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The Role of Fly Ash Composition 
in Reducing Alkali-Silica Reaction 

by Rachel J. Detwiler* 

1 .O INTRODUCTION 

Some Class C fly ashes have been shown to be effective in controlling the alkali reactivity of even 
highly reactive aggregates. The objective of the proposed work was to determine the relevant 
characteristics of such fly ashes and any limitations on their use. High quality Class F fly ashes are 
not readily available in all areas where reactive aggregates are found. As supplies of nonreactive 
aggregates are used up, other measures to control alkali reactivity will be needed. It is known that not 
all Class C fly ashes are suitable for this purpose; however, some have proven acceptable. Establishing 
criteria for determining the acceptability of Class C fly ashes for this purpose will provide an 
additional means of controlling ASR. This report reviews the literature on this topic and recommends a 
test program to provide information on the mechanisms by which some Class C fly ashes can help to 
control deleterious expansions due to ASR. 

1.1 Alkali-Silica Reaction 

Nielsen [1979] lists the signs of deleterious alkali-silica reaction (ASR) as extruded gel on the concrete 
surface, popouts from porous reactive aggregate particles near the surface, and map cracking that can 
extend through the thickness of the concrete. The cracks can be up to 1-2 mm wide. He describes the 
reaction sequence as follows. Alkali ions (Nat and K') from the cement, mixing water, or environment 
dissolve into the pore solution, increasing its OH- concentration. The OH- ions dissolve any amorphous 
silica present, forming a gel. Since the gel is hygroscopic, i t  imbibes water from the surrounding pore 
solution, The gel, which would expand if unconfined, exerts pressure on the surrounding cement matrix. 
Nielsen gives three possible results of ASR: 

The concentrations of alkalis, silica, and water are unfavorable for the process. It takes place 
without causing damage. This is the most common situation. . The concentrations of alkalis, silica, and water are favorable for the process. Expansive pressures 
from the gel generate cracks throughout the volume of the concrete. 
Reactions and swelling in aggregate particles near the surface of the concrete can cause popouts. If 
the mortar is strong enough to resist the pressure of the swelling gel, the gel is expressed through 
the surface of the concrete. In this case the gel can be extruded to form drops, or may cause dark 
patches to form on the surface. 
According to Taylor [19901, the necessary conditions for alkali-silica reaction in portland cement 

concrete are a sufficiently high content of alkali oxides in the cement, a reactive constituent in the 
aggregate, and a supply of water. The K+ and Na+ ions are present in the cement as sulfates and in the 
silicate and aluminate phases. When the compounds containing these ions react, their anions enter 
products of low solubility, such as ettringite, calcium silicate hydrates, or AFm phases, and equivalent 
amounts of OH' are formed. At this stage the alkali ions are involved only in the sense that, since 
their hydroxides arc soluble, they allow the OH- to enter the pore solution. Alkali cations may also 
be supplied from deicing salts, seawater, supplementary cementing materials, or aggregates. These 
alkalis also yield equivalent amounts of OH- unless they enter solid phases or are balanced by other 
anions that remain in solution. 

Taylor [19901 likens the chemistry of ASR to that of the pozzolanic reaction, except that the effect 
is different because of the difference in particle size of the siliceous material. Hydroxide ions attack 
the silica, causing 9-0-5 bridges to be replaced by pairs of SiO- groups. This process ultimately 
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fragments the three-dimensional silica framework into separate silicate anions. The negative charges 
are balanced by the most readily available cations, which are K+ and Na+. The damaged framework 
is sufficiently deformable that, at least for some compositions, the material can imbibe water molecules 
and expand. If it is sufficiently fragmented, i t  can be highly mobile. It is unstable in the presence of 
Ca2+, which reacts with it to form calcium silicate hydrate. This regenerates OH' in the solution, for 
example from Ca(OH)2 if that is the source of the calcium. The alkali silicate constituent of the gel 
can probably accommodate some calcium, but a point is soon reached at which calcium silicate hydrate 
precipitates as a separate component. In the pozzolanic reaction, the alkali silicate gel forms in an 
environment rich in calcium, and so converts quickly into calcium silicate hydrate. In ASR, the cement 
paste cannot supply calcium fast enough to keep the gel from persisting for long periods, particularly in 
cases where the gel forms within the aggregate particles. 

Diamond [1989] points out that ASR can take place without damaging the concrete. Visible or 
measurable distress associated with ASR results from physicochemical responses subsequent to ASR, 
and is not necessarily a result of the reaction itself. The driving force for expansion and cracking is the 
osmotically-derived imbibition of pore solution into the insoluble reaction gel. 

Farny and Kosmatka [1997] agree that the presence of ASR gel does not always coincide with 
distress. They point out that some gels expand very little or not at all. Diamond et al. [19811 state that 
a low-swelling gel might expand less than 4% in which case the pressures generated in the concrete are 
less than about 0.5 MPa (70 psi), not high enough to create problems. On the other hand, a gel may 
expand by up to 60-8070, in which case i t  may cause pressures of 4-11 MPa (600-1600 psi), enough to 
damage the concrete. Swelling pressures are also influenced by the rate of migration of pore fluids to 
the reaction site and by the temperature to which the concrete is subjected. Thus the presence of ASR 
gel must be linked to destructive cracking for a positive identification of harmfully expansive ASR. 

Hobbs [1986al studied the mechanical properties of 14-year-old concretes affected by ASR. He 
found that where ASR had caused visible cracking, the compressive strength was reduced by 10-15%, 
the indirect tensile strength by 15-20% and the elastic modulus by 2040%. 

1 . 2  Why Class C Fly Ash? 

Class F fly ashes have generally been used to control deleterious expansion due to ASR, and have 
normally proved effective when used in sufficient dosages. Class C fly ashes are considered to be less 
effective, and normally have to be used in higher dosages if they can be used at all. The maximum 
acceptable dosage of fly ash in a given concrete may be limited by code or by practical considerations. 
For example, ACI 318 limits the fly ash content of concrete exposed to deicing salts to 25% of 
cementitious materials in order to prevent problems with deicer scaling. While 25% is an adequate 
dosage for most Class F fly ashes to control ASR, it is often not sufficient for Class C ashes. Other 
practical considerations might include early-age strength requirements for form removal or the opening 
of pavements to traffic. 

In some markets, all of the Class F fly ash produced is already being used. The supply of suitablc 
Class F fly ashes can be expected to diminish as  more restrictive NOx emissions regulations are put into 
effect. Low-NOx emission burning is less efficient, so the resulting fly ash has an increased carbon 
content. In some cases, the increase may makc the fly ash unsuitable for use in concrete due to the 
interaction between carbon and air-entraining admixtures. 

Reductions in supplies of high-quality, non-reactive aggregate, combined with regulations 
governing the disposal of cement kiln dust, have led to more frequent situations in which potentially 
reactive aggregates must be used in conjunction with high-alkali cements. Thus mitigation measures are 
required at the same time that the supply of suitable Class F fly ashes is decreasing, motivating a 
search for alternative means of controlling ASR. 

Although less information is available on the performance of Class C fly ashes in this regard, some 
Class C ashes can control expansion duc to ASR. This review summarizes work done with Class C fly 
ashes, along with what is known about the fundamental mechanisms by which fly ash prevents 
damage due to ASR. Various standard methods used to test materials and material combinations for 
potential ASR are discusscd in order to aid the reader in sorting out the meaning of test results and to 
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provide background for the research recommenda tions that follow. These recommendations are 
intended to provide a basis from which to develop guidelines for selecting Class C fly ashes with the 
potential to provide effective control of ASR. Manz et al. I19891 report the development of a database 
containing the chemical, mineralogical, and physical characteristics of North American fly ashes. 
This database could provide valuable information about suitable fly ashes in a given area once the 
relevant prerequisi tcs for good performance are known. 
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2.0 CHARACTERISTICS OF FLY ASH 

ASTM C 618, "Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use 
as a Mineral Admixture in Portland Cement Concrete," classifies fly ashes as being either Class F, 
which has pozzolanic properties, or Class C, which has both pozzolanic and cementitious properties. 
Class F fly ashes are commonly derived from bituminous and anthracite coals, while Class C fly ashes 
are usually derived from ligni tic and sub-bituminous coals. The calcium content is not specified directly; 
the main distinguishing feature is the sum of the contents of Si02, A12O3, and Fe2O3, which is to 
exceed 70% in the case of Class F fly ashes and 50% in the case of Class C fly ashes. Diamond [19811 
states that Class C fly ashes may contain 30% CaO or more, with correspondingly smaller amounts of 
Si02, Al2O3, and Fe2O3, He considers the logic of classifying fly ashes only indirectly in terms of the 
calcium content to be "dubious". 

Diamond and L6pez-Flores [1981a] performed a detailed study of a small set of Class C and Class F 
fly ashes. Class C fly ashes have much higher calcium and correspondingly lower silica contents than 
Class F fly ashes, and some have significant alkali and sulfate contents. They have higher apparent 
specific gravities, indicating the virtual absence of hollow particles. The authors identified 
crystalline calcium-bearing compounds such as C3A, sometimes C3S, free CaO, and anhydrite. They 
also found crystalline alkali sulfates and believe them to occur as deposits on the surfaces of the ash 
particles. They found the glass to be quite different from the siliceous glass found in low-calcium ashes. 
These contain such crystalline phases as quartz, mullite, hematite, and a few inert minor compounds. 

McCarthy et al. C19881 studied a number of North American fly ashes and found that sub-bituminous 
coal ashes typically have higher analytical CaO and A1203 and more abundant C3A. They report 
detailed information on the composition of these ashes. Naik and Singh [19951 report that Class C 
ashes typically contain 20-50% Si02, 15-20% Al2O3, 15-35% CaO, 5-10% Fe2O3, and up to 8% alkali. 

2.1 Alkali Content 

The alkali content of a fly ash may be specified in terms of the "available" alkali content, the "water 
soluble" alkali content, or the "total" alkali content. Specific details of the test procedures are 
outlined in Chapter 5. The procedure given in ASTM C 311 for the available alkali content is intended 
to simulate the highly alkaline pore solution environment to which the aggregate particle is exposed. 
In this test the alkalis are extracted using a solution of Ca(OH)2. The total alkali content as 
determined according to ASTM C 114 is intended to extract all of the alkalis using a solution of 
hydrochloric acid. ASTM C 114 also specifies a procedure to determine the water soluble alkali 
content; its numerical value would generally lie somewhere between the other two. Because calcium 
silicate hydrate is able to incorporate some alkalis, even if the alkali is released from the fly ash into 
the pore solution, the aggregate may not be exposed to it for any significant length of time. 

Diamond and L6pez-Flores [1981a] found substantial alkali contents in all but one of the high- 
calcium fly ashes they studied. The low-calcium ashes had more sodium than potassium, while the 
high-calcium ashes had negligible sodium contents but high potassium contents. Diamond 119831 states 
that many fly ashes contain appreciable amounts of Na20 and K 2 0  which could be released with the 
reaction of the glass containing them, thus augmenting the alkali hydroxide content of the pore 
solution. Fly ashes may also contain soluble coatings of alkali sulfates or carbonates, the latter arising 
from precipitator aids used to increase the effectiveness of electrostatic precipitators in collecting the 
fly ash. These, too, may augment the alkali hydroxide levels in the pore solution. Diamond and 
Lopez-Flores [1981b] point out the importance of determining the degree to which the alkali metals 
present in a given fly ash form alkali hydroxides in the pore solution. They did so for several fly ashes 
and found the sodium from the high-calcium ash did contribute to the alkali hydroxide concentration 
of the pore solution, with the contribution varying over time, while the potassium in the low-calcium 
fly ash added little to the alkali hydroxide concentration. I t  was not clear whether these 
contributions werc influenced by the calcium content of the fly ash or the lime-silica ratio of the 
cementitious system (discussed in Section 3.2). 
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Carrasquillo and Snow [I9871 and Carrasquillo and Farbiarz [19891 found the available alkali 
content to be a factor-along with cement alkali content and percentage of fly ash replacement-in the 
expansion due to ASR as measured by ASTM C 227. For fly ashes with low (< 1.5%) available alkali 
contents, the beneficial effects of the fly ash increase with increasing fly ash content. For fly ashes 
with higher alkali contents, there is a "pessimum" fly ash content below which the replacement of 
cement by the fly ash increases the expansion due to ASR as compared with the control mixture without 
fly ash, and above which increasing fly ash contents progressively reduce expansions. The authors 
found indirect evidence that alkalis from the fly ash are released into the pore solution regardless of 
the class of fly ash used. For similar mix proportions, the higher the alkali content of the fly ash the 
greater the expansion of the specimens. 

2.2 Calcium Content 

In their detailed study of a small set of Class C and Class F fly ashes, Diamond and L6pez-Flores 
[1981al found that several high-calcium ashes had more than 30% CaO. They had about half the 
silica of the low-calcium ashes and substantially less alumina. 

Berry and Malhotra [19861 state that the use of high-calcium fly ashes has received less attention; 
thus there is less information about them. However, there is some indication that the amount of fly 
ash needed for effective control of ASR expansion may bc higher for high-calcium ashes than for low- 
calcium ashes. These higher dosages may not be acceptable from the standpoint of strength gain. 

Carrasquillo and Snow 119871 state that the calcium content of the fly ash does not seem to have an 
effect on ASR in concrete. However, Carrasquillo and Farbiarz [1989] found that the calcium content 
does influence the expansion. Their guidelines state that fly ashes containing less than 10% CaO and 
less than 1.7% available alkali may be used at any replacement level. 

2.3 Magnesium and Periclase Content 

Diamond [19811 states that periclase (MgO) can be detected in some fly ashes, particularly high- 
calcium ashes from coals having a significant component of dolomitic lime in the ash. Presumably the 
periclase from fly ash could form Mg(OH12 over time, leading to unsoundness; however, normally so 
little is present that difficulties are not expected. Magnesium can also enter the glassy phase, so one 
must distinguish between the percentage of MgO as determined by chemical analysis and the usually 
much lower percentage of periclase present. Diamond and L6pez-Flores [1981a] found that low-calcium 
ashes contain little MgO. 

2.4 Sulfur and Sulfate Content 

Diamond and L6pez-Flores [1981al found substantial amounts of sulfate in all of the high-calcium ashes 
they studied; by contrast, the low-calcium ashes contained negligible sulfate. They found small 
particles which they believe to be alkali sulfates deposited on the surfaces of the larger particles of 
the high-calcium ashes; the low-calcium ash particles had very clean surfaces. According to Diamond 
[ 1981 1, sulfur-bearing emissions from coal-fired power plants are of great significance in air pollution 
control. Much of the sulfur in coal ash is in the form of pyrites (FeS2). A considerable portion of the 
sulfur in the coal is not in the ash, but is tied up in the organic or coal fraction. On combustion, the FeS2 
is reduced to FeS and then oxidized to iron oxides, while the sulfur is emitted as sulfites and oxidized to 
sulfates in the gas stream. Alkali and possibly calcium sulfates may condense on the surfaces of fly ash 
particles and are generally readily soluble. ASTM C 618 limits the total SO3 content of fly ashes used 
in cement and concrete to 570, but some ashes have much higher SO3 contents. Alkali sulfates are 
commonly deposited on surfaces. These are fully soluble and will increase both the alkali and sulfate 
levels of the pore solution. Anhydrite and soluble anhydrite may also go rapidly into solution, 
promoting additional ettringite formation early in the cement hydration. 
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2.5 Carbon Content and Loss on Ignition 

Diamond and L6pez-Flores [1981al found that all of the fly ashes they studied, whether high- or low- 
calcium, had low carbon contents. Carbon content is a function of the efficiency of the burning process 
rather than the coal composition. 

Carbon in fly ash is of concern primarily because it  interferes with the ability of air-entraining 
admixtures to generate a stable air void system for the protection of the concrete against frost damage. 
The carbon particles adsorb the air-entraining admixture, thus increasing the required dosage. If the 
carbon content varies significantly, the required dosage will also fluctuate, making it difficult to obtain 
a proper air-void system on a consistent basis. Carbon may also affect the color of the concrete in a way 
that is unacceptable in some applications. 

2.6 Glass Content and Mineralogy 

Naik and Singh I19951 report that the crystalline mineral phases present in a Class C ash may include 
quartz, periclase, lime, calcium aluminate, calcium sulfate, and alkali sulfates, in addition to the glass 
component, which ranges between 60 and 90%. 

Diamond [1981] states that the great preponderance of crystalline material in fly ash is embedded 
within the glassy spheres, and not recognizable as such unless the glass is first removed by selective 
chemical attack or by reaction in concrete. Thus these materials can be difficult to analyze 
quantitatively. In general, the content of any one type of crystalline mineral is on the order of a few 
percent, although many different types may be present in one fly ash. He identifies a-quartz, mullite, 
gehlinite, hematite, magnetite, periclase, alkali sulfates, anhydrite, soluble anhydrite, and CaO as 
commonly occurring crystalline minerals in fly ash. Quartz is found in all fly ashes. Mullite is found in 
almost a11 Class F fly ashes and is common in Class C fly ashes as well. Gehlinite is reported 
occasionally in Class C fly ashes. The iron oxide minerals (hematite and magnetite) occur in nearly all 
Class F fly ashes and many Class C fly ashes. Periclase is found primarily in Class C fly ashes which 
have a significant dolomitic lime component in the coal ash. Crystalline CaO is common in Class C fly 

ashes. Cement minerals occur in some Class C fly ashes, C3A being quite common and C4A3S found 
occasionally, but in smaller quantities. In his detailed study of a few Class F and Class C fly ashes, 
L6pez-Flores [1982] found that the Class C fly ashes had a relatively large number of crystalline 
compounds, while the Class F fly ashes had fewer. He found that the Class C fly ashes were 
characterized by the presence of crystalline CaO, anhydrite, and C3A, while the Class F fly ashes 
were characterized by the presence of mullite as a major component. All of the fly ashes contained a- 
quartz. 

2.7  Variations in Composition by Size Fraction 

Lopez-Flores [1982] found a dependence of chemical composition on the particle size fraction. Energy 
dispersive X-ray analysis of Class F and Class C ashes showed that in the Class C fly ashes the ratios 
of the minor elements to silicon were higher for the particles less than 5 pm in size. In two of the fly 
ashes the ratios of Mg, K, Ca, Ti, and Fe to Si for the particles 1-5 pm in sizc were 2-20 times as high as 
for the larger particles. This effect was much less pronounced for the Class F fly ash, although the 
author points out that this may be due to the much larger Si02 content of the Class F ash analyzed. 
The overall compositions of the five fly ashes are given in Table 2.7.1, which shows that Fly Ash C 
had a lower A1203 content and higher FqO3, MgO, alkali, and SO3, contents than the other Class C 
fly ashes. Table 2.7.2 compares thc compositions of the smallest size fraction of Fly Ashes A, B, and D 
with thc overall compositions. Manz ct al. [I9891 report that the composition of a fly ash varies from 
grain to grain, with high-calcium fly ashes having the greatest grain-to-grain variation in 
composition. 
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Table 2.7.1. Chemical Composition of the Five Fly Ashes [Ldpez-Flores, 19821 as 
Determined by Energy Dispersive X-ray Spectroscopy (normalized to 
100% wlthout provlsion for LOI). 

I Oxide I class c I Class C I Class c I Class F I Class F I 

Table 2.7.2. Composition of the Smallest Size Fraction (normalized to Si content) as 
Compared ta the Overall Composition for Selected Fly Ashes [Ldper- 
Flores, 19821 

2 .8 Fineness and Particle Size Distribution 

Reporting on the same suite of fly ashes as in [L6pez-Flores, 19821, Diamond and Lopez-Flores [1981al 
examined the particle size distributions and found no differences stemming from the type of ash, The 
weight mean particle diameter of Fly Ashes A, B, C, and D ranged between 12 and 13.5 pm, while the 
weight mean diameter of Fly Ash E was 20 prn. They point out that particle size distribution is not a 
fundamental characteristic of the material, but reflects the manner in which the fly ash collection 
system is set up and operated a t  the power plant. Naik and Singh 119951, however, report that in 
general ASTM Class C fly ashes are finer than ASTM Class F ashes. 

Berube et al. 119951 studied a Class F fly ash having low sulfate and alkali contents. They found 
that making the particles finer, either by sieving or by grinding, increased the activity index of the 
ash by exposing more surface area and rendered i t  more effective in suppressing expansion due to ASR. 
The activity index was taken as the ratio of the 28-day strength of a mortar sample containing 25% fly 
ash (replacement of cement by mass) to that of the control without fly ash. One series maintained the 
water/binder ratio constant at 0.50. Another used a constant quantity of high-range water reducer and 
maintained constant workability; the water/binder ratio ranged from 0.30 to 0.35. Both measures 
indicated greater activity with greater fineness, whether the composition remained identical (in 
grinding) or was slightly a1 tered (by sieving out the coarsest fractions). 

2.9 Specific Gravity 

In their detailed study of a small set of Class C and Class F fly ashes, Diamond and L6pez-Flores 
11981al found distinct differences in apparent specific gravity between the two types of ash. The 
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ClassC ashes had apparent specific gravities of 2.58, 2.63, and 2.81, while the Class F ashes had 
apparent specific gravities of 2.17 and 2.35. The authors could not explain differences of this magnitude 
on the basis of differences in composition; rather, they attributed the differences to the presence (in 
Class F ashes) or absence (from Class C ashes) of plerospheres (hollow spheres containing smaller 
spheres) and cenospheres (empty hollow spheres), 

8 



3.0 EFFECTS OF FLY ASH 

The mechanisms by which fly ash suppresses expansion due to ASR are not fully understood. Three 
mechanisms which have been proposed are: (1) dilution of the cement alkalis by a fly ash with a 
lower alkali content, or at least a lower available alkali content; (2) removal of some of the alkalis 
from the pore solution by binding into the low C/S ratio hydration products; and (3) reduction of 
concrete permeability and diffusivity due to the pozzolanicity of the fly ash. It  should be noted that 
these proposed mechanisms are not mutually exclusive, and that their relative importance can vary. 

Diamond [1983] points out the difficulty of studying ASR, since the rate of formation and 
composition of the reaction product varies from point to point within the same specimen, as well as 
with mix design, exposure conditions, and other factors. Frequently, expansion measurements are 
substituted for measurements of reaction, even though they are not an adequate substitute, providing 
little insight into the chemical and physicochemical processes involved. 

3.1 Pore Solution Chemistry 

Nixon and Page [1987] state that with regard to the different mechanisms that may be responsible for 
deleterious expansion due to ASR, the common factor is the pore solution, although it is not known 
which constituents of the pore fluid are of most importance. They point out that since the volume of 
expressed pore fluid is a small fraction of the total evaporable water in the pores, it may not be 
entirely representative of the pore fluid as a whole. They suggest that the magnitude and duration of 
the pressure applied may have some influence on the composition of the pore solution expressed. 
However, they consider this technique to be the most reliable for studying pore solutions. They were 
able to correlate the alkali content of the pore solution to the alkali content of the cement. They cite 
three main factors influencing the effectiveness of a fly ash in reducing the hydroxyl ion concentration 
of the pore solution: the alkali level and activity of the fly ash and the alkali level of the cement. 
Their findings show a continuing decrease in the hydroxyl ion concentration with increasing fly ash 
content, but the relationship is not linear. They consider that [at least for Class F fly ashes] the fly ash 
can be considered to contribute no alkalis to the pore solution provided that the alkali level of the 
cement is at least 0.6% Na20eq and that the concrete has sufficient time for the pzzolanic reaction to 
have some effect before the alkali silica reaction begins to cause damage. This may not be the case 
with very fast reacting aggregates. Nixon et al. [1986] found that the effect of fly ash on pore solution 
depends on age and alkali content of the cement. At 28 days there is a net contribution of alkali in 
moderate- to high-alkali cement pastes, but at later ages the fly ash reduces the alkalinity below that 
which could be expected from dilution alone. However, in very low alkali cement pastes the fly ash 
adds to the alkalinity at all ages tested up to one year. 

Diamond [19831 states that if the pore solution can be so manipulated as to prevent the development 
of high concentrations of alkali hydroxides during the effective life of the structure, presumably none 
of the various types of alkali-aggregate reaction can be expected to occur. 

Bhatty and Greening [I9781 experimented with calcium silicate hydrates of different C/S ratios 
and LiOH, NaOH, and KOH of different concentrations to determine the amount of alkali retained by 
the hydrating and hydrated calcium silicates over time. They found that low C/S ratio hydrates 
retain more alkali than high C/S ratio hydrates. For example, the low C/S ratio hydrate (0.97) 
retains twice a5 much alkali as the high C/S ratio hydrate (1.251, as shown in Figure 3.1.1. The amount 
of alkali retained does not always increase with increasing hydration time since there is a competition 
between the alkali and the lime, resulting in a recirculation of the alkali. The amount of alkali 
retained also varies with the concentration of alkali in the contact solution. 

Bhatty and Greening [1978] found that calcium silicate hydrate in equilibrium with 1N NaOH 
solution has a maximum C/S ratio of between 1.25 and 1.32. The C/S ratio of calcium silicate hydrate 
formed by the hydration of the major calcium silicates in portland cement is about 1.5. Since the lower 
the C/S ratio the more alkali is retained, recycling of the alkali can be expected in cement systems. 
(Bhatty [1985] was later able to demonstratc this, as shown in Figure 3.3.1.) The authors believe that 
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the reduction of the C/S ratio as a result of the addition of a pozzolan reduces the concentration of 
soluble alkali in the pore solution, thus reducing the rate of ASR. 

Diamond [19891 summarizes the sequence of early (within the first 24 hours) changes in pore 
solution composition: soluble alkali components in the cement go into solution quickly; OH- ion 
concentrations quickly rise to the order of 0.2 or 0.3 M, and the solution is immediately supersaturated 
with respect to calcium hydroxide. After a few hours sulfate concentrations begin declining 
progressively to low levels and OH- ion concentrations increase. Calcium is reduced to almost 
negligible concentrations. After one day these processes are essentially complete and the solution 
consists primarily of dissolved potassium and sodium hydroxide, with minor amounts of other 
components. The concentrations of alkali hydroxides may increase slightly over the course of the next 
few weeks as additional alkalis are liberated from solid solution in cement components and as solvent 
water is removed by hydration and/or drying. After a month or so, further changes in alkali hydroxide 
concentrations in cement paste pore solutions are irregular and usually negligible; some slight reduction 
may occur, but basically by a month or so the pore solutions are at equilibrium with the paste. 
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Figure 3.1.1. The CIS ratio of the hydrates affects the amount of alkali that can be 
bound. Hydrates with higher CIS ratios may release alkalis into the pore solution. 
[Bhatty and Greening, 19781 

Diamond [ 19831 reports that pore solutions expressed from reacting mortars show significantly 
reduced concentrations of alkali and hydroxyl ions as compared to companion mortars that are identical 
except for the absence of reactive aggregate. The reduction is attributed to the formation of reaction 
products which are not mobilized in the expression process. The stoichiornetric balance between alkali 
and hydroxyl ion concentrations is maintained in the pore solution. Silica is not detected in appreciable 
concentration. He attributes the failure to recover mobile silica to the absence of an external source of 
water, so that the reaction product is in a gel form rather than a sol form. Another possibility he 
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suggests is that the mortar may act as a filter on the solutions being expressed from it, so that fluid 
alkali silica sol is filtered out before the solution emerges. The solutions thus recovered are clear and 
transparent, with only the lowercd content of alkali and hydroxyl ions providing an indication that 
the alkali silica reactions are taking place. For example, a mortar containing near-pessimum amounts 
of Beltane opal reduces the concentration of alkali hydroxide from about 0.80 N to about 0.35 N before 
reaching essentially steady-state concentration. 

Diamond and L6pez-Flores [1981bl report that some of the high-calcium fly ashes that they 
studied contributed substantially to the alkali in the pore solutions. One in particular contributed to 
the alkali-aggregate expansion even with a relatively low-alkali cement. They found that after 
3 days’ hydration the sulfate ion concentration of the pore solutions expressed from pastes made with 
various Class F and Class C fly ashes was below the detection limit of their instrument despite the 
high sulfate content of some of the fly ashes. The C$+ ion concentration was 0.004 N or less by age 
7 days, and diminished to essentially zero by 90 days. The sum of concentrations of Na+ and KS cations 
is approximately equal to the concentration of OH- anions; thus after about 7 days’ hydration the pore 
solution is essentially a solution of sodium and potassium hydroxide. With those high-calcium ashes 
which had high sodium contents, the alkali is readily mobilized into the pore solution and increases 
the long-term alkali hydroxide concentration. By contrast, high potassium contents in low-calcium fly 
ashes are not mobilized into the pore solution. 

L6pez-Flores [1982] found that two of the Class C fly ashes he studied increased the S042’ 
concentrations of the pore solutions to twice that of the portland cement controls. Within the first 24 
hours of hydration the Sod2- concentration had dropped off, Alkali in the fly ash contributed to 
alkali in the pore solution. Two of the fly ashes also increased the OH- concentrations considerably. 
The Class F fly ashes, by contrast, acted mainly as diluents; for almost all constituents of the pore 
solution the concentrations were reduced by 30% compared with the controls, corresponding to a 30% 
replacement of the cement. 

Shayan et al. [1996] point out that fly ashes can vary considerably in their net contribution of 
alkali to the pore solution. They cite two low calcium, high alkali fly ashes which did not contribute 
alkali to the pore solution of a concrete made with a cement having 0.7% Na2Oeq; a high calcium, 
high alkali fly ash which more than doubled the alkalinity of the pore solution of a similar concrete; 
and a low calcium, high potassium fly ash which reduced it considerably. 

3.2 Hydration Products 

Bhatty and Greening [19781 studied the hydration of C3S and C2S in NaOH solutions of different 
concentrations over 90 days. They found that the N/S ratio in the solids increases slowly up to 1N 
NaOH at all ages, with no significant difference with age. For NaOH concentrations above IN, the 
N / S  ratios in the solids increase rapidly. Calcium silicate hydrate reacts with alkali to produce 
alkali calcium silicate hydrate. After about 28 days alkali begins to be released from the C3S hydrate, 
as lime is probably being substituted for the alkali in the hydrate. C2S hydrates act similarly, except 
that the slower hydration means that the hydrates continue to retain alkali longer as new hydrates 
form. 

Diamond [19811 describes several effects that Class C fly ashes may have on the hydration of 
cement because of such soluble components as alkali salts, anhydrite, and CaO. The alkalis may 
promote more rapid hydration of the cement at early ages. Calcium oxide and anhydrite produce the 
equivalent of dissolvcd calcium hydroxide and gypsum after contact with the mix water, and much 
additional ettringite should precipitate in the early stages of hydration. Apparently the glass in 
high-calcium fly ashes may react more rapidly than the glass in low-calcium fly ashes, leading to an 
overall increasc in the rate of reaction processes of the glass. 

Diamond and L6pez-Florcs [1981b] report that while low-calcium fly ashes merely act as inert 
diluents in terms of early heat of hydration in a cement system, high-calcium fly ashes contribute 
substantially to the heat of hydration. The rate of devclopmcnt of hydration products in 30% high- 
calcium fly ash-70% cement mortars is comparable to that in portland cement mortars. 
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Duchesne and Bhrube [19951 found the hydration products of a portland cement concrete stored at 
38°C for three years to have a CaO/Si02 molar ratio of 2.05. In comparable concretes containing silica 
fume or fly ash, the CaO/Si02 ratio was between 1.24 and 1.44, with no clear distinction between the 
two types of supplementary cementing material. They point out that these hydrates can bind more 
alkali than hydrates with a higher CaO/Si02 ratio. It is known that significant quantities of alkali 
which art? dissolved in the pore solution precipitate out when the samples are dried in preparation for 
EPMA or SEM analysis. Some of these alkalis are partly adsorbed on the hydrates, causing the 
analysis to give artificially high results. They attempted to correct for this effect in their estimation 
of the alkali content of the hydrates. However, the estimated alkali contents did not correlate with 
either the CaO/Si02 ratio of the hydrates or the alkali concentration of the pore water. Thus the 
hydrates have the capacity to bind more alkalis if these become available in the pore solution. 
However, supplementary cementing materials with excessive alkalis increase the alkali concentration 
of the pore solution and are ineffective in controlling expansion due to ASR even though they bind more 
alkali in the hydration products. 

Nixon and Page [19871 relate the changes in pore solution composition over time to the formation 
and precipitation of ettringite, The alkalis in cement occur mainly as sodium and potassium sulfates. 
When water is added to the cement these alkali sulfates, along with calcium and sulfate ions from the 
gypsum and calcium hydroxide from the initial hydration of the cement produce the early pore solution 
of potassium, sodium, calcium, hydroxyl, and sulfate ions. The sulfate and calcium ions then begin to 
react with the hydrated tricalcium aluminate to precipitate ettringite, reducing the sulfate and 
calcium concentrations and leaving the pore solution composed mainly of alkali and hydroxyl ions. 
Further dissolution of sodium and potassium ions and reduction in the unbound water as hydration 
proceeds increases the hydroxyl ion concentration still further. 

Using an electron microprobe, Thomas et al. [1991] examined concretes in which ASR had taken 
place and found that the gel in pores of the fly ash concrete was lower in calcium than that in cracks in 
the portland cement. concrete. Hydrate rims around alite grains had lower Ca/Si ratios and higher 
K/Si ratios in the fly ash concrete. They consider the lower quantity of available calcium in fly ash 
concrete and the increased absorption of potassium by its hydrates to be relevant to their suppression of 
deleterious ASR expansion. Their results are consistent with the theory that as the calcium content of 
the ASR gel increases, the microhardness and viscosity also increase. Their observations show that in 
fly ash concrete where ASR gel had formed but where calcium was limited, the gel remained in a 
relatively fluid state and migrated to fill pores in the concrete rather than being fixed by calcium and 
producing deleterious expansion in that location. They suggest that where damage occurs due to ASR in 
fly ash concrete, i t  may be because not enough calcium hydroxide has been consumed, either because not 
enough time was allowed for the pozzolanic reaction to take place, the fly ash was not reactive enough, 
or not enough fly ash was present. 

3.3 Alkali-Silica Reactivity 

3.3.1 Diamond [19831 states that in general i t  is assumed that supplementary 
cementing materials reduce the potential for alkali aggregate distress in concrete by their ability to 
react with the alkalis in the pore solution more quickly than the larger aggregate particles. The 
reaction products that result are considered to be innocuous with regard to expansion. Thus the 
supplementary cementing material preempts the alkali hydroxide that would otherwise produce 
deleterious expansive reaction products. This mechanism implies a reduction in the alkali hydroxide 
concentration levels. However, many fly ashes and slags contain appreciable amounts of Na20 and 
K 2 0 ,  so that at least in principle they could contribute alkalis to the pore solution. Soluble coatings of 
alkali sulfates and carbonates sometimes present on the surfaces of the fly ash particles can also 
contribute to the alkali hydroxide levels. 

Hobbs [1989] lists a number of factors which are affected by the replacement of part of the cement 
with fly ash: total available hydroxyl ion content, setting time, entrapped air content, and strength 
development. While he considers all of these factors to be relevant in reducing the risk of cracking due 
to ASR, the most important would be thc total hydroxyl ion content. He concludes from the published 
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data that at low replacement levels of 5-lo%, the effective hydroxyl ion contribution from a fly ash 
may be higher than that from an equivalent mass of high-alkali cement. At higher replacement levels 
the contribution may be substantially less. Also, partial replacement of a low-alkali cement by fly ash 
may be ineffective in reducing the totaI hydroxyl ion content. He states that while fly ash and slag as 
replacements for high-alkali cements act primarily as alkali diluents, pozzolans promote the 
formation of calcium alkali silicate hydrate while the concrete is still in a fresh state. With sufficient 
quantities of an appropriate pozzolan, the alkalis released by the cement and pozzolan may be largely 
depleted or reduced to a threshold level before the concrete develops strength. Thus the reactive silica 
in the aggregate either does not react or reacts so little as to avoid inducing abnormal expansion. Hobbs 
[1986bl also correlates deleterious expansion with a total (acid-soluble) alkali content in the concrete 
exceeding 3.5 kg/m3 expressed as Na20eq. This limit applies to Class F fly ashes and slags, He 
considers that one-sixth of the total alkalis in a fly ash should be counted towards the total alkali of a 
concrete if it is not possible to perform tests. 

Bhatty [1985] studied mixtures of C3S, opal, NaOH, and water having different lime/silica ratios 
for periods up to four years. He concluded that pozzolans reduce or eliminate expansion due to ASR by 
producing additional calcium silicate hydrate and low lime calcium silicate hydrate, which can retain 
additional alkali, thus reducing the amount of alkali available for reaction with reactive aggregate. 
Reactive siliceous aggregate can be an additional source of silica. He found somewhat different results 
than in the earlier work with Greening [Bhatty and Greening, 19781: hydration of C3S in water 
produces mainly high-lime calcium silicate hydrate, while hydration of C3S in NaOH produces both 
low- and high-lime calcium silicate hydrate. When Si02 in the form of opal is added to the C3S- 
NaOH mixture, the type of calcium silicate hydrate produced depends on the amount of silica in the 
mixture. Also, the amount of low-lime calcium silicate hydrate increases with hydration time. 

Figure 3.3.1 shows Bhatty’s plot of the N/S molar ratio as calculated from the alkali concentration 
of the solids having the initial C/S ratios shown. The calculation of N/S ratio assumes complete 
reaction of the silica in the opal with the Ca(OH12. This assumption is probably correct only for the 
later ages. The recycling of alkalis can be seen for the C/S ratios greater than about 1.5. He concludes 
that in order to control alkali-aggregate reactions by the use of pozzolans, the amount of pozzolan 
should be such as to reduce the C/S mole ratio of the cementitious system to less than about 1.5. For 
ordinary ASTM Type 1 cements, this works out to about 30% of a low-calcium fly ash. However, if the 
reactive aggregate also contributes silica, lower dosages are sufficient. 

Aqqreqate 
Reactive volcanic 
Granite gneiss 
Quartz, chert 

- 
Class F Ash B 
20 23 >60 
20 25 >60 
15 18 >60 

Class F Ash J Class C Ash 

Bhatty‘s prediction is borne out by experimental data. For example, Stark et al. [19931 tested three 
fly ashes (two Class F and one Class C )  with three different aggregates using the ”rapid immersion” 
test, a method on which ASTM C 1260 is based. They estimated the minimum amount of fly ash 
replacement for each combination of fly ash and aggregate as shown in Table 3.3.1. For the Class F fly 
ashes the minimum required value was between 15 and 25% cement replacement, a range they cite as 
commonly used in practice. More than 60% replacement would be needed for the Class C ash. 

Chatterji et al. [1986] examined mortars made with reactive sand and blended cements containing 
varying conccntrations of pozzolan. Petrographic examination of the mortars showed that the reactive 
grains were surrounded by an area devoid of crystalline Ca(OH12, the width of which increased with 
increasing pozzolan content. They found that in the mortars without pozzolan, the Si02 concentration 
drops sharply near the pastc/aggregate interface, while in spccimcns containing pozzolan the SiO2 
concentration decreases slowly. They postulate that silica diffuses out of the reactive grains to react 
with the Ca(OH)2, consistent with the work of Bhatty [1985] cited in the previous paragraph. 
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Diamond [19831 states that the depletion of calcium hydroxide from the area immediately surrounding 
a reacting grain has been commonly reported. He points out that it is difficult to distinguish whether 
the gels acquire calcium from diffusion of calcium into the reaction product, or from dissolution of 
calcium by alkali silica sols moving outward from the site. 
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Figure 3.3.1. 
opal) versus reaction time for hydrates with different C/S ratios. Hydrates with lower 
C/S ratios retain more alkali, while hydrates with higher C/S ratios release alkalis into 
the pore solution. [Bhatty, 19851 

Calculated N/S ratio (assuming complete reaction of the silica in the 

Chatterji et al. [19861 propose an expansion mechanism of ASR due to the penetration of Na+, Ca2+, 
and OH- ions and H20 molecules into the reactive grain, and a diffusion of Si4+ ions out of the grain. 
Whether expansion occurs depends on the relative rates of transport. If the alkali content of the paste 
is low, the penetration of Ca2+, OH', and H20 is limited due to the large size of hydrated Ca2+ ions 
and precipitation of calcium silicate hydrate which hinders Penetration of Ca2+ ions. If the alkali 
concentration is high, the smaller hydrated Na+ ions, together with OH- ions and water, will be able 
to penetrate into the reactive grain unhindered by the precipitation of insoluble silicate. The Na+ and 
OH' ions break down the Si-0-5 bonds, opening up the grains for the further penetration of ions. In the 
presence of excess Ca(OH)2 and high alkali ion concentration, the solubility of Si4+ ions is reduced, so 
that only a limited amount can diffuse out. Thus Ca(OH)2 plays a three-fold role in ASR: (1) It 
accelerates the penetration of Na+, Ca2+, and OH- ions and H 2 0  molecules into the reactive grain; (2) 
i t  promotes preferential Penetration of Na+, OH-, and H20 into the reactive grain in the presence of 
NaCl solution; and (3) i t  hampers the diffusion of Si4+ ions out of the reactive grain. The authors' 
proposed mechanism suggests that expansion due to ASR could be reduced by reducing the rates of 
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transport of ions and water and/or by substantially removing the excess Ca(OH)2. Thus small 
additions of silica fume may delay the onset of ASR by reducing the rates of transport, but if the silica 
content is not sufficient to react with all of the Ca(OH12 the effect is only temporary, particularly if 
more alkalis enter from the outside. Thus they believe that the supplementary cementing material 
chosen should be present in sufficient quantities to consume nearly all of the Ca(OH12. 

Diamond [19891 considers the role of Ca(OH12 in aiding sodium and other ions to penetrate into the 
reacting grain and in sealing off the reacting grain from the outward diffusion of dissolved silica as 
described by Chatterji et al. to be fundamentally correct. He cites the work of two of his graduate 
students with model systems designed to study the underlying reactions involved in ASR. The results 
show that in the absence of cement hydration products, reactive opal simply dissolves in alkali 
hydroxide solution and remains in solution without forming gel. In concrete, the highly alkaline pore 
solution restricts the calcium that can remain in solution to negligible concentrations; thus calcium 
hydroxide is necessary as a source of calcium to form gel. Thus ASR attack is conditional on having 
locally available calcium hydroxide, and the calcium in reaction gels is functional rather than 
incidental. 

Duchesne and Bkrubb [1994bl, on the other hand, consider the depletion of Ca(OH12 to be simply a 
consequence of the pozzolanic reaction and not beneficial per se unless the Ca(OH12 is almost 
completely depleted. They believe the beneficial effect of supplementary cementing materials to be 
due to the removal of alkalis from the pore solution. They report a threshold alkali concentration of 
about 0.65 N NaOH + KOH below which no significant expansion occurs. This corresponded in their 
study to a 30% reduction in alkali levels with respect to the controls. 

Gaze and Nixon [1983] studied the effect of fly ash on the expansion of mortar bars made with 
Beltane opal and stored at 38°C. The alkali lcvel in the mortars was kept constant to eliminate the 
effect of alkali dilution by fly ash. Even so, the fly ashes were effective in reducing the expansion, and 
at 20 and 30% substitution levels there was very little expansion. Thus the mechanism by which fly 
ash controls expansion is not merely the effect of dilution of the alkalis. 

Thomas et al. [19911 also conclude from their results that the effect of fly ash on ASR is more than 
simply a dilution of the cement alkalis. They compare two concretes containing similar amounts of 
cement and reactive aggregate, one with fly ash and one without. The concrete with 20% fly ash 
suffered no damage in a seven-year exposure, while the concrete without fly ash exhibited considerable 
expansion and cracking. 

3.3.2 Expansive behavior. Based on their study of concrete prisms made using two different 
reactive aggregates and various supplementary cementing materials, Duchesne and B h b 4  [1994aI 
recommend higher dosages of supplementary cementing material when that material has a high 
alkali content; however, materials with very high alkali contents may be ineffective at any dosage. 
The same authors [Duchesne and Berube, 1994b1 found no relationship between alkali concentration of 
pore solutions expressed from cement pastes made with a cement containing 1.05% Na2Oe4 and concrete 
expansion by the CSA prism test. However, all mixtures which reduce the alkali concentration by 30% 
or more relative to the control result in concrete expansions of less than 0.04% after two years. 
Expansions less than 0.04% arc considered innocuous. 

Dunstan [19811 reports that alkalis from fly ash have little effect on the expansion of mortars 
containing Pyrex glass. The calcium oxide content of a fly ash, however, can be correlated with 
expansion, although i t  is not clear whether this is a direct relationship or simply because ashes with 
high calcium contents have lower silica and alumina contents. He also reports that sodium sulfate or 
sodium carbonate precipitator aids reduce rather than increase expansion. 

Farbiarz and Carrasquillo [1987] report that the amount of fly ash replacement needed to control 
expansion due to ASR depends on the alkali and calcium contents of the fly ash used, with high 
replacement levels required when the alkali and calcium contents are high. Figure 3.3.2 shows the 
effect of fly ash alkali content on thc required cement replaccmcnt. 

Kakodknr ct al. [1994] rcyort the results of d study in which different lcvcls of fivc different 
Class C fly ashes wcrc used in combination with five different reactive sands and tested according to 
ASTM I' 214 (now C 1260), except that the water/cementitious materials ratio was kept constant at 
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0.44. Four of the fly ashes were able to reduce expansion when added in appropriate quantities, while 
one increased expansion at all levels tested. Of those fly ashes that were effective, 30% replacement 
was sufficient in all cases to reduce expansions to innocuous levels. Replacement of the cement was 
greater than 1:1, following local practice. 

Lopez-Flores 119821 was able to correlate the degree of expansion of mortar bars with calculated 
water-soluble alkali concentrations based on contributions from both cement and fly ash. He concluded 
that fly ashes with soluble alkali contents on the order of 0.7% Na20eq are likely to produce 
deleterious expansions with reactive aggregate. 

Shayan et al, [19961 report that in six-year tests of the expansion of concretes, at very high alkali 
contents (12.5 kg Na20eq/m3) expansion due to ASR could not be prevented, even though the fly ashes 
they used had an excellent tolerance for all practical levels of alkali as high as 7.0 kg Na20eq/m3. 

0.30 I 

0.25 

0.20 

0.1 5 

0.1 0 

0.05 

0.00 
0 1 0  20 30 4 0  5 0  

Cement Replacement, percent by Volume 
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4.0 OTHER FACTORS AFFECTING ASR 

4 . 1  Type of Aggregate 

In summarizing laboratory and field observations of ASR, Hill [19961 points out that the cementitious 
materials must be matched to the aggregate if one is to control ASR satisfactorily, as a single alkali 
limit will not provide adequate performance for all aggregates. The great diversity of natural 
aggregates requires an individually-selected approach which may include limits on the alkali content 
of the cement and/or the concrete, and the use of supplementary cementing materials. 

Bkrub4 and Duchesne [19921, in discussing the differences in long-term expansion for mortar 
specimens made with supplementary cementing materials and either limestones or rhyolitic tuffs, 
suggest that the calcium silicate hydrate compounds formed as a result of the pozzolanic reaction react 
further with any available calcium, in the process recycling bound alkalis to the pore solution. The 
products of ASR, which are similar in composition, also incorporate calcium from the pore solution 
and/or from calcium hydroxide over time. Since the calcium-silicate-hydrate formed by the 
pozzolanic reaction tends to fill in the paste/aggregate interface, limestone aggregates could be a source 
of calcium, thus contributing to long-term expansion even in mortars containing supplementary cementing 
materials. 

Bhatty [19851 states that in order to control ASR by the use of supplementary cementing materials, 
the amount should be such that the lime/silica molar ratio is about 1.5. For normal Type I cements, this 
would be about 30% Class F fly ash by mass of cement. However, if the aggregate contributes silica, less 
fly ash would be necessary. This is why in practice the required dosage of Class F fly ash is often less 
than 30%. 

Nixon and Page [19871 point out that with aggregate that reacts very quickly, the fly ash may not 
have time to react with the calcium hydroxide before ASR begins to cause damage. The reactivity of 
the aggregate is also of concern in testing combinations of materials for their ability to control ASR 
expansion. This point is developed more fully in Chapter 5. 

4 .2  Cement Composition 

Carrasquillo and Snow 119871 report that the main variable affecting ASR in concrete is the amount of 
alkali in the cement. The effectiveness of fly ash as a mitigating measure depends on the available 
alkali content of the fly ash, the amount of cement replaced, and the alkali content of the cement. 
Hobbs [19941 reports that the effectiveness of partial replacement of the cement with Class F fly ash in 
reducing damage due to ASR depends on the alkali content of the cement as well as the amount of 
cement replaced: at 6% replacement, the fly ash increases the risk of cracking due to ASR; at 25% 
replacement, the fly ash is effective with high- and medium-alkali cements; at 40% replacement, the 
fly ash is effective with high-, medium-, and low-alkali cements, except when the fly ash itself has a 
high alkali content. Hc estimates the amount of alkali contributed by the fly ash at different levels 
depending on the alkali content of the cement and the amount of fly ash present. 

Nixon and Page [1987] infer that cements with less than about 0.6% Na20eq will have the 
hydroxyl ion concentration of their pore solution increased when fly ash replaces some of the cement, 
but cements with higher alkali levels will not. 

Shayan ct al. [19961 report that the total alkali content of the concrete affects the ability of the fly 
ash to control ASR. A 25% replacement of cement was effective in controlling expansion due to ASR for 
alkali levels of 6.9 kg Na20c4/m3, but only delayed expansion for alkali levels of 12.5 kg Na20eq/m3. 
(The latter alkali contcnt is considered beyond the normal range for concretes.) The delay was between 
two and six years, depending on the aggregate. 

1 7  



4.3 External Alkalis 

Alkalis may penetrate the concrete from external sources such as deicing salts (usually primarily 
NaCI) and seawater. These alkalis will, of course, contribute to ASR. Chatterji et al. [1986] report 
that NaCl accelerates the reaction between Ca(0H)z and reactive silica. Stark [1995b] tested 
ASTM C 227 mortar bars made with 20% Class F fly ash and a reactive sand containing 15-20% highly 
reactive glassy to cryptocrystalline volcanic material and minor quantities of chert. The bars were 
stored at 38°C (100°F) in one of three conditions: (1) over water in sealed containers, (2) immersed in 6% 
NaCl solution, or (3) immersed in CaC12 solution with the same chloride concentration as the NaCl 
solution. Figures 4.3.1 and 4.3.2 show that the NaCl solution dramatically increased the degree of 
expansion as compared with the controls stored over water in the mortar bars made with (Figure 4.3.2) 
and without (Figure 4.3.1) fly ash. 

Lee [19891 found that partial replacement of cement with Class C fly ash gave some protection from 
attack by external alkalis. 

Stark [1994a] also found that increasing the water/cement ratio of the concrete increases the 
expansion due to ASR by making more water available for the reaction and the swelling of the ASR gel. 
This effect is shown in Figure 4.3.3. 
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5.0 STANDARD TEST METHODS 

Diamond [19831 points out that expansion measurements rather than measurements of reaction are often 
used to investigate ASR. He considers that they are not an adequate substitute, providing little insight 
into the chemical and physical processes that take place. Helmuth [1987] states that there is a need to 
improve our ability to predict the effectiveness of different fly ashes in controlling deleterious 
reactions. The desired end product of rcscarch into the mechanisms involved would be a model or 
multivariant analysis that would identify all of the parameters necessary to characterize a fly ash in 
terms of its suitability to control ASR. 

It should be noted that in a number of the test methods described in this chapter, storage at 
elevated temperatures is used as a means of accelerating the expansion. This practice may alter the 
relative rates of reaction of the various cementitious materials. Thus extrapolation of the test results 
in order to predict the behavior of the same concrete in the field should be done with caution, if at all. 

5.1 ASTM C 114 

ASTM C 114, “Standard Test Methods for Chemical Analysis of Hydraulic Cement,” specifies two 
methods for determining the alkali content of cement. The same methods could be used for fly ash. The 
total alkali content is determined by digesting the material in a solution of hydrochloric acid for 15 
minutes. The solution is then filtered and analyzed for NaZO and K20 by flame photometry or atomic 
absorption. 

The water-soluble alkali content is determined by mixing the material with water for 10 minutes 
and then filtering the solution. The filtrate is treated with hydrochloric acid and calcium chloride 
and diluted. The resulting solution is analyzed in the same way as for acid-soluble alkalis. It should 
be noted that this method will not necessarily extract all the water-soluble alkalis present. 

5 .2  ASTM C 227 

ASTM C 227, “Standard Test Method for Potential Alkali Reactivity of Cement-Aggregate 
Combinations (Mortar-Bar Method),” specifies that the aggregate for the mortar is to be crushed (if 
coarse), sieved, and recombined to produce a specified grading. The quantities of aggregate and cement 
are specified and the amount of water is that needed to produce a given flow. The mortar is cast into 
four replicate bars 285 mm (11-1/4 inches) in length; the cross section is typically 25 x 25 mm (1 x 1 inch). 
After removal from the molds, the bars are placed into a container with water in the bottom. The bars 
are held above the level of the water by a rack and surrounded by a wicking material. The container is 
kept at 37.8OC (100’F). The bars are removed periodically for length measurements in a comparator; 
measurements are usually taken over a period of 6 months or one year. 

Helrnuth [1987] points out that crushing the aggregate to sand sizes may expose different reactive 
minerals than are present on the outer rims of the original aggregate particles. However, this effect 
may be less important in tests of the effectiveness of fly ash, especially if the most important 
mechanism is the reduction of alkali and hydroxyl ion concentrations. 

ASTM C 33 outlines the failure criteria for ASTM C 227 in its appendix. For six months’ exposure, 
expansions exceeding 0.10% are taken to indicate potential reactivity. Helmuth [19871 questions this 
value, citing ,’numerous instances of serious map cracking of field concretes . . . in less than 15 years” even 
though the aggregates used were judged innocuous by ASTM C 227. These particular aggregates released 
alkalis into the pore solution. Helmuth et al. [1993] point out that the failure criteria are well above 
those at which cracking occurs, about 0.03%. Thus the test measures the growth of cracks in specimens 
that have already failed because control of ASR was inadequate. 

Farny and Kosmatka I19971 state that unless very reactive materials are being tested, obtaining 
meaningful results may require a year or more. Such a long testing period may prove impractical in 
many cases. The authors add that even after long test periods not all deleterious aggregates exhibit 
expansive behavior. The test may fail to distinguish between slowly reactive and innocuous 
aggregates. Helmuth ct al. [1993] add that reactive aggregates vary in their rates of reaction at 
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different temperatures and pH, as well as in their threshold pH values for reaction. Thus some 
aggregates react rapidly and are readily detected by ASTM C 227, while others react slowly even under 
the conditions of the test, so that months are required to detect reactivity. 

Formulating the mortars for constant flow means that the water/cementitious materials ratio will 
vary from one mortar to the next. Depending on the type of comparison being made, the consequent 
differences in continuity of the pore structure may affect comparisons of different mortars. in this and 
similar tests such as ASTM C 441 (discussed in Section 5.41, the researcher may prefer to deviate from 
the standard by keeping a constant water/cemcntitious materials ratio to provide a better basis of 
comparison, 

Farny and Kosmatka [1997] point out another problem associated with ASTM C 227: the method 
requires the inside of the container to be lined with wicks to maintain the high relative humidity. 
Condensation of water onto the surface of the mortar bars can cause leaching of alkalis from the mortar, 
thus reducing the expansion of the bars. 

5.3 ASTM C 311 

ASTM C 311, ”Standard Test Methods for Sampling and Testing Fly Ash or Natural Pozzolans for Use 
as a Mineral Admixture in Portland-Cement Concrete,” specifies the procedures used for obtaining the 
data for comparison with the criteria of ASTM C 618. Two of the methods are directly related to the 
control of ASR: the available alkali test and the test for effectiveness of the admixture in controlling 
ASR. The purpose of the available alkali test is to simultate the environment that would be 
experienced by the reactive aggregate. ASTM C 311 specifies that the fly ash be combined with 
hydrated lime and water and allowed to cure for 28 days at 38OC. The hydrated sample is then ground 
with a pestle, stirred with water for one hour, filtered, and then washed thoroughly with hot water. 
HCl is added to the filtrate, after which the sodium and potassium contents are determined by flame 
photometry. 

Smith [19881 found that the ability of fifteen Class C and Class F fly ashes to control expansion due 
to ASR as measured by ASTM C 441 (described below) did not correlate well with the available alkali 
content as measured by ASTM C 311. The best correlation of effectiveness with composition was with 
the sulfur content, while the poorest correlation was with the available alkali content. He 
recommends that the effectiveness of a fly ash be measured by measuring expansions, not by determining 
the available alkali content. 

Duchesne and B ~ L I M  [1994bl estimated the alkali contributions of various supplementary cementing 
materials based on their effects on the pore solution chemistry of cement pastes at 28 days and 1.5 years. 
They found that these values were significantly lower than the available alkalis obtained by ASTM 
C 311. They concluded that if almost all alkalis are eventually released to the pore solution, at least 
for a short time, the alkalis from good supplementary cementing materials, along with some of the 
alkalis from the cement, are entrapped in the pozzolanic hydrates. They attribute the high values 
measured by ASTM C 311 to the release of a large proportion of the alkalis trapped in the hydrates 
during the washing of the specimens. 

In order to determine the effectiveness of a fly ash in controlling alkali-silica reactions, 
ASTM C 311 specifics a modification of ASTM C 441 (described below) in which the control specimens 
are made with a cement having an alkali content less than 0.60%. 

5 . 4  ASTM C 441 

ASTM C 441, “Standard Test Method for Effectiveness of Mineral Admixtures or Ground Blast-Furnace 
Slag in Preventing Excessive Expansion of Concrete Due to the Alkali-Silica Reaction,” uses Pyrex glass 
crushed to a specified grading as the aggregate in mortar bars. The cement to be used must have an 
equivalent alkali content of 1.00 -t 0.05%. A control mixture is made without supplementary cementing 
materials. The quantity of mineral admixture in the test specimens is specified at 25% of the total 
cementitious material by absolute volumc; the quantity of slag is specified at 50%. Other quantities of 
supplementary cementing materials may be used to reflect job mixes if desired. The job mixture with the 
job cement may also be used as a test mixture. The amount of mixing water is that needed to produce a 
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given flow. Three mortar bars 25 x 25 x 285 mm (1 x 1 by 11-1/4 inches) are to be cast and stored under the 
same conditions specified for ASTM C 227. The amount of reduction in expansion is calculated based on 
the expansion of the control specimens. The admixture is generally considered effective in controlling 
deleterious expansions if the expansion of the test mortar bars at 14 days is not greater than than that 
of control specimens made with a low-alkali (0.50-0.60%) cement. 

Based on their study of the effectiveness of various supplementary cementing materials in 
controlling ASR, B6mE and Duchesnc [19921 recommend a number of modifications to the test method in 
order to increase its accuracy in assessing the performance of supplementary cementing materials. They 
believe that a constant water/cement ratio is more appropriate than constant flow for the reasons given 
in Section 5.1. They also believe that particularly for silica fume, the specified mineral admixture 
content of 25% is too high, as i t  is much greater than silica fume contents used in normal field 
applications; they tested mortar bars with 5 and 10% silica fume as well as 25%. Also, they consider 
25% to be too low a dosage for some fly ashes. 

Hobbs [1989] considers the failure criterion of at least 75% reduction in expansion to be 
inappropriate because it  could allow unacceptable expansions in practice so long as they were 
sufficiently less than the control. B6mG and Duchesne [19921 compared the performance of various 
supplementary cementing materials by several different test methods and concluded that because of the 
different ways in which different types of supplementary cementing materials act, different failure 
criteria may be appropriate. They found that ASTM C 441 was perhaps too severe for fly ash, but not 
severe enough for silica fume. They also recommend a longer test period (three months) for silica fume 
because of concern that in some dosages it may merely delay expansion rather than prevent it. 

Berube and Duchesne [1992] also attribute the poor reproducibility of the test method from one 
laboratory to another to the unfavorable shape of the crushed Pyrex glass particles. They believe that 
longer test periods would help to improve the reproducibility of the test, as the expansion curves tend 
to flatten out with time so that the results are more consistent. 

Hobbs [1989] considers the results of the test to be applicable to mortars and concretes made at the 
specified mix proportions with Pyrex aggregates and cured at 38°C. He points out that Pyrex differs 
from natural aggregate in being non-porous and in containing large amounts of alkalis which may be 
released into the pore solution. He also points out that the quantity of cementitious material specified 
is equivalent to 600 k g / d  (1040 pcy), an unrepresentatively high level at which Supplementary 
cementing materials can have significantly different reactivity than would be the case with more 
typical cement contents (around 350 kg/m3, or 600 pcy). 

Another difference between Pyrex glass and most natural aggregates is that i t  is much more 
reactive, so much so that it will start to react before the pozzolanic reaction can proceed to any 
significant degree. Thus this test not only does not reflect the conditions likely to be encountered in 
service, but does not allow the fly ash to function as i t  would under service conditions. 

5.5 ASTM C 1260 (P 214) 

ASTM C 1260 (formerly P 214), “Standard Test Method for Potential Alkali Reactivity of Aggregates 
(Mortar-Bar Method),” is based on a test method developed in South Africa. It is intended to detect 
reactive aggregates, not to evaluate the effectiveness of various mitigating measures. The aggregate is 
crushed (if coarse), sieved, and recombined to produce a specified grading. The mortar has a fixed 
composition with a water/cement ratio of 0.47 by mass and is mixed according to a standard procedure. 
The alkali content of the cement is not considered important, as the mortar bars are exposed to a ZN 
NaOH solution during testing. Three replicate specimens are immersed in the NaOH solution at 80°C 
(176°F) for a total of 14 days. The (nonmandatory) appendix of the standard states that expansions less 
than 0.10% indicate innocuous behavior, expansions greater than 0.20% indicate potentially 
deleterious expansion, and expansions between 0.10% and 0.20% h a w  been associated with both 
deleterious and innocuous aggregates. 

Perhaps because of the lack of a more satisfactory test method for this purpose, ASTM C 1260 is 
sometimes used to predict the effectiveness of mitigating measures. For example, Stark et al. [19931 
used an earlier version of the test for this purpose, and the Portland Cement Association [19951 
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recommends it as one option in its Guide Specificafion (discussed in Section 5.7). However, the 
accelerated nature of this test presents the same problem as cited above in the discussion of 
ASTM C 441: the fly ash does not have time to react to any significant degree before the aggregate 
does. Ideally, the effectiveness of mitigating measures would be tested in a way that more accurately 
reflects the conditions likely to be encountered in service, for example, by ASTM C 1293. Unfortunately 
the 16-day duration of ASTM C 1260 is often the only one that can be accommodated in the decision- 
making process of selecting materials for a job; i t  is often not practical to wait for two or more years, as 
recommended for ASTM C 1293. 

Shayan et al. [19961 state that ASTM C 1260 can be used to predict the long-term effectiveness of fly 
ash in controlling expansion due to ASR provided that the concrete alkali content is such as to produce 
pore solution concentrations at or below 1M NaOH. Berub2 and Duchesne [19921 believe that with the 
slight modification of increasing the cement alkali content to 1.25% Na20eq, the test is capable of 
predicting the effectiveness of Supplementary cementing materials in controlling ASR or determining 
the required dosage with a given aggregate, They found good agreement between their results on this 
test and those from the Canadian Prism test (described below). Farny and Kosmatka 119971 recommend 
using ASTM C 1260 as a screening test in conjunction with other tests to determine the potential 
reactivity of an aggregate. The severity of the test conditions may result in identifying as potentially 
reactive aggregates which perform satisfactorily in service when exposed ta more realistic alkali 
levels. However, the severity of the test also enables it  to identify slowly reactive aggregates. 
Although both false positives and false negatives can occur with this test, false positives are more 
common. For this reason the authors recommend developing supplemental information when evaluating 
aggregates. The approach outlined in PCA’s Guide Specification (Section 5.7) illustrates this practice. 

5.6 CSA A23.2-14AlASTM C 1293 

ASTM C 1293, “Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar 
Method),” is based on the Canadian Concrete Prism Test (CSA A23.2-14A) and may be used for testing 
the reactivity of either coarse or fine aggregates. If coarse aggregate is tested, a non-reactive fine 
aggregate is used; if fine aggregate is tested, a non-reactive coarse aggregate is used. Fine aggregate is 
tested as received; coarse aggregate is sieved and recombined to a specified grading. A high-alkali 
cement (0.9 k 0.1% equivalent alkali) is used to make the concrete; the equivalent alkali content is 
adjusted to 1.25% by the addition of a suitable amount of NaOH to the mixing water. The mix 
proportions are specified, with the water/cement ratio gven as 0.42 to 0.45 by mass. Three prisms 
75 x 75 x 285 mm (3 x 3 x 11-1/4 inches) are cast. The storage conditions are essentially the same as for 
ASTM C 227 and C 441. The test continues for one year, with length measurements taken periodically 
using a comparator. The (nonmandatory) appendix of the standard suggests that an expansion of 0.04% 
or greater after one year of exposure indicates a potentially deleteriously reactive aggregate. 

In comparing ASTM C 1293 with ASTM C 227, Farny and Kosmatka [1997l point out the similarities 
between the two tests in that both involve cement-aggregate combinations and both can require a year 
or more to obtain meaningful results. They recommend its use as  a supplement to the results obtained 
from other tests, particularly as a means of resolving uncertainties about results obtained from 
ASTM C 227 and ASTM C 1260. 

The test method is also used (unofficially) to assess the effectiveness of supplementary cementing 
materials in controlling ASR. In that case the alkali content of the cement portion only (not the total 
cementitious matcrial content) is increased to 1.25% equivalent Na20 and the length measurements 
continue for two years. Bi.ruE and Duchesne [1992] consider that because some supplementary cementing 
materials, particularly silica fume, may only delay the start of expansion due to ASR, a test period of 
at least two years is necessary to detect unsatisfactory performance. They consider the criterion of 
0.04% expansion to be an appropriatc limit after two or more years‘ exposure. They also recommend 
procedures to minimize the leaching of alkalis from the specimens. 
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5.7 PCA's Guide Specification 

The Portland Cement Association [19951 has issued a document, Guide SpeczJicntion for Concrete Subject 
to  Alknli-Silica Reactions, which recommends procedures for testing aggregates for potential 
reactivity. If the aggregates prove to be reactive, the Guide Specificntion lists various mitigating 
measures and gives two options for assessing their effectiveness. The overall approach is illustrated by 
the flow chart in Figure 5.1. 

The first and best means of evaluating the susceptibility of an aggregate to ASR is a history of 
satisfactory performance in the field under similar or more severe conditions of exposure than are 
expected in the new concrete. Specifically, the following questions need to be answered: 
1. Are the cement content of the concrete, the alkali content of the cement, and the water/cement ratio 

of the concrete the same as or higher than proposed for future use? 
2. Is the field concrete at least 15 years old? 
3. Are the exposure conditions of the field concrete at least as  severe as those proposed for future use? 
4. Were pozzolans used in the field concrete? 
5. Is the aggregate in the field representative of the current supply of aggregate? 

Often such a complete and satisfactory field history is not available. In that case, or in the case 
where the field performance indicates a tendency to react with alkalis, the Guide Specification 
recornmends a series of tests to determine the potential for reactivity. These tests may be performed in 
any order. 

The aggregate is to be examined petrographically according to ASTM C 295. Fine or coarse 
aggregate containing more than the following quantities of the reactive constituents shown are to be 
considered potentially reactive, 

Optically strained, microfractured, or microcrystalline quartz > 5.0% 
Chert or chalcedony > 3.0% 
Tridymite or cristobalite > 1.0% 
Opal > 0.5% 
Natural volcanic glass in volcanic rocks > 3.0% 
The aggregate is also to be evaluated by ASTM C 1260, Aggregates that produce a 14-day expansion 

greater than 0.10% are considered potentially reactive. This limit is taken from the lower limit given 
in the appendix of ASTM C 1260. 

Any aggregate considered to be potentially reactive according to either of the two criteria above 
may be further evaluated by ASTM C 1293. An aggregate that produces a 1-year expansion greater than 
0.04% is to be considered potentially reactive. 

In any case, an aggregate shown by field performance to be reactive is to be considered reactive 
regardless of the results of any of the laboratory tests. Determination of reactivity in field concrete is 
based on petrographic analysis of concrete cores according to ASTM C 856, visual examination of 
cracking and expansion of structural concrete, and evaluation of available data and records, An 
aggregate that is shown to be potentially reactive with alkalis is to be used only with one of the 
mitigating measures given in the Guide Specification. 

Three options for mitigating measures are given in the Guide Specification: (1) use of a pozzolan or 
slag with a portland or blended cement, (2) use of a blended cement demonstrated to be effective in 
controlling ASR, or (3) limitation of the alkali content of the concrete by appropriate selection and 
proportioning of cementi tious materials. 

Once the mitigating measure is selected, its effectiveness should be evaluated using one of two 
options. These options may also be used to determine the minimum required dosage of, say, fly ash 
needed with this cement and aggregate. Option A is to use ASTM C 1260 with mortar bars made from 
the proposed aggregate and cementitious materialb). As with the evaluation of the aggregate, the 
maximum expansion limit is 0.10% at 14 days. Option B is to compare the 14-day expansions of 
ASTM C 441 mortar bars (made with Pyrex glass aggregate) to those of controls made with a low- 
alkali (0.50-0.60%) cement. 
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Figure 5.1. Flow chart for evaluating potential reactivity of aggregate and 
effectiveness of mitigation measures. [PCA 19951 

2 6  



6.0 CONCLUSIONS AND RECOMMENDATIONS 

6 .1  Effects of Fly Ash Characteristics on ASR 

Essentially the alkali-silica reaction is similar to the pozzolanic reaction. Hydroxyl ions in the pore 
solution attack the silica in the aggregate, causing Si-0-5 bridges to be replaced by pairs of SiO- 
groups. Eventually the structure of the aggregate breaks down, forming a gel that is capable of imbibing 
water and expanding. The gel is unstable in the presence of calcium ions; if these are present in any 
quantity they will react with the gel to form calcium silicate hydrate. The main differences between 
ASR and the pozzolanic reaction are that in ASR the particles of silica are much larger and that ASR 
generally takes place in an environment in which calcium is in relatively short supply. The first point 
means that the reaction takes place after the structure of the cement paste has formed, so that the 
formation of the gel product and its swelling on the imbibition of water can be very disruptive. The 
second point means that instead of reacting quickly with calcium to form calcium silicate hydrate, the 
gel persists for a long time, during which it will continue to imbibe available water and expand. 

There are three mechanisms by which fly ash helps to control deleterious expansion due to ASR. 
The most obvious one is dilution of the cement alkalis by mixing the cement with a fly ash with a lower 
alkali content, or at least a lower available alkali content. However, fly ash may contribute alkalis to 
the pore solution, and once they are in solution their source is immaterial. Particularly with low- 
alkali cements, high-alkali fly ashes, or too low fly ash contents, the presence of the fly ash may 
increase the alkali (and hydroxyl) concentration of the pore solution, making the situation worse, not 
better. In the literature on ASR, the term "pessimum" fly ash content refers to the dosage at which 
expansions due to ASR are greater than for the control specimens with no fly ash. 

Hydrated cement systems with relatively low lime/silica ratios are able to bind some pore solution 
alkalis, thus lowering the OH- concentration of the pore solution and reducing their availability to the 
reactive aggregate. The pozzolanic reaction reduces the availability of calcium to react with the gel 
that does form. There is some evidence that when sufficient pozzolan is provided to consume 
essentially all of the calcium hydroxide, the formation of ASR gel does not pose a problem in terms of 
deleterious expansion. 

The third mechanism by which fly ash helps control ASR is by reducing the permeability to water 
and the diffusivity to alkalis supplied by external sources such as deicing salts or seawater. The 
pozzolanic reaction, in which calcium hydroxide formed on the hydration of the cement reacts with 
silica in the supplementary cementing material to form calcium silicate hydrate, fills in the pores and 
reduces their connectivity. Thus the supply of water and alkalis is limited, limiting the rate of 
expansion due to ASR. 

From this discussion it  is clear that Class C fly ashes are at some disadvantage compared with 
Class F fly ashes for the purpose of controlling ASR. They could dilute the cement alkalis if they do 
not themselves contribute alkalis to the pore solution to any significant degree. However, they may not 
be able to reduce the lirne/silica ratio of the cement system sufficiently to provide hydrates capable of 
binding alkalis from the pore solution. Clearly the amount of amorphous silica in the fly ash and the 
fineness of the fly ash are critical for this mechanism. Lastly, Class C fly ashes are certainly capable 
of improving the pore structure of the hydrated cement system to slow the ingress of water and alkalis 
from the outside. However, any limits placed on the maximum amount of fly ash that can be used-for 
example, to prevent excessive salt scaling or to ensure adequate strength at early ages-could make it 
difficult to find a Class C ash that will control expansion due to ASR while still meeting other 
performance criteria. At  this stage it is not possible to provide numerical guidelines for the selection 
and use of Class C fly ashes; the user must decide which performance criteria are appropriate and then 
test the fly ash and concrete accordingly. 

I t  may be possible to beneficiate some Class C fly ashes by removing some of the alkalis, as the 
alkalis tend to bc found mainly in the smallest particles. Pneumatic separation of the smallest size 
fraction may reduce the alkali contcnt sufficiently to make the fly ash more acceptable for use. Such a 
practice may or may not be economically feasible in a particular case. The lime/silica ratio of the 
cement system could be reduced by the addition of small amounts of silica fume or other source of 
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reactive silica. Again, the applicability of this potential solution is governed by economics, Attention 
to the mix design and quality of the concrete can minimize its permeability to water and diffusivity to 
alkalis from the environment. 

6.2  Recommended Test Program 

Many test programs dealing with the effectiveness of fly ash in controlling expansion due to ASR are 
simply tests of different fly ashes in mortar or concrete prisms. The fly ashes may or may not be well 
characterized, and they are generally selected on the basis of their availability in a given location. A 
systematic comparison of the characteristics of the fly ashes is difficult, since any two fly ashes will 
differ from one another in several ways at the Same time. If one fly ash performs better than another, 
i t  may be because of its lower alkali content, lower sulfate content, higher silica content, greater 
fineness, higher glass content, or some combination of these factors, 

Another difficulty is that if the tests measure only expansion, it is not possible to determine 
whether the fly ash prevented ASR, delayed it, or simply inhibited the expansion of the gel. The 
value of such test programs is largely in comparing the performance of specific combinations of 
materials under the test conditions for the period of the test. Hopefully the results are reasonably 
reflective of the performance in service. However, they provide little information that could be 
applied in other cases that were not tested because their focus is on specific cases, not on principles or 
mechanisms. If a test program is to provide more generally useful information, it must focus on more 
fundamental issues. 

Thus it is not recommended simply to obtain a suite of fly ashes and test their performance on one or 
more expansion tests. Such work is appropriate and often necessary for a given producer in evaluating 
the materials available in a local market, or in developing products and mix designs for use with local 
aggregates. However, the information obtained is not applicable beyond the use of the specific 
materials tested and at the dosages used in the tests. 

In order to provide information that is of more general use, it is recommended that a few fly ashes 
be obtained to represent the types of materials that are available. The data base reported by Manz et 
al. [19891 could provide useful information about the chemistry, mineralogy, and physical 
characteristics of some fly ashes. Fly ash brokers can also provide information about the chemistry and 
activity of the fly ashes they sell. 

It is worth analyzing the available data in a systematic way before selecting fly ashes for the test 
program. For each of the characteristics of interest (alkali content, sulfate content, silica content, 
fineness, glass content, etc.) a histogram can be plotted to show the range of values and the number of fly 
ashes at each value. Two- and three- dimensional plots can show interactions; for example, if alkalis 
and sulfates occur primarily as alkali sulfates, then they are not independent. An appropriate 
selection of fly ashes would need to include, say, low, medium, and high levels of alkalis and sulfates, 
but would not need to include low-alkali /high-sulfate combinations. The histograms would also 
suggest appropriate numerical values for "low," "medium," and "high" levels of alkali. As much as 
possible, fly ashes would be selected to represent a wide range of values of the characteristics of 
interest. However, some combinations that would be helpful in studying the mechanisms involved in 
controlling ASR may not exist in a single fly ash. In this case a fly ash that was close to the desired 
composition could be processed to fit the desired profile more closely. In no case would unrealistic 
values be selected. Since the data on fly ash characteristics would be of use in themselves, any data 
obtained for this use would be summarized and included in the final report for the project. 

Once the fly ashes are selected, they must be fully characterized. Such characterization should 
include not only chemical analysis, but also particle size analysis and mineralogical characterization 
by X-ray diffraction and optical microscopy. Since composition varies by size fraction, each fly ash 
should be separated into several fractions by pneumatic separation before any analytical work is done. 

In order to be able to make comparisons of fly ash characteristics and their effects on ASR in a 
controlled way, the fly ashes can be treated in various ways and reconstituted so that factors can be 
examined in the desired combination. For example, a fly ash with a relatively high content of 
amorphous silica can be heated to allow some of the silica to crystallize. Mixing treated and untreated 
fly ash would produce different levels of amorphous silica in the same ash, so that comparisons could 
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be done with just one variable. Another possibility would be to separate out the high alkali fraction 
and recombine fractions as necessary to produce different levels of alkali with all other characteristics 
held constant. Additional variables that could be examined include cement alkali content, aggregate 
type, and percentage of fly ash in the concrete. However, the number of variables should be limited; it 
is better to examine a few variables thoroughly than many variables in a cursory manner. Analysis of 
the data base would aid greatly in selecting appropriate levels of the variables. 

The performance of the fly ash in concrete should be examined not only by measurements of 
expansion, but also with regard to the mechanisms involved. Of the test methods described in 
Chapter 5,  ASTM C 1293 is probably the most realistic reflection of the conditions likely to be 
encountered in service. This method should be supplemented by optical and electron microscopy 
(including X-ray microanalysis), preferably at intervals during the course of the test period as well as 
at the end, This is easily done by fabricating companion specimens that can be sacrificed for 
examination during the test period. The examinations would look for evidence of incipient reaction as 
well as the type and distribution of the various materials present: alkali ions, ASR gel with or 
without calcium, hydration products of the cementitious materials. Using several techniques in concert 
provides complementary and confirmatory information so that, for example, evidence of damage can be 
traced to its cause, the extent of gel formation can be correlated with degree of expansion, and changes 
in the hydration products and their ability to bind alkalis can be charted over the course of the 
exposure period. Using companion specimens for this purpose also provides the option of extending the 
exposure period to see whether the fly ashes are actually preventing ASR or simply delaying it. Once 
the specimens are fabricated it is simple to continue to monitor the expansion over an extended period. 
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