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ABSTRACT  
 
Newly constructed many coal power plants are adapting circulating fluidized bed 
combustion (CFBC) system because the CFBC process optimizes the interaction 
between coal and air in the combustion chamber and maximizes combustion efficiency.  
However, the utilization of CFBC fly ash is limited in the construction application due to 
its inherent high sulfate and carbon contents in spite of its excellent binding property.  In 
this study, alkali-silica reaction (ASR) behavior of geopolymer concrete made of CFBC 
fly ash has been evaluated using a modified ASTM C 1260/C 1567. Test parameters 
included three different concentrations of NaOH solution (0.5N, 0.75N, and 1N), three 
different temperatures (40°C, 60°C, and 80°C), reactive aggregate, and a more 
extended test period up to 3 months.  Moreover, the ASR level of CFBC fly ash 
geopolymer concrete was evaluated in term of activation energy (The higher the 
activation energy, the less sensitive the ASR is).  It was observed that there was no 
significant expansion in CFBC fly ash geopolymer concrete regardless of variations of 
temperature and alkalinity of test solution.  ASR activation energy of CFBC fly ash 
geopolymer concrete was higher than that of plain cement mixture irrespective of the 
strength of NaOH solution. 



INTRODUCTION 
Many scientists and engineers are now looking for the ‘right key’ for designing 
sustainable infrastructure systems that show ‘higher durability’ and have longer 
‘maintenance free’ performance with the low repair cost.  From the material point of 
view, the effort to increase the service life of infrastructure can be made by using 
various advanced high-quality materials such as geopolymer as one of promising 
alternative binders to Portland cement. 

Geopolymer is an inorganic polymer composite having amorphous polymeric 
network structure with interconnected Si-O-Al bonds. It is generally manufactured by 
alkali activated reaction of conventional fly ash (FA) and ground granulated blast 
furnace slag (GGBS) which have high contents of silica and alumina at high pH and 
room or elevated temperature [1, 2]  Many researchers have reported that geopolymer 
has early compressive strength, excellent adherence to aggregates, low permeability, 
excellent fire resistance behavior, effective immobilization of toxic and hazardous 
materials, and good chemical resistance [3-7]. 

For example, Kupwade-Patil and Allouche [8] reported that in alkali-silica reaction 
(ASR) study, geopolymer mortar bars made with conventional Class F fly ash and Class 
C fly ash containing reactive aggregate had lower expansion than ordinary portland 
cement concrete and its value was less than 0.1% limit prescribed in ASTM C 1260 test 
method.  They explained that the formation of a dense bond in the vicinity of the 
aggregates following the initial reaction in geopolymer was contributed to the reduction 
of ASR expansion.  

However, limited data are available on the ASR behavior of geopolymer concrete 
made of fly ash produced from circulating fluidized bed combustion (CFBC) process.  In 
fact, CFBC fly ash has very good binding property without requiring any supplementary 
activator when it is used in concrete. However, the utilization of CFBC fly ash is limited 
in the construction application due to its inherent properties which include a relatively 
small amount of glass phases, coarse, porous, and angular particles due to a low 
combustion temperature, higher free lime, sulfate, and carbon contents than 
conventional fly ash.  This study investigated the ASR behavior of CFBC fly ash 
geopolymer mortars using a modified ASTM C 1260/C 1567 test method.  The degree 
of ASR of geopolymer mortar has been evaluated in term of activation energy. 
 
EXPERIMENTAL PROGRAM 
Materials and Mortar Specimen Preparation 
Materials used in this study included ASTM Type I portland cement with an alkali 
content of 0.58% Na2Oeq., CFBC fly ash (FA), and reactive quartz aggregate. 

Prismatic mortar specimens (2.5 x 2.5 x 28.5 cm) were made with the aggregate 
described above; Portland cement mortar as a control (plain) and CFBC FA geopolymer 
mortar.  For portland cement mortar specimen, the deionized water to cement ratio was 
0.47.  Immediately after casting the test specimens were covered and cured in a 
chamber at 23°C and 100% ± 5 relative humidity (RH) for a period of 24 hours (h).  The 
specimens were demolded, immersed in water, and stored in a sealed container in an 
oven at 80°C for a further 24 h prior to ASR testing 

An 8 M solution of NaOH was used as an activator to make CFBC fly ash 
geopolymer mortar specimen.  The solution to fly ash ratio was 0.47.  After mixing, the 



specimens were placed in an oven where the specimens were cured for 24 hours at 
80°C and 70% ± 5 RH.  After that, they were removed from their molds before ASR 
testing. 
Alkali-Silica Reaction Test 
After their respective curing processes, both plain and CFBC FA geopolymer prismatic 
mortar specimens were fully immersed in 1N, 0.75N, and 0.5N NaOH solutions and kept 
in sealed containers in an oven at 80°C.  The length change of the mortar bars was 
periodically measured over a 91-day period to determine ASR-induced expansion 
instead of the normal 14 days period recommended in ASTM C 1260/C 1567 test 
procedure. 
 
TEST RESULTS AND DISCUSSIONS 
Expansion Characteristics of Plain Specimen  
Figure 1 shows the expansion measured for plain cement mortar bars made with 
reactive aggregates over a 91-day period.  Initially, the expansion of the plain mortar 
was low up to 14 days, the significant expansion between 14 and 91 days was noted for 
mortar bars regardless of normality of NaOH solution and temperature when the test 
period was prolonged to 91 days.  For example, while the expansion of the mortar bar in 
1N NaOH and 80oC was 0.23% at 14-day, the expansion of mortar bar at 91-day 
reached 0.66%. Many researchers [9, 10, 11] suggested that the prolonged test period 
in ASTM C 1260/ C 1567 be better to evaluate the ASR potential of aggregate. 
 

 
 

 
 

Figure 1. Expansion curves for plain mortar bars 
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In 1N NaOH solution, the expansion of mortar bar was higher than that in both 
0.75N and 0.5N NaOH solutions at a given age.  Increasing the normality of the alkaline 
solution accelerates alkali-silica reactivity. This suggests that normality of alkaline 
solution plays a predominant role in the expansion characteristics.  Lowering the 
concentration of NaOH solution results in decreased expansion. 
 
Expansion Characteristics of CFBC FA Geopolymer Specimen 
Figure 2 present expansion characteristics of CFBC FA geopolymer mortar bars up to 
91 days in three different temperatures and alkaline solutions.  It is evident that the 
CFBC FA geopolymer has good ASR resistance irrespective of normality of 
temperature, NaOH solution, and extended test period.  For example, CFBC FA 
geopolymer samples immersed in 1N NaOH solution at 80°C showed an average 
expansion of 0.023% and 0.052% at 14-day and 91-day, respectively.  Expansion value 
for this geopolymer specimen was approximately twelve times less than that of the plain 
counterpart.  Moreover, none of the CFBC FA geopolymer specimens exceeded the 
ASTM 1260 threshold value (0.1%) for potentially reactive aggregate and most of them 
appeared to be stable.  This result is matched with the previous finding by Garcia-
Lodeiro et al. [12] which indicates that there was no significant expansion in fly ash-
based geopolymer mortars. They explained that the formation of ASR gel in the 
geopolymer was very slow and the existence of stress that might generate cracking is 
minimal because the ASR gel was usually found in the gaps of the matrix. 
 

 
 

 
 

Figure 2. Expansion curves for CFBC FA geopolymer mortar bars 
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Effect of Normality of Test Solution on Expansion Characteristics  
Figures 3-(a) and (b) show the effect of normality of test solution on mortar specimen 
expansion due to ASR at both 14-day and 91-day.  Expansion of mortar bar in 1N 
NaOH solution is higher than those in 0.75N and 0.5N NaOH solution regardless of 
testing temperature and the type of specimen.  This result indicates that increasing the 
normality of the alkaline solution accelerates alkali-silica reactivity, especially in the 
case of plain mortar bars.  This suggests that the normality of the alkaline solution plays 
a critical role in the expansion characteristics. Increasing the concentration of the NaOH 
solution leads to increased expansion. 

For CFBC FA geopolymer specimen, none of the mortar bars showed deleterious 
expansion or cracking regardless of the normality of test solution and the extended 
testing period. At 91-day, they reached a range of expansion of 0.018% to 0.052% 
depending on the temperature and normality, which characterizes the none reactive 
aggregate category.  Especially, the CFBC FA geopolymer concrete immersed in 
0.5NaOH solution had a fairly constant slop after 56 days and neither further severe 
expansion nor the crack occurred. 
 

 
 
Effect of Temperature on Expansion Characteristics  
Figures 4-(a) and (b) show the effect of temperature on mortar specimen expansion due 
to ASR at both 14-day and 91-day.  Similar to the normality effect of the testing solution 
on the mortar bar expansion, the expansion at 80ºC is higher than those at 60ºC and 
40ºC irrespective of the normality of NaOH solution and the type of specimen.  An initial 
expansion rate at 80ºC and 60ºC was more prominent than at 40ºC.  This result 
indicates that test temperature has a pronounced effect on ASR, especially for plain 
mortar bar.  In contrast, the expansion of CFBC FA geopolymer is less than that of the 
plain specimen at all temperatures.  It was observed that there was very little difference 
in expansion characteristics between 14-day and 91-day regardless of the degree of 

   
(a) 14-day expansion     (b) 91-day expansion 

 

Figure 3. Effect of normality of solution on development of ASR expansion 
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temperature. This indicates that the influence of temperature on the expansion of CFBC 
FA geopolymer was minimal. 
 

 
 
Activation Energy of Plain and CFBC FA Geopolymer 
As shown in the above results, development of ASR is a thermally activated process 
that is also sensitive to a given level of alkalinity and the type of the aggregate.  Shon et 
al. [7] reported that activation energy (Ea) for ASR is capable of providing direct 
accountability for a variety of important material-related factors that affect ASR behavior 
of mortar/concrete such as temperature, alkalinity, aggregate reactivity, humidity, and 
age. The Ea indicates the energy needed to initiate the ASR.  The lower the Ea, the 
higher the ASR reactivity. 

Figure 5 shows the Ea of plain and CFBC FA geopolymer specimens within the 
studied temperature range and age.  Whereas the plain sample in 1N NaOH solution 
had the lowest Ea value (15.3 KJ/mol), the CFBC FA geopolymer specimen in 0.5N 
NaOH had the highest Ea value (94.8 KJ/mol).  This is an indication that the specimen 
with high ASR potential needs less energy to initiate the ASR.  This result supports that 
the plain-1N specimen is more reactive than the CFBC FA-0.5N sample and there was 
very little expansion of geopolymer mortar specimen as shown in Figures 1 and 2. 

Figure 5 also presents how the concentration of alkalinity influences on the 
degree of ASR potential of the specimen.  As shown in Figure 3, the high normality of 
test solution corresponds to the lower Ea of the specimen which needs less energy to 
initiate the reaction. 
 

   
(a) 14-day expansion     (b) 91-day expansion 

 

Figure 4. Effect of temperature on development of ASR expansion 
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CONCLUSIONS 
This paper reports the initial effort to determine the ASR susceptibility of geopolymer 
mortar made with CFBC fly ash in terms of expansion characteristics, temperature, the 
normality of test solution, and activation energy as an overall indicator of ASR potential.  
Based on the results, the following conclusion can be drawn: 
 

• Geopolymer mortar bars made with CFBC fly ash had a greater reduction in ASR 
expansion irrespective of temperature and normality of test solution. 

• Higher temperature and higher alkalinity of test solution accelerate the ASR 
potential regardless of the type of specimen. 

• The activation energy of geopolymer mortar was higher than that of plain cement 
mortar, which is less susceptible to ASR potential. 
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Figure 5. ASR activation energy (Plain-RA-1N NaOH solution) 
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