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Abstract 

 

Evaluation of Reclaimed and Remediated Fly Ashes as a Substitute for 

Class F Fly Ash in Concrete 

 

Saif Al-Shmaisani, M.S.E. 

The University of Texas at Austin, 2017 

 

Supervisor: Maria C.G. Juenger 

 

With the availability of Class F fly ash decreasing due to competing fuel sources 

and emission standards, suppliers are forced to find alternative methods to meet the demand 

for it, such as, reclaiming ponded or landfilled ashes or remediating ashes that do not meet 

ASTM International specifications. These processes result in a fly ash that varies in 

physical and chemical composition from “production” Class F fly ash. This research 

studied five of these alternative materials, which included: two reclaimed fly ashes and 

three remediated fly ashes. For these materials to qualify as acceptable substitutes for 

production Class F fly ash, they must pass ASTM requirements, as well as have comparable 

performance in paste, mortar and concrete testing. In order to correlate performance with 

material properties, the physical and chemical characteristics of the reclaimed and 

remediated fly ashes were measured using standardized ASTM tests as well as advanced 

characterization tests. The performance of the reclaimed and remediated fly ashes were 

evaluated through paste, mortar and concrete workability; pozzolanic activity using a new 

isothermal calorimetry-based test, portlandite consumption through differential scanning 
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calorimetry (DSC) and thermal gravimetric analysis (TGA), and mortar and concrete 

compressive strength tests; and their ability to suppress deleterious expansion due to sulfate 

attack or alkali-silica reaction (ASR). To evaluate the potential of these alternative ashes 

for field use, they were compared to a portland cement control, production fly ash and an 

inert quartz filler. Results showed that all the reclaimed and remediated fly ashes exhibited 

pozzolanic behavior in the testing presented in this thesis and are able to perform similarly 

to a production Class F fly ash in certain applications and environments. All materials were 

able to suppress deleterious expansion due to ASR, however, the remediated fly ashes 

performed well in sulfate resistance and compressive strength testing, while the reclaimed 

fly ashes excelled in flowability with one of the reclaimed fly ashes also excelling in 

compressive strength. 
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Chapter 1: Introduction 

1.1 RESEARCH MOTIVATION AND OBJECTIVE 

Hydraulic-cement concrete (referred to as “concrete” throughout the remainder of 

this thesis) is the most widely employed construction material worldwide in terms of 

volume and is also the second most consumed product, after water (Damtoft et al., 2008; 

Díaz et al., 2017). Concrete’s heavy use is due to its: simplicity of fabrication, ability to be 

shaped, robustness and relatively inexpensive cost compared to other building materials. 

However, the heavy use of concrete has a significant impact on the environment. The 

production of ordinary portland cement (OPC), the main binding constituent of concrete 

and typically 10-15 wt%, emits 5-8% of the total global anthropogenic CO2 emissions 

(Pontikes and Snellings, 2014). Additionally, cement production worldwide continues to 

increase and has reached a total of 4.2 Gt in 2016 with China producing approximately 

57% (USGS, 2017). This results in an estimate of 28–42 Gt of concrete production, or 

about 1.6–2.4 m3 (2.1–3.2 yd3) of concrete produced per person annually. In order to offset 

these greenhouse emissions, supplementary cementitious materials (SCMs), including fly 

ash, natural pozzolans and other materials, are blended with clinker to make portland 

cement, or, more commonly in the U.S., SCMs are added to concrete at partial 

replacements of the cement, which is performed by more than 60% of ready-mixed 

concrete producers (Juenger and Siddique, 2015). 

Currently in Texas, fly ash is the most commonly used SCM, and is added to 

concrete to replace 15–35% of cement by weight. Fly ash, as defined by the American 

Concrete Institute (ACI CT-16) is “the finely divided residue that results from the 

combustion of ground or powdered coal and that is transported by flue gases from the 

combustion zone to the particle removal system” (2016, p. 30). ASTM C 618 categorizes 
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fly ash in two different classes: Class C fly ash, containing greater than 50% combined 

silica, alumina and iron oxide, and Class F fly ash, consisting of greater than 70% of these 

oxides (2015). Class F fly ash is used predominantly in Texas and most of the U.S. due to 

its ability to provide resistance to alkali-silica reaction (ASR) as well as sulfate attack 

(Thomas et al., 2017). Fly ash in concrete is used as a pozzolan, which, as defined by ACI 

CT-16, is “a siliceous or silico-aluminous material that will, in finely divided form and in 

the presence of moisture, chemically react with calcium hydroxide at ordinary temperatures 

to form compounds having cementitious properties” (2016, p. 50). Although the use of 

pozzolans dates back to the ancient civilizations of Greece and Rome where they used 

volcanic ash in their cementitious mixtures, the potential for using fly ash as a pozzolan 

was not realized until the early 1900s and still was not widely available until the 1930s 

(Thomas et al., 2017). The use of fly ash in concrete affects both the fresh state and 

hardened state properties in positive ways by: increasing the workability, reducing 

bleeding, improving pumpability, reducing the heat of hydration, increasing strength gain 

at later ages and refining the pore structure to reduce permeability (ACI 232, 2003). Class 

F fly ash can also improve concrete durability, for example, in cases of ASR and sulfate 

attack. Additionally, fly ash is cheaper than portland cement, being a coal combustion by-

product, costing approximately $45/ton in Texas, compared to portland cement at $120/ton. 

In 2015, the U.S. generated approximately 106.4 million metric tons of coal 

combustion products, 38% (approximately 40.2 million metric tons) of which was fly ash. 

Of the 40.2 million metric tons of fly ash, 21.8 million metric tons (54%) of the overall 

ashes were utilized in other industries (ACAA, 2016). Based on the American Coal Ash 

Association (ACAA) data, the percentage of fly ash utilized has increased in the past five 

years, while the amount produced has dropped 34%, and the amount utilized has remained 

relatively stagnant (2011; 2016). This can be largely attributed to competing fuel sources 
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for electricity generation, such as natural gas, as well as emission standards issued by the 

EPA in 2011 requiring coal-fired power plants to install emission control systems, which, 

in turn, reduces the quality of the fly ash. Natural gas is a cheaper alternative to coal, so 

because of this, no new coal-fired power plants have been constructed in the U.S. since 

2013 with plant retirements forecasted through 2040 (EIA, 2017). In the last five years, 

there have been 200 plant closures (about 40%) in the U.S., and the U.K. is set to have its 

remaining coal-fired power plants retired by 2025 (McCarthy et al., 2017). This will 

become a problem, following a study conducted by the American Road and Transportation 

Builders Association (ARTBA), which estimates that concrete production will increase 

more than 50% through 2033 (ARTBA, 2015; Diaz-Loya et al., 2017). 

In order to prepare for the upcoming shortage in fly ash supply, potential 

alternatives were researched and the results are presented here. The alternatives studied are 

specifically for “production” (fly ashes that require no additional modifications after 

recovery from coal-fired power plant using electrostatic precipitators or mechanical 

devices such as baghouses) Class F fly ash for use in concrete. For these materials to qualify 

as acceptable substitutes for “production” Class F fly ash, they have to pass ASTM 

International (formerly known as American Society of Testing Materials) requirements, as 

well as have comparable performance in paste, mortar and concrete testing. The alternative 

materials that were tested in this research included: reclaimed fly ashes and remediated fly 

ashes, which are described in the next section. Reclaimed fly ashes are fly ashes that are 

retrieved from disposal sites, while remediated, or beneficiated, fly ashes are those that do 

not meet the requirements of ASTM C 618 specifications and are treated in order to do so. 

Beneficiation as defined by ACI CT-16 is the “improvement of the chemical or physical 

properties of raw material or intermediate product by the removal or modification of 

undesirable components or impurities” (2016, p. 7). 
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1.2 BACKGROUND 

Of the 40.2 million metric tons of fly ash, 21.8 million metric tons (54%) of the 

overall ashes were utilized (ACAA, 2016). The remaining unused fly ashes are disposed 

of due primarily to storage space constraints or failure to meet the requirements of ASTM 

C 618, with landfill disposal and surface impoundments by ponding being the most 

frequently used waste management methods, accounting for up to 80% of total unused 

ashes in the U.S. in 2012 (EPA, 2017). Ponding is a process in which unused ash is mixed 

with significant quantities of water, sluiced and pumped along pipelines to ponds as a 

slurry, where it naturally settles (White, 2006; Sobolev and Batrakov, 2007; McCarthy et 

al., 2017). However, there is pressure to end the use of surface impoundments following 

the ash dam failure at the Kingston power plant in Tennessee in 2008 along with concerns 

about groundwater contamination. Many U.S. power plants have or will be converting to 

landfilled systems for disposal, where the fly ash is conditioned with relatively low levels 

of water (10–20%), which reduces dusting and optimizes compaction, and then disposed 

of in large horizontal cells (Diaz-Loya et al., 2017; McCarthy et al., 2017). In the U.S. in 

2012, there were more than 310 active on-site landfills, averaging more than 120 acres in 

size, and more than 735 active on-site surface impoundments, averaging more than 50 acres 

in size (EPA, 2017). These landfilled or ponded ashes can be reclaimed, retrieved or 

recovered, and then beneficiated or treated to improve physical or chemical properties, in 

order to be reused. Disposal sites run the risk of groundwater contamination and the release 

of fugitive dust to nearby communities, which can be reduced by reclamation of these 

materials. Investing in a beneficiation facility can lead to millions of dollars in savings over 

the life of the plant compared to costs accrued from disposal site development, 

construction, equipment purchases, operation, closure and post-closure, as well as a 

reduction in liability associated with disposal (Fedorka et al., 2015). Although ashes can 
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be reclaimed from both types of disposal sites, landfilled or ponded, ponded or hydrated 

ashes are usually excavated only to be used as artificial aggregates or structural fill material 

such as in pavement subgrades. 

Material characterization data on reclaimed fly ash show comparable values for 

oxide analysis, x-ray diffraction and scanning electron microscope images to production 

ashes, showing no major changes in composition and shape (Diaz-Loya et al., 2017; 

McCarthy et al., 2017). However, McCarthy et al. (2017) showed that fineness and LOI 

increased with the increasing length of the wet-storage period. The researchers also noted 

the differences in fly ashes reclaimed from U.K. ponds and from U.S. ponds and advised 

to consider storage areas individually when considering reclamation. 

Few studies have implemented the use of unmodified reclaimed fly ash. Cheerarot 

and Jaturapitakkul (2004) tested disposed fly ashes that had been landfilled for 6, 12 and 

24 months. They examined the effect of the ashes on mortar compressive strength, 

replacing 10%, 20% and 30% by mass of cement with these ashes following ASTM C 109 

procedures. A decrease of 10-20% of compressive strength for 10% substitution and a 

larger decrease in strength for higher substitution amounts were observed. No relationship 

was found between the length of time spent in the landfill and compressive strength 

(Cheerarot and Jaturapitakkul, 2004). In another study by McCarthy et al. (2017), wet fly 

ashes from stockpiles were used as a cement replacement in concrete, accounting for 

moisture conditions in the batching stage, similar to wet aggregates where the procedure 

involved includes: measuring the moisture content of fly ash, taking the water content of 

concrete as that batched plus that in fly ash and adjusting the fly ash content to allow for 

water present in the material. Results showed that fresh and hardened properties of concrete 

containing the reclaimed stockpiled fly ash could be controlled by making mixture 

adjustments. However, handling issues could occur at ready-mix and precast concrete 
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plants. Drying and grinding of the reclaimed fly ash could prevent this issue (McCarthy et 

al., 2017). 

It is possible to have minimal beneficiation with landfill ashes due to the fly ash in 

the stockpile remaining relatively homogeneous, however, the ashes are susceptible to 

agglomeration, which requires additional beneficiation. Ponded ashes have high water 

levels that disperse rather than agglomerate the particles, so the particles then sort and 

stratify, resulting in a heterogeneous material (McCarthy et al., 2017). As a result of this, 

ponded fly ashes must be beneficiated in order to meet ASTM C 618 requirements (2015). 

Beneficiation transforms fly ash from a by-product, “an incidental or secondary product 

made in the manufacture or synthesis of something else,” to a product, “an article or 

substance that is manufactured or refined for sale,” due to the added energy used in refining 

the material (Oxford Dictionaries, 2017). Ponded fly ash can be beneficiated by particle 

separation and grinding to meet these requirements. For example, Ranganath et al. (1998) 

tested ponded ash and evaluated the influence of size fraction by separating the ash into 

different particle size ranges: <20 μm (F), 20-75 μm (M), and 75-100 μm (C). The C 

fraction of the ponded ash showed low values of specific gravity, fineness, and lime 

reactivity strength, all of which adversely affect fly ash properties in concrete. The poorly 

reactive C fraction was found to be 65% of the ponded ash with the M and F fraction 

comprised of the remaining 35%, making reclaimed fly ash unusable in its “as-disposed” 

state. Berry et al. (1989) also evaluated beneficiated fly ash with fractions of <10 μm, 10-

45 μm, and >45 μm, resulting in a similar conclusion to that of Ranganath et al. (1998), 

finding that the fly ashes with finer particles were more reactive than the coarser ones. 

Cheerarot and Jaturapitakkul (2004) also found that grinding or milling the reclaimed fly 

ash resulted in similar early age strength as production fly ash and an increase in late 

strength in relation to the OPC control. Diaz-Loya et al. (2017) also performed compressive 
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strength and ASR expansion testing of mortars using a production fly ash and a reclaimed 

fly ash that had been dried to less than 3% (moisture content), then classified by screening 

to achieve a similar fineness to the production fly ash. The results of the testing showed 

equivalent performance of the reclaimed fly ash to the production fly ash. 

Other forms of beneficiation can and have been done on reclaimed fly ashes 

discussed in detail by McCarthy et al. (2017). Preliminary treatment of material includes 

slurrying of the fly ash in order to wash and de-agglomerate the material followed by 

screening to remove coarser and unwanted particles. Froth flotation can then be performed 

to separate carbon char from fly ash by the addition of frothing agent and injection of air 

causing non-wettable materials (carbon particles) to attach to bubbles. Next, additional 

screening using wire mesh can be performed followed by hydraulic classification, which 

separates particles by differential settling where large particles fall at a faster rate than 

smaller particles. The fly ash slurries are then thickened to help remove excess water and 

dried. The materials tested and presented by McCarthy et al. (2017) proved to perform well 

if the gradation of the reclaimed fly ash was restored to that of the original fly ash. 

Emission standards issued by the EPA in 2011 requiring coal-fired power plants to 

install emission control systems has resulted in a reduction in the quality of the fly ash. Fly 

ashes with high carbon content, improper composition, or improper particle size that do 

not meet the requirements of ASTM C 618 specifications can be treated in order to meet 

the specifications; such materials are called remediated, or beneficiated. It is important to 

note that these remediated fly ashes differ from reclaimed fly ashes that have been 

remediated since they have not been disposed of in landfills or ponds. Air pollution controls 

focus on reducing emissions from sulfur oxides (SOx), nitrogen oxides (NOx) and mercury. 

In order to reduce SOx emissions, dry sorbent injection (DSI) is used in several plants 

(Ladwig and Blythe, 2017). These injections can be either hydrated lime powder or 
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sodium-based such as trona or sodium bicarbonate, which remove SO3 by a gas-solid 

reaction (Ladwig and Blythe, 2017). These sorbents, however, contaminate the fly ash with 

free lime and calcium sulfite/sulfate or sodium carbonate and sulfate, respectively (Diaz-

Loya et al., 2017). Selective catalytic reduction (SCR) is used at power plants in the U.S. 

to control the NOx emissions due to increased air pollution control standards (Howard et 

al., 2013; Hamley et al., 2001). SCR uses ammonia to reduce the NOx emissions of coal-

fired power plants by converting it to nitrogen gas, however, excess ammonia collects in 

the fly ash, which does not affect fly ash performance in concrete, however it does pose as 

a health hazard to workers handling concrete (Diaz-Loya et al., 2017). Activated carbon 

injection systems use activated carbon to scrub mercury from the flue gases, which can get 

intermingled with the fly ash (Diaz-Loya et al., 2017). This results in an increased amount 

of unburned carbon in fly ash, resulting in a failure to meet the ASTM specifications, and 

affecting the stability of air-entrainment agents in concrete mixtures. The amount of carbon 

present in the ashes is measured by loss on ignition (LOI). The LOI in Class C and Class 

F fly ash used in concrete is limited by ASTM C 618 specifications to be no more than 6% 

(2015).  

Several methods exist to treat fly ash that do not comply with ASTM specifications, 

such as:  

 Blending; 

 Selective collection, which involves segregating the fly ash by monitoring LOI 

and/or fineness, allowing higher quality ash to be recovered from the rest of the 

batch; 

 Chemical passivation, which reduces the activity of carbon in fly ash and avoids 

the need for large amounts of air entraining admixtures by adding a chemical that 
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will react with the active sites on the carbon, neutralizing them, or addition of a 

chemical that would encapsulate the carbon; 

 Air classification, which uses centrifugal force to selectively separate the coarse 

particles of the fly ash from the finer particles; 

 Electrostatic separation, where interparticle contact or “tirbocharging” charges the 

particles and causes them to move in opposite directions on a moving open-mesh 

belt to remove carbon; 

 Thermal beneficiation, where combustion is used to reduce carbon content and 

ammonia as well as improve fineness (Robl, 2017). 

Another method to treat fly ash with high carbon contents includes treatment with 

supercritical water. Hamley et al. (2001) performed research in which high carbon fly ashes 

were treated through a process of supercritical water oxidation (SCWO)). A supercritical 

fluid is at temperatures above its vapor-liquid critical point, in which the behavior of the 

fluid is in between a liquid and a gas. Therefore, the fluid has the solvating property of a 

liquid and diffusivity of a gas. During the process of SCWO, the oxidation reactions occur 

in a homogenous phase where carbon is converted to carbon dioxide, hydrogen to water, 

nitrogen-containing substances to nitrogen, and sulfur-containing substances to sulfuric 

acid (Hamley et al., 2001). The researchers treated seven fly ashes with high carbon content 

utilizing the method of SCWO. The treatment process resulted in a reduced LOI in all of 

the ashes, ranging between a 19.0% and 82.5% reduction. The ashes with higher initial 

carbon content resulted in a higher removal efficiency. 

Fly ash not meeting ASTM specifications based on particle size may be treated by 

mechanical grinding methods. Grinding aids are utilized to improve grinding efficiency, 

which reduces energy consumption. Zelinkova et al. (2013) studied the effects of 

laboratory and industrial grinding, with and without grinding aids, on fly ash particle size 
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distribution. Laboratory grinding was performed for 18, 30, 42 and 60 minutes, while 

industrial grinding was completed at 30, 45 and 60 minutes with and without grinding aids. 

In all of the fly ash samples, with or without grinding, the smallest particle size was found 

to be in the range of 1-20 μm. Grinding for 60 minutes proved to be most effective in 

increasing the percentage of particles in that size range. However, laboratory grinding only 

increases the percentage slightly, while industrial grinding increased the percentage of 

particles in that range from 46%, without grinding, to up to 80%. It was also found that 

industrial grinding with and without grinding aids resulted in nearly identical particle 

ranges; therefore, there is no negative effect of utilizing grinding aids, which is better for 

reducing energy consumption (Zelinkova et al., 2013). 

Based off of previous research, reclaimed and remediated fly ashes show promise 

as a substitute for production Class F fly ash. With minimal treatment, reclaimed fly ashes 

have proven to be suitable for use in concrete, however, additional remediation of these fly 

ashes can increase their performance in concrete. These fly ashes performed best when 

their gradation was restored to that of the original production fly ash. Remediation allows 

fly ashes non-compliant with ASTM C 618 to pass the requirements set by the standard. 

However, the energy added to refine these fly ashes increases costs for the material, 

resulting in a fly ash that is more expensive than a production Class F fly ash. The previous 

success of these two materials initiated the research presented in this thesis. 

1.3 THESIS ORGANIZATION 

The organization of the thesis is as follows: Chapter 1, introduces the motivation 

behind the research and its objective, discusses the background behind the research, and 

outlines the contents of this thesis. Chapter 2 introduces the materials tested as alternatives 

to production Class F fly ash as well as other standard materials used in testing these SCMs. 
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Material characterization procedures and results are also included in Chapter 2, covering 

standardized ASTM C 618 characterization tests as well as more advanced characterization 

tests including: laser particle size analysis, scanning electron microscopy (SEM) and X-

ray diffraction (XRD). Chapter 3 presents the procedures and results of paste testing 

covering paste rheology and admixture interaction testing, isothermal calorimetry and 

differential scanning calorimetry/thermal gravimetric analysis (DSC/TGA). Mortar testing 

procedures and results for mortar flow, compressive strength testing, alkali-silica reactivity 

and sulfate resistance are presented in Chapter 4. Following mortar testing, Chapter 5 

provides concrete testing procedures and results for fresh and hardened property testing. 

Chapter 6 is the final chapter of the thesis, which summarizes the results of the project as 

well as provides concluding remarks, recommendations and suggestions for future work. 
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Chapter 2: Materials 

In order to find a suitable replacement for production Class F fly ash for use in 

concrete, reclaimed and remediated fly ashes were tested. These materials where chosen 

due to their success in previous research. Chapter 2 focuses on defining and characterizing 

the control materials and the reclaimed and remediated fly ashes tested for the research 

presented in this thesis. Characterization is essential in evaluating if the disposal and/or 

remediation processes effect the properties of the fly ashes in respect to production Class 

F fly ash. Section 2.1 outlines the materials utilized throughout the duration of this research. 

Section 2.2 describes the characterization tests performed on the materials and provides the 

results, while Section 2.3 discusses the significance of these results. 

2.1 MATERIALS 

A Type I portland cement from Texas Lehigh Cement Company LP compliant with 

ASTM C 150 (2017) was used to make all cement pastes, mortars and concrete. Two 

additional control materials were selected as a comparison to the reclaimed and remediated 

fly ashes: a production Class F fly ash from Franklin, Texas and ground quartz used as an 

inert filler produced by Laguna Clay Company and distributed by Big Ceramic Store, LLC. 

Designation and material classification are presented in Table 2.1 for all of the control 

materials. 

Table 2.1: Control Materials 

Material Designation Material Classification 

OPC Type I Portland Cement 

FA Production Class F Fly Ash 

Q Ground Quartz 
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Throughout the research, three different fine aggregates and one coarse aggregate 

were used. For all mortar tests, with the exception of alkali-silica reactivity (ASR) testing, 

Graded standard sand in accordance with ASTM C 109 and C 778 (2016; 2013) from 

Ottawa, IL was used as received. When performing ASR testing, a fine aggregate from 

Robstown, Texas that was previously confirmed to be reactive using ASTM C 1260 (2014) 

was re-graded in the laboratory to meet the gradation requirements of ASTM C 1567 

(2013). For concrete testing, the fine aggregate used was a Colorado River sand from 

Webberville, Texas. Additionally, a Colorado River gravel also from Webberville, Texas 

was used as the coarse aggregate. The fine and coarse aggregates used for concrete testing 

were air-dried prior to mixing. 

A commercially available admixtures were also used in this research to assess the 

effect of carbon in the SCMs on air-entrainment. An air-entraining agent (AEA) was used 

for the purpose of these tests. The AEA used was Sika® AIR which is produced by Sika 

Corporation. Sika® AIR is an aqueous solution of organic materials and meets the 

requirements of ASTM C 260 (2016). 

Several alternative SCMs were tested within the scope of the larger research project 

discussed previously, however, for the purpose of this thesis, only five of these materials 

are presented. As mentioned in Chapter 1, the materials tested are reclaimed and 

remediated fly ashes. Of these five materials, two of them are reclaimed fly ashes and three 

are remediated fly ashes. These materials are intended to pass as a production Class F fly 

ash with respect to their physical and chemical characteristics as well as their performance 

in cementitious mixtures. The materials were designated as “RC” for reclaimed or “RM” 

for remediated followed by a single letter, which describes the supplier or plant. 

Designation and material classification are presented in Table 2.2 for all reclaimed and 

remediated fly ashes. 
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Table 2.2: Alternative SCMs 

Reclaimed (RC) Fly Ashes 

Material Designation Material Classification 

RC-G Reclaimed Class F Fly Ash; Ground and 

Dried RC-M 

Remediated (RM) Fly Ashes 

Material Designation Material Classification 

RM-C 
Fly Ash Non-compliant with ASTM C 

618; Blended 
RM-L 

RM-S 

 

2.2 MATERIAL CHARACTERIZATION 

Prior to conducting paste, mortar and concrete mixture testing, the reclaimed and 

remediated fly ashes were characterized in order to correlate performance with material 

properties. Characterization tests included standardized ASTM C 618/C 311 (2015; 2016) 

tests as well as advanced characterization techniques shown in Table 2.3. In cases where 

prior data were provided by the supplier, duplicate testing was not performed. 

Table 2.3: SCM Characterization Tests  

Category Property Found Using 

ASTM C 618/C 311 

Oxide Composition X-ray Fluorescence (XRF) 

Moisture Content Oven Drying 

Loss on Ignition Oven Drying 

Fineness No. 325 Sieve (Wet) 

Soundness Autoclave 

Density Pycnometer 

Strength Activity Index Mortar Compression Testing 

Advanced 

Characterization 

Tests 

Particle Size Laser Particle Size Diffraction 

Particle Shape Scanning Electron Microscopy (SEM) 

Phase Composition X-ray Diffraction (XRD) 

Phase Composition 

Differential Scanning 

Calorimetry/Thermal Gravimetric 

Analysis (DSC/TGA) 
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2.2.1 ASTM C 618 Characterization Tests 

ASTM C 618 (2015) specifies the property requirements of coal fly ash (Class F 

and Class C) and raw or calcined natural pozzolans (Class N) for use in concrete. 

Requirements addressed in the standard include: chemical, physical and supplementary 

optional physical requirements. Only chemical and physical requirements were analyzed 

at the characterization stage, however, a portion of the supplementary optional physical 

requirements are addressed in the mortar chapter of this thesis. The standard also refers to 

ASTM C 311 (2016), which provides the procedures for sampling and testing. Any data 

received by the suppliers are indicated in the results.  

2.2.1.1 Oxide Composition 

The oxide composition of the materials was determined by X-ray fluorescence 

(XRF) testing, performed by TxDOT. ASTM C 618 specifies that in order for a material to 

be considered a Class F fly ash, the sum of the silicon dioxide (SiO2), aluminum oxide 

(Al2O3) and ferric oxide (Fe2O3) must be at least 70%. A Class F fly ash can also have a 

maximum of 5% sulfur trioxide (SO3). The complete oxide analysis for the reclaimed and 

remediated fly ashes as well as the control materials, OPC and FA, are presented in Table 

2.4. The sum of SiO2, Al2O3 and Fe2O3 is not shown for OPC since it is not required for 

cement. It can be seen that all the remediated fly ashes had comparable oxide compositions, 

however, RM-S showed a higher Fe2O3 content and a lower CaO content. Although RC-G 

and RC-M differed in oxide composition, RC-G had a similar oxide composition to the 

production fly ash, FA. 
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Table 2.4: Oxide Analysis from XRF 

Material 
SiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

CaO 

(%) 

MgO 

(%) 

SO3 

(%) 

Na2O 

(%) 

K2O 

(%) 

SiO2+ 

Al2O3+ 

Fe2O3 

(%) 

OPC 20.36 5.82 2.30 62.49 1.36 3.30 0.15 0.89 -- 

FA 50.88 22.79 5.01 10.60 2.45 0.47 0.13 0.86 78.7 

RC-G 51.50 21.34 4.92 11.33 2.08 2.72 0.17 0.78 77.8 

RC-M 46.95 19.90 8.35 14.05 3.43 0.86 0.77 0.98 75.2 

RM-C 59.07 14.07 3.16 9.36 1.57 3.41 3.28 2.94 76.3 

RM-L 60.99 13.10 3.08 10.19 0.61 3.92 2.69 3.08 77.2 

RM-S 60.13 14.43 4.65 6.91 1.13 3.22 3.20 3.46 79.2 

 

2.2.1.2 Moisture Content and Loss on Ignition 

Moisture content (MC) testing and loss on ignition (LOI) testing of the materials 

were performed in accordance with ASTM C 311 (2016). In order to obtain the MC, a 

weighed sample of each alternative SCM was dried, as received, to constant mass in an 

oven at 110 ºC. The MC is equal to the mass loss observed as a percentage of the original 

mass of the material. LOI was acquired by then igniting the dried materials to 750 ºC and 

observing the mass loss. The LOI is equal to the mass loss observed between 110 and 750 

ºC as a percentage of the mass of the material dried at 110 ºC. ASTM C 618 (2015) specifies 

that in order for a material to be considered a Class F fly ash, the MC cannot exceed 3%. 

In regards to LOI, ASTM C 618 (2015) specifies that in order for a material to be 

considered a Class F fly ash, the LOI cannot exceed 6%. The results of the MC and LOI 

testing are presented in Table 2.5. The MC and LOI values presented are the average of the 

results obtained along with the variation associated with replicate testing. All the materials 

had MC and LOI values below the maximum thresholds with the exception of RC-G, which 

exceeded the MC maximum threshold by under 1%, indicated in the table by red text. It is 

also interesting to note that RM-S nearly exceeded the maximum threshold for LOI. This 



 17 

value is usually attributed to carbon content, which can lead to difficulties with air 

entrainment and admixture interaction. 

Table 2.5: Results of MC and LOI Testing  

Material MC (%) LOI (%) 

FA 0.54 +/- 0.06 0.39 +/- 0.09 

Q 0.74 +/- 0.14 0.20 +/- 0.00 

RC-G 3.89 +/- 0.05 0.87 +/- 0.15 

RC-M 0.87 +/- 0.03 0.73 +/- 0.07 

RM-C 2.87 +/- 0.01 1.79 +/- 0.16 

RM-L 1.42 +/- 0.55 1.56 +/- 0.16 

RM-S 2.05 +/- 0.06 5.89 +/- 0.10 
Red text indicates material non-compliant to ASTM C 618 

 

2.2.1.3 Fineness 

The fineness of the materials was determined by the amount retained when wet-

sieved on a 45-μm (No. 325) sieve as outlined in ASTM C 311 (2016) and testing was 

performed in accordance with ASTM C 430 (2015). ASTM C 618 specifies that in order 

for a material to be considered a Class F fly ash, the amount retained cannot exceed 34% 

of the original amount at the start of testing. The results of the fineness testing are presented 

in Table 2.6. 

Table 2.6: Results of Fineness Testing 

Material Percent Retained 

OPC 4.93 

FA 25.50 

Q 1.18 

RC-G 10.61 

RC-M 15.30 

RM-C 2.70 

RM-L 15.15 

RM-S 10.10 
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2.2.1.4 Soundness 

Soundness of cements and SCMs are tested to identify materials that may produce 

a delayed expansion due to the hydration of magnesium and calcium oxides. The soundness 

of the materials was determined by measuring the amount of autoclave expansion as 

outlined in ASTM C 311 (2016) and performed in accordance with ASTM C 151 (2016). 

In order to measure autoclave expansion, samples were mixed in accordance with ASTM 

C 187 (2016) and molded into a 25 x 25 x 285 mm (1 x 1 x 11 ¼ in.) prism with gauge 

studs at each end having a gauge length of 10 in. Prior to subjecting the sample to the 

autoclave, the length of the specimen is recorded using a length comparator. Once 

autoclaving is complete, an additional length comparator reading is obtained and the 

expansion is observed as a percent of the effective gauge length. ASTM C 618 (2015) 

specifies that in order for a material to be considered a Class F fly ash, the autoclave 

expansion cannot exceed 0.8%. The results of soundness testing are presented in Table 2.7. 

The soundness testing results for samples indicated with an asterisk were provided by the 

suppliers, and therefore, were not duplicated. 

Table 2.7: Results of Soundness Testing 

Material Expansion (%) 

RC-G* -0.02 

RC-M 0.00 

RM-C* 0.01 

RM-L* -0.04 

RM-S* -0.01 
Asterisk (*) indicates test performed by supplier or third party 

 

2.2.1.5 Density 

Density measurements are performed on materials to ensure uniformity between 

separate batches of materials, which must be within a certain variance compliant to ASTM 
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C 618 (2015). However, all of the samples studied in this thesis came from a single batch. 

Even so, density was still obtained to be used in other testing procedures. The densities of 

the materials were determined by a gas-comparison pycnometer, performed by TxDOT. 

The densities of the materials are presented in Table 2.8. 

Table 2.8: Densities of Materials 

Material Density (g/cm3) 

OPC 3.12 

FA 2.45 

Q 2.63 

RC-G 2.48 

RC-M 2.69 

RM-C 2.45 

RM-L 2.50 

RM-S 2.50 

 

2.2.2 Advanced Characterization Tests 

Advanced characterization tests were used in order to supplement the results from 

ASTM C 618. 

2.2.2.1 Laser Particle Size Analysis 

Laser particle size analysis was performed to determine the entire particle size 

distribution of each material as a supplement to the fineness test. Particle size distribution 

of the materials can be used to determine changes in cement hydration kinetics due to filler 

effects, or changes in reactivity or workability. These distributions were analyzed using a 

Malvern Mastersizer 2000 Laser Diffraction Particle Size Distribution Analyzer. All 

materials were tested as received, using isopropanol as a dispersant. The results are 

presented in Table 2.9 and include the particle diameters at 10%, 50% and 90% of the 

cumulative particle size distribution, designated as d10, d50 and d90, respectively. Figures 
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2.1 and 2.2 show the particle size distributions of the reclaimed and remediated fly ashes, 

respectively, against the control materials as a comparison. 

 

Table 2.9: Results of Laser Particle Size Analysis 

Material d10 (μm) d50 (μm) d90 (μm) 

OPC 2.3 13.9 44.4 

FA 9.7 26.9 95.7 

Q 4.4 16.2 40.3 

RC-G 4.3 22.2 63.5 

RC-M 2.6 12.8 59.3 

RM-C 2.0 6.3 18.7 

RM-L 2.2 9.5 67.0 

RM-S 2.3 9.8 60.6 

 

 

Figure 2.1: Particle size distribution of controls and reclaimed fly ashes 
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Figure 2.2: Particle size distribution of controls and remediated fly ashes 
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Microscope (ESEM). Samples were mounted on a holder using carbon tape and then lightly 

blown with compressed air to remove loose particles. Images were taken in ESEM mode 

using the Gaseous Secondary Electron (GSE) detector with an accelerating voltage of 20 
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Figure 2.3: ESEM image of RC-G 

 

Figure 2.4: ESEM image of RC-M 
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Figure 2.5: ESEM image of RM-C 

 

Figure 2.6: ESEM image of RM-L 
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Figure 2.7: ESEM image of RM-S 

 

Figure 2.8: ESEM image of FA 



 25 

2.2.2.3 X-Ray Diffraction 

X-ray diffraction (XRD) was performed to determine the main crystalline phases 

of the materials, which complements the oxide composition results from XRF. The XRD 

pattern provides a plot (diffractogram) of X-ray intensities at different angles, which was 

then compared with known crystalline peaks to identify the phases within the materials. 

These phases are presented in Table 2.10 and X-ray diffractograms can be found in 

Appendix B. XRD testing was performed using a Rigaku MiniFlex II with the following 

parameters: a continuous scan at a measurement range of 5º to 75º 2θ, a step size of 0.02º 

2θ at a rate of 2º 2θ per second, a tube voltage of 40 kV and a tube current of 15 mA. Prior 

to performing XRD, the materials were dried at 105 °C and ground to pass through the No. 

325 sieve to ensure adequate packing. Samples were then prepared in such a way as to 

minimize preferential orientation of particles. 

Table 2.10: Results of XRD 

Material 
Main Crystalline Phases Identified 

Ah Ac Ba Ca He L Me Mu Ms Q 

FA        X  X 

RC-G   X     X  X 

RC-M X    X   X  X 

RM-C  X  X   X   X 

RM-L X X    X    X 

RM-S X X  X X   X  X 
Ah = Anhydrite; Ac = Anorthoclase; Ba = Bassanite; Ca = Calcite; He = Hematite; 

L = Lime; Me = Merwinite; Mu = Mullite; Ms = Muscovite; Q = Quartz 

2.3 DISCUSSION 

The materials tested were compared against the requirements specified within 

ASTM C 618 for the determination of the suitability of the materials for use in concrete. 

Table 2.11 is a summary of the results obtained, including whether or not the materials 

passed ASTM C 618 specifications. Based on the results of the testing, all of the materials 
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except RC-G passed the specifications for Class F fly ash. However, the supplier of this fly 

ash maintains that the moisture content will pass ASTM C 618 requirements when the 

materials are produced on an industrial scale since they simply need to extend the drying 

process of the reclaimed fly ash. 

The fineness testing showed good correlation with the particle size analysis, with 

both test methods indicating that FA has the largest particles while RM-C and Q have the 

smallest. With typical fly ash having a median particle range from 5 to 20 μm, the large 

particle size of FA (d50 = 26.9 μm) seems unusual (Thomas et al. 2017). This can give false 

comparisons for early age properties since FA has a lower amount of finer particles that 

can react quicker and act as fillers in cement hydration kinetics. It is also interesting to note 

that the OPC had the third smallest d90 of all the materials, suggesting that the particle size 

range is narrower for OPC than for the SCMs. 

The ESEM images shown in Figures 2.5 through 2.7 revealed that the particles for 

RM-C, RM-L and RM-S were predominantly angular, despite them being presumably fly 

ashes. This could occur due to the blending process used in remediation. This condition 

creates the potential for reduced slump in concrete mixtures. However, RC-G and RC-M 

both showed primarily spherical particles with few irregularly shaped particles comparable 

to the image shown of FA. The particle shape and size were both categorized subjectively 

using ESEM images for shape and a defined range for size, utilizing the median particle 

size of the materials found in particle size analysis. Median particle sizes that ranged from 

0 to 10 μm, 10 to 20 μm and 20 to 30 μm were deemed small, medium and large, 

respectively. The categories are shown in Table 2.12 for the reclaimed and remediated fly 

ashes as well as the control FA. 

Although variations existed in the results between the materials in characterization 

testing, all the materials passed the requirements set forth by ASTM C 618 for a Class F 
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fly ash, with the exception of RC-G. However, as previously discussed, this condition can 

be easily remedied by the supplier. Advanced characterization tests showed distinct 

differences in crystalline composition and particle shape between the remediated fly ashes, 

as well as FA, which can affect the performance of the materials in cementitious mixtures. 

The effect that the characteristics of these materials had on further testing is shown in the 

subsequent chapters of this thesis. 

Table 2.11: Summary of ASTM C 618 Characterization Tests 

Material 

SiO2+ 

Al2O3+ 

Fe2O3 

(%) 

SO3 

(%) 

Moisture 

Content  

(%) 

Loss on 

Ignition  

(%) 

Fineness 

(% 

Retained) 

Soundness 

(%) 

Passes  

ASTM 

C 618? 

RC-G 77.8 2.72 3.9 0.9 10.6 -0.02 NO 

RC-M 75.2 0.86 0.9 0.7 15.3 0.00 YES 

RM-C 76.3 3.41 2.9 1.8 2.7 0.01 YES 

RM-L 77.2 3.92 1.4 1.6 15.2 -0.04 YES 

RM-S 79.2 3.22 2.1 5.9 10.1 -0.01 YES 

Criteria in 

ASTM C 

618 

70%  

min 

4% 

Max 

3%  

max 

6% 

max 

34% 

max 

+/- 0.8% 

max 
 

Red text indicates material non-compliant to ASTM C 618 

Table 2.12: Particle Shape and Size Categories 

Material Particle Shape Median Particle Size 

FA Round Large 

RC-G Round Large 

RC-M Round Medium 

RM-C Partially Angular Small 

RM-L Angular Small 

RM-S Angular Small 
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Chapter 3: Paste Testing 

Chapter 3 examines the properties of the reclaimed and remediated fly ashes in 

paste mixtures for the research presented in this thesis. Section 3.1 focuses on the tests 

performed and their results, while Section 3.2 discusses the significance of these results. 

3.1 PASTE TESTING METHODS 

Following material characterization testing, paste testing was conducted on the 

reclaimed and remediated fly ashes. Paste testing was performed in order to examine 

reactions within the paste without the additional variability that occurs from the addition 

of fine and coarse aggregates. The testing performed consisted of paste rheology in order 

to assess the workability of SCM pastes along with admixture interaction testing; two forms 

of isothermal calorimetry to evaluate cement hydration kinetics and pozzolanic reactivity; 

and differential scanning calorimetry/thermal gravimetric analysis (DSC/TGA) to measure 

calcium hydroxide content of hardened pastes as an additional evaluation of the 

pozzolanicity of the reclaimed and remediated fly ashes. 

3.1.1 Paste Rheology for Workability Assessment 

To assess the workability of the SCM-containing pastes, rheological properties 

were determined using an Anton Paar MCR 301 rheometer. Paste mixtures consisted of 50 

g of cementitious materials at a 20% replacement of the cement by mass for each SCM and 

a water-to-cementitious material (w/cm) ratio of 0.45 using deionized water. Pastes were 

mixed for 2 min using an overhead laboratory mixer at 105 rad/s (1000 rpm). Once mixing 

was complete, 19 mL of the paste was immediately transferred to the rheometer 

measurement system (cup and helical bob geometry) and subjected to a shear rate of 100 

s-1 at a controlled temperature of 23 ºC (73 ºF) for 60 sec followed by a three-minute rest. 

A sweep of shear rate was then conducted on the paste in accordance with ASTM C 1749 
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(2017). The paste was subjected to a shear rate of 1 s-1 for 30 sec before increasing the 

shear rate to 10 s-1 for 30 sec. The shear rate continued to be increased by increments of 10 

s-1 and held for 30 sec until reaching 100 s-1, then decreased at the same increment and 

interval until reaching rest. Shear rates were subjected for 30 seconds, as this time was 

found to be sufficient to achieve a stable shear stress value. Paste flow curves were then 

analyzed using the Bingham model to find the viscosity and yield stress of the mixtures 

(Mechtcherine et al., 2014). These values were used in order to determine the effect that 

the SCMs have on the workability of the paste. The flow curves are shown in Figure 3.1. 

The y-intercept of the trendlines corresponds to the yield stress and the slope corresponds 

to the viscosity. Table 3.1 shows these values for each mixture. Lower yield stresses in 

Table 3.1 correspond with SCMs with larger as well as rounder particles, as can be seen in 

Table 2.12. 

Table 3.1: Bingham Parameters 

Material 
Yield Stress 

(Pa) 

Viscosity 

(Pa·s) 

OPC 44.96 0.36 

FA 27.50 0.21 

RC-G 37.47 0.29 

RC-M 27.54 0.25 

RM-C 84.36 0.43 

RM-L 117.31 0.73 

RM-S 131.44 0.64 
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Figure 3.1: Flow curves of cement pastes containing control materials and reclaimed and 

remediated fly ashes 

 

3.1.1.1 Admixture Interaction Testing 

Admixture interaction testing was also conducted on pastes in order to see how the 

reclaimed and remediated ashes affected the paste compatibility with admixtures. An air-

entraining agent (AEA), Sika® AIR, was used in order to evaluate how the carbon content 

of the reclaimed and remediated fly ashes affected the required dosage of AEA in the 

pastes. In order to make this evaluation, the foam index test was used. The foam index test 

is a titration test where a combination of water and cementitious materials are mixed in a 

closed container and then titrated with AEA until a defined endpoint is reached (Folliard 

et al., 2009). This can be a good indicator for how different materials affect air entrainment 

in concrete, with higher values indicating poorer air entrainment of the fly ashes. However, 
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many variations of the foam index test exist, leading to variability in results between 

different testing parties. In a series of test evaluations of the foam index test, Folliard et al. 

(2009) developed a test with a precision within plus or minus one incremental dose. This 

test was adapted for the research presented in this thesis. The procedure consisted of using 

a 118 mL (4 oz) plastic vial with a hinged snap-on lid filled with paste mixtures composed 

of 25 g of cementitious materials, with a w/cm equal to 2.0 and an SCM-to-cementitious 

materials ratio (SCM/cm) equal to 0.33. Water was first added into the vial, followed by 

the cement-SCM blend, which was then capped and manually agitated by shaking the vial 

for a duration of 10 sec at a frequency of 4 ± 0.5 shakes/sec. A “shake cycle” consisted of 

rapidly lowering the vial by 0.2 to 0.25 m and then returning it to its original position. 

Following agitation, the vials were uncapped and a 50 μL (0.0017 oz) drop of AEA diluted 

to 5% of the as-received concentration from the manufacturer was added to the paste using 

a calibrated pipette. The vial was then capped and agitated following the same shaking 

procedure. At the end of the shake cycle, the vial was immediately uncapped and allowed 

to rest for 20 sec on a level surface free from disturbances. Once the rest period was 

complete, if the foam had not reached the defined endpoint, an additional drop of 5% AEA 

was added and the shaking procedure was repeated until the defined endpoint was reached. 

The endpoint was defined as when an unbroken foam cover exists on the water surface of 

the paste. The amount of AEA used to stabilize the foam is shown in Table 3.2 for the 

control materials as well as the reclaimed and remediated fly ashes. 
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Table 3.2: Foam Index Values for Cement Pastes 

Material 
Foam Index 

(mL AEA/100 kg cm) 

FA 10 

RC-G 10 

RC-M 60 

RM-C 30 

RM-L 10 

RM-S 40 
One 50 μL drop of AEA diluted to 5% is equivalent to 10 mL of AEA per 100 kg of cm. 

 

3.1.2 Isothermal Calorimetry 

Two forms of isothermal calorimetry were performed to measure the heat from 

cement hydration as well as pozzolanic reactivity of the SCMs. While the first is a common 

method that is widely used in cement and concrete research, the latter is a newly derived 

test that is still in the development stages.  

3.1.2.1 Cement Hydration Kinetics 

Isothermal calorimetry was performed to measure the heat from cement hydration. 

The control mixture consisted of 25 g cement and a w/cm ratio of 0.45 using deionized 

water. For the SCM and quartz-containing mixtures, 20% of the cement by mass was 

replaced by each SCM, while the water content was held at the same value. Prior to 

performing the tests, the pastes were mixed for 2 min using an overhead laboratory mixer 

at 168 rad/s (1600 rpm). Following mixing, 15 g of the paste sample was placed into a 20 

mL glass ampoule, sealed and placed in a Thermometric TAM Air Isothermal Calorimeter 

at 23 ºC. The rate of hydration was then measured for 72 h. The rates of heat evolution per 

gram of cement for the control pastes as well as the reclaimed and remediated fly ash pastes 

are shown in Figures 3.2 and 3.3, while the cumulative heat per gram of cement for the 
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control pastes as well as the reclaimed and remediated fly ash pastes are shown in Figures 

3.4 and 3.5, respectively. 

  

Figure 3.2: Rate of heat evolution of cement pastes containing control materials and 

reclaimed fly ashes 
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Figure 3.3: Rate of heat evolution of cement pastes containing control materials and 

remediated fly ashes 

  

Figure 3.4: Cumulative heat evolved of cement pastes containing control materials and 

reclaimed fly ashes 
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Figure 3.5: Cumulative heat evolved of cement pastes containing control materials and 

remediated fly ashes 
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subject ash or control material to provide an excess amount of CH for consumption by the 

pozzolan. Gypsum was added to the matrix to give the system an overall SO3/Al2O3 ratio 

of 1. KOH pellets were added to deionized water to produce a 0.5 M KOH solution while 

the water to solids ratio was held at 0.9. The alkaline solution was used to activate the 

pozzolans to induce CH consumption. 

The cumulative heat was measured using the TAM Air for 7 days at 40 ºC to 

increase the rate of pozzolanic activity. At 24 hours prior to mixing, water reference 

samples were placed in the TAM Air and all the mixture constituents were placed in an 

oven at 40 ºC to reduce any spikes in heat flow measurements caused by a temperature 

differential. Pastes of 31 g were mixed for 2 minutes using an overhead laboratory mixer 

at 168 rad/s (1600 rpm). Following mixing, 15 g of the paste sample were placed into a 20 

mL glass ampoule, sealed and placed in the calorimeter. The cumulative heats for the 

control pastes and the reclaimed and remediated fly ash pastes are shown in Appendix C. 

The first five hours were removed from the plots as recommended by a current round robin 

test method by personal communication from Xuerun Li, representing RILEM 267 RC-

TRM (personal communication, September 1, 2016). The final 7-day cumulative heat 

release for the control pastes and the reclaimed and remediated fly ash pastes are shown in 

Table 3.3. 

Table 3.3: 7-Day Cumulative Heat Release for R3 Pastes 

Material 
7-Day Cumulative Heat 

(J/g) 

FA 291 

Q 20 

RC-G 284 

RC-M 332 

RM-C 273 

RM-L 257 

RM-S 252 
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3.1.3 Differential Scanning Calorimetry/Thermal Gravimetric Analysis (DSC/TGA) 

for Pozzolanicity 

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) 

were used to quantify the CH content in the control pastes, and pastes containing the SCMs. 

The pastes contained a 20% cement replacement by mass with SCMs and had a w/cm of 

0.45. The same mixing procedure was utilized as for isothermal calorimetry. Sample 

mixtures were separated into four individual containers and cured at 23 ºC and 100% 

relative humidity (RH) to be tested at 1, 7, 28 and 90 days. Upon reaching the target age, 

the samples were removed and hydration was stopped using vacuum desiccation. First, the 

edges of the sample were removed and discarded in order to remove calcium hydroxide 

crystals that orient along the edges of the sample and walls of the container. Next, the 

sample was crushed to pass the No. 100 sieve (150 μm) and then placed in a vacuum 

desiccator for a minimum of two weeks to cease hydration. The samples were then ground 

to pass the No. 325 sieve (45 μm) and placed back under vacuum prior to DSC/TGA testing 

to prevent carbonation of the materials. 

The DSC/TGA testing was performed utilizing a Mettler Thermogravimetric 

Analyzer, Model TGA/DSC 1. The heat flow and mass loss of 10 mg of each material in a 

70 μL (0.0024 oz) crucible were recorded as the materials were heated from 40‒1000 ºC 

(104‒1832 ºF) at a rate of 20 ºC/min (36 ºF/min) within a chamber with N2 gas flowing at 

50 mL/s (1.7 oz/s) to prevent carbonation of the material while the test was underway. The 

objective of the DSC/TGA testing is to determine the mass loss of water during the 

degradation of CH, which typically occurs between approximately 350‒550 ºC (662‒1022 

ºF) (Kim and Olek, 2012). The DSC curve was used to pinpoint the exact start and end 

temperatures when the mass loss occurred. The mass loss within this region is then used to 
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calculate the amount of CH present in the tested sample, which was converted to the 

amount of CH per gram of cement by normalizing by ignited weight and accounting for 

the mass percent of SCM. The CH contents of the SCM blend and control pastes are shown 

in Figure 3.6. 

 

Figure 3.6: Calcium hydroxide content of control pastes and pastes containing reclaimed 

and remediated fly ashes 

 

3.2 DISCUSSION 
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sizes. Although RM-C paste had nearly twice the yield stress of OPC paste, its measured 

viscosity was not much higher. 

 

 

Figure 3.7: Comparison between particle size, shape and yield stress of fly ashes 



 40 

 

 

Figure 3.8: Comparison between particle size, shape and viscosity of fly ashes 

 

Foam index testing showed that pastes containing FA, RC-G and RM-L required 

the minimum dosage of AEA, based off the dosage size and concentration used in the test, 

to generate an unbroken cover of foam, indicating that the measured dosage was sufficient 

to entrain air. This agrees with LOI results, shown in Table 2.5, as the amount of air-

entraining admixture needed increases with increase in LOI (Folliard et al., 2009). LOI can 

be caused by carbon content as well as other constituents that can volatize at the 

temperatures used in LOI testing (Folliard et al., 2009). FA and RC-G had less than 1% 

LOI and required the minimum dosage of AEA in order to stabilize the foam and entrain 

air. Despite having the lowest LOI of the reclaimed and remediated fly ashes, RC-M paste 
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required the highest dosage of AEA to stabilize the foam. This is because the fly ash is 

activated carbon injected, according to the supplier. Activated carbon is highly absorbent 

of chemicals, therefore, fly ashes with activated carbon require higher dosages of AEA to 

account for this absorption. The LOI testing does not distinguish between unburnt carbon 

and activated carbon, so these results can be misleading. 

 Isothermal calorimetry is useful for detecting filler effects in cement hydration. It 

is clear in Figures 3.2 and 3.3 that Q exhibits filler effects. The filler effects can be seen in 

the increased peak rate of heat evolution because the fillers provide surfaces for nucleation 

and growth of cement hydration products, calcium silicate hydrate (C-S-H) and CH 

(Lothenbach et al., 2011). RM-L and RM-S pastes also exhibited these filler effects in 

Figure 3.4, however, the remaining fly ash pastes did not exhibit filler effects in Figures 

3.3 and 3.4. The production fly ash, FA, RC-G and RC-M pastes did not exhibit filler 

effects in Figure 3.3, likely due to their larger particle size. Particle size analysis in Table 

2.9 shows that FA, RC-G and RC-M had median particle sizes of 26.9, 22.2 and 12.8 μm, 

respectively, compared to the median particle size of 13.9 μm for OPC. These larger 

particle sizes reduce filler effects, however, the presence of these particles still enhances 

growth of hydration products, resulting in a higher 3-day cumulative heat for these pastes 

in comparison to the OPC paste. RM-C had a delayed heat of hydration peak in Figure 3.4, 

which is not uncommon because the use of a Class F fly ash can delay cement hydration 

and setting time of concrete (ACI 232, 2003). 

The R3 test was able to show a clear difference in the final cumulative heat between 

the inert Q paste and the reclaimed and remediated fly ash pastes, shown in Table 3.4. Both 

the reclaimed and remediated fly ash pastes had equivalent final cumulative heats to FA 

paste. 
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In Figure 3.8 it is clear that the pozzolans increased early CH content. This has been 

observed before and is a result of the filler effect in the remediated fly ashes causing 

increased formation of CH and C-S-H due to the increased sites for nucleation and growth 

(Lothenbach et al., 2011). As mentioned previously, despite FA, RC-G and RC-M pastes 

not exhibiting filler effects, the presence of these particles still enhances growth of 

hydration products, resulting in a higher early CH content than OPC paste. When the CH 

content of a paste is lower than the control, this indicates that a pozzolanic reaction has 

occurred. This happens as early as 7 days for some of the materials. Most of the remediated 

and reclaimed fly ashes are pozzolanic, with only RC-G showing questionable 

pozzolanicity. It can be noted that Q showed no pozzolanic activity, as expected, since 

there was no decrease seen in CH content over time. 

In summary, the paste testing results indicate that all of the materials tested have 

pozzolanic reactivity based off of the R3 and DSC/TGA testing. The high yield stresses of 

the remediated fly ash pastes can be attributed to the small size and angular shape of their 

particles. This can be altered with water-reducing agents (WRAs), which can lower the 

yield stress and viscosity of the paste at certain dosages. Additional testing to find the 

optimum dosage of WRA per SCM-containing mixture is required, as well as air-

entrainment testing on concrete specimens in order to determine AEA dosage to achieve a 

target air content. However, the foam index test gives a good indication that RC-M, RM-

C and RM-L will require more AEA than the other fly ashes. The mortar and concrete 

testing that was performed, and discussed in the subsequent chapters, are intended to 

confirm the results determined in the paste testing. 
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Chapter 4: Mortar Testing 

Chapter 4 evaluates the performance of the reclaimed and remediated fly ashes in 

mortar mixtures for the research presented in this thesis. Sections 4.1 and 4.2 present the 

measured mortar properties of flow and strength in compression, respectively. Sections 4.3 

and 4.4 assess the durability of the mortars to alkali-silica reaction (ASR) and sulfate 

attack, respectively. Section 4.5 discusses the results of the mortar testing. 

4.1 MORTAR FLOW 

For both mortar flow and compressive strength testing, the same mortar mixtures 

were used. Mortar mixtures were proportioned according to ASTM C 109 (2016) with a 

one part cementitious to 2.75 parts of graded standard sand (ASTM C 778, 2013) by weight 

and a w/cm of 0.485. All SCM-containing mixtures contained of a 20% by mass 

replacement of the cement. The mixing procedure followed ASTM C 305 (2014) using a 

Hobart planetary mixer. After mixing, a layer of the mortar was placed to fill approximately 

half of a flow mold that rested in the center of a flow table, both compliant to ASTM C 230 

(2014). The layer of mortar was tamped 20 times uniformly across the layer using a tamper 

compliant with ASTM C 1437 (2015). The mold was then filled to the point of just 

overflowing and the tamping procedure was repeated. Following tamping, the mortar was 

removed off the surface of the mold by the edge of a trowel and the mold was lifted away 

from the mortar. The flow table was then immediately dropped 25 times in 15 sec and the 

diameter of the mortar sample was measured along the four lines scribed in the table top 

using calipers specified in ASTM C 230 (2014). The sum of these four measurements is 

the flow of the mortars expressed as a percentage of the original base diameter. These 

values for the control mortars and the reclaimed and remediated fly ash mortars are 

presented in Table 4.1. 
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Table 4.1: Mortar Mixture Flow Results 

Material Mortar Flow (%) 

OPC 110 

FA 126 

Q 112 

RC-G 121 

RC-M 131 

RM-C 124 

RM-L 104 

RM-S 103 

 

4.2 COMPRESSIVE STRENGTH 

After mortar flow measurements were obtained, the mortar used was returned to 

the mixing bowl and mixed for an additional 15 sec. Upon completion of the additional 

mixing, the mortars were cast into eighteen 50 mm (2 in.) cube molds in accordance with 

ASTM C 109 (2016). Molds were filled to half the depth with mortar and tamped 32 times 

in four rounds with each round consisting of eight adjoining tamps at right angles to one 

another. After the first layer was completed, the remaining space in the mold was filled 

with mortar and the tamping process was repeated. Following tamping, the surfaces of the 

molds were smoothed using the flat side of a trowel, and the molds were stored in a 

temperature controlled room at 23 ºC (73 ºF) and 100% relative humidity for 24 ± ½ hours 

before the specimens were removed. After mold removal, 1-day samples were tested in 

compression in accordance with ASTM C 109 (2016) and the remaining cubes were 

returned to the temperature/humidity controlled room until they reached the desired ages 

of 3, 7, 28, 56 and 90 days. The average compressive strengths of three mortar cubes were 

evaluated at each specified age. ASTM C 109 (2016) provides a maximum permissible 

range of strength between three specimens at 8.7% of the average strength. If the range of 

the strength exceeded this maximum permissible range, the strength of the specimen that 
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differed most from the average was discarded. A maximum permissible range of strength 

between the remaining two specimens is 7.6% of the average strength. A new mixture was 

made and tested if the remaining two specimens did not meet the maximum permissible 

range of 7.6%. Compressive strength results are shown in Figure 4.1 with error bars 

indicating the range of the strengths between each mixture specimen. 

 

Figure 4.1: Compressive strength results of all mortar mixtures 
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The strength-activity index (SAI) of the materials was tested by third party labs 

following the procedure outlined in ASTM C 311 (2016). In the SAI test, the w/cm is varied 

to achieve a flow within ± 5 of the OPC mortar at a w/cm of 0.484, and the water 
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all mortars. The mortars are molded into 50 mm (2 in.) cubes in accordance with ASTM C 

109 (2016), and removed from the molds and cured in the same manner described in 

Section 4.2. Samples were tested in compression at 7 and 28 days in accordance with 

ASTM C 109 (2016). The SAI of the SCM-containing mortars is a percentage of its 

strength normalized by the control OPC mortar compressive strength (ASTM C 311, 2016). 

ASTM C 618 (2015) specifies that in order for a material to be considered a Class F fly 

ash, the SAI must be, at a minimum, 75% of the control at 7 or 28 days. The supplied data 

for SAI testing are presented in Table 4.2. No data are provided for FA, Q and RC-M 

mortars since these were not tested. The test has been criticized for not effectively 

evaluating pozzolanic and cementitious properties of fly ash due to the varying water 

content (Sutter and Bentz, 2017). 

Table 4.2: SAI and Water Requirement for Pastes Prepared with Reclaimed and 

Remediated Fly Ashes 

Material 
SAI (%) Water Requirement 

7 Days 28 Days (%) 

RC-G 79 93 100 

RM-C 90 113 101 

RM-L 89 93 102 

RM-S 110 125 102 
Testing not performed on FA, Q and RC-M mortars 

 

4.3 ALKALI-SILICA REACTION 

Durability of the mortars was tested in accordance with ASTM C 1567 (2013) to 

evaluate the ability of the materials to control deleterious internal expansion due to alkali-

silica reaction (ASR). Mixture proportions consisted of 1 part of cementitious materials to 

2.25 parts of graded reactive fine aggregate by weight with a w/cm of 0.47. The fine 

aggregate was previously confirmed to be reactive as determined by ASTM C 1260 (2014). 
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The fine aggregate was re-graded in the laboratory to meet the gradation requirements of 

ASTM C 1567 (2013). A replacement of 20% by mass was used initially for all SCMs. 

Samples were mixed in accordance with ASTM C 305 (2014) and molded into three 25 x 

25 x 285 mm (1 x 1 x 11 ¼ in.) bars with gauge studs at each end having a gauge length of 

254 mm (10 in.). Mortar was placed in two equal lifts into the molds, where each layer was 

compacted with a tamper and mortar was worked into the corners and around the gauge 

studs. Molds were then stored in a temperature controlled room at 23 ºC (73 ºF) and 100% 

relative humidity for 24 ± 2 hours. Immediately after mold removal, the length of the 

specimens was recorded using a length comparator. The specimens were then placed in a 

sealed storage container with sufficient 23 ºC (73 ºF) tap water to completely immerse the 

bars and placed in an oven at 80 ºC (176 ºF) for 24 ± 2 hours. At the end of the 24 ± 2 hour 

period, the bars were measured using the length comparator and the value was recorded as 

the zero reading. After obtaining the comparator readings, the bars were placed in a sealed 

container with sufficient 1N sodium hydroxide (NaOH) for the specimens to be completely 

immersed, and placed in an oven at 80 ºC (176 ºF). Prior to placing the bars in the 

containers, the sodium hydroxide in the container was pre-heated in the oven at the same 

temperature for 24 hours. At 3, 7 and 14 days, the container was removed from the oven, 

and the bars were removed from the solution only during the time of measurement. If the 

expansion in the bars at 14 days was less than 0.1%, the materials were deemed effective 

in suppressing ASR. If expansions of the bars were near or exceeded 0.1% at 14 days, the 

replacement of cement by SCM in the system was increased. None of the fly ash mortars 

expanded above the threshold of 0.1% at 14 days for ASR testing, however, 20% RC-M 

approached the 0.1% threshold with an expansion of 0.07% at 14 days. Due to this, the 

replacement percentage of RC-M was increased to 25% as an extra precaution, which 
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reduced the 14-day expansion to 0.02%. The ASR plots for the materials can be seen in 

Figure 4.2. 

 

Figure 4.2: Alkali-silica reactivity of all mortar mixtures 
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having a gauge length of 254 mm (10 in.) as well as six 50 mm (2 in.) cubes in accordance 

with ASTM C 109 (2016). After molding, the mortar bars and cubes were covered with a 

plastic plate and placed in a sealed container on risers, elevated above water within the 

containers. The containers were then placed in an oven at 35 ± 3 ºC (95 ± 5 ºF) for 23 ½ 

hours ± 30 min. Prior to placing the bars and cubes in the containers, the water in the 

container was pre-heated in the oven at the same temperature for 24 hours. At the end of 

the curing period, the samples were removed from their molds and stored in a curing tank 

of saturated lime water at 23 ºC (73 ºF) until two cubes tested in compression in accordance 

with ASTM C 109 (2016) reached a mean strength of 20 ± 1.0 MPa (3000 ± 150 psi). Once 

the target compressive strength was reached, the mortar bars were measured using the 

length comparator and the value is taken as the zero reading. The bars were then placed in 

a sealed container filled with 645 to 830 mL of 5% sodium sulfate (Na2SO4) solution per 

bar and stored in a temperature controlled room at 23 ºC (73 ºF). 

Expansion of the mortar bars was evaluated in accordance with ASTM C 1012 

(2015) for up to 12 months and sodium sulfate solution was replaced at each target date. 

As per ACI 201 (2016), if the expansion in the bars before or at 6 months exceed 0.05%, 

the materials were deemed ineffective at sulfate resistance. If expansion in the bars after 6 

months and before or at 12 months exceed 0.1%, the materials were also deemed ineffective 

in sulfate resistance (ACI 201, 2016). The sulfate expansion plots for the materials can be 

seen in Figure 4.3. Measurements that do not continue to 12 months are due to complete 

failure of the bars preventing any further expansion evaluation. 
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Figure 4.3: Sulfate resistivity of all mortar mixtures 
The 0.1% limit set by ACI 201 (2016) is shown on the plot 

 

4.5 DISCUSSION 

Since the w/cm of each mixture was fixed, mortar flows that are greater than the 

OPC mortar indicate that the material is more fluid, whereas mortar flows that are less than 

the OPC mortar indicate that the material is less fluid. FA, RC-G, RC-M and RM-C mortars 
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higher yield stress. The higher yield stress of the RM-C paste requires a larger number of 

drops in order for RM-C mortar to flow in comparison to OPC mortar. However, once the 

yield stress of RM-C mortar was exceeded by the force of the drops, it flowed at a similar 

rate as OPC mortar due to their similar viscosities. Because of this, along with its 

combination of rounded and angular particles, resulted in a higher flow. 

The remaining two fly ash mortars, RM-L and RM-S, had flows lower than the 

OPC mortar. The ESEM images of these two fly ashes, shown in Figures 2.6 and 2.7 as 

well as Appendix A, indicate that the particles are primarily angular in shape and/or 

textured, which would likely increase interparticle friction amongst particles and hinder 

the particles from moving past one another. Q had no effect on the flow of the mortar since 

particle size, Table 2.9, and shape of Q is similar to OPC. Figure 4.4 shows how mortar 

flow relates to particle size and shape. 

 

 

Figure 4.4: Comparison between particle size, shape and mortar flow of fly ashes 
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Compressive strengths of the mortars containing the reclaimed and remediated fly 

ashes continuously increased up to 90 days and surpassed, or were equal to, the magnitude 

of the OPC control mortar at 28 days. At 90 days, the compressive strength of mortars 

containing RC-G, RM-L and RM-S were equivalent to that of OPC mortar. FA, RC-M and 

RM-C mortars had higher compressive strengths than OPC mortar at 90 days, with FA 

having the highest compressive strength and RM-C having the lowest of the three. The 

compressive strength of all the reclaimed and remediated fly ash mortars were well above 

Q mortar at 56 and 90 days, indicating that the fly ashes are pozzolanic. 

As stated previously, none of the fly ash mortars expanded above the threshold of 

0.1% at 14 days for ASR testing, however, 20% RC-M approached the 0.1% threshold with 

an expansion of 0.07% at 14 days. Due to this, the replacement percentage of RC-M was 

increased to 25% as an extra precaution, which reduced the 14-day expansion to 0.02%. 

Sulfate resistance testing revealed that the mixtures with expansions less than 0.1% 

include the mortars containing remediated fly ashes RM-C, RM-L and RM-S. Mortars that 

expanded beyond 0.l% include OPC, RC-G and RC-M. FA mortar was replicated due to 

early, unexpected failure, and the second round of testing is underway with results up to 6 

months, however, the mortar has already expanded beyond the 0.1% threshold. 

Similar to results from paste testing, mortar testing revealed through compressive 

strength testing that all of the materials exhibited pozzolanic reactivity. The reclaimed and 

remediated fly ashes were also successful in minimizing expansion due to ASR below the 

threshold set forth by the standard, however, only the remediated fly ashes were able to 

prevent expansion due to sulfate attack past the reference threshold. Mortar flow results 

indicated that RM-L and RM-S have the potential to reduce the flowability of concrete, but 

this is not of great significance since the low flowability can be remediated with the use of 

water-reducing agents. Failure to prevent sulfate expansion needs to be addressed for the 
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reclaimed fly ash mortars before confirming their suitability as a replacement for 

production Class F fly ash. The remediated fly ashes appear to be suitable replacements for 

production Class F fly ash, despite the less fluid mortars containing RM-L and RM-S. 

Concrete testing, presented in Chapter 5, was performed to validate these results. 
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Chapter 5: Concrete Testing 

Chapter 5 examines the performance of the reclaimed and remediated fly ashes in 

concrete mixtures for the research presented in this thesis. Section 5.1 focuses on the fresh 

property testing of the concrete mixtures, while Section 5.2 examines the hardened 

properties. Section 5.3 discusses the significance of these results. 

5.1 FRESH PROPERTY TESTING 

After paste and mortar testing were completed, concrete mixture testing ensued. 

Concrete mixture design generally followed ACI 211 Proportioning Concrete Mixtures 

(ACI 211, 2009) for structural concrete. The selected target strength and slump were 4500 

psi (35 MPa) and 4 in. (100 mm), respectively. A 20% replacement of cement by mass was 

used for each SCM since this dosage was effective at controlling expansion due to ASR. 

Additionally, a w/cm ratio of 0.485 was used for all mixtures. An example of a concrete 

mixture design is shown in Table 5.1 for a straight cement mixture. For concrete mixtures 

containing SCMs, the SCM density (Table 2.8) was used to adjust the sand content to keep 

concrete mixture volume constant. All concrete mixture designs can be seen in Appendix 

D. As mentioned in Chapter 2, Colorado River sand and gravel were used for the fine and 

coarse aggregate, with both aggregates air-dried prior to batching. Prior to concrete mixing, 

both the fine and coarse aggregate were separately mixed in the rotary drum mixer to ensure 

uniformity. After this measure was taken, a sample of both aggregates was weighed and 

then placed in an oven at 110 ºC (230 ºF) for 24 hours to drive off moisture. The difference 

between the initial and final weight as a percentage of the mass of the dried material was 

used as the moisture content of the aggregate. This value was used to make water 

adjustments in the mixture design due to water absorption by the aggregates. Concrete 

mixing was then performed in accordance to ASTM C 192 (2016) for machine mixing. 
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Following mixing, slump and air content were determined, and preparations were made for 

time of set testing while specimens were being cast in cylindrical molds (4 in. x 8 in. (100 

mm x 200 mm)). 

Table 5.1: OPC Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 564 (335) 

Water 265 (157) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1807 (1072) 

Fine Aggregate (Colorado River sand) 1342 (796) 

Air 2 vol.%  

 

5.1.1 Slump 

In order to examine the effects the reclaimed and remediated fly ashes have on 

concrete workability, slump tests were performed on the concrete mixtures. Immediately 

following concrete mixing, slump testing was performed in accordance with ASTM C 143 

(2015). Concrete was placed into a conical mold in three layers, each approximately one-

third of the volume of the mold. Each layer was rodded 25 times uniformly over the cross 

section with the bottom layer rodded throughout its depth and the top two layers being 

rodded approximately 1 in. (25 mm) into the layer below. After filling and rodding the top 

layer, the excess concrete was struck off the mold by means of a screeding and rolling 

motion of the tamping rod on the top surface. Once the surface was level, the mold was 

removed vertically over a span of 5 ± 2 sec and the slump was immediately measured by 

determining the vertical distance between the center of the top surface of the specimen and 

the top of the mold. Table 5.2 shows the slumps of all of the concrete mixtures. After 

measuring the slump, the used material was placed back into the rotary drum mixer for 30 
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sec to reintegrate the sample with the rest of the mixture before proceeding with any 

additional testing. 

 

Table 5.2: Concrete Mixture Slumps 

Material 
Slump 

[in (mm)] 

OPC 6.00 (152) 

FA 8.25 (210) 

RC-G 6.50 (165) 

RC-M 9.00 (229) 

RM-C 5.50 (140) 

RM-L 4.75 (121) 

RM-S 2.75 (70) 

 

5.1.2 Air Content 

Air content testing was performed in accordance with ASTM C 231 (2017) in order 

to examine the effects of the reclaimed and remediated fly ashes. Concrete was placed into 

a cylindrical measuring bowl in three layers of equal volume and each layer was rodded 25 

times uniformly over the cross section, with the bottom layer rodded throughout its depth 

and the top two layers being rodded approximately 1 in. (25 mm) into the layer below. 

After rodding each layer, the sides of the measuring bowl were tapped 15 times with a 

rubber mallet to close any voids left by the rod and release any large air bubbles. Once the 

top layer was complete, the excess concrete was struck off the mold using a flat strike-off 

plate. In order to ensure the measure was level full, the plate was pressed onto the top 

surface of the measure to cover approximately two-thirds of the surface and then withdrawn 

in a sawing motion to finish only the area originally covered. This was then repeated with 

the sawing motion taken in the opposite direction. The exterior of the measure was then 
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cleaned of excess concrete. Using this strike-off plate allowed the test method to comply 

with ASTM C 138 (2017). Therefore, unit weight was also calculated after subtracting the 

mass of the measure from the mass of the concrete and measure. The measure was then 

sealed with the cover assembly and the air content was measured. Table 5.3 gives the air 

content and unit weight of all the concrete mixtures. 

Table 5.3: Concrete Mixture Air Contents and Unit Weights 

Material 
Air Content 

(%) 

Unit Weight 

[lb/ft3 (kg/m3)] 

OPC 3.20 144.0 (2307) 

FA 2.25 145.2 (2326) 

RC-G 3.10 144.0 (2307) 

RC-M 1.70 146.4 (2345) 

RM-C 2.35 145.6 (2332) 

RM-L 3.05 145.2 (2326) 

RM-S 2.10 145.6 (2332) 

 

5.1.3 Setting Time 

Time of set of all the mixtures was determined using ASTM C 403 (2016). A delay 

in setting time can cause complications in the field for concrete laborers and put 

construction behind schedule. In order to prepare samples for the test, fresh concrete was 

sieved using a vibrating plate to separate the mortar from the coarse aggregate. After 

sieving, an adequate amount of mortar was placed into a cylindrical container and 

consolidated using the vibrating plate. A loading apparatus was used with needles of 

varying bearing areas to measure the force required to cause penetration of the needles into 

the mortar. Samples were initially tested 3 to 4 hours after concrete mixing and subsequent 

tests were performed at 30 min to 1 hour intervals until a penetration reading equal to or 

exceeding 4000 psi (27.6 MPa) was obtained. Plots of the penetration resistance versus the 
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time elapsed of the controls with the reclaimed and remediated fly ashes are shown in 

Figures 5.1 and 5.2, respectively. Per the standard, the initial and final times of set are 

deemed to be at 500 psi (3.4 MPa) and 4000 psi (27.6 MPa), respectively. 

 

  

Figure 5.1: Time of set concrete mixtures containing control materials and reclaimed fly 

ashes 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

180 210 240 270 300 330 360 390 420 450 480 510 540

P
en

et
ra

ti
o
n 

R
es

is
ta

nc
e 

(p
si

)

Elapsed Time (min)

OPC

FA

RC-G

RC-M

Final Setting

Initial Setting



 59 

  

Figure 5.2: Time of set concrete mixtures containing control materials and remediated fly 

ashes 
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to the top surface, the cylinders were capped. Once all cylinders were capped, they were 

then stored in a temperature controlled room at 23 ºC (73 ºF) for 24 hours before the 

specimens were removed from their molds. All specimens were then cured at 23 ºC (73 ºF) 

and 100% relative humidity until they reached the desired age for testing. 

5.2.1 Compressive Strength 

Concrete cylinders were tested for compressive strength following ASTM C 39 

(2017) at 7, 28, 56 and 90 days. Similar to mortar strength tests, the compressive strength 

of the concrete cylinders was evaluated over time to determine if the reclaimed and 

remediated fly ashes are pozzolanic, thus increasing strength over time. Cylinders were 

placed in retaining rings containing neoprene bearing pads and tested using a hydraulic 

compression machine at a load rate of 35 ± 7 psi/s (0.25 ± 0.05 MPa/s) until reaching 

ultimate capacity. The results of the compression testing are shown in Figure 5.3 with error 

bars indicating the range of the strengths between each mixture specimen. 

 

Figure 5.3: Compressive strength results of all concrete mixtures 
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5.2.2 Rapid Chloride Penetrability 

In addition to compression testing, rapid chloride penetrability testing (RCPT) was 

also conducted in accordance with ASTM C 1202 (2012). The purpose of the test is to 

evaluate the electrical conductance of concrete samples to predict their resistance to 

chloride ion penetration. This is essential in cases where concrete is subjected to de-icing 

salts, where the concrete is at risk of chloride ion ingress from the salt penetrating the 

matrix and corroding the reinforcement. Sample preparation began once concrete cylinders 

reached 56 days of curing. The concrete cylinders were cut using an oil-lubricated concrete 

saw by first removing less than 0.25 in. (6.4 mm) from the top finished surface, followed 

by a 2 in. (50 mm) sample thickness from the top of the cylinder, parallel to the top of the 

cylinder. Once the cylinders were cut, the 2 in. (50 mm) samples were soaked in soapy 

water overnight to remove oil left from the saw, which has potential to skew the results. 

After soaking, the concrete samples were rinsed and then placed in a vacuum desiccator, 

with both end faces exposed, for three hours. At the end of the three hours, de-aerated water 

was placed into the desiccator while still under vacuum until the specimen was covered, 

and then the specimen was desiccated for one additional hour. The vacuum was then turned 

off and the sample was returned to atmospheric pressure, remaining submerged under water 

for 18 ± 2 hours. Specimens were then blotted dry and mounted in an applied voltage cell 

for testing. One side of the cell was filled with 3.0% sodium chloride (NaCl) solution and 

connected to the negative terminal and the opposite side was filled with 0.3 N NaOH 

solution and connected to the positive terminal. Samples were then subjected to 60 V of 

electricity for 6 hours, with readings taken every 30 minutes. RCPT results are shown in 

Figure 5.4. The figure shows the designations for penetrability resistance as outlined by 

ASTM C 1202 (2012). 
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Figure 5.4: RCPT results for all concrete mixtures 
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particle size and the high angularity of their particles categorized in Table 2.12. These 

results correlated well with rheological testing, however, mortar flow results showed RM-

C paste having a higher flow than OPC paste, while having a lower concrete slump. This 

could be due to the low viscosity of RM-C paste and the force of the mortar flow table 

drops resulting in a higher flow, as discussed in Section 4.5. 

Entrapped air accounted for 2% of the volume of the concrete mixture in the design 

process. Air content testing revealed values slightly larger than 2%, with the exception of 

RC-M concrete, which had an air content of 1.70%. This slight variation does not pose a 

problem to the concrete mixtures, since the variation is small and these mixtures did not 

contain air-entraining admixtures. The unit weights of the concretes all remained at 

comparable values. 

As expected, the times of set for all the SCM-containing concretes were longer than 

that of OPC concrete as the use of a Class F fly ash can delay the setting time of concrete 

(ACI 232, 2003). FA and RC-G concretes had similar set times, both reaching final set at 

approximately 300 minutes after mixing. RM-L, RM-S and RC-M concretes all had similar 

final set times, occurring between approximately 330 and 345 minutes after mixing. 

However, RM-C concrete had a delayed final set time at approximately 500 minutes after 

mixing, with an initial set time after 360 minutes. This can lead to complications in the 

field when concrete finishing in a timely manner is necessary to proceed in the construction 

process. 

Although RM-C concrete had an issue with delaying time of set, it exceeded or 

matched all concrete mixtures in compressive strength at each testing day. At early ages, it 

is expected for Class F fly ash to decrease the compressive strength of concrete, which can 

be seen at 7 days for all the materials, with the exception of RM-C concrete. Pozzolanic 

reactivity is apparent in compressive strength testing, typically at 56 and 90 days. However, 
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all the fly ash concrete mixtures, with the exception of RC-G, had comparable or higher 

strengths than OPC concrete at 28 days. By the 56-day mark, all fly ash concretes had 

comparable or higher strengths to OPC concrete, with the remediated fly ash concretes 

performing the best. This shows that all of the fly ashes display pozzolanic behavior. 

RCPT provides a good indication of permeability of the concrete, which can be 

correlated with porosity. The pozzolanic reaction that takes place densifies the concrete 

matrix, which in turn reduces the ability for ions to penetrate. All materials are effective in 

reducing chloride ion penetrability of concrete, with RM-S concrete having the lowest 

amount of charge passed. 

The concrete testing results indicate that all of the materials tested have pozzolanic 

reactivity, with the remediated fly ashes and RC-M performing the best in compressive 

strength. Although all of the remediated ashes excelled in compressive strength and RCPT 

testing, the high water demand of RM-S and the delayed time of set of RM-C need to be 

addressed in order for them to be suitable as production Class F fly ash substitutes in 

concrete. 
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Chapter 6: Conclusions 

Chapter 6 concludes the research presented in this thesis. Section 6.1 readdresses 

the scope of the project that initiated this research. Section 6.2 draws conclusions from the 

results of testing the reclaimed and remediated fly ashes. Section 6.3 discusses 

recommendations for use of the materials presented in this thesis and suggests future work. 

6.1 SUMMARY OF PROJECT 

To prepare for the upcoming shortage in fly ash supply due to competing fuel 

sources and emission standards, potential alternatives were researched and five materials 

were presented in this thesis. The alternatives studied were specifically for “production” 

Class F fly ash (fly ashes that require no additional modifications after recovery from coal-

fired power plant using electrostatic precipitators or mechanical devices such as baghouses) 

for use in concrete. For these materials to qualify as acceptable substitutes for production 

Class F fly ash, they must pass ASTM International requirements, as well as have 

comparable performance in paste, mortar and concrete testing. The alternative materials 

that were tested in this research included: two reclaimed fly ashes and three remediated fly 

ashes. Reclaimed fly ashes are fly ashes that are retrieved from disposal sites, while 

remediated, or beneficiated, fly ashes are those that do not meet the requirements of ASTM 

C 618 specifications and are treated in order to do so.  

6.2 CONCLUSIONS 

 All the reclaimed and remediated fly ashes exhibited pozzolanic behavior in the 

testing presented in this thesis and are able to perform similarly to a production Class F fly 

ash in certain applications and environments. Material characterization showed that all the 

materials passed ASTM C 618 requirements for a Class F fly ash, with the exception of 

RC-G, which exceeded the moisture content maximum by under 1%. However, as 
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previously discussed, this condition can be easily remedied by the supplier. Advanced 

characterization tests showed differences in composition and particle shape between the 

remediated fly ashes and the production fly ash, FA. For example, the remediated fly ashes 

contained more SiO2 and alkalis in comparison to FA, as can be seen in Table 2.4. The 

remediated fly ashes differed from FA in particle shape, where the remediated fly ashes 

were more angular in shape in comparison to the round particles of FA, as can be seen in 

the ESEM images in Appendix A.  

Flowability of pastes, mortar and concrete was significantly impacted by the 

particle shapes of the materials, which were characterized using ESEM, shown in 

Appendix A and summarized in Table 2.12. Rheological testing showed that the 

remediated fly ash pastes had higher yield stresses and viscosities in comparison to the 

OPC and FA pastes. FA decreased the yield stress of the paste in comparison to OPC paste 

due to its large round particles, while the smaller angular particles of the remediated fly 

ashes resulted in a stiffer mix. The reclaimed fly ashes had round particles, so pastes 

containing these materials performed similarly to FA pastes in rheology testing. The 

rheology results correlate well with mortar flow and concrete mixture slumps, with the 

exception of RM-C. It was seen that RM-L and RM-S noticeably decreased the flow and 

slump of the mortar and concrete, respectively, while the reclaimed fly ashes increased the 

flow and slump. RM-C, however, increased the flow of the mortar and slightly decreased 

the slump of the concrete in comparison to OPC. 

Foam index testing indicated that RC-M paste required a higher dosage of AEA 

despite having a low LOI, likely caused by the presence of activated carbon. RM-C and 

RM-S, both having higher LOIs than FA, required higher dosages of AEA in foam index 

testing. 
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Despite delaying the time of set of concrete mixtures, none of the SCMs had a 

significant impact on the hydration of the cement, with the exception of RM-C. The rate of 

heat evolved per gram of cement, Figure 3.3, shows a delayed heat of hydration peak for 

RM-C paste. This correlates to the delayed time of set exhibited by RM-C concrete. 

Though the use of a Class F fly ash can delay the setting time of concrete, RM-C concrete 

took over three hours longer than FA concrete to reach final set, which is a more substantial 

delay than is usually expected with fly ash (ACI 232, 2003). 

Pozzolanicity of the materials was evaluated in paste, mortar and concrete testing. 

The recently developed R3 test indicated that the reclaimed and remediated fly ashes were 

pozzolanic with paste cumulative heats comparable to FA paste. The CH contents of pastes 

containing the reclaimed and remediated fly ashes, as determined through DSC/TGA, agree 

with the R3 test results, suggesting pozzolanicity in all fly ashes. All SCM-containing 

pastes exhibited a lower CH content at 90 days than the OPC paste, with the exception of 

RC-G paste, which had a similar content to OPC paste. Concrete cylinder compression 

testing showed this same trend, where RC-G and OPC concretes had comparable strengths 

at 90 days, while the remaining SCM-containing concretes had higher strengths. Mortar 

compressive strength testing deviated slightly from the trend, where RM-L and RM-S 

mortars also had comparable strengths to RC-G and OPC mortars. This still indicates that 

the materials are pozzolanic since they achieved similar strengths to OPC mortar and 

concrete despite the cement dilution. 

In terms of durability, all the SCMs performed well in ASR and RCPT testing, 

indicating that a 20% replacement of cement by mass is effective in suppressing ASR and 

reducing the amount of charge passed through the concrete matrix. Only the remediated 

fly ash mortars were able to withstand sulfate attack, while the reclaimed fly ash and FA 

mortars failed before six months. 
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6.3 RECOMMENDATIONS AND SUGGESTIONS FOR FUTURE WORK 

 All of these materials can potentially be used as a production Class F fly ash 

substitute in concrete. However, the following should be noted: 

 The use of both reclaimed fly ashes, RC-G and RC-M, should be avoided when sulfate-

resistant concrete is required.  

 For use of RM-L and RM-S, a WRA is necessary in to increase the flow of the concrete 

in applications where high flowability is desired. 

 RM-C requires the use of an accelerating admixture in order to reduce the time of set. 

This is necessary in order to avoid complications in the field when concrete finishing 

in a timely manner is necessary to proceed in the construction process. Additionally, a 

WRA is required if a flow comparable to FA concrete is desired. 

Admixture interaction testing showed varying optimum dosages for SCM-

containing pastes for AEA. Additional admixture testing using concrete specimens can 

give a better understanding of how these materials respond and their optimum dosages. 

Rheological as well as concrete testing using WRAs is also necessary in order to determine 

their compatibility and optimum dosages for concretes containing these reclaimed and 

remediated fly ashes. 

Although the ASTM C 1567 (2013) accelerated mortar bar method is commonly 

used in order to predict the ability of an SCM to suppress ASR, it should only serve as a 

screening test (Thomas, 2011). Future testing using the concrete prism method, ASTM C 

1293 (2015), can give a better indication into the ability of the reclaimed and remediated 

fly ashes to suppress ASR. Additional work involving increasing SCM replacement for 

sulfate resistance testing can reveal if the reclaimed fly ashes can protect against sulfate 

ingress. 
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Finally, fly ash physical, chemical and mineralogical properties can vary widely 

and influence the behavior of cementitious mixtures differently based off of the coal 

source, burning conditions and collection and storage conditions (Thomas et al., 2017). 

Disposal methods and location can also alter these fly ash properties (McCarthy et al., 

2017). Reclamation and remediation methods also differ from plant-to-plant. Because of 

this, the recommendations presented in this thesis only represent the specific materials 

tested, not all reclaimed and remediated fly ashes. Testing on a larger sampling of 

reclaimed and remediated fly ashes can reveal the best reclamation and remediation forms 

in order to obtain a quality fly ash. 
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Appendix A – ESEM Images 

 

Figure A.1: ESEM image of RC-G at 250x 

 

Figure A.2: ESEM image of RC-G at 500x 
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Figure A.3: ESEM image of RC-G at 1000x 

 

Figure A.4: ESEM image of RC-G at 2000x 
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Figure A.5: ESEM image of RC-M at 250x 

 

Figure A.6: ESEM image of RC-M at 500x 
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Figure A.7: ESEM image of RC-M at 1000x 

 

Figure A.8: ESEM image of RC-M at 2000x 
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Figure A.9: ESEM image of RM-C at 250x 

 

Figure A.10: ESEM image of RM-C at 500x 
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Figure A.11: ESEM image of RM-C at 1000x 

 

Figure A.12: ESEM image of RM-C at 2000x 
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Figure A.13: ESEM image of RM-L at 250x 

 

Figure A.14: ESEM image of RM-L at 500x 
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Figure A.15: ESEM image of RM-L at 1000x 

 

Figure A.16: ESEM image of RM-L at 2000x 



 78 

 

Figure A.17: ESEM image of RM-S at 250x 

 

Figure A.18: ESEM image of RM-S at 500x 
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Figure A.19: ESEM image of RM-S at 1000x 

 

Figure A.20: ESEM image of RM-S at 2000x 
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Appendix B – X-Ray Diffractograms 

 

Figure B.1: X-ray diffraction pattern of OPC 

 

Figure B.2: X-ray diffraction pattern of FA 
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Figure B.3: X-ray diffraction pattern of RC-G 

 

Figure B.4: X-ray diffraction pattern of RC-M 
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Figure B.5: X-ray diffraction pattern of RM-C 

 

Figure B.6: X-ray diffraction pattern of RM-L 
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Figure B.7: X-ray diffraction pattern of RM-S 
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Appendix C – R3 Calorimetry Plots 

  

Figure C.1: Cumulative heat evolved per gram of SCM of reclaimed fly ashes 

  

Figure C.2: Cumulative heat evolved per gram of SCM of remediated fly ashes 
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Appendix D – Concrete Mixture Designs 

Table D.1: OPC Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 564 (335) 

Water 265 (157) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1807 (1072) 

Fine Aggregate (Colorado River sand) 1342 (796) 

Air 2 vol.%  

 

Table D.2: FA Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

FA 113 (67) 

Water 288 (171) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1806 (1072) 

Fine Aggregate (Colorado River sand) 1290 (765) 

Air 2 vol.%  

 

Table D.3: RC-G Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

RC-G 113 (67) 

Water 292 (173) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1803 (1070) 

Fine Aggregate (Colorado River sand) 1296 (769) 

Air 2 vol.%  
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Table D.4: RC-M Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

RC-M 113 (67) 

Water 293 (173) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1802 (1070) 

Fine Aggregate (Colorado River sand) 1303 (773) 

Air 2 vol.%  

 

Table D.5: RM-C Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

RM-C 113 (67) 

Water 289 (171) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1805 (1071) 

Fine Aggregate (Colorado River sand) 1295 (769) 

Air 2 vol.%  

 

Table D.6: RM-L Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

RM-L 113 (67) 

Water 287 (170) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1803 (1070) 

Fine Aggregate (Colorado River sand) 1300 (771) 

Air 2 vol.%  
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Table D.7: RM-S Concrete Mixture Design  

Component 
Amount 

[lb/yd3 (kg/m3)] 

OPC 451 (268) 

RC-G 113 (67) 

Water 284 (168) 

Coarse Aggregate (Colorado River gravel), ¾ in (19 mm) 1804 (1070) 

Fine Aggregate (Colorado River sand) 1302 (772) 

Air 2 vol.%  
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