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ABSTRACT 

Alkali-Silica Reaction (ASR) is a neutralization reaction that occurs between an acid (silicic 
acid) and a basic pH pore solution (calcium oxide, potassium oxide, and sodium oxide). ASR 
causes deleterious expansion within concrete that can cause durability issues and decrease the 
life span of concrete. ASR in concrete has been found in increasing quantities since its discovery 
in the 1940’s by Stanton. Several cases of ASR have recently been diagnosed in Arkansas, 
including cases in Fayetteville, Pine Bluff, and Little Rock.  The purpose of this research is to 
develop preventative measures using Class C fly ash in concrete containing moderately reactive 
aggregates found in the Arkansas River.   
 The research includes three regional, Class C fly ashes.  Two fine aggregate sources were 
evaluated in order to determine the ability of Class C fly ashes in preventing ASR. The first sand 
to be evaluated is Arkansas River sand from Van Buren, AR, which is a moderately reactive sand 
used in concrete throughout the region. In addition to the moderately reactive sand, a highly 
reactive sand (Jobe) will be evaluated to determine the ability of Class C fly ashes in preventing 
ASR at different levels of reactivity.  The Jobe fine aggregate has been well documented as a 
source of reactive silica.  Class F fly ashes have been previously prescribed for impeding ASR 
(ACI Comm. 221 1998).  However, the availability of Class F fly ash in regions, such as 
Arkansas, is somewhat limited compared to the availability of Class C fly ash.  This paper 
examines the use Class C fly ash for preventing ASR in concretes containing moderately reactive 
aggregates. 

 

 

 

 

  



 
 

INTRODUCTION 

Alkali-silica reaction (ASR) is a neutralization reaction between siliceous minerals and alkaline 
cement pore solutions.  Alkalis (CaO, KO, and NaO) induce a high pH in the pore solution, 
which reacts with silicic acid (H4SiO4) in the aggregates.  The reaction takes place along the 
paste aggregate interface, resulting in alkali-silica gel. The gel will adsorb water, causing 
swelling within the concrete, and filling the voids. When the expansive pressure exceeds the 
tensile strength of the concrete, cracking occurs in order to release the internal pressure and will 
eventually propagate throughout the concrete unless treatment of the specimen is taken.  ASR 
can also lead to concrete spalling and loss of concrete strength due to loss of cross-section and 
exposure of the steel reinforcement. 

The neutralization reaction is controlled by two main factors (ACI Comm. 221 1998). First, the 
cement alkalinity, reported as total alkali equivalents (Na2Oe), which relates to the pore alkalinity 
of the concrete (Diamond 1989).  Second, the presence and composition of reactive siliceous 
materials within the aggregate affects the rate of reaction (ACI Comm. 221 1998).  Another 
factor that influences the development of alkali-silica gel is the presence of calcium in the 
concrete pore solution. Alkali-silica gel will form with any calcium, not only calcium hydroxide 
(Diamond 1989).  Alkali-silica gel also requires available moisture for deleterious expansion to 
occur. Deleterious expansion of concrete specimens will stop when the internal relative humidity 
falls below 80 percent (referenced to 21 degrees Celsius).  The ambient temperature of the 
concrete specimen also influences the rate of deleterious expansion; with the rate of the ASR 
increasing with temperature. (ACI Comm. 221 1998). 

ASR has become a major infrastructure problem in concrete around the world, especially in 
regions of high temperatures and relative humidity’s. Arkansas River Sand contains chalcedony, 
which is a highly reactive mineral. The sand is also the only economic source of fine aggregate 
in the region and will continue to be used in concrete. Therefore, economic methods for 
preventing ASR must be developed. Class F fly ash is not available in the region and must be 
shipped, resulting in increased concrete cost. However, there are several regional sources of 
Class C fly ash that can be economically used in concrete, as long as Class C fly ash can be 
shown to limit ASR. 

The following research program included two reactive fine aggregates. The first sand came from 
portions of the Arkansas River in Van Buren, AR and Pine Bluff, AR. The sand was found to be 
deleteriously reactive in concretes containing high cement alkalis. The second source of sand, 
Jobe, was imported from El Paso Texas. Jobe sand has been used in several ASR research 
projects to produce significant ASR expansion, and to determine the efficacy of preventive 
measures in extreme conditions.  Several laboratory test methods exist for accelerating ASR. The 
accelerated mortar bar test (AMBT) is used to test reactive aggregates and preventative 
measures, and the test method produces results within 28 days. The concrete prism test was also 
conducted, however, the test requires one to two years for results.  



 
 

The following discussion will consider Class C fly ash used in concretes containing either 
Arkansas River sand or Jobe sand. Only AMBT results are available at this point, however, the 
results will be compared to CPT data when the testing program concludes. The AMBT results 
and chemical compositions of each fly ash were used to determine the recommended 
replacement rate of fly ash required to prevent ASR in concrete. 

OBJECTIVES 

Ultimately this research has the objective of reducing future issues with ASR through the use of 
Class C fly ash.  This goal was achieved by testing the six fly ashes listed in Table 1 in 
combination with two reactive aggregate mixes using the accelerated mortar bar test (ASTM 
1567). The ability of each fly ash to reduce ASR expansion, as compared to the control mixture, 
was measured for fly ash replacements between 20 and 40 percent, at 10 percent intervals. The 
results were then analyzed to determine, where possible, the minimum replacement rate for Class 
C fly ash, which reduces expansion below the recommended threshold of the test method.  These 
results are applicable to concretes where moderately reactive aggregates are used in combination 
with cement and Class C fly ash. The results were then compared to samples containing highly 
reactive aggregates, to determine the ability of Class C fly ash in reducing ASR expansion. 

TESTING PROGRAM 

Accelerated Mortar Bar Test (AMBT) 

This test was performed in accordance with ASTM C1260 and ASTM C1567 in which a set of 
three mortar bars were cast with dimensions of 25 mm x 25mm x 270 mm.  The specimens were 
stored in a cure room for 24 hours, with a minimum 50 percent humidity and 23 ºC ± 1 ºC.  After 
the specimens were removed from the mold they were placed in an 80 ºC ± 1 ºC water for 24 
hours, before taking initial readings.  After initial readings, the specimens were submerged in a 1 
Normal solution of NaOH, and stored in a water tight low density polyethylene container. The 
container were then stored in a water bath at a temperature of 80 ºC ± 1 ºC.  Expansion 
measurements were taken at 0, 4, 7, 14, 21, and 28 days using a length comparator. The length 
change were then converted to percent strain for analysis. 

The AMBT produces results within 30 days and also detects reactivity in some slowly reactive 
aggregates (ACI Comm. 221 1998).  The test conditions are severe and often cause expansion in 
aggregates that perform well in field concrete mixtures (Thomas et al. 2006). This is due to the 
storage of the mortar specimens in an alkaline solution and the high temperature used to 
accelerate expansion.  The high alkali solution is used to prevent alkali leaching from the sample. 
Due to the severity of the test conditions, aggregates that pass the test are unlikely to develop 
deleterious expansion in the field. 

 



 
 

Table 1- Testing Matrix for the Accelerated Mortar Bar Test (ASTM C1260 & ASTM C 1567) 

Fly ash Source 
Fine Aggregate 

AR River Sand, Van Buren Van Buren + 40% Jobe 
Control – No fly ash X X 
Class C - White Bluff (WB) X* X* 
Class C – Newark (NK) X* X* 
Class C – Sikeston (SI) X* X* 
Class C – Muskogee (MK) X*  
Class F – Dolet Hills (DH) X* X* 
Class F – Martin Lake (ML) X* X* 

*20, 30, and 40 percent fly ash replacement rates 

Materials 

Fine Aggregate 

The first fine aggregate source included in this study was from the Arkansas River at Van Buren, 
Arkansas. This aggregate was used in several concrete structures in Arkansas, which have 
developed ASR. Petrography results showed the Arkansas River sand from the Van Buren, AR 
contains reactive silica in the form of chalcedony. Testing at the University of Arkansas also 
found this sand to be potentially deleteriously reactive based on the accelerated mortar bar test 
(ASTM C1260) results provided in Figure 1 below. The figure includes 28 day expansion results 
for Arkansas River Sand from Van Buren, Arkansas (VB) and Pine Bluff, Arkansas (PB).  

 



 
 

 
Figure 1 – Accelerated Mortar Bar Test of Arkansas River Sands (ASTM C1260) (Deschenes 
2014) 

 The second fine aggregate included in the research project is a combination of 60 percent 
Arkansas River Sand and 40 percent Jobe sand from El Paso, Texas. Several researchers have 
shown the Jobe fine aggregate to be highly reactive. Results from the accelerated mortar bar test, 
conducted previously at the University of Arkansas on specimens containing this aggregate, are 
shown below in Figure 1.  The results in Figure 1 include specimens containing 20 percent or 40 
percent Jobe sand, and 80 or 60 percent Arkansas River sand. The specimens containing 40 
percent Jobe sand had expansions greater than 0.5 percent expansions at 14 days.   



 
 

 
Figure 2 – Expansion of Accelerated Mortar Bar Test (ASTM C1260) Specimens Containing 
Jobe – Newman Fine Aggregate (Murray, 2014) 

Coarse Aggregate 

Concrete prism tests (ASTM C1293) were conducted at the University of Arkansas using 
crushed coarse aggregate from the region. Results from these tests indicate that regionally 
available coarse aggregates are inert in concrete. These aggregates were not included in the 
present study on fly ash. 

Fly ashes 

Fly ash is a byproduct of burning coal. The fly ash, as required by the Environmental Protection 
Agency (EPA), is filtered out of the effluent through a scrubber or bag house. The fly ashes used 
in this study were classified using ASTM C618 and the fly ashes conform to ASTM C618. The 
requirements for these fly ash types are provided in Table 2.  

The ability of fly ash to impede the alkali silica reaction in concrete is a function of the chemical 
composition of the fly ash. As the sum of silicon dioxide (SiO2), aluminum oxide (Al2O3), and 
ferrous oxide (Fe2O3) increases in the fly ash, the concrete expansion decreases as shown by 
(Malvar, 2006). This is due to the oxides in the fly ash lowering the reactivity of the pore 
solution. 

 

 



 
 

Table 2 – Fly ash classification ASTM C618 

ASTM C618 
fly ash types 

Class F Class C 

SiO2 + Al2O3 + Fe2O3 70.0 % min. 50.0 % min.

SO3 5.0 % max. 5.0 % max. 

Moisture Content 3.0 % max. 3.0 % max. 

Loss on Ignition 6.0 % max. 6.0 % max. 

 

The fly ashes evaluated in this study included Class C fly ash from the following power plants; 
White Bluff, AR, Newark, AR, Sikeston, AR and Muskogee, OK. The Class C fly ashes were 
compared to two Class F fly ashes from Martin Lake, AL and Mansfield, LA (Dolet Hills). All 
mortar specimens were cast with fly ash contents of 0, 20, 30, or 40 percent. Preliminary 
research, as summarized in Figure 3, at the University of Arkansas has determined that these 
replacements effectively reduce the expansion of mortar bars. This is important because the list 
of Class C fly ashes are produced close to Arkansas whereas any Class F fly ash would have to 
be transported long distances, making fly ash a less economic method for preventing ASR. 

 
Figure 3 – Effect of Class C fly ash Replacement on the Expansion of Mortar Bars. (Deschenes 
2014) 

 



 
 

Table 3 – Cementitious Material Properties 

Chemical 
Composition 

Cement Class C fly ash Class F fly ash 
0.89% 
Alkali 

White 
Bluff 
(WB) 

Newark 
(NK) 

Sikeston 
(SI) 

Muskogee 
(MK) 

Martin 
Lake 
(ML) 

Dolet 
Hills 
(DH) 

CaO 63.50 22.70 24.24 20.28 25.17 10.46 5.46 
SiO2 19.88 36.73 36.42 42.43 36.68 50.34 58.75 
CaO/SiO2 3.19 0.62 0.67 0.48 0.69 0.21 0.09 

 

 The chemical composition data for the fly ash sources used in this study are provided in 
Table 3. Fly ash reduces ASR in concrete by decreasing the amount of alkalis (CaO, KO, and 
NaO) while increasing sum of oxides (SiO2, Al2O3, and Fe2O3) in the binder, resulting in less 
deleterious expansion. Class F fly ashes are the most effective and contain a lower CaO/SiO2 
ratio as summarized in Table 3. However, due to Class C fly ash having a lower CaO/SiO2 ratio 
then cement, Class C fly ash can be used to impede ASR, although at a higher replacement rate 
than Class F fly ash. 

Cement 

The cement used for mortar bar specimens contained an alkali content of less than 0.60 percent.  
This low alkali cement was substituted for AMBT specimens because cement alkali content is 
inconsequential compared to the 1.0 N alkali solution which provides unlimited alkalis to the test 
specimens via permeability into the pore solution. 

RESULTS 

 The results discussed are of 28 day expansion readings after the initial 2 days of curing. 
To evaluate the effectiveness of both Class C and F fly ashes at different replacement rates, the 
percent expansion at 28 days are provided in Figure 4 and Figure 5. The difference between 
Figure 4 and Figure 5 is the mixture of fine aggregate. Figure 4 is a summary of samples 
containing fine aggregate from the Arkansas River. While Figure 5 is a summary of the mixture 
containing 40 % Jobe fine aggregate, which is mixed with 60 % Van Buren fine aggregate from 
the Arkansas River. The Jobe sand is used as a highly reactive aggregate for ASR research.   



 
 

 
Figure 4 – fly ash Replacement Effects on Expansion using Arkansas River Sand 

 Based on Figure 4, the Class C fly ashes (WB, NK, and SI), with the exception of MK, 
prevent deleterious reactivity at replacement rates greater than 20 %. However, even the MK 
Class C fly ash prevented expansion at a replacement rate of 40 percent, whereas without any fly 
ash the specimens proved to be deleteriously reactive according to ASTM C1567. The results 
indicate that Class C fly ashes can impede ASR within concrete. However, Class C fly ashes 
have various chemical compositions due to the processing and filter systems. Therefore, the 
chemical analysis and testing should be relied upon to determine the fly ash effectiveness. 



 
 

 
Figure 5 - fly ash Replacement Effects on Expansion using Jobe and AR River Sand mix 

 

 The most notable comparison to be made in Figure 5 is the Van Buren Arkansas River 
Sand and White Bluff Class C fly ash (VB WB) mixture as compared to the WB mixture 
containing Jobe Sand mixture. The control AMBT mixtures had twice the expansion simply by 
mixing in a highly reactive fine aggregate at a 40 percent replacement rate. The results show the 
difference between aggregates used in concrete in Arkansas and those used in research for testing 
fly ashes effectiveness. Secondly, what should be taken away from Figure 5 is that even with a 
highly reactive sand mixture the Class C fly ashes still reduced expansion below the test limit at 
a 40 percent replacement rate. Third, it should be noted that both Class F fly ashes (ML and DH) 
resulted in 28 day expansions below the test limit, with a lower fly ash replacement rate of 30 % 
(Figure 5). However, there are no Class F fly ashes produced in Arkansas, and the use of Class C 
fly ash would be more economical when used at a higher replacement rate. 



 
 

 
Figure 6 – Calcium oxide to Silicon Dioxide ratio for Van Buren Arkansas River sand AMBT  

 For each fly ash in Figure 6, the point with the lowest CaO/SiO2 (C/S) ratio represents a 
40 percent fly ash replacement rate. The inclusion of fly ash dilutes the higher C/S ratio of the 
cement. The higher C/S ratios therefore represent the mixtures with 20 percent or 0 percent fly 
ash replacement. What can be gathered from this figure is that a higher C/S ratio leads to higher 
expansion in the mortar, therefore validating hypothesis that expansion is a function of calcium 
content. Also, the trend line had a low linear regression value due to the variability in the test 
results. The limited number of samples and small range of CaO/SiO2 data, along with the small 
range of expansions induces a far higher error than found in Figure 9, where the range of 
expansions is much larger. 

 



 
 

 
Figure 7 – Calcium Oxide Percent Van Buren Arkansas River Sand AMBT  

 In Figure 7, the coefficient of determination is lower than for the C/S data. Most of the 
fly ashes fell into the range of 45 to 55 percent CaO, whereas the expansion ranged from 0.01 to 
0.2 percent.  This is significant, as CaO percentage was proposed by Thomas et al. 2000 as being 
a better approach to classifying fly ashes rather than the oxide sum currently used in ASTM 
C618. 

 
Figure 8 – Silicon Dioxide Percent Van Buren Arkansas River Sand AMBT  



 
 

 In Figure 8 the data follows a similar trend to that observed by Malvar (Malvar, 2006), 
showing as silicon dioxide increases the expansion of concrete samples decrease. However as 
previously noted the linear regression is 10 percent lower than the CaO data and 15 percent less 
than when using CaO/SiO2 as shown in Figure 6. For this reason, ASTM C618 should be 
updated to better represent the effectiveness of fly ashes in impeding ASR deleterious expansion. 
The trend lines in Figures 6, 7, and 8 are imprecise due to a limited range of fly ash replacements 
tested. To improve the accuracy of the trend line, and to better understand how fly ashes impede 
ASR, more data and fly ash replacements in the range of 0 and 20 percent should be included. 

 
Figure 9 – Calcium Oxide to Silicon Dioxide ratio for Jobe and Van Buren sand mix AMBT 

 These results for Jobe sand indicate a linear trend between increasing C/S ratio and 
increasing expansion. A similar trend was previously obserbed by Malvar (Malvar, 2006). As 
expected, the coefficient of determination of the data increased with a more reactive aggregate 
when comparing it to Figure 6. The chemical composition of the fly ash has a greater effect on 
expansion for highly reactive Jobe sand. As a result, effect a more accurate association between 
the CaO/SiO2 is made. 



 
 

 
Figure 10 – Calcium Oxide Percent for Jobe and Van Buren sand mix AMBT 

In Figure 10 the results show a CaO content less than or equal to 44 percent of the binder would 
produce a non-reactive mix even with a high reactivity mixture of fine aggregate. However, the 
trend still is not as accurate as using the CaO/SiO2 ratio to analyze the effectiveness of fly ash at 
impeding deleterious ASR expansion. 

 
Figure 11 – Silicon Dioxide ratio for Jobe and Van Buren sand mix AMBT 



 
 

 The same trends shown in Figures 6, 7, and 8 are present within Figures 9, 10, and 11 
which is to be expected since the only change was the fine aggregate. This further shows how 
inaccurate the sum of oxides method is in comparison with CaO/SiO2. When comparing Figures 
9 and 11, the sum of oxides is 15 percent less accurate than CaO/SiO2 when using a linear 
regression. 

Also the presented results follows the tendency stated in ACI Comm. 221 1998 by the following 
three ways fly ash mitigates ASR expansion. 

1. The cement-pozzolan reaction product has a lower CaO:SiO2 (C/S) ratio than the reaction 
product of the calcium silicates of the portland cement alone. This calcium silicate 
hydrate (C-S-H) gel has a greater capacity to entrap alkalis and reduce the pH of the 
concrete pore fluid. 

2. Pozzolanic reactions consume calcium hydroxide, an abundant hydration product in 
concrete, and ASR gel that forms in a paste with reduced amounts of calcium hydroxide 
may have lower swelling characteristics. 

3. The pozzolanic reaction produces a denser paste by reducing the amount of calcium 
hydroxide and producing additional C-S-H gel. This is particularly significant as it occurs 
at the paste-aggregate interface. This effect reduces the mobility of ions and possibly 
slows the reaction rate. It also makes the concrete less permeable to external moisture and 
alkalis. 

CONCLUSION 

The results indicate that Class C fly ash can effectively impede ASR expansion.  In addition, the 
results indicate that for all fly ashes tested, a replacement rate of 20 percent would classify the 
mixture as being non-reactive. ASR can be prevented in concrete containing Arkansas River 
sand, which is classified potentially reactive, using Class C fly ashes. 

As for the chemical analysis, research has indicated that there are better ways to analyze the 
effectiveness of fly ash than the oxide sum currently stated in ASTM C618. This paper 
reinforced these findings, and it is therefore recommended that the current ASTM be revised to 
include CaO/SiO2 ratio. With these revisions, fly ashes can be better implemented in the field. 
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