the processes by which the properties improve are clearly 
understood, and a conscious effort is made in the concreting practice to promote 
these processes. 

The processes by which mineral admixtures are able to improve the 
rheological behavior of freshly mixed concrete (viz., consistency, cohesiveness, 
and reduction in bleeding and segregation), and the engineering properties of 
hardened concrete (strength, elastic modulus, impermeability, and general 
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durability) are both physical and physical-chemical. 

The physical processes depend mainly on the particle size distribution of 
solids in a concrete mixture. Assuming a minimum cement content, since 
reduction in voids and water content of a concrete mixture are the key to 
improvement in many properties, one way to achieve this effect is to densely pack 
very fine particles of a mineral admixture between the larger particles of the fine 
aggregate and portland cement. A reduction in both the water content and the size 
of void spacings in a freshly placed concrete mixture would. obviously be 
accompanied by a significant reduction in bleeding and segregation. 

It may be noted that the rate of water flow in a channel is proportional to 
the square of the diameter of the channel. To reduce the size of channels of flow 
of bleed water in a concrete mixture, it is necessary that the fine particles of both 
cement and mineral additive are well dispersed in the concrete mixture. The 
presence of unsatisfied electrical charges on the surface of portland cement grains 
is responsible for their flocculating tendency in a cement-water suspension, and 
the art of deflocculation of cement-water mixtures by the application of 
plasticizing surfactants is now widely known and practiced in concrete technology. 
In this regard Helmuth’s (13) finding is significant that, like conventional 
dispersing agents, the particles of fly ash have the ability to disperse a flocculated 
cement-water system and therefore will act as a water-reducer. Incidentally, this 
underscores the difficulty of dividing the mechanisms into purely physical or 
chemical because, in practice, no such separation exists. 

*< 

,.. .. . . .  . .  .. . . .’ .- . .’ .,. ... I’ 

With varying degree of effectiveness other mineral admixtures may also act 
as cement dispersants. Of course depending on the amount used and the particle 
size characteristics, some mineral additives, such as condensed silica fume, would 
themselves require the application of powerful dispersants. 

In conclusion, for the benefits to be realized from the small particle size of 
a mineral additive, the mere inclusion of the additive into a concrete mixture is 
not enough. The addifive must be well dispersed, with or without the aid of a 
conventional plasticizing agent, and by thorough mixing of concrete. In fact, as 
discussed *next, the effectiveness of physical-chemical processes of pore 
refinement and grain refinement associated with the hydration reactions of 
mineral admixtures, which are important in strengthening the microstructure and 
therefore the engineering properties of concrete, will be largely dependent on a 
uniform distribution of the fine particles of a mineral admixture throughout the 
concrete mixture. 

, . * > a  _C., 2 % .  .I.. - .*>>,. . .  >..c.. ~~ -..,,..,\ 
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The physical and chemical processes responsible for improving the 
engineering properties of hardened concrete are slow and therefore take a long 
time to manifest. In the previous review (i) two such processes were highlighted 
(a) the presence of very fine particles of a mineral additive not only cause an  
acceleration of cement hydration reactions but also pore refinement, (b) the 

*The term, pore refinement, refers to the transformation of a system containing 
larger pores into one with smaller pores, The term, grain refinement, refers to 
the transformation of a system containing larger crystals, such as of calcium 
hydroxide, into one with smaller crystals (33). 
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hydration reactions of pozzolanic and cementitious additives lead to further pore 
refinement, and also to grain refinement in the hydrated cement paste as well as 
in the transition zone, which exists between the cement paste and coarse aggregate 
in concrete. New information is presented here to show that both the processes 
play an important role in improving the strength and other related properties of 
concrete. 

In a recent experimental study (34), the compressive strength and 
microstructural characteristics of a high-strength concrete mixture (929 lb/yd3 
cement content, 0.35 W/C), both with and without mineral additions, were 
examined. The mineral additions (10% cement replacement by wt.) consisted of 
a condensed silica fume (0.1 pm avg. particle size, 20 m2/g surface area), a rice 
hull ash (50 m2/g surface area), and two ultrafine but non-pozzolanic powders 
(colloidal carbons with 0.01 and 0.03 pm avg. particle size, and 90 and 36 m2/g 
surface area, respectively). From the concrete strength data (Fig. 6 ) ,  and 
microstructural studies it was concluded that, through pore refinement and grain 
refinement, mineral additives with ultrafine particle size or very high specific 
surface (even the non-pozzolanic ones such as colloidal carbon) were able to cause 
substantial strength improvement in concrete at  early ages up to 7 days. In the case 
of the pozzolanic admixtures, the pozzolanic reaction seems to cause a further 
improvement in the strength of the cement paste especially in the transition zone, 
as seen by a steady increase in the concrete strength during the 7 to 28-d hydration 
period. 

Earlier work by Monteiro and Mehta using a condensed silica fume (35), and 
by Detwiler et  al. using a ground granulated blast-furnace slag (36) ,  confirmed 
that the processes of pore refinement and grain refinement play an important role 
in improving the strength of the cement paste in the transition zone in concrete. 
Since the transition zone characteristics seem to govern most of the important 
properties of concrete, such as strength, elastic modulus, and permeability, it is the 
opinion of this author (37) that beneficial effects of a pozzolanic or cementitious 
additive to portland cement cannot be fully demonstrated by determining its 
influence on the engineering properties of cement pastes and mortars. Since it is 
the transition zone in concrete that seems to derive the most benefit, direct tests 
with concrete mixtures are necessary to assess the effect of the mineral admixture 
on the transition zone characteristics in concrete. 

Also, it is concluded that, in addition to the physical densification effect 
derived from the inclusion of very fine particles in a concrete mixture, the 
chemical effects associated with the hydration reactions of pozzolanic and 
cementitious additives are equally important in determining the ultimate 
engineering properties of concrete. Some researchers seem to think that the 
chemical effects are not so important. If this was true, there would be no effect 
of curing temperature on the ultimate strength characteristics of concrete. The 
ultimate strength of neat portland cement concrete seems to suffer at high curing 
temperatures (viz, 120 to 150'F). However, with the incorporation of a pozzolan, 
such as fly ash, the ultimate strength is considerably enhanced. This is mainly 
because the pozzolanic reaction follows Arrhenius law of the interdependence of 
curing temperature and the rate of reaction, Le., an increase in the curing 
temperature causes more than a proportional increase in the reaction rate (9). 
Conversely, strength reduction at early ages is expected with concrete containing 
mineral admixtures when cured at  temperatures less than normal (< 70'F). There 
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is little doubt from research as well as from field experience that the influence of 
the curing environment* on the diffusion-controlled hydration reactions of 
mineral admixtures must be paid a much closer attention in concrete containing 
mineral admixtures than ordinary portland cement concrete without these 
admixtures. 

PROPERTIES OF CONCRETE CONTAINING MINERAL ADMIXTURES 

The beneficial effects of mineral admixtures on rheological properties of 
freshly-mixed concrete and engineering properties of hardened concrete can be 
anticipated from the above discussion on mechanisms by which mineral admixtures 
improve concrete properties. In the previous paper ( i ) ,  many of the technical 
benefits were reviewed; to emphasize the contribution of by-product admixtures 
to concrete, as far as possible, only new data on important properties of concrete 
are presented here. The information presented below will show again that it is the 
mineralogical and granulometric characteristics of a mineral admixture, and not 
its source or origin, which control the behavior of concrete. 

,..:.k::;-: .. . Workability--The workability and pumpability of a concrete mixture is 
enhanced by decreasing the friction between aggregate particles. This is generally 
achieved by increasing the paste content of the mixture. Also, in order to prevent 
bleeding and segregation the paste should produce a cohesive concrete mixture. 
In the absence of satisfactory test methods, there is little scientific data in the 
published literature on the degree of improvement attainable in workability or 
pumpability of fresh concrete by incorporating mineral admixtures of different 
physical-chemical characteristics. However, there is general agreement that a 
combination of factors, as discussed next, leads to a general improvement in the 
rheological properties of concrete. 

. . .  

First, the incorporation of a mineral admixture, as a partial cement 
replacement by weight, results in an increase in the volume of the paste in 
concrete. This is because the density of mineral admixtures is significantly lower 
than ordinary portland cement. Second, all by-product mineral admixtures, such 
as fly ash, ground slag, and condensed silica fume consist of fine particles of a 
glassy (non-absorptive) nature. Third, as discussed before, the introduction of any 
fines in a concrete mixture tends to reduce bleeding by obstructing the channels 
of bleed-water flow. Fourth, there is now evidence of the water-reducing abil- 
ity of mineral admixtures as they tend to disperse the flocculated particles of 
cement in a freshly made cement paste. Specific examples of how fly ashes, 
ground slag, and condensed silica fume generally affect slump, workability, bleed- 
ing and other characteristics of fresh concrete are found in three recent reports 
published by the AC1 (7,8,9). 

I . .  . ,<.’\* ,. . 

. .  . .;. 

*The curing environment not only includes the temperature and humidity but 
also the ionic composition of liquid phase in concrete, which is mainly determined 
by the characteristics of portland cement and admixtures used. 
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Strennth--Recent data regarding the influence of various mineral admixtures 
on both the ultimate compressive strength and the rate of strength gain in concrete 
mixtures are generally consistent with the trends described in the previous paper 
(1). 

Briefly, both the ultimate strength and the rate of strength gain depend on 
the amount and the characteristics of the mineral admixture (viz., particle size 
distribution or surface area, and the amount and reactivity of glassy phase), the 
composition of the concrete mixture (viz., cement content and type, water/cement 
ratio, and the presence of other admixtures), and curing conditions (viz., concrete 
temperature and environmental humidity). Condensed silica fume and rice husk 
ashes with very high content of non-crystalline silica and high surface areas 
(20,000 to 60,000 m2/g) are able to make some contribution to the strength of a 
given concrete mixture even at  very early ages of hydration (viz., 1 to 3-d), 
significant contribution during the first 2-4 weeks, and relatively little 
contribution thereafter. Fly ashes and ground blast-furnace slag, with their much 
coarser particle size distribution and low specific surface (typically 300 to 500 
m2/kg), make little strength contribution at very early ages (up to 3 days), some 
contribution during the intermediate period (3 to 14 days), and considerable 
contribution thereafter. With finer particle size and increasing calcium content, 
granulated blast-furnace slags and high-calcium fly ashes usually tend to accelerate 
the rate of strength gain. It is not possible here to summarize the large number of 
recent reports containing results of studies on the effect of mineral admixtures on 
concrete strength; only selected papers are discussed next. 

Carette and Malhotra (38) confirmed the general approach suggested by 
Mehta and Gjorv (28) that the problem of low early-age strength with concretes 
containing fly ash can be overcome by using both fly ash and condensed silica 
fume together. Thus following conclusions were drawn from an investigation 
involving the use of a 30% low-calcium fly ash by weight of total cementitious 
solids together with varying amounts of a silica fume ranging from 5 to 20%, when 
the W/C ratio of 0.40 was kept constant in all concrete mixtures by the use of a 
plasticizer. 

The 1- and 3-d strengths for concretes incorporating condensed silica fume 
(Fig. 7) were higher than the control concrete (30% fly ash, 70% portland cement) 
but lower than concrete containing an equivalent amount of portland cement only. 
However, due to the intense pozzolanic activity during the 3 to 7-d period, the 7-d 
strengths of concretes containing 10, 15, or 20% condensed silica fume (in addition 
to fly ash) were higher than plain portland cement concrete. The strength 
acceleration advantage associated with the use of silica fume in combination with 
fly ash is apparent from the fact that the 7-d strengths of concretes 
incorporating 15 or 20% silica fume were almost twice than that of the strength 
of concrete with fly ash alone. Furthermore, according to the authors (38), since 
the strength contribution due to fly ash did not become apparent until after 28 
days another important aspect of the combined use of fly ash and condensed 
silica fume is that, a t  ages between 7 and 28 days, the loss in  compressive 
strength due to incorporation of 30% f ly  ash was completely compensated by the 
addition of as little as 10% condensed silica fume. 

A similar approach was successfully taken by Malhotra et al. (39) to enhance 
the low early-age strength of a portland cement concrete containing pelletized 

Full document details: ACI SP-114-89

http://www.avadocuments.com/doc/aci-sp-114-89
http://www.avadocuments.com/doc/aci-sp-114-89


. .:. , . . . .  . . , .._ .: 
. . .  . . . . .  . .  . ~ . .  . . . .  . .... 1 ,  . .. . . ,:. . , .  , . .  . .  . .  

A C 1  S P - 1 1 4  VOL*L ô 7  0662949 0005702 2 = 
~ - -  - - 

1989 Trondheim Conference 17 

blast-furnace slag by simultaneously incorporating condensed silica fume. The 
results of the study are shown in Fig. 8. At a constant W/(C+BFS) ratio of 0.40 
and 50% cement replacement level by slag, the strength of the control concrete 
steadily increased with the increasing additions of silica fume from 5 to 20% level. 
For instance, at  age 7-d, the concrete mixture with 20% silica fume showed almost 
the same strength as the reference concrete containing no slag. At 28-d, the 
reference concrete (no slag present) and the control concrete (50% slag present as 
cement replacement) achieved a similar strength level. However i t  is noteworthy 
that during the 7 to 28-d period as little as 5% condensed silica fume was enough 
to boost the strength of the control concrete to levels that were equal or better than 
the reference concrete (containing only portland cement). 

a 

Mukherjee et al. (40) demonstrated that high strength concretes can be made 
using more than normal amounts of ordinary (low-calcium) fly ash, provided the 
cement content of the concrete mixture is high and an adequate dosage of a 
superplasticizing admixture is used to bring down the W/(CtFA) ratio to < 0.30. 
Thus concrete mixtures with about 390 kg/m3 cement content, 37% fly ash by 
weight of the total cementitious materials (cement t fly ash), and 0.28 W/(CtFA) 
ratio, made possible by the use of various superplasticizers, gave at 7, 28, 91, and 
365 days compressive strengths on the order of 35-37 MPa, 51-54 MPa, 62-67 
MPa, and 63-70 MPa, respectively. 

‘4 

,.:.’\‘ . .;. . I  * . .’ 
In regard to strength development rates in concrete containing silica fume, 

when used as a direct replacement (by weight) for portland, Malhotra’s (41) data 
in Fig. 9 shows that there was little or no change in compressive strength at early 
ages (up to 3-d) for concretes with high water/(CtSF) ratio of 0.60, regardless of 
the amount of silica fume used (5 to 15% cement replacement range). However, 
at the lower W/(CtSF) ratio of 0.4, there was a marked increase in strength at 3-d. 
The difference is attributed to improvement in the transition zone characteristics, 
which seems to manifest at an earlier age when condensed silica fume is 
incorporated in  low W/C concretes. 

Modulus of elasticitv. creep. and drving shrinkage--From the previous 
review (1) it was concluded that elastic modulus, creep, and drying shrinkage 
characteristics of concrete are not directly influenced by the incorporation of a 
mineral admixture into a concrete mixture, Instead, these properties of concrete 
are largely influenced by the aggregate (both content and stiffness) and by the 
concrete strength (W/C, curing). Therefore, to the extent the strength 
development in a concrete is affected by the incorporation of a mineral admixture, 
its elastic modulus, creep, and drying shrinkage will also be affected. In general, 
when the strength is reduced, the elastic modulus is also reduced but the creep and 
drying shrinkage are increased. For instance, compared to plain portland cement 
concrete, both the compressive strength and elastic modulus for the corresponding 
concretes containing fly ash (up to 25% cement replacement) are usually lower at 
early ages but somewhat higher at 90-d and above), and creep and shrinkage are 
higher at early ages but lower at later ages. 

* :<’ ?*t. i’> .,\,:<.+<,.. ,\.,,<,(,< 

. , * .  . < , . $ . C . .  .. . -.. 

For a variety of reasons, the above guidelines do not work with 
high-strength concrete. At very low water/cement ratios, (with the use of a 
superplasticizer), the incorporation of a mineral admixture into concrete causes a 
considerable improvement in microstructure and strength of the transition zone. 
As a result, it has been possible to obtain very high levels of compressive strength 
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in concrete. However, improvements in the transition zone characteristics alone 
do not appear to be sufficient to cause a corresponding improvement in the elastic 
modulus of concrete, for which aggregate characteristics become a limiting factor. 
Even less is known about the influence of the transition zone microstructure on 
creep and drying shrinkage of concrete. As before, limited data are presented 
below to illustrate the general principles, which determine the elastic modulus, 
creep, and drying shrinkage properties of concrete containing by-product mineral 
admixtures. 

From an examination of concretes containing various amounts of fly ashes 
from different sources, Crow and Dunstan (42) found that both the modulus of 
elasticity and Poisson's ratio increased with age, paralleling the compressive 
strength development. The modulus of elasticity ranged from a low of 18.8 GPa 
at 28 days to a high of 39.6 GPa at 365 days. Ghosh and Timusk (43) studied fly 
ash concretes, proportioned for equivalent 28-d strength, over a range of nominal 
strength values and concluded that for all strength levels the modulus of elasticity 
of fly ash concrete was generally similar to the reference concrete. In regard to 
granulated blast-furnace slag, at 50% cement replacement levels in concrete 
mixtures, proportioned to have 45 MPa compressive strength at 28-d, Wainwright 
and Tolloczko (44) found that the 7-d elastic modulus for the slag concrete was 
28.5 GPa compared to 36.0 GPa for the reference concrete (without slag), however 
at 31-d both were in the 38 GPa range, and thereafter only a small increase was 
observed in the specimens tested at 56-d and 171-d. Similarly, in silica fume 
concrete mixtures designed for high strength, the elastic modulus values generally 
do not increase significantly with increasing compressive strength. Malhotra et al's 
(39) data show that with 47 MPa (28-d) concrete mixtures, both with and without 
50% slag replacement, the addition of 5, 10, or 15% silica fume to the slag-cement 
concretes did not make any difference to the values of the elastic modulus at 28-d, 
which remained in the 36 GPa range. The highest reported value (43 GPa elastic 
modulus) in the published literature is for a very low W/C (0.22) concrete, 
containing 593 kg/m3 cement and 119 kg/m3 silica fume (45). This concrete gave 
about 100 MPa compressive strength at 28-d. 

It is a common experience that fly ash concretes show higher creep strains 
(compared to control concretes without fly ash) at early ages, and lower creep 
strains at later ages. AC1 Committee 226 (9) concurs that the effects of fly ash on 
creep of concrete are limited primarily to the extent to which the fly ash influ- 
ence the strength of concrete. Since high-calcium fly ashes generally do not 
impact the 28-d strength adversely, data from Yuan and Cook's (46) work showed 
little difference in creep strains between the control and the test concretes 
containing 20% fly ash (Fig. 10). It may be noted that with high levels of fly ash 
incorporation (30 and 50% cement replacement by weight) considerably higher 
creep strains were obtained. In addition to lower strength, more paste volume (due 
to the lower density of mineral admixtures compared to portland cement) is 
responsible for this behavior. For obvious reasons, creep characteristics of 
concretes containing slag are similar to fly ash concretes. In regard to concrete 
incorporating silica fume, few published data on creep are available. The 
100-MPa concrete mixture when loaded at 28 days with a stress/strength ratio 
0.154, showed 330 x creep strains at 3 months and 12 months 
after loading, respectively (45). 

and 480 x 
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The drying shrinkage behavior of concrete containing mineral admixtures 
follows generally the creep behavior. Numerous studies have shown that in 
well-cured concretes the incorporation of up to 25% fly ash did not have any 
significant effect on the drying shrinkage. Using a low-calcium fly ash, Munday 
et al. (47) found little difference between the drying shrinkage values of several 
control concretes (without fly ash) and fly ash concretes (Fig. 11). When the 
cement replacement level was high, for example, in a slag concrete containing 50% 
slag by weight of total cementitious solids (48), the drying shrinkage was signifi- 
cantly higher than the control concrete (Fig. 12). Like creep data, the drying 
shrinkage data for silica fume concretes are scarce. The 100-MPa high strength 
concrete mixture showed 170 x drying shrinkage values at  3 
months and 12 months, respectively (45). 

and 315 x 

DURABILITY 

Expansion and cracking of concrete due to sulfate attack, alkali-aggregate 
reactions, freezing and thawing, and corrosion of the embedded steel are among 
the common durability problems, which depend on the permeability of concrete 
and availability of water. The physical manifestations, mechanisms and control 
of the chemical causes responsible for lack of concrete durability are discussed 
in detail elsewhere (33). Water is usually involved in most processes of concrete 
deterioration; therefore it is the permeability of concrete to water which generally 
controls the rate of deterioration. Since microcracks in concrete are the principal 
source of permeability, by reducing the microcracks from a variety of physical and 
chemical causes the mineral admixtures can have a beneficial effect on general 
durability of concrete. 

”< 
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Permeabilitv--The quantitative data from water permeability tests on con- 
crete are generally not reliable because of experimental problems, such as the 
difficulty to achieve a steady state of flow. However, Berry and Malhotra (49) 
cited studies dated as far back as 1950’s to show that well-cured (age 6 months) 
concrete pipe containing 30 or 50% fly ash as cement replacement were approxi- 
mately five times as impermeable as the corresponding concrete without the fly 
ash. The authors also cited recent data from water permeability tests on cement 
pastes by Manmohan and.Mehta, and chloride ion permeability tests by Short and 
Page, which confirm earlier work. 

-:xt<<.: . . , .r:,..;.;>. 

Douglas (50) cited Kondo et al. as well as Bakker’s work on cement mortars 
to show that, with curing age, the diffusion coefficient in slag cement mortars 
diminished faster than the diffusion coefficient in a portland cement mortar, and 
that slag cement mortars were 10 to 100 times less permeable to water than 
portland cement mortar. Bakker (51) has given extensive data on diffusion 
coefficients of Na’, K+, and C1- ions in 0.50 to 0.65 W/C mortars made with 
blended portland cements, containing 60 or 75% slag. 

As condensed silica fume is highly pozzolanic compared to fly ash or slag, 
it decreases the concrete permeability rapidly. Results from studies by Markestad 
(52) and Gjorv (53) on water permeability of concretes in which the cement 
content varied from 100 to 500 kg/m3 showed that a lean concrete mixture incor- 
porating 100 kg/m3 cement and only 10% condensed silica fume had its 
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permeability decreased to about 4 x lo-'' m/sec, compared to 1.6 x lom7 m/sec 
without the silica fume. The permeability of concrete containing 100 kg/m3 
cement and 20% silica fume was similar to the one containing 250 kg/m3 cement 
and no silica fume. At high cement contents, the degree of effectiveness of silica 
fume in reducing the permeability of concrete was diminished. 

Sulfate attack--When used as cement replacement, there is a general belief 
that most low-calcium fly ashes would improve the resistance of concrete to 
sulfate water, however most high-calcium fly ashes would reduce it. From an 
experimental study, Dunstan (54) developed an empirical sulfate resistance factor 
(R), calculated as follows: R = (C-5)/F, where C is % C a 0  and F is O/o Fe20, in 
fly ash. At 25% cement replacement level, Dunstan found that when R is less than 
1.5, the sulfate resistance of the fly ash concrete was improved; however, when R 
is higher than 3.0 the sulfate resistance was reduced. Mehta (55)  cited the work 
of several researchers including his own to conclude than Dunstan's R-factor does 
not provide a reliable method for predicting the suitability of fly ashes for use in 
sulfate-resisting concretes. From microstructural examination of blended cement 
pastes containing a variety of fly ashes, the author found that a more rational cor- 
relation than given by Dunstan existed between sulfate resistance of concrete and 
mineralogical composition of the products formed as a result of fly ash-portland 
cement interaction. Irrespective of the calcium content or the R-factor, it is the 
amount of reactive alumina contributed by a fly ash (from the dissolution of the 
aluminosilicate glass and hydration of crystalline compounds, such as C,A and 
C4A3s), which controlled the presence of the minerals highly vulnerable to sulfate 
attack (such as the monosulfate hydrate and calcium aluminate hydrates). 

From a laboratory investigation involving the evaluation of sulfate-resisting 
behavior of blended portland cements containing 25 or 40 wt. Oh of fly ashes with 
widely varying R-factors, the author (55) found that some lignitic and 
subbituminous fly ashes, with high calcium and sulfate contents (high R-factor), 
as a result of fly ash-cement interaction, formed ettringite as a stable product of 
hydration before exposure to the sulfate solution. Therefore well-cured cement 
pastes containing these fly ashes did not show the characteristic expansion and 
strength loss on sulfate exposure. On the contrary, some low-calcium bituminous 
fly ashes, with low R-factor but high contents of reactive alumina in glass, formed 
the monosulfate hydrate as a result of fly ash-cement interaction and, therefore 
the corresponding cement pastes containing these fly ashes showed considerable 
strength loss on sulfate exposure. 

As with fly ash, when the use of ground slag leads to a reduction in concrete 
permeability and calcium hydroxide content, these effects would enhance the 
sulfate-resisting characteristic. Studies have shown that, at low cement 
replacement levels, alumina content of glass in slag would also influence the sulfate 
resistance adversely. Recent work reported by Frearson (56) confirmed the 
inferior resistance to sulfate attack of blended portland cements containing low 
levels of granulated slag replacement. 

However, many studies have confirmed that the combinations of portland 
cement and ground granulated blast-furnace slag, in which the slag content is 
greater than 60%, are generally sulfate-resisting, irrespective of the C,A content 
of the portland cement and the alumina content of the slag. According to Bakker 
(51), this is due to very low permeability of the concrete to ionic diffusion. 
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Douglas (50) cites two recent studies on sulfate resistance of blended cements 
composed of 50% ASTM Type I portland cement (12% C,A) and 50% Canadian 
pelletized slag (7% Alzo,). Both laboratory and field tests have shown that con- 
cretes made with these cements were as resistant to sulfate attack as the 
corresponding concretes made with sulfate-resisting portland cements (ASTMType 
VI. 

Condensed silica fume, even in relatively small amounts ( i0  to 15% wt. 
cement replacement), is quite effective in reducing the microporosity and 
permeability of concrete, in addition to causing a lowering of the calcium 
hydroxide content and the C/S ratio of the CSH in the hydrated cement paste. As 
a result, concretes incorporating silica fume can be impermeable and highly resis- 
tance to aggressive chemical solutions such as sodium or magnesium sulfates, and 
even dilute acids. An investigation on the relative chemical resistance of low W/C 
(0.33) concretes containing silica fume showed that when exposed for 6 months to 
1% HCI, 1% lactic acid, and 5% acetic acid solutions, the silica fume concretes 
generally exhibited better performance than either the reference concrete (without 
any admixture) or a latex-modified concrete (57). 

Alkali-aaarenate exDansion--Recent reports on the effectiveness of fly ash 
and slag in reducing the alkali-aggregate expansion are consistent with the 
conclusions of the previous review (1). There is sufficient evidence to show that 
low-calcium fly ash are effective in reducing expansion caused by alkali-silica 
reactions in concrete when used at a replacement level in the range of 25 to 30% 
or more. With high-calcium fly ash higher replacement levels may be needed to 
reduce the expansion. When a high-calcium fly ash contains large amounts of 
alkali sulfates, it tends to increase the amount of water-soluble alkalies in concrete. 
It is generally believed that deleterious alkali-aggregate activity occurs only when 
the total amount of water-soluble alkalies in concrete from all sources exceed 2.5 
kg/m3. 

Using Beltan Opal as a reactive aggregate, Hobb (58) concluded that 
reduction of alkali-silica expansion by fly ash or slag incorporation is mainly due 
to the "alkali dilution" effect and, also that slags were generally more effective in 
reducing the deleterious expansion than fly ash. However, using other reactive 
aggregates, both Nixon and Gaze (59), and Oberholster and Westra (60) found that 
fly ash was generally more effective than slag, and that the reduction in expansion 
was found to be greater than expected from simple dilution effect on the alkali 
content of concrete. This is possibly due to the added effect of low permeability 
to ionic diffusion in systems containing fly ash or slag. Also, recent work by 
Sersale and Frigione (61) confirmed that about 50% cement replacement by a 
blast-furnace slag was required, compared to about 30% cement replacement by 
a low-calcium fly ash, to reduce the expansion in mortar bars made with a 
hiah-alkali portland cement to < O. 1 % level. 

. , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ì ~ ~ ì ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

- 
'. . 
:y. ;-: . . . ..\; .. 

Similar to rice husk ash ( i ) ,  relatively small amount of condensed silica fume 
should be effective in reducing the deleterious alkali-aggregate expansion, 
however little published data are available. Malhotra et al. (6) cite a field test 
reported by Aitcin on a concrete pavement in Quebec, which was built in 1980. 
The concrete contains an alkali-reactive aggregate (limestone containing 
amorphous silica) which is known to cause deleterious expansion in structures 
within 1 year, The cement content of concrete in various parts of the pavement 
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ranged from 140 to 405 kg/m3, and replacement of cement by condensed silica 
fume ranged from 10 to 40 wt. %. At the time of the last inspection, three years 
after the construction, the pavement was in good condition with no deleterious 
expansions, although traces of*alkali-silica gel were found in the cores from the 
high cement content concrete. 

Corrosion of steel in concrete--The reinforcing steel in concrete remains 
covered with a passive iron oxide film, which must be destroyed before the elec- 
trochemical reactions resulting in steel corrosion can begin. The depassivation of 
steel can occur in the presence of chlorides or when the pH of concrete is reduced 
to < 11 by acid attack, such as by carbonation. Once the steel has been 
depassified, the progress of corrosion would be controlled by the rates of oxygen 
and moisture flow to the steel and the electrical resistivity of concrete. 

Through incorporation of mineral admixtures, by influencing the various 
factors involved in steel corrosion as mentioned above, it should therefore be 
possible to exercise considerable effect on the expansion and cracking of concrete 
from the corrosion of steel. In order of decreasing importance, the key factors 
controlling the degree of corrosion of steel in a concrete appear to be permeability, 
resistivity, and carbonation. The permeability of concrete is most important not 
only because it controls the rates of carbonation or chloride ingress essential for 
initiating the corrosion process, but also the rates of oxygen and moisture flow 
which would influence the progress of the corrosion process. A review of the 
beneficial effect of mineral admixtures on microporosity and in permeability of 
cement paste was presented in the previous report (1). The author believes now 
that in concrete the incorporation of mineral admixture can lead to even better re- 
sults by strengthening the transition zone, because microcracks in the transition 
zone are the major source of concrete permeability. 

Due to the lower amounts of calcium hydroxide available in concretes 
containing mineral admixtures, there has been a concern about their carbonation 
behavior. From a review of several publications, Berry and Malhotra (49) 
concluded that well-compacted and properly. cured concretes, with low W/C ratio, 
appear to be sufficiently impermeable to resist the advance of atmospheric 
carbonation beyond the first few millimeters. The authors cited a study by Ho and 
Lewis, in which an inverse relationship was found between the concrete strength 
and depth of carbonation, e.g. at strength levels lower than 30 MPa the fly ash 
concrete was more readily carbonated than the reference concrete without fly ash. 
This happened when the concretes were exposed to carbonation at a given age, 
rather than at an equivalent strength. The fly ash concretes cured to 90 days 
before carbonation, showed a lower rate of carbonation compared to the reference 
concrete. In conclusion, compared to normal concrete, a fly ash concrete would 
not decrease the corrosion protection of reinforcing steel provided it contained 
good-quality fly ash, proper mix proportions, and has received adequate curing 
prior to environmental exposure. 

*Recent core tests by the author, seven years after the construction of the 
pavement, also indicate no deleterious expansions due to the alkali-aggregate 
reactivity (personal communication from Professor P.C. Aitcin, June, 1988). 
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In concrete made with a cement containing a relatively large amount of slag 
(50 to 75 wt. %), greater carbonation depths compared to control concrete have 
been reported by some researchers. For instance, Litvan and Meyer (62) found that 
the long-term depths of carbonation were greater in a slag concrete. This was 
attributed to the coarsening of the pore size distribution as a consequence of 
carbonation of the slag-cement paste. On the contrary, due probably to calcium 
carbonate formation by chemical reaction between Ca(OH& and CO, and 
subsequent sealing of large pores, the reference concrete containing portland 
cement showed a decreasing carbonation rate with age. Evidently, as Berry and 
Malhotra (49) concluded, the solution lies in using a low W/C ratio, high cement 
content, and adequate consolidation and curing of concrete so that carbonation can 
be stopped at the concrete surface. 

In regard to silica fume concretes, Vennesland and Gjorv (63) and Gjorv 
(53) reported the results of 10 or 20% silica fume incorporation on the rate of 
oxygen transport, carbonation, and electrical resistivity. Although, as a result of 
silica fume incorporation, the rate of oxygen transport through water-saturated 
concrete as well as the depth of carbonation were only slightly reduced in ordinary 
concrete mixtures [low cement contents and high W/(C+SF) rates], the electrical 
resistivity was significantly enhanced. in a high-strength concrete mixture with 
400 kg/rn3 cement content, 20% silica fume, and 0.38 W/(C+SF), the electrical 
resistivity was enhanced from about 9 to about 127 K ohm/cm as a consequence 
of silica fume addition. This, obviously, would have a dramatic effect on reducing 
the corrosion potential of steel in concrete containing condensed silica fume. 

'*< 

I .  

Thermal strain--Not only in concrete dams but also in large foundations, 
piers, columns, and beams, the heat of hydration of cement can be of such 
magnitude as to require special attention to prevent excessive temperature rise, 
which is followed by shrinkages and cracking when the structure cools down to 
ambient temperature. Serious cracks jeopardize the structural safety and, more 
importantly, increase the permeability of concrete which exposes the structure to 
other processes of deterioration. Depending on the size and shape of a structure, 
cement type and content, and concrete temperature at placement, adiabatic 
temperature rise of the order of 30 to 5OoC is not uncommon in massive structures 
made with ordinary concrete. Even higher temperatures may be experienced with 
high-strength concrete mixtures. In the case of plain portland cement concretes, 
the peak temperature may be reached within 2 to 5 days after placement and the 
structure will develop thermal cracking if the rate of cooling to ambient 
temperature is high. 

,.\._. . ...%.,. ........ .. ~ . 
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As described in the previous report (i) ,  one of the ways to reduce the rate 
of temperature rise significantly is to replace a part of the cement by a mineral 
admixture. Thus the use of mineral admixtures, such as fly ash, provides an 
effective means of controlling thermal shrinkage cracking in concrete without 
compromising the ultimate desired strength. 

In the United States most concrete gravity dams built during the last 30 years 
contain 25 to 35% f ly  ash by weight of cement, and a similar proportion of fly ash 
is used in several recently constructed roller-compacted concrete dams. At 30% 
cement replacement levels by fly ash, the reduction in temperature rise of concrete 
is about 15%. Other advantages associated with the use of fly ash in mass concrete 
are its water-reducing ability (therefore the possibility of further cement reduction 
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. .  at a given W/C), and the thermal activation potential, which is superior to portland 
cement. At high curing temperatures, not only the rate of hydration of even a 
coarse-grained fly ash becomes high, but also the microStructure and mechanical 
properties of the portland cement-fly ash paste are usually superior to the neat 
portland cement pastes (42). 

Like fly ash, the incorporation of ground slag as a partial substitute for 
cement reduces the early rate of heat generation, and this reduction is directly 
proportional to the proportion of slag used. Depending on their reactivity, the 
adiabatic temperature rise may be slightly lower with portland-slag cements than 
portland-fly ash, cements because the former usually contain 50 to 7Ooh of the 
blending component compared to 20 to 30% for the latter. In mass concrete, from 
in situ measurements of relative temperature rise of concrete mixtures (400 kg/m3 
cementitious solids) containing a portland-slag cement (75% slag), a portland-fly 
ash cement (30% fly ash), and a neat portland cement, Bamforth (64) found that 
the concrete showed 46OC, 47.SoC, and 54.5OC temperature rise, respectively, thus 
confirming that the effect of cement replacement by each of the mineral 
admixtures was to reduce the peak temperature by about 15%. 

There is little published data regarding the effect of condensed silica fume 
incorporation on temperature rise in concrete. With a 100 MPa superplasticized 
concrete mixture containing 500 kg/m3 silica fume, A k i n  et al. (65) reported that 
the first increase in the temperature of concrete was recorded only after 17.5 hours 
of placement. There is another reported case where a part of the cement was 
replaced by silica fume in order to reduce the risk of thermal cracking in a 
high-strength concrete (33). In the slip- formed ylons of the new Tjorn Bridge 
in Sweden, 370 kg/m3 of cement and 37 kg/m of silica fume were used for 
making a 62 MPa concrete (28-d). Additionally, artificial cooling of the structure 
by circulation of cold air helped to lower the peak concrete temperature by 10 to 
12OC. 

f 

In the previous review (i) ,  a laboratory investigation was reported on the 
adiabatic temperature rise in high-strength (6000 psi) concrete, containing a rice 
husk ash-portland cement (30% ash). Compared to the reference concrete, the rice 
husk ash concrete developed higher strengths but less temperature rise at 7 and 
28-d. For application to high-strength concrete this is important information that 
certain pozzolan-cement combinations are capable of producing higher strength 
per unit of temperature rise than portland cement alone, even at early ages. 

Frost action--When portland cement concrete is to be exposed to cycles of 
freezing and thawing, it must be protected from expansion and cracking by the 
use of air entrainment. Air content, bubble spacing, and specific surface are the 
most important parameters for evaluating the effectiveness of air entrainment. For 
satisfactory resistance to freezing and thawing, the generally accepted values are 
between 4 and 7% for entrained air content, .c 200 pm for the bubble spacing 
factor, and > 24/mm specific surface. 

As with all portland cement concrete, in freezing and thawing environments 
proper air entrainment is necessary for protection of concretes containing mineral 
admixtures. From a study of relative frost resistance of concretes, both with and 
without mineral admixtures, Virtanen (66) found that non-air-entrained concretes 
incorporating slag, fly ash, or condensed silica fume showed poorer results than 
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the reference portland cement concretes, However, air-entrained concretes 
containing slag, fly ash, or silica fume showed better resistance than the 
corresponding portland cement concretes. 

AC1 Committee 226 (9) cautions that care should be exercised in 
proportioning mixtures to insure that not only concretes have adequate strength 
(3500 psi or more) when first exposed to freezing and thawing cycles but they 
should also be at a comparable level of maturity. For example, because of the 
slower strength gain in concrete with low-calcium fly ash at normal ambient 
temperatures, more cementitious material (cement + fly ash) is generally used to 
achieve comparable maturity at 28 days. This increased amount of cementitious 
material often requires an increase in the amount of air-entraining admixture per 
unit volume of concrete in order to obtain equivalent air contents. 

Larger than normal dosages of air-entraining admixtures are also needed in 
the case of low-calcium fly ashes which contain relatively high proportion of 
carbon (due to high adsorption of air-entraining admixture by the carbonaceous 
particles with large specific surface). In the event of application of deicers, due 
probably to their finer pore structures the concretes containing mineral 
admixtures, even when air-entrained, are generally more vulnerable to surface 
scaling (higher loss of surface mortar) than the corresponding portland cement 
concretes. Similarly, ,as the quantity of fly ash in air-entrained concrete is 
increased to very high proportions, more scaling damage is likely to occur. The 
preceding conclusions are confirmed by several studies cited by Berry and 
MaIhotra (49). 

-*a 
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Douglas (50) cited several recent investigations on frost action of concrete 
containing granulated blast-furnace slag as a partial replacement for cement. With 
proper air entrainment equivalent or even better performance is reported with slag 
cement, when compared to portland cement. Denser and more uniform 
microstructure and finer pore system in the hydrated cement paste containing slag 
is credited for their superior performance provided the strengths and air contents 
are kept constant before subjecting the specimens to freezing and thawing tests. 

Regarding the frost resistance of silica fume concrete, conflicting results 
- ..,: \.., ,_ . .... . ..~. . . . . . have been reported in the literature, Probably differences in test methods, when 

dealing with cement paste systems containing very fine pores, are responsible for 
this. Because of sluggish water movement the response of such microporous 
systems to freezing and thawing cycles depends on the degree of saturation. 
Earlier reports raised the possibility that, due to lack of freezable water in very 
low W/C superplasticized cement pastes containing silica fume, even 
non-air-entrained concrete would perform well under freezing and thawing 
environments. When ASTM Method C 666 (Procedure A or B) is used, Malhotra 
et. al (6) conclude that non-air-entrained concrete, regardless of the W/(CtSF) 
ratio, and irrespective of the amount of condensed silica fume, shows very low 
durability factors and excessive expansion. The concrete appear to show increasing 
distress with increasing amounts of the silica fume. On the other hand, 
air-entrained concrete, regardless of the W/(C+F) ratio and containing up to 15% 
condensed silica fume as partial replacement for cement, performs satisfactorily. 
However, concrete containing 20 and 30% silica fume, and with W/(CtSF) ratios 
of the order of 0.4, tends to perform poorly, 
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Surface wear by abrasion-erosion--Resistance of concrete to abrasion- 
erosion is greatly influenced by the strength characteristic of the aggregate. With 
a given aggregate type, the strengths of the cement paste and the transition zone 
govern the rate of surface wear. Since both depend on the water/cement ratio and 
the curing conditions, it should be obvious that the influence of a blended portland 
cement on the abrasion-erosion resistance of concrete would be determined by the 
degree to which it modifies the water/cement ratio and the curing requirements 
of the reference portland cement. 

There is little published information on the abrasion- erosion resistance of 
concretes containing fly ash, slag, and condensed silica fume. In part, this is due 
to cumbersome and unsatisfactory standard test methods. Berry and Malhotra (49) 
cite a study by  Liu who, using an underwater abrasion test, compared the rates of 
surface wear between a reference concrete and a corresponding fly ash concrete 
(25% fly ash by volume replacement for portland cement). Both the concretes had 
similar strengths (about 50 MPa) before testing. This was achieved by curing the 
fly ash concrete for 90 days compared to 28 days for the reference concrete. Little 
difference in abrasion resistance was found between the two concretes for test 
periods up to 36 hours, however after 72 hours the fly ash concrete showed 7.6% 
weight loss compared to 6.1% for the reference concrete. Berry and Malhotra (49) 
concluded that more research is urgently needed to evaluate the abrasion-erosion ?.:..:,+;,::: . . .  :;.<.; ;: .,; '.'\.%-,;$;j<!;.-. . .-. .; ., ::;.:: ..;$$;y .: .,:;:.::::&$<::;: 

.,*\ . . . .  . .  of fly ash concrete under many forms of exposure. 

Gjorv et al. (67) reported from a recent study that a very high-strength 
concrete mixture (1 50 MPa) containing a quartz-diorite aggregate, condensed 
silica fume, and a superplasticizer, showed an abrasion or wet-erosion loss of the 
same order as that of a granite element used for reference purpose. Since under 
severe abrasion-erosion conditions the failure of the cement paste-aggregate bond 
results in aggregate pull-out, by strengthening the transition zone with the help of 
condensed silica fume and a very low W/C ratio it seems possible to enhance 
greatly the abrasion-erosion resistance of concrete surfaces. 

STANDARD SPECIFICATIONS AND TEST METHODS 

Several recent reports (68-71) deal with the important issue of standard 
specifications and test methods for pozzolanic and cementitious admixtures for 
concrete. There has been a general dissatisfaction with the current world 
standards on f l y  ash and slag (and only Norway and Canada have standard 
specifications covering silica fume). The principal reason for this dissatisfaction 
is that there are too many mandatory physical and chemical requirements, which 
do not seem to serve the interests of either producers or consumers of mineral 
admix tures. 

From a critical examination of the significance of various physical and 
chemical requirements in the present standards (10, 68), it is concluded that a few 
carefully selected requirements should be able to serve the twin purposes of 
insuring uniformity, in quality, and a desired level of performance by the material 
when incorporated in concrete. Irrespective of the type or source of a siliceous 
by-product, i t  appears that only ignition loss, fineness, and activity index with 
portland cement are the material characteristics that justify mandatory testing 

Full document details: ACI SP-114-89

http://www.avadocuments.com/doc/aci-sp-114-89
http://www.avadocuments.com/doc/aci-sp-114-89


- 

A C 1  SP-33Lt VOL*L 89 06629Lt9 0005732 5 H 
- ,  

1989 Trondheim Conference 27 

and control. Such a simplified approach can eventually lead to a global standard 
covering all mineral admixtures (68). 

Recent trends, e,g., the development of a new Canadian Standard 
(CAN/CSA-A23.5-M86) covering all mineral admixtures including silica fume, 
seem to justify the move away from materials specific to performance-specific 
standards. In the closure to a discussion on the final report of RILEM Technical 
Committee on Siliceous By-products in Concrete (lo), the Committee stated, "We 
would like to reiterate that the materiais-specific standards for mineral 
admixtures have outlived their usefulness. To serve equally the interests of both 
producers and users of pozzolanic and cementitious by-products, we believe that 
a global standard is needed. When accompanied by proper explanations containing 
a summary of factors that influence the durability of concrete containing siliceous 
additions, a global standard can be made to serve another important purpose, 
namely the general consumer education in concrete durability." 

ECOLOGICAL BENEFITS 

. .  The previous report (1) contains a brief reference to economic, 
energy-conserving, and ecological benefits that are possible from the incorporation 
of cementitious and pozzolanic by-products in concrete. Recently, Kreijger (72) 
presented an interesting approach to compare the ecological profile of various 
materials of construction. The ecological profile takes into consideration various 
parameters, such as desoiling and deforestation for the recovery of raw materials, 
and pollution caused from dust and SO, emissions. From comparison of their 
ecological profiles, the authors concluded that reinforced concrete is the most 
environmental-friendly material for construction work. 

Since unused industrial by-products cause land, air, and water pollution, 
the environmental-friendliness of concrete can be greatly enhanced by 
incorporating pozzolanic and cementitious by-products in most of the concrete 
being produced today. The economic and engineering benefits, such as durability 
enhancement of using mineral admixtures in concrete are already well established. 
Therefore, when the environmental benefits of using concrete containing fly ash, 
slag, and silica fume are also considered, the product acquires a highly attractive 
position among all building materials. It is for the construction industry to make 
a better use of this knowledge and to increase the rates of utilization of pozzolanic 
and cementitious by-products in concrete than is the case today (see Table i ) .  
There is already a growing consciousness in society that builders of projects must 
be held accountable for social and ecological consequences of their actions, 
including the selection of environmental-friendly materials for construction. 

. \[:fi<...*, . .  ...,e <>...?=.,: ....,... ,s.. 

A RECENT DEVELOPMENT 

The practice of using large proportions of fly ash in mass concrete mixtures 
is well known. Besides cost economy and reduction of heat of hydration, the 
incorporation of fly ash into lean concrete mixtures generally helps to improve the 
workability because most fly ashes have a plasticizing or water-reducing effect in 
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concrete. For instance, in a recent investigation with a non-air-entrained lean 
concrete mixture containing 210 kg/cm3 water, Ravina and Mehta (73, 74) 
substituted 35 to 60% cement by mass with fly ash and reduced the water content 
by as much as 18% while maintaining a constant consistency (55 mm slump). With 
a typical ASTM Class F fly ash (350 m2/kg Blaine, 18% residue on No. 325 mesh, 
3.5% ignition loss) although the early strengths up to 28-d were less than the 
control, the 90-d strengths were comparable and the 1-yr strengths were higher 
by approximately 50%. It should be noted that, when compared to the control 
concrete, with high fly ash concrete the improvement in ultimate strength resulted 
both from a decrease in the W/(C+F) ratio and an increase in the total cementitious 
materials. 

Malhotra and his colleagues (75, 76) have made an important contribution 
to the state of the art by investigating the properties of high-workability concrete 
mixtures, with W/(CtF) ratio reduced to as low as 0.3 by the simultaneous use of 
a large amount of fly ash and chemical admixtures, such as superplasticizing and 
air-entraining agents. For example, using 150 kg/m3 of an ASTM Type II 
portland cement, 190 kg/m3 of a Class F fly ash [F/(CtF) = 0.561, a water content 
corresponding to W/(C+F) ratio of 0.33, a naphthalene sulfonate type 
superplasticizer, and an air entraining agent, Malhotra (75) made concrete mixtures 
having 40 to 110 mm slump and 4 to 6% air content. The 28-d compressive 
strengths ranged from 28-35 MPa, and the average compressive strength at 3- 
months was approximately 40 MPa. A subsequent report (76) showed that a 
superplasticized concrete mixture with the same F/(CtF) ratio of 0.56, but a lower 
cement content (100 kg/m3) and a higher W/(C+F) ratio 0.49 (which, incidently, 
is similar to one of the unsuperplasticized mixtures of Reference No. 73 and 74), 
gave 23 and 38 MPa compressive strength at age 28-d, and 91-d, respectively. 

For comparison purposes, data on the influence of high volume of fly ash 
on strength characteristics of lean concrete mixtures, both with and without the 
presence of superplasticizing and air entraining admixtures, are shown in Table 4. 
In spite of 4% entrained air in the superplasticized concrete mixture containing 1 O0 
kg/m3 cement, the concrete showed considerably greater strengths at 28 and 90- 
d than the unsuperplasticized mixture containing a higher cement content (120 
kg/m3). This may be attributed to a better dispersion of cement and fly ash 
particles and a more uniform microstructure of the hydration products in the 
superplasticized concrete. Although the same materials were not used by the 
investigators (74, 76), minor differences in the physical-chemical characteristics 
of fly ash and portland cement are not expected to influence the strength results 
at 28, 90, and 365-d. 

In addition to compressive strength, Langley et. al (76) also investigated 
other properties of low cement content,high fly ash content, superplasticized, air- 
entrained concrete mixtures. The authors concluded that the test mixtures 
compared well with control concrete mixtures containing no fly ash with regard 
to elastic properties, drying shrinkage, creep, and resistance to freezing and 
thawing cycles. 
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CONCLUDING REMARKS 

The use of pozzolanic and cementitious by-products or mineral admixtures 
in portland cement concrete is generally beneficial form standpoint of cost 
economy and enhancement of properties of both fresh and hardened concrete. The 
degree to which a particular property is improved and the rate at which an 
improvement occurs do not depend on the type or the source of the mineral 
admixture. There is increasing scientific evidence that they depend on the 
mineralogical and granulometric characteristics of the admixture used. 

It is not difficult to understand why, for a given mix proportion, the 
rheological behavior of a fresh concrete mixture would be influenced more by the 
particle shape and size distribution (fineness) of the mineral admixture than by its 
type (Le., whether it is fly ash or slag). However, only recently there is an 
increasing appreciation of the fact that the engineering properties of hardened 
concrete are also controlled by the particle characteristics and mineralogy and not 
by the type of the mineral additive. This is because the granulometry and 
mineralogy of the reactants influence the reaction rates, which determine the 
microstructure of the cement-mineral admixture interaction products and hence 
the engineering properties. Thus, from standpoint of the effect of a mineral 
admixture on the properties of concrete, it is less important whether the admixture 
is a fly ash or a slag, but more important how fine is the particle size, and whether 
the noncrystalline and the crystalline phases present are more active or less active 
to hydration. 
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TABLE 3--SODIUM S I L I C A T E  MODEL GLASS COMPOSITIONS (17) 

Na20 SO, NBO/SL Structure 
% 96 

XRD glass max. 
(02em)o 

21.3 - O 1 O0 O 3d 
20 80 - 3d, sheets, chains 22.5 ? 
30 70 - 24.5 30.4 
32 68 - 24.5 3 1.4 

34a 66 1 sheets, chains, 24.5 31.4 
64 - monomer 24.5 32.0 36 

40 60 - 24.5 32.5 

l 50' 50 2 chains, dimer, monomer - 34.0 

38 62 - 24.5 32.5 

TABLE 4 - - C H A R A C T ~ I S T I C S  OF LEAN CONCRETE 
CONTAINING LARGE VOLUMES OF FLY ASH 

Cement (C), kg/m3 
Fly ash (F), kg/m3 
Water (W), kg/m3 
F/(C+F), ratio 
W/(C+F), ratio 
Air content, % 
Slump, mm 
Compressive Strength, MPa 

28-d 

90-d 
1-yr. 

'non air-entrained mixture. 

Reference (73,74) 

210 
-- 

170 
-- 

0.80 
+ 

55 

15 

18 

20 

*contains a superplasticizing admixture. 
**contains an air-entraining admixture. 

135 120 
140 180 

150 140 

0.51 0.60 

0.55 0.47 
+ + 

55 55 

13 10 

20 17 

31 32 

~ 

Reference (75,76) 

100 50 

125 190 
110 112 

0.56 0.56 

0.49* 0.33* 
4** 4-6** 

100 40-110 

23 28-35 

38 40 
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Fig. 1--X-ray diffractograms of (a) crystalline silica, 
and (b) glassy silica (14) 
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Fig. 2--Structure of silicate glass (14): 
(a) typical Si-O chain with oxygen bridging 

in simple glasses 
(b) non-bridging oxygens in complex glasses 

containing Na+ ions 
(c) random chemical disorder resulting from 

substitution of Si by Al 
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MELILITE 4 I 

Fig. 3--X-ray diffraction spectra of (a) different 
samples of condensed silica fume (6), 
samples of quenched blast-furnace slag (14) 

(b) different 

- .  

20 Maximum 

Fig. 4--Variation of XRD glass maxima versus analytical 
Ca0 contents for fly ashes: (a) after Diamond (16), 
(b) after McCarthy et al ( 19) 
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5--X-ray diffraction patterns for 
, glasses (17) 
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Fig. 6--Effect of pozzolanic or non-pozzolanic fine-particle 
additions on the compressive strength of concrete (34) 
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Fig. 7--Compressive strength versus age for f l y  ash 
concretes with a W/(C+F) of 0.40, containing various 
additions of condensed s i l ica  fume (38) 
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Fig. 8--Age versus compressive strength relationship 
for concrete incorporating condensed silica fume and 
pelletized slag: W/(C+BFS) = 0.40 (39) 
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Fig. 9--Compressive strength of silica fume concrete made 
with W/(C+SF) ratio of 0.4 and 0.6 (41) 
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Fig. 10--Creep of f l y  ash concretes (46) 
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