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Supplementary cementitious materials (SCMs) such as fly ash have been used 

increasingly in portland cement concrete for their ability to increase durability, 

workability, and reduce the environmental impacts associated with the cement industry. 

However, a recent decline in fly ash supply in the US limits the extent at which concrete 

construction could benefit from its use as a partial replacement of portland cement. To 

address these shortages, a promising solution is to recover landfilled fly ash as it has 

been shown maintain its pozzolanic properties after minimal processing. This paper 

addresses the properties and performance of reclaimed fly ash with respect to its 

durability, strength, and overall suitability as an SCM for concrete infrastructure. With 

the exception of the loss of ignition (LOI) and moisture, the tested reclaimed ash’s 

properties meet the requirements of Class C fly ash per ASTM C618. The mortar 

specimen test results showed reclaimed ash performed on par with conventional class 

C ash with respect to sulfate resistance and alkali-silica reaction mitigation. When used 

in concrete, reclaimed fly ash produced lower slumps and shorter set times than 

conventional class C ash. While no clear trends were observed on reclaimed ash’s 

influence on surface resistivity, its performance proved to be beneficial with respect to 

concrete’s mechanical properties.  

 

 

 

 

 

 



INTRODUCTION 

Supplementary cementitious materials (SCMs) such as fly ash have become 

increasingly important as they have been found to improve the workability, durability 

and sustainability of concrete materials through their pozzolanic properties. By partially 

replacing portland cement with concrete-grade fly ash, cement manufacturers can 

reduce their carbon footprint associated with clinker production, mitigate deleterious 

reactions such as alkali-silica reaction (ASR), and decrease the chloride penetrability of 

cementitious materials [1][2].  

However, the availability of fly ash is decreasing since the demand of coal-fired power 

plants has been steadily declining in the US, mainly due to the increasing use of natural 

gas to generate power more cost-effectively. While it is expected that fly ash production 

will remain around 50 million tons per year through 2033, a portion of the generated fly 

ash will not meet the current specification requirements for use in concrete. In addition, 

ready-mixed concrete production is estimated to increase more than 50% through 2033 

[3]. Thus, if the current fly ash demand is not met, there may be a need to explore the 

suitability of fly ashes currently considered “off-spec”, but that can still provide a 

functional benefit to concrete, or other natural pozzolans for concrete applications. One 

proposed alternative is to reclaim fly ash disposed in landfills and surface 

impoundments.  

The beneficiation process may include dewatering, dredging, drying, and milling, 

depending on the type of fly ash and storage conditions. Since landfills and surface 

impoundments do not provide high alkaline environments, it is possible to recover the 

disposed ash’s pozzolanic properties [4].  Fly ash deposits with high unburned carbon 

content will require thermal treatment by Carbon Burn Out to reduce the LOI content. 

The calcium oxide (CaO) content of fly ash is also a determining factor for the type and 

amount of processing the material will require during the reclamation process.  Low-

CaO (Class F) fly ash is mainly pozzolanic and possesses little to no cementitious 

value, and therefore while it will not harden in the presence of water, it may exhibit soft 

agglomerates that can be broken down during the drying process. On the other hand, 

high-CaO (Class C) fly ash, given that is both pozzolanic and cementitious, will react 

with water and form hard agglomerates that will need to be broken down via milling to 

re-expose the unreacted pozzolanic sites. This study evaluated the suitability of Class C 

fly ash reclaimed from a landfill located in the southeastern United States. Tests were 

conducted in mortar and concrete specimens determine reclaimed fly ash’s effect on the 

fresh properties, strength, shrinkage, sulfate resistance, alkali-silica reaction, and 

surface resistivity.  

METHODOLOGY  

Fly Ash Characterization 

Landfilled fly ash was processed and milled by Boral to break down hard agglomerates 

and re-expose its pozzolanic particles. To test the compatibility of reclaimed class C fly 



ash for use in concrete, the chemical composition and physical properties were 

evaluated per ASTM C618. Therefore, properties such as silicon dioxide content, loss of 

ignition (LOI), moisture, specific surface area, specific gravity, and foam index were 

characterized and compared with conventional class C fly ash from the same power 

plant. The performance of reclaimed fly ash as an SCM was then tested in mortar and 

concrete specimens using various replacement levels (as a % by mass of cement).  

Mortar Testing 

The mortar specimens were tested for compressive strength (ASTM C109), set time 

(ASTM C191), reduction in mortar expansion (ASTM C441), and 6-month expansion 

(ASTM C1012). The mortar specimens were cast per ASTM C109, where a ratio of 

1:2.75 of cementitious material to standard graded sand was used. The amount of 

mixing water added varied so as to produce a flow of 110 ± 5 for blended cements. For 

the control specimens, however, a 0.485 water-cement ratio was used. The details for 

the mortar specimens used for this study are shown in Table 1. 

Table 1. Description of mortar samples. 

Sample ID Portland 
Cement 
(%) 

Fly 
Ash 
(%) 

Reclaimed 
Fly Ash 
(%) 

Set 
Time 

Compressive 
Strength 
(Ages 1, 7, 28, 
and 90 days) 

Length Change 
(ASTM C1012) 

Reduction 
in Mortar 
Expansion 
(ASTM 
C441) 

Control-MR 100% - - X X X X 

15% MR 85% - 15% X X  X 

20% MR 80% - 20%   X  

30% MR 70% - 30% X X  X 

45% MR 55% - 45% X X  X 

Control-MC 100% - - X X X X 

15% MC 85% 15% - X X  X 

20% MC 80% 20% -   X  

30% MC 70% 30% - X X  X 

45% MC 55% 45% - X X  X 

 

Concrete Testing 

Concrete specimens were cast to test the influence of reclaimed fly ash on the fresh 

concrete properties such as slump (ASTM C143), air content (ASTM C 231), and set 

time (ASTM C403). The concrete specimens were tested compressive strength (ASTM 

C39), static modulus of elasticity (ASTM C469), length change (ASTM C157), and 

surface resistivity (AASHTO T 358). Different combinations of portland cement, 

reclaimed fly ash, conventional fly ash, and grade 100 slag were used as shown in 

Table 2. 

Table 2. Description of concrete samples. 

Sample ID w/c 
ratio 

Portland 
Cement 
(%) 

Fly 
Ash 
(%) 

Reclaimed 
Fly Ash 
(%) 

Slag 
(%) 

Modulus 
of 

Elasticity 

Comp. 
Strength 
(7-day & 
28-day) 

Surface 
Resistivity 
(7-day & 
28-day) 

Length 
Change 



30% PC-0.35 

0.35 
 

70% 30% -  X X X X 

30% PR-0.35 70% - 30%  X X X X 

35% PCS-0.35 30% 35% - 35%  X X X 

35% PRS-0.35 30% - 35% 35%  X X X 

30% PRC-0.35 40% 30% 30% - X X X X 

30% PC-0.40 

0.40 

70% 30% -  X X X X 

30% PR-0.40 70% - 30%  X X X X 

35% PCS-0.40 30% 35% - 35%  X X X 

35% PRS-0.40 30% - 35% 35%  X X X 

30% PRC-0.40 40% 30% 30% - X X X X 

 

Concrete Mix Design 

No. 67 limestone was used as a coarse aggregate. A coarse aggregate to fine 

aggregate ratio of 55-45 was used to prepare the concrete specimens. Two water-

cement ratios were used, 0.35 and 0.40, respectively. An air-entraining admixture and 

high-range water reducer was used for all mixtures. The total cementitious content was 

maintained constant at 311 kg/m3 while the proportions of portland cement, slag, and fly 

ash (both conventional and reclaimed) was varied per Table 2. The details of the 

concrete mix design are shown in Table 3. 

Table 3. Concrete mixture design. 

Material Proportions (kg/m3) 

#67 Limestone 1096 

Sand 850 

Water 109 or 124 

Type I portland cement (%) Varied (30%, 40%, or 70%) 

Class C Fly Ash (%) Varied (0%, 30% or 35%) 

Reclaimed Class C Fly Ash (%) Varied (0%, 30% or 35%) 

Grade 100 Slag (%) Varied (0% or 35%) 

Total Cementitious 311 

Air (%) 5% 

Air Admixture (ml/100kg) 114 

High-Range Water Reducer (ml/100kg) 975 

RESULTS 

Fly Ash Characterization 

Both the reclaimed and the conventional fly ash were characterized for their elemental 

composition and physical properties, shown in Table 4. These properties were then 

compared with the ASTM C618 requirements. Based on Table 4, it is evident that 

reclaimed fly ash has similar properties than the conventional class C fly ash. The 

ASTM C618 requirements were met, with the exception of the moisture content and loss 

on ignition (LOI) values.     

Table 4. Chemical and physical properties of reclaimed C fly ash, compared with the 

conventional C fly ash used in this study. 



Property 
Reclaimed  C 

Fly Ash 

ASTM C618 
Requirements 

for Class C 

Conventional C 
Fly Ash 

SiO2 33.72 - 35.50 

Al2O3 17.76 - 18.49 

Fe2O3 6.59 - 6.00 

Sum 58.07 ≥ 50 59.99 

SO3 2.07 ≤ 5 2.40 

CaO 27.09 - 24.89 

Na2O 1.73 - 3.27 

MgO 6.25 - 5.48 

K2O 0.45 - 0.50 

Loss on ignition (LOI) 10.51 ≤ 6 2.17 

Moisture Content 5.036 ≤ 3 0.050 

Specific Gravity 2.61 - 2.68 

SSA (m2/kg) 5.589 - 2.621 

Fineness (Ret 45 µm) 15.05 ≤ 34 22.40 

Carbon 1.54 - 1.03 

Foam Index (drops) 5 - 7 

Water requirement (% of control) 99 ≤ 105 97 

SAI, 7-day (% of control) 85 ≥ 75 96 

SAI, 28-day (% of control) 84 ≥ 75 100 

 

Conventionally, LOI is a measurement of unburned carbon remaining in the ash, and is 

limited to less than 6% per ASTM standards. This is because the unburned carbon can 

absorb air-entraining admixtures (AEAs) and increase the water requirement. The 

results showed that while reclaimed ash exceeded the LOI limit, it was mainly due to the 

release of bound water and the decomposition of hydrates and carbonates, rather than 

substantial amounts of unburned carbon as shown in Figure 1. In addition, the foam 

index results confirm that a high LOI in reclaimed ash did not affect air entrainment any 

more than conventional fly ash. The LOI test and specification limits are not suitable for 

hydrated Class C-ash.   



 

Figure 1. Thermogravimetric analysis of reclaime fly ash and conventional fly ash. 

The other major differences observed between the properties of the conventional and 

reclaimed ash used in this study relate to the moisture content, and the strength activity 

indexes (SAI). Fly ash, when landfilled, is typically conditioned by mixing it with 10-20% 

moisture to achieve an optimum compaction level. This contributes to the structural 

stability of the landfill as well as to maximize the space allocated for stockpiling the 

material.  The moisture content of the harvested and beneficiated ash is easily 

controlled during the drying process.  A residual moisture content of less 1% is 

achievable in commercial scale dryers.    

The strength activity index with portland cement is a measure of reactivity with a given 

cement and is subject to variation depending on the source of both the fly ash and the 

cement. While it was expected that the reclaimed ash had lower SAI at the 7-day and 

28-day periods compared to the conventional fly ash, it was evident that the current 

milling and processing was adequate to restore the pozzolanic properties of landfill-

stored fly ash.   

Mortar Specimens 

Set Time 

The set time of the mortar samples was measured with a calorimeter following ASTM C 

1679-17. The results are shown in Table 5. While fly ash typically delays the set time of 

mortar or concrete, reclaimed fly ash was observed to accelerate the set time as the 

replacement percentage increased. At the 45% replacement level, reclaimed fly ash 

virtually halves the set time of the control specimens consisting of only portland cement. 

Therefore, care must be taken when proportioning reclaimed fly ash at 30% or higher 

replacement levels, particularly in hot ambient temperatures. Further research is 

recommended to understand what is causing the set times to accelerate. 

Table 5. Set times recorded for mortar specimens. 



Sample ID Set Time (hours) 

Control-MR 6.45 

15% MR 5.77 

30% MR 5.22 

45% MR 3.86 

Control-MC 6.15 

15% MC 6.65 

30% MC 7.17 

45% MC 7.53 

 

Compressive Strength 

The compressive strength was measured for all mortar specimens per ASM C109 at 

days 1, 7, 14, 28, 56, and 90, respectively. The results shown in Figure 2 were analyzed 

for statistical significance using Fisher’s least square difference (LSD) at the 5% 

confidence level. For the MC specimen group, the control specimens were generally 

stronger than those containing conventional fly ash at the early ages (days 1-14). At day 

28, a turning point was observed, where the MC samples were statistically not different 

from the control specimens. It was at the later ages (day 56 and day 90) that the 

strength of the MC specimens was significantly higher than the control specimens. This 

behavior is consistent with what is expected with Class C fly ash’s strength 

development, and its compatibility with mortar at high cement replacement levels.  
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(b) 

Figure 2. Compressive strength of mortar samples at varying cement replacement 

levels with (a) conventional fly ash; (b) reclaimed fly ash. The error bars correspond to 

the standard deviations of the compressive strength. 

For the MR specimen group, the compressive strengths are noticeably lower than those 

reported for the MC specimen group. This is consistent with the findings from Table 1, 

where lower strength activity indexes were observed on samples with reclaimed fly ash. 

The control specimens were generally stronger than those containing reclaimed fly ash 

at the early ages (days 1-14). However, at the later ages the trends are inconclusive 

when comparing the statistical significance between the compressive strength of the 

control specimens and those partially replaced with reclaimed fly ash. MR-30% was 

found to be significantly weaker than the control specimens, MR-15%, and MR-45% at 

days 28 and 90. This may be due to the variability within the reclaimed fly ash’s 

recovered cementitious properties.  

Reduction in Mortar Expansion 

Physical tests were conducted per ASTM C441 to evaluate the effectiveness of 

reclaimed fly ash to prevent internal concrete expansion due to an alkali-silica reaction 

(ASR). The test results were then compared with conventional class C fly ash and 

summarized in Table 6. The results show that reclaimed fly ash is as effective mitigating 

ASR as the conventional ash used in this study, thereby confirming that the pozzolanic 

properties of landfilled fly ash can be recovered.  

Table 6. Reduction of mortar expansion results for samples containing conventional or 

reclaimed class C fly ash.  

Sample ID 
Avg. Initial 
Reading (in.) 

Avg. 14-day 
Reading (in.) 

Avg. Length 
Change (in.) 

Reduction of Mortar 
Expansion (%) 

Control 1 0.1062 0.1457 0.0395 - 
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15% MR 0.0800 0.1106 0.0306 -22.60 

30% MR 0.1071 0.1302 0.0230 -41.74 

45% MR 0.0983 0.1116 0.0133 -66.36 

Control 2 0.1217 0.1621 0.0403 - 

15% MC 0.1579 0.1834 0.0256 -36.61 

30% MC 0.1450 0.1654 0.0204 -49.34 

45% MC 0.2305 0.2442 0.0137 -66.12 

 

Length Change 

Length change was measured per ASTM C1012 to assess the sulfate resistance of 

mortars containing hydraulic cements. As such, mortar specimens were exposed to 

50g/L of Na2SO4 solution to simulate harsh environmental conditions. Measurements 

were taken up to 6 months and plotted in Figure 3. The results show that all specimen 

groups exceeded the recommended limit of 0.1% after 6 months of sulfate immersion 

[5]. This can be attributed to the fact that class C fly ash is typically not as effective as 

class F fly ash in mitigating sulfate attack, due to its high content of glassy Calcium 

Aluminate [6]. Therefore, the hydration of the class C fly ash in the landfill did not 

improve its effectiveness in mitigating sulfate attack.  

 

Figure 3. Average expansion of mortar bars immersed in a sulfate solution. 

Concrete Specimens 

Fresh Concrete Properties 

Air content, slump, unit weigh, and set times were measured and summarized in Table 

7. The results show that specimens containing reclaimed fly ash had lower slumps and 

shorter set times than those containing conventional fly ash. The measured concrete 

unit weights were comparable, differing no more than 2.6% within equivalent mix 

designs. This can be attributed to the similarities of both ashes’ physical properties. 

While no clear trends were observed on how reclaimed ash influences the air content, 
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all of the samples tested were within the range of 2-7% and thus would be deemed 

acceptable per Louisiana’s specifications for roads and bridges.  

Table 7. Fresh concrete properties 

Sample ID w/c 
ratio 

Slump Air Content 
(%) 

Unit Weight 
(lb/ft3) 

Initial Set 
(hrs) 

Final Set 
(hrs) 

30% PC-0.35 

0.35 
 

5.50 3.0 152.2 5.78 7.58 

30% PR-0.35 3.25 3.7 150.2 3.88 5.37 

35% PCS-0.35 9.50 6.2 146.0 5.28 9.8 

35% PRS-0.35 7.50 4.2 148.8 3.12 5.07 

30% PRC-0.35 0.75 4.4 149.0 5.65 10.03 

30% PC-0.40 

0.40 

7.75 5.6 145.9 4.07 5.78 

30% PR-0.40 0.50 3.7 149.7 3.43 4.95 

35% PCS-0.40 6.00 3.5 151.4 5.22 7.42 

35% PRS-0.40 1.00 3.5 149.8 4.1 7.05 

30% PRC-0.40 7.75 3.5 149.5 6.98 10.12 

 

Compressive Strength 

The compressive strength results of concrete aged at day 7 and day 28 are shown in 

Figure 4. A statistical analysis was conducted using Fisher’s least square difference 

(LSD) at the 5% confidence level to compare the effect of reclaimed fly ash versus 

conventional ash. At the early age, the results showed that reclaimed fly ash has a 

positive impact on compressive strength, where all samples containing reclaimed ash 

performed equally or significantly better than the specimens with conventional ash. At 

28 days, a similar trend was observed, with the exception of one ternary mixture 

containing slag, portland cement, and ash at the 0.40 water-cement ratio. This was the 

only instance where reclaimed ash (35% PRS-0.40) had lower strength than the 

specimen with conventional ash (35% PCS-0.40). While a ruggedness study is 

recommended to measure the true impact of reclaimed ash in concrete (including tests 

from several sources and at various replacement levels), these results serve as an 

indication that reclaimed ash is compatible with concrete.    



 
(a)

 
(b) 

 

Figure 4. Compressive strength results for samples with a water-cement ratio of (a) 

0.35; (b) 0.40. The error bars mark the standard deviations within the tested specimen 

groups. 

It is important to note that while these results are promising, they may also seem 

contradictory to the findings reported on the mortar specimens. However, there are a 

few key differences in sample preparation that can explain these discrepancies in 

strength. The amount of mixing water added in mortar specimens is based on flow 

requirements per ASTM C109. Given that reclaimed ash has a higher water demand 

than conventional ash, the water-cement ratios of the MR mortar specimens were 

therefore higher, yielding weaker strength. In contrast, the concrete specimens were 

prepared at fixed water-cement ratios.  
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Modulus of Elasticity 

The static modulus of elasticity was measured per ASTM C469 for select samples and 

plotted in Figure 5. A statistical analysis using Fisher’s LSD at a 5% significance level 

determined that there are no significant differences in modulus between samples 

containing reclaimed fly ash and those containing conventional fly ash at the same 

replacement levels. The only significant difference was observed between samples 30% 

PRC-0.35 and 30% PRC-0.40, as expected, since a lower water cement ratio yields a 

stronger modulus of elasticity.  

 

Figure 5. Modulus of elasticity results. The error bars mark the standard deviations 

within the tested specimen groups. 

Surface Resistivity 

Surface resistivity tests were used to measure concrete's ability to resist chloride ion 

penetration, and conducted per the AASHTO T 358 test method. Typically, the use of 

supplementary cementitious materials such as fly ash are effective in reducing 

concrete’s permeability and thus lead to higher electrical resistivity, due to the reduction 

in capillary porosity and hydroxyl ions. Based on the electrical resistivity reading, a 

concrete mixture can be classified based on their chloride ion penetrability, shown in 

Table 8. 

Table 8. Chloride penetrability classification (AASHTO T 358). 

Chloride Ion Penetrability Surface Resistivity Reading (kohm-cm) 

High < 12 

Moderate 12 – 21 

Low 21 – 37 

Very Low 37 – 254 

Negligible > 254 
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When comparing the performance of reclaimed fly ash with conventional fly ash, the 

results shown in Table 9 indicate surface resistivity was generally not significantly 

different, based on the concrete penetrability classification. Few exceptions were 

encountered, however, particularly between samples 30% PC-0.35 and 30% PR-0.35 at 

the 28-day, and between the 35% PCS-0.35 and 35% PCS-0.35 samples at the 7-day 

age. At the former case, conventional fly ash lead to lower chloride penetrability, while 

in the latter case reclaimed fly ash lead to lower chloride penetrability than conventional 

ash. Therefore, while in the vast majority of cases the concrete penetrability 

classification did not change, there was no clear trend that indicated whether reclaimed 

fly ash increased the measured surface resistivity readings.  

Table 9. Surface resistivity measurements. 

Sample ID w/c ratio SR 7-day 
(kohm-cm) 

SR 7-day 
class 

SR-28 day 
(kohm-cm) 

SR-28 day 
class 

30% PC-0.35 

0.35 
 

9.9 High 22.9 Low 

30% PR-0.35 8.8 High 17.3 Moderate 

35% PCS-0.35 15.4 Moderate 50 Very Low 

35% PRS-0.35 26.2 Low 58.3 Very Low 

30% PRC-0.35 10.6 High 18.8 Moderate 

30% PC-0.40 

0.40 

8.3 High 16.4 Moderate 

30% PR-0.40 8.7 High 16.5 Moderate 

35% PCS-0.40 14.3 Moderate 43.8 Very Low 

35% PRS-0.40 16.5 Moderate 38.4 Very Low 

30% PRC-0.40 7.3 High 13.4 Moderate 

 

Length Change 

Length change measurements were taken per ASTM C157 to assess the potential for 

volumetric expansion or contraction of concrete, caused by factors unrelated to applied 

forces or temperature changes. The results, shown in Figure 6, were analyzed for 

statistical significance using Fisher’s LSD test. There were no significant differences 

observed within the measured length changes between equivalent mixes containing 

reclaimed fly ash or conventional ash, in both the lime-saturated water and 50% relative 

humidity (RH) air storage conditions. Thus, no shrinkage issues should be expected 

when using reclaimed fly ash as a supplementary cementitious material.  



 
(a) 

 
(b) 

Figure 6. Length change percentages for hardened concrete specimens containing 

conventional ash and/or reclaimed ash at (a) 0.35 water-cement ratio; and (b) 0.40 

water-cement ratio. The error bars represent two standard deviations within each 

specimen group’s data set.  

CONCLUSION 

This study evaluated the properties and performance of reclaimed class C fly ash with 

respect to its durability, strength, and overall suitability as an SCM for concrete 

infrastructure. The results were then compared with conventional class C fly ash to 

determine whether the desired pozzolanic properties of landfilled ash were successfully 
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recovered during the reclamation process. With the exception of the loss of ignition 

(LOI) and moisture, the physical and chemical properties of reclaimed ash met the 

Class C fly ash requirements per ASTM C618. For construction applications, water-

reducing admixtures may help when using reclaimed ash at higher replacement levels 

since significantly lower slumps and shorter set times were observed. Nevertheless, this 

study verified that the reclamation process successfully recovered the landfilled fly ash’s 

properties, and produced promising results for use in mortar and concrete specimens. 

Future work involving a ruggedness study is recommended to measure the impact of 

reclaimed ash in concrete comprehensively.  
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