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Fly ashes with wide ranges of physical and chemical properties were 
obtained from twelve sources across Canada. They were used to replace 
20%-40% by weight of cement in mortar bars containing reactive opal and 
expansions were monitored for a period of 12 months. The quantity of fly 
ash required to reduce expansion to below a limit of 0, 1% at six months 
varied from less than 20% to more than 40%. The reduction in expansion at 
12 months ranged from 5% to 81% at 20% replacement, 34% to 89% at 30% 
replacement, and 47% to 92% at 40% replacement. Regression analyses were 
carried out to relate performance to a number of physical and chemical 
properties of the fly ashes. Some reasonable correlations were found; 
however, more fundamental work is required to identify the principal 
characteristics responsible for the range in performance of the fly ashes . 

INTRODUCTION 

An accepted method of limiting the expansion of concrete due to 
alkali-silica reaction is the use of fly ash as a partial cement 
replacement. The amount required depends on the source of the fly ash and 
can vary from 20% to more than 40% by weight of Portland cement. The 
characteristics of fly ash that determine its effectiveness are largely 
unknown, and the mechanism by which expansion is reduced has not been 
definitely established. 

An extensive program of research is currently underway at the 
University of Calgary aimed at increasing the utilization of fly ash in 
concrete. Physical and chemical characteristics of 12 fly ashes from 
across Canada have been studied in detail, and in this paper, an attempt is 
made to relate these properties to the effectiveness of the various fly 
ashes in reducing expansion due to alkali-silica reaction. 

EXPERIMENTAL WORK 

A modification of ASTM C 2 27 (ASTM, 1983) was used in which longterm 
expansion data were obtained for mortar bars containing reactive opal and 
each of the 12 fly ashes added at cement replacement levels of 20%, 30% and 
40% by weight, The opal was obtained from Ward's Natural Sci'ence 
Establishment (Source : Virgin Valley, Nevada, USA), and was blended with a 
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non-re active limestone aggregate at the "pessimum" amount (4%). Both the 
opal and the limestone was graded according to the requirements of ASTM 
C227. A water/ cement ratio of 0.47 was used in all mixes regardless of 
flow and the mix volume was kept constant by adjusting the amount of the 
#50-#100 limestone size fraction to allow for the different cement and fly 
ash densities. Sodium hydroxide was added to the mix water to boost the 
alkali content of all mixes to 1.0% (equiv. Na

2
0) by weight of cementitious 

material. The amount required in each case was calculated using the acid 
soluble value for the cement (0.42%, equiv. Na 0) and the water soluble 
value for each of the fly ashes determined by the method of ASTM Cll4 
(ASTM, 1982). Control specimens were cast containing either no fly ash or 
30% fly ash and no opal. All mixes were prepared in duplicate. The mortar 
bars were stored at 23°C and 100% RH and length change data were obtained 
for a period of 12 months. 

RESULTS AND DISCUSSION 

Expansion data and relevant physical and chemical properties are 
summarized in Table 1 where the fly ashes are ranked in order of dec reasing 
effectiveness. Ability to suppress expansion varied considerably and Fig. 
1 compares the behaviour of three widely differing fly ashes. 

Table 1. Expansion Data and Properties of 12 Canadian Fly Ashes 
(at age of 12 months) 
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CONTROL CONTROL 

MONTHS-- MONTHS--

Fig. 1. Expansion of mortar bars containing 4% opal and three 
fly ashes at various cement replacement levels_ 

Control bars containing opal but no fly ash expanded 0.36% at 12 
months. Reduction in expansion due to fly ash ranged from 5% to 81 % at 20% 
cement replacement, 34% to 89% at 30% cement replacement and 47% to 92% at 
40% cement replacement . ASTM C227 indicates that expansions greater than 
0.1% at 6 months imply potentially deleterious behaviour_ The amount of 
fly ash required to reduce expansion to below this level was used for 
purposes of comparison and was found to vary from less than 20% to more 
than 40%. 

Regression analyses were carried out to identify the important 
physical and chemical properties of the fly ashes. Initially, simple 
linear regression was used to relate reduction in expansion at 20%, 30% and 
40% cement replacement to each of the properties listed in Table 1. From 
these analyses, a reasonably significant correlation was found between 
acid-soluble alkali and reduction in expansion for all ash-replacement 
levels. For example, the correlation coefficient (R) of -0.551 for 20% 
replacement is different from zero at the 5% significance level. Other 
properties did not correlate well with reduction in expansion. Some 
scattergrams are shown in Figure 2. 

A number of authors have reported that expansion is suppressed less 
effectively by high alkali fly ashes (Oberholster and Westra, 1981; Hobbs, 
1982; Carrasquillo and Snow, 1986) although Dunstan (1981) observed no 
effect. The present data corroborate the former view. 

Dunstan (1981) found that fly ashes with high Cao content were less 
effective in reducing expansion, although this was not confirmed in later 
work (Carrasquillo and Snow, 1986). The present data (Fig. 2) do not 
support Dunstan's conclusions. 
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Fig . 2. Correlation diagrams for reduction in expansion at 20% 
cement replacement and various fly ash properties. 

Surface area is a likely factor in determining the ability of fly ash 
to suppress expansion, and a trend to increased performance for finer fly 
ashes has been reported (Sprung and Adabian, 1976; Hobbs, 1982). If 
anything, the present results tend to support the opposite view that an 
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increase in the specific surface of the ash results in a reduction in 
effectiveness (Fig. 2); however, the correlation is low and further testing 
is clearly indicated before any conclusions can be made. In addition, poor 
correlations were obtained with Pozzolanic Activity Index. 

Analysis of results by interactive multiple-linear-regression showed 
that the combination of (a) acid soluble alkali; (b) lime content; and (c) 
surface area (by Blaine) gave a correlation of R=0.88 with reduction in 
expansion. The correlation coefficient of 0.88 was not improved 
significantly by the addition of 'water-soluble silica content' as a 
parameter in the regression equation. 

A reduced correlation was obtained when surface area by nitrogen was 
substituted for surface area by the Blaine test. It may be that the 
distribution of particle sizes in the ash are more important than the 
actual surface area of the ash. Also, the surface area as measured by 
nitrogen adsorption includes the surface area of the carbon which may be 
considerable. 

Results reported here support the idea that specific properties of fly 
ash have important roles in determining effectiveness against alkali-silica 
reaction. At present, acid-soluble alkali content, lime content and 
specific surface area (Blaine) seem the most likely candidates. 
Nevertheless, the properties of the ashes measured here do not completely 
explain the wide range in abilities to suppress expansion. A more 
fundamental study using techniques such as x-ray diffraction, scanning 
electron microscopy, infrared spectroscopy and thermal analysis is 
currently underway which may reveal a more significant fly-ash property. 
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