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ABSTRACT 0F

1 

This research explores the influence of thermo-mechanical beneficiation methods on the physicochemical 

characteristics and reactivity of fly ashes disposed of in landfills (LFAs) obtained from power plants in 

Wyoming and Colorado, USA. An in-depth assessment was conducted on the mechanical and 

performance aspects of mortar samples incorporating these LFAs, including reactivity, compressive 

strength, electrical resistivity, resistance to alkali-silica reaction-induced expansion, water absorption, and 

chloride permeation. The findings indicate that the beneficiation processes effectively enhanced the 

properties of the substandard ashes, ensuring that all beneficiated ashes met the rigorous standards set by 

ASTM C618. Thermo-mechanical beneficiation notably improved the physicochemical properties of 

LFAs, resulting in a reduction in loss on ignition (LOI) and an increase in fineness. The results 

demonstrated enhancements in the strength activity index of all LFAs post-beneficiation, surpassing the 

minimum requirement of 75% at 28 days. Furthermore, beneficiation increased heat release and calcium 

hydroxide consumption, indicating improved pozzolanic reactivity. In most instances, the mortar samples 

exhibited comparable or superior mechanical and durability performance compared with ASTM C618-

compliant fly ash. These findings underscore the potential of beneficiated and reclaimed LFAs as 

practical alternatives in concrete production, particularly in light of the expected shortage of fly ash in the 

U.S. and globally.  

 
1 This report is based on the contents from the following published journal papers:  

Shakouri, M., Teymouri, M., Vaddey, N. P., Zhang, C., Ksaibati, K., Kuinkel, M. S., & Liu, P. (2023). “Enhancing 

physiochemical properties and reactivity of landfilled fly ash through thermo-mechanical beneficiation.” Cement 

and Concrete Composites, 144, 105310. 

Shakouri, M., Ahmed, A. A., & Teymouri, M. (2024). “Evaluating the performance of thermomechanically 

beneficiated fly ash blended mortar.” Construction and Building Materials, 411, 134401. 
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EXECUTIVE SUMMARY 

This research seeks to assess the effectiveness of thermomechanically beneficiated landfilled fly ashes 

(LFA) obtained from landfills in Wyoming and Colorado, USA, as a viable substitute for traditional fly 

ash in the production of concrete.  

 

 

 

 

 

Background 

In the concrete industry, supplementary cementitious materials (SCMs) are vital for their contributions to 

enhanced mechanical performance, increased durability, reduced energy consumption, and decreased 

greenhouse gas emissions. Fly ash, a notable SCM derived from coal combustion in power plants, 

improves concrete workability, strengthens later age performance, and enhances resistance against 

various forms of deterioration. However, traditional fly ash in North America has experienced significant 

shifts in availability and quality over the past decade. Strict air pollution regulations targeting coal-fired 

power plants have impacted the operation and control of these facilities, altering the composition and 

characteristics of generated fly ash. Additionally, the shift in the energy production landscape toward 

natural gas has led to a decrease in fly ash production, affecting its suitability for concrete use. These 

interconnected challenges necessitate a reevaluation of conventional fly ash supply, urging the 

exploration of alternative solutions to ensure a consistent and suitable supplementary cementitious 

material for the concrete industry. 

Traditionally, unused fly ash has been managed through landfilling and surface impoundments due to 

storage limitations in power plants. In this context, a considerable portion of fly ashes designated for 

landfills is often labeled as “off-spec,” indicating non-compliance with standards regulating the use of 

coal fly ash in U.S. concrete mixtures. Nonetheless, there is substantial potential to reclaim LFAs and 

repurpose them following beneficiation. This is in line with the ongoing movement to reduce the carbon 

footprint associated with the cement and concrete industry. 

Methodology 

Landfilled fly ash was sampled from the Jim Bridger and Dave Johnson power plants in Wyoming and 

Nucla station in Colorado. The chemical and physical properties of these LFAs in the as-received 

condition were evaluated, and those not conforming to ASTM C618 requirements underwent mechanical 

and thermal beneficiation, involving grinding in a ball mill and exposure to high temperatures in a muffle 

furnace. A comprehensive set of experiments was conducted to assess the performance of mortars that 

combine ordinary Portland cement (OPC) and beneficiated LFA in terms of physical and chemical 

properties, reactivity, compressive strength, electrical resistivity, resistance to alkali-silica reaction-

induced expansion, water absorption, and chloride permeation. 

Results 

This study’s findings show that thermo-mechanical beneficiation significantly impacts the 

physiochemical properties of landfilled fly ashes, resulting in reduced carbon content and increased 

fineness. X-ray diffraction analysis showed minimal changes in mineral composition post-beneficiation. 

LFAs, especially after beneficiation, exhibited improved reactivity as indicated by the strength activity 

index and modified R3 tests. Higher temperatures led to a notable reduction in LOI, with implications for 

enhancing fly ash reactivity. Beneficiated LFAs performed well, achieving strength levels comparable to 

or exceeding OPC and ASTM compliant fly ash. LFAs exhibited evolving electrical resistivity, 

surpassing OPC after 56 days, suggesting microstructural improvements. LFAs, particularly the sample 

from Nucla station, demonstrated greater resistivity than FA, indicating improved microstructure. LFAs 
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show reduced chloride ingress, with UNucla surpassing ASTM compliant fly ash, highlighting enhanced 

resistance. LFAs effectively suppressed ASR-induced expansion and reduced water absorption rates, 

indicating enhanced durability potential and improved water penetration resistance. 
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1. INTRODUCTION 

Supplementary cementitious materials (SCMs) play a crucial role in the concrete industry, offering 

advantages like enhanced mechanical performance, increased durability, reduced energy consumption, 

and diminished greenhouse gas emissions [1-5]. One notable material in this category is fly ash, a by-

product of coal combustion in power plants, which brings about various benefits. It improves the 

workability of concrete, augments later age strength, and fortifies concrete durability against diverse 

forms of deterioration [6-9]. These positive outcomes arise from the pozzolanic reaction between fly ash 

and Portland cement, leading to the production of additional calcium silicate hydrate (C-S-H), decreased 

porosity, and increased mass transport resistance in concrete [10-13]. 

Nevertheless, the availability and quality of traditional fly ash have undergone significant shifts over the 

past decade in North America [14, 15]. Stringent air pollution regulations targeting emissions from coal-

fired power plants have resulted in modifications to the operation and control of these facilities, impacting 

the composition and characteristics of the generated fly ash [16]. Furthermore, a noticeable transition in 

the energy production landscape—moving away from coal-fired power plants toward alternative sources 

like natural gas—has caused a reduction in fly ash production, diminishing its availability and affecting 

its suitability for use in concrete [17, 18]. These intertwined factors mandate a reevaluation of the 

conventional fly ash supply, prompting the exploration of alternative solutions to ensure a consistent and 

suitable supplementary cementitious material for the concrete industry [19-22]. 

Traditionally, unutilized fly ash has been handled through landfilling and surface impoundments, 

primarily due to storage limitations in power plants [23-25]. According to a recent report by the American 

Coal Ash Association (ACAA), approximately 28 million tons of fly ash were generated in the U.S. in 

2021 [26]. Out of this total, roughly 11.9 million tons found application in concrete, while around 9.2 

million tons were disposed of in landfills. A substantial proportion of fly ashes discarded in landfills 

(LFAs) is often categorized as “off-spec,” indicating their non-compliance with ASTM C618 [26] or 

AASHTO M295 [27] standards that regulate coal fly ash usage in U.S. concrete mixtures. These off-spec 

ashes frequently manifest characteristics like inadequate fineness or elevated loss on ignition (LOI), 

leading to their exclusion from ASTM C618 [26] or AASHTO M 295 [27] specifications due to the 

failure to meet stipulated requirements. As a result, the incorporation of landfilled fly ash in concrete 

production has been constrained. Notably, based on historical trends in coal fly ash generation and 

disposal, an estimated quantity of nearly 5 billion tons of coal fly ash has been deposited in landfills 

proximate to U.S. power plants [28]. Moreover, the global annual escalation in coal fly ash deposition is 

approximately 0.5 billion tons [29]. This accumulation signifies a substantial opportunity to extract and 

process these ashes, aiming to enhance their quality and render them more suitable for use in concrete 

[30]. 

 

 

For many years, a specific standard for assessing the compliance of collected LFAs has been lacking. 

Consequently, researchers and practitioners have adhered to the chemical and physical criteria outlined in 

the ASTM C618 standard [31]. In March 2023, a revised version of ASTM C618 was introduced [26], 

broadening the definition of coal ash to encompass harvested ash from landfills and impoundments, along 

with bottom ash. Notably, there were no alterations to the chemical and physical requirements, and LFAs 

are still expected to meet the previous specifications.  

The utilization of an LFA often presents challenges due to its elevated carbon content, particle 

agglomeration, partial hydration, and reduced reactivity. Various approaches can be employed to tackle 

these challenges [32]. A cost-effective method involves leveraging the distinction in particle size 

distribution between carbon particles and LFA through dry sieving. McCarthy et al. [33] demonstrated the 

effectiveness of sieving LFA through a 63-µm sieve, resulting in a significant reduction in LOI from 

6.1% to 3.2%. Another method, liquid-suspension gravity separation, combines fly ash with a liquid, 
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typically water, relying on the differing densities and settling behaviors of fine and coarse particles in fly 

ash to segregate various particle sizes [34, 35]. However, this technique is mainly applied in laboratory 

settings for isolating and subsequently analyzing carbon particles [17-19]. Additional separation 

techniques, such as ultrasonic sieving and electrostatic separation, have been employed to decrease the 

LOI of ash [36-38]. Notably, electrostatic separation methods have found commercial application in 

separating unburned carbon from fly ash. 

 

 

 

 

Less common techniques for carbon separation have been explored in the literature, including methods 

like chemical passivation, fluidization, and acid digestion [39]. In the chemical passivation process, a 

sacrificial surfactant is introduced into the fly ash, binding to carbon particle surfaces and preventing their 

absorption of air-entraining admixtures in concrete. It is crucial to highlight that this approach does not 

diminish the LOI value; rather, it serves to neutralize carbon. Fluidization entails introducing a non-

reactive gas, such as helium, into a vertical tube containing a small sample, causing ash particles to 

ascend to the upper portion of the tube [40, 41]. Finally, acid digestion involves removing mineral 

components from fly ash through exposure to acids like hydrofluoric and hydrochloric acids, resulting in 

the exclusive retention of carbon particles [42]. 

Heat treatment represents another strategy to diminish the carbon content and LOI. The process of 

burning off excess carbon in LFAs typically requires temperatures ranging from 400°C to 800°C [43]. 

However, if the LFA contains heavy metal contaminants, higher temperatures exceeding 1,200°C may be 

necessary [44]. Such elevated temperatures can significantly escalate costs and potentially compromise 

the environmental advantages associated with LFA usage. Hence, a thorough consideration of the cost-

benefit analysis of thermally beneficiating LFA is essential. Mechanical grinding of LFA is yet another 

approach employed to enhance its pozzolanic reactivity. By breaking down the LFA’s porous particles, 

the surface area is increased, which positively correlates with improved reactivity [45, 46]. 

Recent investigations into landfilled fly ash have delved into various facets, such as the utilization of 

high-sulfur and high-alkali fly ash sourced from coal-fueled power plants equipped with desulfurization 

systems [23]. Research studies have explored the recovery of fly ash from wet-storage areas for concrete 

applications [33], delved into the pozzolanic properties of fluidized bed combustion fly ash [21], and even 

assessed the use of unmanned aerial vehicles (UAVs) for estimating fly ash quantities in landfills [47]. 

Given the inherent diversity of properties within LFAs, compounded by the influence of assorted 

contaminants and environmental conditions on their characteristics, proposing a universal solution to 

enhance LFA performance becomes a formidable challenge. Therefore, it is imperative to investigate each 

LFA source independently to garner reliable and accurate results. 

In light of the anticipated scarcity in fly ash supply, this study aims to evaluate the performance of 

thermomechanically beneficiated LFA sourced from landfills in Wyoming and Colorado, USA, as a 

potential alternative to conventional fly ash in concrete production. The distinctive aspect of this research 

lies in its thorough exploration of source-specific variables and the application of thermomechanical 

beneficiation techniques. The study employs a comprehensive series of experiments to assess the 

performance of mortars blending ordinary Portland cement (OPC) and LFA, considering various critical 

parameters. These parameters encompass physical and chemical properties, reactivity, compressive 

strength, electrical resistivity, resistance to alkali-silica reaction-induced expansion, water absorption, and 

chloride permeation. Collectively, these evaluations serve as crucial benchmarks for gauging the 

material’s long-term durability and its ability to withstand real-world challenges related to deterioration 

and durability.  
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2. LANDFILLED FLY ASH SAMPLE COLLECTION 

2.1 Power Plants 

2.1.1 Jim Bridger Power Plant  

The Jim Bridger Power Plant is a 2,441.9 MW coal-fired power station operated by PacifiCorp near Point 

of Rocks, Wyoming. Established in 1974, the power plant is located southwest of Wyoming, as shown in 

Figure 2.1. There are four 565 MW power generation units currently in operation. Of these four units, two 

are in the process of being converted into gas. The plant currently has one industrial landfill and two flue 

gas desulphurization (FGD) ponds in operation and the construction of an additional FGD pond is 

forthcoming.  

Figure 2.1  Location map of Jim Bridger Power Plant 

2.1.1.1 Industrial Landfill at Jim Bridger Power Plant 

The industrial landfill is in a long shallow valley approximately three miles north of the plant, as shown in 

Figure 2.2. The landfill is used for the disposal of dry bottom ash, fly ash, and industrial solid waste. 

Construction of the landfill began in the spring of 1986 and started to receive ash in July 1986. The total 

landfill area comprises approximately 234 acres of land. The only source of incoming waste to the landfill 

is the plant. No waste materials from the public are accepted for disposal.  
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Figure 2.2  Industrial landfill at Jim Bridger Power Plant 

2.1.2 Dave Johnston Power Plant  

The Dave Johnston Power Plant is a 922.2 MW coal-fired power station operated by PacifiCorp near 

Glenrock, Wyoming. Established in 1959, the power plant lies in the central east of Wyoming, as shown in 

Figure 2.3. Four power generation units are currently in operation: Unit 1: 133.6 MW, Unit 2: 133.6 MW, 

Unit 3: 255.0 MW, and Unit 4: 400.0 MW. The plant currently has two CCR units: expansion landfill and 

ash pond.  

Figure 2.3  Location map of Dave Johnston Power Plant 
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2.1.2.1 Expansion Landfill at Dave Johnston Power Plant  

The expansion landfill is approximately a mile northeast of the plant, as shown in Figure 2.4. The landfill 

is used for the disposal of FGD scrubber waste, fly ash, and bottom ash. The landfill started to receive 

CCR in July 1993. The total landfill area comprises approximately 122.6 acres of land.  

 

 

 

 

 

  

Figure 2.4  Dave Johnston Power Plant with the expansion landfill 

2.1.3 Nucla Power Plant  

The Nucla Station, operated by Tri-State Generation and Transmission, was a 113.8 MW coal-fired power 

station located near Nucla, Colorado. The power station retired in September 2019. Established in 1959, 

the plant had four units in operation—three units with 11.5 MW and one unit with 79.3MW, respectively.  

We went through a series of conversations with the personnel at Nucla Station and scheduled a virtual 

meeting that made us aware of the current situation of the station and landfill. Almost all the areas of the 

landfill have been covered by soil and vegetation. The project manager of the generation, David J. Braun, 

said that the route to the landfill would be very difficult since the roads were not fully developed. For these 

reasons, sample collection from the landfill was not possible, and we had to rely on the available samples 

supplied to us from Tri-State Generation and Transmission headquarters. The samples contained two five-

gallon buckets of fly ash and bottom ash, respectively.    



6 

 

2.2 Observations and Findings with Sampling Plan 

2.2.1 Sampling Plan  

A proper method of sampling the fly ash data is shown in Figure 2.5. In this project, sampling method A 

had to be adopted because of the area constraints in the landfill. We had to break down the area of fly ash 

into two parts (we chose the area where fly ash did not contain many pebbles and had satisfactory quality 

as per visual inspection).  

 

 
 

 

 

Figure 2.5  Left: Method A – stratified random sampling approach, Right: Method B – regular grid-based 

sampling 

2.2.2 Jim Bridger Power Plant  

During the visit, we observed that there were only three cells in the landfills actively receiving the fly ash, 

bottom ash, and mixed waste, respectively. The rest of the landfill was covered with a 2.5-ft. layer of 

topsoil and other waste materials. Hence, we could extract the samples from the three active cells only. 

Figure 2.6 represents the status of the landfill with active cells.  
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Figure 2.6  Industrial landfill with active cells 

Note: We were restricted to use the drone or any other instruments to collect the aerial images of the 

landfill, which is why we had to rely on Google Earth images. This Google Earth image has not been 

updated since 2017, so, the landfill area at present is not the same as shown in the image.  

We extracted samples from eight locations, as shown in the figure. From the eight locations, 14 samples 

were extracted. The samples for bottom ash and mixed ash were extracted from the center of the area 

covered by those materials. The details are summarized in Table 2.1. 

Table 2.1  Summary information of collected samples from JB Power Plant 

Location Type Number of Samples 

A Fly Ash 3 

B Fly Ash 1 

C Fly Ash 1 

D Fly Ash 1 

E Fly Ash 3 

F Fly Ash 1 

G Bottom Ash 1 

H Mixed Ash 3 
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Figure 2.7  Sampling plan of fly ash in Jim Bridger Power Plant 

As shown in Figure 2.7, three samples in each part of the landfill were collected from the center. Other 

features were:  

1. The bottom ash and fly ash are about a year old while the mixed ash is about 4–5 years old.  

2. The fly ash is Class-F.  

2.2.3 Dave Johnston Power Plant 

During the visit, we observed that there was only one part of the landfill actively receiving the CCR. The 

landfill was in the overhaul process during the visit. The CCRs were being landfilled in layers of fly ash 

and bottom ash combined with no separate area for the disposal of fly ash or bottom ash, respectively. In 

most areas, the layer of fly ash was covered with a meter or deeper layer of bottom ash. However, some 

locations in the landfill had fly ash being compacted but not covered by bottom ash yet. Hence, we could 

extract the samples from such areas only. The extracted samples are not that old since all the old samples 

were covered and mixed by layers of bottom ash and other wastes. Two types of fly ash were being 

deposited in the landfill area. The types could be distinguished by visual inspection. The relatively lighter 

sample (whitish) had lime in it. The disposal of the ash was not systematically arranged.  
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Figure 2.8  Expansion landfill at Dave Johnston Power Plant 

Note: 1 & 2–available landfill with landfilled fly ash; 3–overhaul of bottom and fly ash; 4–mixed ash 

(was not accessible); 5–not accessible area.  

As shown in the figure, only two areas were available to extract the samples. We extracted samples from 

14 samples from these two locations. Area 1 had diverse types of fly ash, and in some areas the fly ash 

was also mixed with some bottom ash, which is described in the sample log as well. There were two types 

of fly ash; the one with lime is marked as “Fly Ash 1” in the log; the one without lime is marked as “Fly 

Ash 2.” Area 2 had fly ash without lime. The one mixed with bottom ash was distinguished through 

visual inspection. The bottom ash was brownish (as mentioned by plant personnel). The details are 

summarized in Table 2.2 below.  

Table 2.2  Summary information of collected samples from DJ power plant 

Location Area Type Number of Samples 

A 

1 

Fly Ash 3 

B Fly Ash 1 

C Fly Ash 1 

D Fly Ash 1 

E Fly Ash 1 

F Fly Ash 1 

G Bottom Ash 1 

H 

2 

Fly Ash 1 

I Fly Ash 3 

J Fly Ash 1 
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2.2.4 Sampling Plan of Fly Ash in the Dave Johnston Power Plant  

In Figure 2.9, samples from locations D, E, F, and G were distributed randomly, which is why a proper 

sampling plan could not be established at that part.  

 

 

 

 

 

  

Figure 2.9  Sampling plan of fly ash in area 1 

Figure 2.10  Sampling plan of fly ash in area 2 

Three samples in each part of the landfill were collected from the center.  

Other features included the following:  

1. The bottom ash and fly ash are a few months old from area 1; the fly ash from area 2 is a year old.  

2. The fly ash is Class C.  
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3. MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Cementitious Materials 

Five LFA samples were randomly selected from the collected LFA samples from three different active 

landfill sites: two samples from Dave Johnson (DJ) in Wyoming, two samples from Jim Bridger (JB) in 

Wyoming, and one sample from the Nucla power plant in Colorado. The samples consisted of two 

landfilled Class F fly ash samples (JB1 and Nucla), two landfilled Class C fly ash samples (DJ1 and JB2), 

and one landfilled bottom ash sample (DJ2). The particle size distribution of the collected landfill fly ash 

samples is illustrated in Figure 3.1. 

 

 
 

 

 

 

0.1 1 10 100 1000

0

20

40

60

80

100

C
u
m

u
la

ti
v

e 
p

as
si

n
g

 v
o

lu
m

e 
(%

)

Particle size (μm)

 DJ1

 DJ2

 JB1

 JB2

 Nucla

Figure 3.1  Volumetric particle size distribution of unbeneficiated LFAs 

In addition, a type I/II ordinary Portland cement (OPC) and an ASTM C618-grade fly ash (FA) were 

included in the study for comparative analysis with the LFAs.  

3.1.2 Aggregates 

Three different types of sand were utilized in this study. For testing the strength of mortar specimens 

containing LFAs, a standard-graded sand from Humbolt that adhered to ASTM C788 standard [48] was 

employed. Conventional washed river sand, with a bulk specific gravity of 2,614 kg/m3 and water 

absorption of 1.21%, was used to create specimens for measuring electrical resistivity and a rapid chloride 

penetration test. Highly reactive washed sand with the recorded expansion of 0.9% at 14 days according 

to ASTM C1260 [49], bulk specific gravity of 2,562 kg/m3, and water absorption of 2.98% was used to 

make specimens for assessing resistance to alkali-silica reaction expansion.  

3.2 Beneficiation Process 

Figure 3.2 illustrates the summary of the decision-making process used for beneficiation in this study. 

Prior to the beneficiation process, the samples were dried if necessary and then passed through a No. 100 
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sieve with a nominal opening of 149 μm to remove any larger particles such as sand, coal, or other 

substances. Figure 1 presents the decision-making process employed in this study to identify the 

appropriate beneficiation method for each LFA. The main criteria considered were an LOI value below 

3% and a particle size distribution in which at least 64% of the samples passed through a 45-μm sieve. It 

should be emphasized that ASTM C618 sets a maximum acceptable LOI of 6% for Class F and C fly 

ashes. Nonetheless, for this research, a lower threshold was chosen to examine its impact on enhancing 

the reactivity of LFAs.  

 

 
 

 

 

Figure 3.2  Flowchart illustrating the decision-making process for selecting beneficiation methods for 

different types of LFAs based on physicochemical characteristics 

To determine the optimal temperature for thermal beneficiation, a parametric study was conducted. DJ2 

LFA, which displayed the highest LOI, was divided into four portions, each weighing 5 g. These portions 

were then placed in individual crucibles and securely capped. Subsequently, the crucibles containing the 

LFA samples were subjected to heating at different temperatures: 350°C, 500°C, 600°C, and 700°C. The 

heating process took place for a duration of one hour within a muffle furnace. The LOI of the incinerated 

LFAs was then measured in accordance with ASTM C311 [50] to identify the temperature necessary to 

achieve an LOI below 3%. Based on the results shown in Figure 2, a temperature of 450°C was chosen 

for the thermal treatment of LFAs with an initial LOI exceeding 3%. Another parametric study was 

conducted to determine the optimal grinding duration for the LFAs that did not meet the fineness 

requirement of no more than 34% of particles remaining on a 45-micron sieve (sieve No. 325).  For this 

purpose, approximately 500 grams of an oven-dried DJ2 LFA sample were placed inside a Micro-Deval 

jar (Gilson Inc.). For every 100 grams of ash, ten 9.5-mm diameter stainless steel balls were added to the 

jar, and it was rotated at 100 rpm for durations ranging from 15 to 90 minutes. After each 15-minute 

grinding interval, the fineness of the LFA sample was measured following ASTM C430 [51]. The results 

depicted in Figure 3.3 indicated that a grinding time of approximately 80 minutes was necessary to 

achieve the desired fineness. 
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Figure 3.3  Heating temperature and grinding time optimization for LOI and fineness criteria limits of 

DJ2 LFA 

3.3 Testing Methods 

3.3.1 Chemical and Physical Characterization 

The chemical composition of LFAs was determined through X-ray fluorescence (XRF) analysis  in 

accordance with ASTM C114 standard [52]. For this purpose, one gram of the test sample was weighed 

and mixed with a flux at a mixing ratio of 1:2. The were thoroughly mixed, placed in a platinum crucible, 

and fused into a bead at 1,000°C using a fluxer (Classie, Leneo). The bead was later analyzed in an XRF 

machine (Axios, Panalytical). The LOI was determined in accordance with ASTM C311 [50] by 

incinerating 3 grams of LFA in a covered crucible at 750°C and 950°C for 45 minutes using a muffle 

furnace.  

A carbon/nitrogen analyzer (CN802, VELP Scientific) was employed to measure the total carbon content 

in LFA samples. To achieve this, one gram of the ash sample was deposited into a crucible, which was 

subsequently inserted into the CN802 analyzer. The analyzer subjected the sample to heating within an 

oxygen-purged environment, raising the temperature to 1,030°C, thereby converting the entire sample 

into its constituent elemental forms. The instrument estimated the total carbon content by evaluating the 

concentration of CO2 detected.  

To assess whether the LFAs in this study underwent hydration as a result of exposure to lime and 

moisture in the landfills, thermal gravimetric analysis (TGA) was conducted using a TGA 55 instrument 

by TA Instruments. Approximately 35 mg of the LFAs were used for the TGA analysis. The TGA method 

involved incrementally increasing the temperature at a rate of 10°C per minute from ambient to 1,000°C 

in an inert nitrogen atmosphere. To measure the moisture content, 100 grams of LFA samples were heated 

in an oven at 110°C for 24 hours, following the ASTM C311 guidelines [50]. The fineness of the LFAs, 

represented as the percentage retained on a 45-μm sieve, was determined by wet-sieving 1 gram of LFA 

under a pressurized water stream of 69 kPa, following the ASTM C430 standard [51]. The median 

particle size (d50) and specific surface area of the LFAs were measured using laser diffraction analysis 

with the Mastersizer 2000 equipment (Malvern Panalytical). A feed rate of 750 mg of LFA, at a rate of 
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35%, was utilized under 3.5-bar air pressure. The LFAs’ densities were determined using a Le Chatelier 

flask filled with kerosene, following the ASTM C118 standard [53]. 

 

 

 

 

 

  

The crystallographic properties of LFAs were determined using X-ray diffraction (XRD) analysis. XRD 

patterns were recorded in the 2θ range of 10°–75° using a Bruker D8 Discover DaVinci X-ray 

diffractometer. The instrument was equipped with a Cu Ka X-ray source operating at 40 kV with a current 

of 40 mA. The XRD results were analyzed using the Bruker DIFFRAC EVA software (version 5.1.0.5), 

which incorporated the Crystallography Open Database (COD) [54, 55]. 

The scanning electron microscope (SEM) images were captured using the SEM JEOL 6500F instrument. 

Prior to imaging, the samples were coated with a conductive gold layer. Images were obtained at various 

magnifications, and the voltage applied was set to 5kV. 

3.3.2 Reactivity Measurements 

3.3.2.1 Modified R3 Test 

When supplementary cementitious materials with pozzolanic properties are incorporated into cement, 

they consume the calcium hydroxide generated during cement hydration to form C-S-H, releasing heat in 

the process [56, 57]. This consumption of calcium hydroxide enhances the overall structure of the 

concrete and contributes to improved performance and durability. In this study, the pozzolanicity of LFAs 

was determined based on the modified R3 (rapid, relevant, and reliable) test, which was originally 

proposed by Avet et al. [58] and later modified by Suraneni and Weiss [59]. In this test, Ca(OH)2 powder 

and an SCM are mixed in an alkaline solution made with KOH, and the heat release is measured via 

calorimetry over the span of 7 to 10 days. The original test required adding carbonates [58] and sulfates 

[60] to the paste and maintaining the calorimeter at 40°C. However, to exclude the confounding effects of 

adding carbonates and sulfates on the hydrate phase assemblage and to expedite the hydration process, 

Suraneni and Weiss [32] excluded the addition of carbonates and sulfates and suggested performing the 

calorimetry at 50°C. After the completion of the calorimetry test, the paste sample is used for 

thermogravimetric analysis (TGA) to determine the amount of the Ca(OH)2 still present in the paste. The 

difference between the initial and final Ca(OH)2 content represents the amount of consumed Ca(OH)2 as a 

result of the pozzolanic reaction. 

To perform the modified-R3 test in this study, one part LFAs was first dry mixed with three parts reagent-

grade Ca(OH)2 powder by mass [58, 59]. This mixture was then mixed with 0.5 M KOH solution at a 

liquid-solid mass ratio of 0.9. The materials were then hand mixed for four minutes before being 

transferred to a glass ampule. The ampule was then sealed and kept inside an isothermal calorimeter 

(TAM Air, TA instruments) for 10 days maintained at 50°C ± 0.05°C to measure the heat release. After 

10 days, TGA was carried out using a Q500 TA Instrument 55 on about 20 mg of the paste powder to 

determine the consumed calcium hydroxide content. The TGA method involved ramping up the 

temperature at 20°C/minute from ambient to 500°C in an inert nitrogen atmosphere. The amount of 

calcium hydroxide content in the cementitious paste, expressed in grams per 100 grams of paste, was 

determined by calculating the mass loss within the temperature range of 350°C to 500°C using the 

tangential method [61]. The data were analyzed using TA Instruments TRIOS® software.  
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3.3.2.2 Degree of Reactivity Test 

The degree of reactivity (DoR) indicates the extent of the reaction between calcium hydroxide and the 

pozzolanic material within a specified timeframe. It is expressed as a percentage, with higher values 

indicating greater reactivity. Assessing the DoR is crucial for evaluating the performance of SCMs in 

concrete, and it serves as an essential input parameter when simulating cement hydration in the presence of 

a material with pozzolanic properties [62-64]. In this study, the DoR of the LFAs was calculated using the 

proposed method by Bharadwaj et al. [65]. This method is based on considering the bulk chemical 

composition of SCMs from XRF analysis and the cumulative heat release in samples prepared for the 

modified R3 test. According to this method, the degree of reactivity (DoR) of an SCM can be estimated 

using Eq. (1): 

 

  

 

   

 

 

DoR =
Q

Q100

(1) 

Where Q is the measured maximum cumulative heat release obtained from calorimetry test in the 

modified R3 test and Q100 is the average heat released by an SCM of the given type at 100% DoR.  

Bharadwaj et al. [65-67] identified a range of values of Q100 for siliceous, calcareous, or silico-aluminous 

SCMs, depending on their chemical composition and the criteria shown in Eq. (2). These criteria obviate 

the need for researchers and industry practitioners to perform thermodynamic simulations and instead 

only require the chemical composition obtained from XRF results. 
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3.3.3 Compressive Strength and Flow Test 

The compressive strength of LFA-blended mortars was assessed using 50-mm cube specimens in 

accordance with ASTM C109 standard [68]. The mixes were prepared based on the proposed mixture 

proportion for the strength activity index test stated in ASTM C311 [50]. Table 3.1 provides a summary 

of the mixture proportion used for testing the compressive strength of samples. Eleven different mixes 

were made for OPC, standard fly ash, and unbeneficed and beneficiated LFAs. The control mix consisted 

solely of OPC cement with a water-to-cementitious material ratio (w/cm) of 0.48. In the remaining mixes, 

20% of the cement mass was substituted with either FA or LFAs. The water content in the LFA-blended 

mixes was adjusted to ensure that the flow of the mix fell within ± 5% of the flow exhibited by the control 

mix.  

The flow test, conducted following ASTM C1437 [69] guidelines, involved the placement of mortar into 

a flow cone positioned on a flow table in sequential layers. Each layer was compacted by tamping it 20 

times to ensure consistent consolidation. Once the cone was filled, the flow table was promptly dropped 

25 times mechanically within a 15-second timeframe. The resulting percent increase in mortar diameter, 

compared with the base diameter of the flow cone, was measured and expressed as the flow value. 

Six cubes were prepared for each mix, resulting in 66 cubes. After molding, the specimens were placed in 

a moist room at a temperature of 23.0°C ± 2.0°C for 24 hours, with the surfaces protected to prevent 

water evaporation. Subsequently, the molds were removed, and the cubes were extracted. These cubes 



were then immersed in a saturated lime solution, following the specifications outlined in ASTM C109 

[68], until the testing day. Compressive strength measurements were conducted at 28 and 90 days to 

evaluate the strength development of the specimens. 

 

 

 

 

 

 

 

  

Table 3.1  Mix proportion of compressive strength test. Six replicates were produced for each mix 

Mix ID 
Cement 

(g) 

LFA 

(g) 

Standard Sand 

(g) 

Water 

(g) 

Average flow diameter 

(in) 

Flow 

(%) 

OPC 500 0.0 1375 242 8.13 103% 

FA 400 100 1375 250 8.30 108% 

UDJ1 400 100 1375 260 8.25 106% 

UDJ2 400 100 1375 260 7.93 98% 

UJB1 400 100 1375 260 8.25 106% 

UJB2 400 100 1375 260 8.28 107% 

UNucla 400 100 1375 260 7.93 98% 

BDJ1 400 100 1375 260 8.23 106% 

BDJ2 400 100 1375 260 8.10 103% 

BJB1 400 100 1375 250 8.28 107% 

BJB2 400 100 1375 250 8.30 108% 

3.3.4 Electrical Resistivity 

To measure the bulk and surface electrical resistivities, cylindrical samples measuring 100×200 mm 

(diameter × length) were prepared using normal sand and the mix proportions specified in Table 3.2. One 

cylinder was cast for each mix. Once cast, the specimens were placed inside an environmental chamber, 

maintained at a temperature of 23°C and a relative humidity of 95% for 24 hours. The specimens were 

then removed from molds and kept inside a simulated pore solution in accordance with ASTM C1876. 

This solution was made by mixing 7.6 g of dry NaOH, 10.64 g of dry KOH, and 2.0 g of dry Ca(OH)2, 

and then adjusting the volume to 1 using distilled water. 

The electrical resistivity was assessed at 40 Hz using a four-electrode concrete resistivity meter with a 38-

mm probe spacing. The bulk and surface electrical resistivity of the specimens were measured at regular 

intervals of 1, 3, 7, 14, 21, 28, 56, and 90 days. The surface resistivity was measured at eight different 

locations on the surface of each concrete cylinder. To determine the bulk resistivity (ρ) of the cylinders, 

they were positioned between two metal plates with a conductive foam sandwiched between the concrete 

and metal plate. The plates were then connected to the resistivity meter to measure the bulk resistance of 

the cylinders. Subsequently, the measured resistance was corrected using Eq. (3) to account for the probe 

spacing and geometry of the specimens. 

 = 
R

2a

A

L
(3) 

Where ρ is the resistivity (kΩ.cm), R is the resistance (kΩ.cm), a is the probe spacing (cm), which was 3.8 

cm in this study, A is the cross-section area of the cylinder (cm2), and L is the length of the cylinder (cm). 

The term A/L in Eq. (1) is often referred to as geometry constant k. 
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3.3.5 Rapid Chloride Ion Penetration Test 

In order to assess the resistance of LFA-blended mortars to chloride penetration, an additional cylindrical 

specimen from each mixture listed in Table 3.2 was cast and subjected to the rapid chloride permeability 

test (RCPT) after 56 days of curing. For this purpose, a 100×50 mm specimen (diameter × length) 

specimen was extracted from the central region of 100×200 mm mortar cylinders using a wet masonry 

saw. Precise measurements of the samples were documented for accurate calculations. Following the 

cutting process, the surfaces of the specimens, except for the two ends, were coated with epoxy and left to 

dry overnight. 

 

 

 

  

Next, the specimens were vacuum saturated for a period of 18 ± 1 hours, following the procedure outlined 

in ASTM C1202 [70]. Once the vacuum saturation was complete, the specimens were placed between 

two acrylic cells. One cell was filled with a 0.30 N NaOH solution, while the other contained a 3% NaCl 

solution. The cells were connected to a power source, and the current passing between the two cells was 

measured at one-minute intervals over a duration of six hours. The total charge passed during this test was 

used to classify the concrete according to ASTM C1202 [70], which assigns five categories ranging from 

negligible to high chloride permeability. 

Table 3.2  Mix proportion for assessing the electrical resistivity, chloride ion penetration resistance, and 

water penetration of LFA-blended mortars. Two replicates were produced for each mixture 

Mix ID Cement (g) LFA (g)  Normal sand (g) w/cm 

OPC 903.0 0.0 2461.2 0.5 

FA 722.4 180.6 2461.2 0.5 

BDJ1 722.4 180.6 2461.2 0.5 

BDJ2 722.4 180.6 2461.2 0.5 

BJB1 722.4 180.6 2461.2 0.5 

BJB2 722.4 180.6 2461.2 0.5 

UNucla 722.4 180.6 2461.2 0.5 

 
3.3.6 Alkali-silica Reaction Expansion 

To investigate the impact of LFA on ASR expansion mitigation, mortar bar specimens were prepared 

using prism molds measuring 25×25×285 mm with a water-cement ratio of 0.5, following the ASTM 

C1260 guidelines [49]. Three replicates were produced for each mixture. The mixture incorporated highly 

reactive sand and selected LFA, as specified in Table 3.3. After filling the molds, they were placed in an 

environmental chamber maintained at 23°C and a relative humidity of 95% for 24 hours. The specimens 

were completely soaked in water in plastic containers and then placed in an oven at 80°C for 24 hours. 

Initial measurements were taken using a length comparator with a digital dial indicator after drying the 

surface of each bar with a towel. Subsequently, the mortar specimens were transferred and immersed in a 

1 M NaOH solution and stored in sealed containers inside an oven maintained at 80°C. The length of the 

specimens was consistently measured over a 14-day period. The expansion of each specimen at each 

measurement point was determined by calculating the difference between the initial measurement and the 

subsequent measurement. The average expansion of the three specimens from each mix was measured 

and reported as the expansion for the corresponding period. 
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Table 3.3  Mix proportion for alkali-silica reaction expansion test. Three replicates were produced for 

each mixture 

Mix ID Cement (g) FA (g) Reactive sand (g) w/cm 

OPC 440 0 990 0.5 

FA 352 88 990 0.5 

BDJ1 352 88 990 0.5 

BDJ2 352 88 990 0.5 

BJB1 352 88 990 0.5 

BJB2 352 88 990 0.5 

UNucla 352 88 990 0.5 

 

 

 

 

 

  

3.3.7 Rate of Absorption of Water 

The rate of water absorption, known as the sorptivity of concrete samples, was evaluated following the 

guidelines outlined in ASTM C1585 [71]. The objective of this test was to determine how quickly water 

is absorbed by the concrete by monitoring the increase in specimen mass over a specific timeframe, up to 

nine days. Water absorption is significant in evaluating concrete durability as it indirectly measures the 

porosity of the concrete that is accessible to water [72]. For this purpose, 100×200 mm cylinders were 

cast following the mixture proportion provided in Table 3.2 and cured for 28 days in lime water. 

Specimens measuring 100×50 mm were then cut from the center of the cured 100×200 mm cylinders. 

Before initiating the absorption procedure, the test specimens underwent conditioning. They were initially 

saturated in a vacuum chamber and subsequently placed in an environmental chamber with a temperature 

of 50°C and a relative humidity of 80% for three days. After this conditioning period, each specimen was 

sealed with wrapping plastic and placed in a container, which was then stored at a room temperature of 

23.0°C ± 2.0°C for 15 days. After the 15-day storage period, the weight of the specimens was recorded. 

The specimens were then immersed in a container of water, ensuring that the bottom 2 mm of each 

specimen was submerged. The mass of the specimens was measured on the 2nd, 3rd, 7th, 10th, and 14th days 

in accordance with the guidelines specified in ASTM C1585 [71]. The absorption in each sample was 

measured using Eq. (4). 

t

w

m
I

a 
=


  (4) 

where, I is the absorption expressed in mm, mt is the change in the specimen mass in grams, at time t, a is 

the exposed surface area of the specimen in mm2, and ρw is the density of water in g/mm3 (0.001 g/mm3). 

The initial rate of water absorption was calculated by fitting a linear regression model to the data and 

determining the slope of the line that fits the data for the first six hours of testing. The initial absorption of 

the concrete is also known as “sorptivity.” Furthermore, the secondary rate of water absorption was 

measured by fitting a linear regression model to the data from days one to seven. 
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4. RESULTS 

4.1 Physical and Chemical Properties of Unbeneficiated LFAs 

Information associated with the chemical composition, LOI (at 750°C), total carbon content, moisture 

content, fineness, median particle size, specific surface area, and density of LFAs, are provided in Table 

4.1 and 4.2. According to the chemical composition of LFAs presented in Table 4.1, the combined 

proportions of SiO2, Al2O3, and Fe2O3 for LFAs ranged from 60.1% in DJ1 to 85.9% in JB1. In contrast, 

the reference fly ash demonstrated a SiO2+ Al2O3+ Fe2O3 value of 82.8%. Note that all LFAs investigated 

in this study met the ASTM C618 requirement for SiO2+ Al2O3+ Fe2O3, exceeding 50% for both Class C 

and Class F fly ashes.  

 

 

 

 

  

Regarding the CaO content, both DJ1 and JB2 showed similar values at approximately 25%, while DJ2 

exhibited a CaO content of 21.33%. Nucla possessed the highest CaO content at 11.46%, which was still 

below the maximum threshold of 18% specified by ASTM 618for Class F fly ash. Regarding the SO3 

content, DJ1 and JB2 once again showed similar values of 1.28% and 1.31%, respectively, which were 

considerably lower than the maximum allowable limit of 5% specified by ASTM C618 for Class C and F 

fly ashes. Nucla had the highest SO3 content at 4.4%, which still fell within the acceptable range. 

Similarly, DJ2 with an SO3 content of 2.2% met the requirement set by ASTM 618. The total alkali 

content (Na2O+K2O) of LFAs ranged from 1.25% to 2.48%, which were all significantly lower than that 

of the reference fly ash. 

Table 4.1  Chemical composition of materials used in this study. The symbol “–” means not applicable or 

not reported in the product mill sheet 

ID. 

Oxide composition (% mass) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI 

OPC 19.24 3.8 2.75 59.05 1.5 2.49 0.17 0.6 9.9 

FA 54.24 18.16 10.42 7.37 1.46 1.3 1.24 2.71 1.13 

DJ1 37.05 17.52 5.49 25.26 4 1.28 0.86 0.46 4.89 

DJ2 37.1 14.91 4.77 21.33 3.39 2.2 0.73 0.52 12.76 

JB1 65.55 15.17 5.18 5.76 1.86 0.47 1.36 1.12 1.55 

JB2 37.47 17.55 5.48 25.09 3.98 1.31 0.91 0.45 4.7 

Nucla 50.3 23.61 2.76 11.46 0.93 4.4 0.47 0.9 2.5 

Table 4.2  Physical properties of OPC, ASTM C618 Class F fly ash (FA), and as-received LFAs 

ID 
Total 

carbon (%) 

Moisture 

content (%) 

Percent retained 

on 45 μm 

d50 

(μm) 

Specific surface 

area (m2/kg) 

Density 

(g/cm3) 

OPC – 0 3.5 NR NR 3.15 

FA – 0.03 17.79 16.34 597.90 2.39 

DJ1 0.92 3.5 37.7 19.34 557 2.78 

DJ2 13.13 23.5 49.51 45.84 441 2.47 

JB1 0.54 3.5 45.98 51.52 386 2.33 

JB2 1.05 2.5 54.28 20.85 466 2.36 

Nucla 4.73 2.5 23.0 32.75 1300 2.56 
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Table 4.2 indicates that, with the exception of JB2 and Nucla LFAs, the moisture contents of the 

remaining LFAs exceeded the 3% limit set by ASTM C618. Among them, DJ2 had the highest moisture 

content of 23.5%. As a result, DJ1, DJ2, and JB1 LFAs required oven-drying. Regarding the LOI values, 

all LFAs, except for DJ2, had an LOI below the maximum threshold of 6%. However, for this study, a 

stricter LOI threshold of 3% was chosen, leading to the thermal beneficiation of LFAs from DJ1, DJ2, 

and JB2. For long-term stored fly ash in a high-moisture environment, fly ash may undergo some 

pozzolanic reactions with the lime in the environment. Therefore, not all the measured LOI can be 

associated with unburned carbon content with certainty. Figure 4.1 shows the TGA and derivative 

thermogravimetry (DTG) performed on the as-received LFAs. Notably, the materials responsible for LOI 

in both inert and reactive atmospheres (e.g., air) differ [73, 74]. Specifically, carbon does not undergo 

oxidation in the presence of nitrogen; however, it can be transformed into CO or CO2 through reactions 

involving the reduction of iron and sulfur compounds at temperatures above 700°C [46, 74-76]. 

Therefore, distinguishing between the decomposition of hydrated phases and the reduction of iron and 

sulfate can be challenging. 

 

 

 
 

 

  

The mass loss between 100°C to 150°C in Figure 3 can be attributed to the evaporation of free water and 

the water released during the conversion of gypsum to hemihydrate and subsequently to anhydrite [77]. 

Additionally, a significant mass loss associated with the release of water from portlandite is observed 

between 400°C to 500°C [77]. Between 570°C and 635°C, the mass loss can be linked to the 

decomposition of mono- or hemi-carbonates or the reduction of iron oxide by organic carbon [74, 77]. 

The decomposition of calcite can be observed around 720°C. Around the same temperature range, starting 

at 650°C and continuing up to 700°C, ferric oxide (Fe2O3) undergoes reduction to form magnetite 

(Fe3O4), subsequently transitioning to ferrous oxide above 900°C [73, 74]. The additional 

dehydroxylations at about 800°C can also be related to the decomposition of C-S-H to wollastonite [77]. 

Table 2 reveals that the total carbon content of ashes ranged from 18% to 100% of the measured LOI, 

indicating that the LFAs were probably hydrated due to exposure to lime and moisture, and the remaining 

portion of LOI can be attributed to the decomposition of hydration products such as portlandite and 

carbonates. 
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Figure 4.1  TGA and DTG of unbeneficiated LFAs 
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Among the LFAs examined, JB2 LFA exhibited the lowest fineness, with 54.28% of ash retained on the 

45-μm sieve. Conversely, Nucla LFA demonstrated the highest fineness, with only 23% retained. The

fineness order of the LFAs, from lowest to highest, was JB2 < DJ2 < JB1 < DJ1 < Nucla. Consequently,

with the exception of Nucla ash, the other LFAs required mechanical grinding to increase their fineness.

The d50 and specific surface area of the LFAs generally correlated with the results obtained from the

fineness measurements using the 45-μm sieve method. The d50 of LFAs ranged from 19.34 μm in DJ1 to

51.52 μm in JB1, following the order of DJ1 < JB2 < Nucla < DJ2 < JB1. Interestingly, Nucla LFA,

despite having the highest fineness based on the 45-μm sieve method, had the third smallest particle size,

which deviated from the expected size order. However, the specific surface area of Nucla LFA aligned

well with the measurements obtained from the 45-μm sieve method. The specific surface area of the

LFAs ranged from 386 m2/kg in JB1 to 1,300 m2/kg in Nucla, following the order of JB1 < DJ2 < JB2 <

DJ1 < Nucla.

  

Table 4.3 provides an overview of the extent to which the physical and chemical requirements of ASTM 

C618 were met, as well as the criteria employed in this study. The results indicated that DJ1, DJ2, and 

JB2 necessitated both thermal and mechanical beneficiation due to their coarse particle size and high LOI, 

whereas JB1 only required mechanical beneficiation since its LOI was below the 3% limit used in this 

study. As the LOI and fineness of Nucla LFA met the maximum limits of 3% and 34%, respectively, no 

beneficiation procedure was conducted on this particular LFA. 

Table 4.3  Beneficiation recommendations based on chemical and physical requirements. The symbol “=” 

means same requirements as ASTM C618 

Criteria ASTM C618-23 This 

study
DJ1 DJ2 JB1 JB2 Nucla 

Class

F

Class

CChemical requirements
SiO2 + Al2O3 + Fe2O3, minimum % 50 50 = ✓ ✓ ✓ ✓ ✓

CaO, % ≤18 >18 = ✓ ✓ ✓ ✓ ✓

SO3, maximum % 5 5 = ✓ ✓ ✓ ✓ ✓

Moisture content, maximum % 3 3 =    ✓ ✓

Max LOI (%) 6 6 3     ✓

Physical requirements 
Fineness (% retained on 45-μm sieve), 

maximum 

34 34 =     ✓

Water requirement, maximum % of 

control 

105 105 =     

Is Beneficiation required? 
Drying ✓ ✓ ✓  

Thermal ✓ ✓  ✓ 

Mechanical grinding ✓ ✓ ✓ ✓ 

4.2 Effect of Beneficiation on the Crystalline Structure and Specific 
Surface Areas of LFAs 

Figures 4.2a and 4.2b demonstrate that the impact of thermo-mechanical beneficiation on the mineral 

composition of LFAs is minimal. Both figures indicate that quartz and merwinite (Ca3Mg(SiO4)2) were 

the primary crystalline phases found in all LFAs. XRD analysis revealed the presence of mullite 

(3Al2O3.2SiO2) and hematite (Fe2O3) peaks in the unbeneficiated DJ1, DJ2, Nucla, and JB LFAs, with 

Nucla and JB LFAs showing a lower intensity. Furthermore, a small quantity of microcline (KAlSi3O8) 

was detected in the bottom ash from DJ2. Only the beneficiated DJ1 and DJ2 sample exhibited the 
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presence of hematite. XRD analysis did not identify any signs of microcline in the DJ2 sample after it 

underwent the beneficiation process. 
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Figure 4.2  X-ray diffraction patterns of standard and landfilled fly ashes. Q: quartz, Me: merwinite,  

Mu: mullite. (a) unbeneficiated, (b) beneficiated. 

Figure 4.3 shows the influence of thermo-mechanical beneficiation on the specific surface area of LFAs. 

Among the four LFA sources that underwent beneficiation, DJ2 stood out with a significant increase of 

approximately 317% in specific surface area after beneficiation. This remarkable enhancement can be 

attributed to the porous and brittle nature of bottom ash [20, 78], along with the combined effect of 

thermal and grinding processes, which effectively broke down the particles, reducing their size and 

increasing the overall surface area of the bottom ash. Note that bottom ash is generally coarser and 

heavier than fly ash. Although there is no study specifically comparing the breaking of particles between 

bottom ash and fly ash when subjected to the same conditions in a ball mill, the size, density, hardness, 

and composition of the material can influence the resulting particle size distribution. DJ1, JB1, and JB2 

also experienced notable increases in specific surface area after beneficiation, with percentage increases 

of 29%, 15%, and 25%, respectively. These improvements suggest that the beneficiation processes 

successfully enhanced the fineness of all the sources by reducing particle size and potentially increasing 

their reactivity.  
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Figure 4.3  The influence of beneficiation on LFA specific surface area 

Figure 4.4 illustrates the SEM images of reference fly ash and beneficiated LFAs. The combustion 

temperature and cooling rate significantly influence the morphology and crystalline structure of fly ash 

particles [79, 80]. The majority of LFA particles were in the size range of approximately 10 to 100 μm 

and exhibited solid spheres and irregularly shaped unburned carbon particles. The morphology of ash 

particles in JB1 and JB2 closely resembled that of the reference fly ash, albeit with larger particles. Other 

LFAs displayed varying degrees of roughness and angularity in their particles. Additionally, minerals and 

mineral aggregates, such as quartz, were often observed on the particle surface as melted spots [81]. Some 

LFAs showed agglomerated particles and irregularly shaped amorphous particles, which can be attributed 

to rapid cooling [81-83]. The Nucla LFA, which met the LOI and fineness requirements of ASTM C618, 

primarily consisted of irregular amorphous particles, likely resulting from inter-particle contact or rapid 

cooling [81]. 
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Figure 4.4  SEM images of standard FA and LFAs. (a) standard FA, (b) beneficiated DJ1, 

(c) beneficiated DJ2, (d) beneficiated JB1, (e) beneficiated JB2, (f) unbeneficiated Nucla 

4.3 Modified R3 Test Results 

Figure 4.5 shows the cumulative heat of hydration measurements of the model system at the 10-day mark. 

Among the unbeneficiated LFAs, the heat release values showed significant variation. The bottom ash 

from DJ2 exhibited a heat release value of 113.92 J/g SCM, while Nucla demonstrated the highest heat 

release of 359.22 J/g SCM. In comparison, the reference fly ash had a heat release value of 285.97 J/g 

SCM, which was approximately 26% lower than the Nucla LFA. The observed differences in heat release 

can be attributed to various factors, including the aluminate content and specific surface area of the LFAs. 

DJ2, with its lower aluminate content and specific surface area, exhibited a lower heat release compared 

with other LFAs and the reference fly ash. On the other hand, Nucla LFA displayed a higher heat release, 

potentially due to its significantly higher aluminate content and specific surface area. These factors 

influence the pozzolanic activity of the LFAs and their ability to consume calcium hydroxide. 

Figure 4.5 shows that beneficiating the LFAs, on average, resulted in an 8% increase in heat release. 

Notably, DJ2 experienced the highest increase in reactivity with a remarkable 23.7% boost, while JB2 

showed the lowest increase of only 0.4%. This indicates that the thermomechanical beneficiation process 

had a positive impact on the LFAs, improving their pozzolanic reactivity and ability to consume calcium 

hydroxide. Despite the improved reactivity achieved through beneficiation, LFAs still exhibited lower 

heat release values compared with the reference fly ash.  
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Figure 4.5  The influence of thermo-mechanical beneficiation process on the cumulative heat release 

measured based on the modified-R3 test 

Figure 4.6 shows that among the unbeneficiated LFAs, DJ1 exhibited the lowest Ca(OH)2 consumption 

with a value of 23 g/100 g SCM, likely due to its lower silica content and higher CaO content. On the 

other hand, Nucla had the highest Ca(OH)2 consumption with a value of 76.4 g/100 g SCM, surpassing 

the sample made with reference fly ash by 57%. The bottom ash from DJ2, with a consumed Ca(OH)2 

value of 27.83 g/100 g SCM, had the second lowest Ca(OH)2 consumption. The JB samples 

demonstrated, on average, double the Ca(OH)2 consumption compared with the DJ samples. The fineness 

of DJ and JB LFAs was similar, suggesting that the DJ LFAs may contain a higher proportion of inert 

materials. 

It is crucial to note that DJ1, DJ2, and JB2 LFAs contained 25.26%, 21.33%, and 25.09% CaO, 

respectively, which were significantly higher (242%, 189%, and 240% higher, respectively) than the CaO 

content in the reference fly ash. The excess lime content in these LFAs, typically added during 

compaction in landfill areas, can explain their lower Ca(OH)2 consumption. Additionally, the silica 

content in these three LFAs was approximately 37% by mass, while the silica content in Nucla, JB1, and 

reference fly ash was 65.5%, 50.3%, and 54.2%, respectively. Consequently, a portion of the higher 

Ca(OH)2 consumption in LFAs with a higher silica content can be attributed to a higher likelihood of 

pozzolanic reaction between Ca(OH)2 and silica, resulting in the formation of C-S-H. 

The results presented in Figure 8 demonstrate the positive impact of thermo-mechanical beneficiation on 

increasing Ca(OH)2 consumption. On average, the data revealed a remarkable 40% increase in Ca(OH)2 

consumption  in beneficiated LFAs compared with their unbeneficiated counterparts. Among the 

beneficiated LFAs, JB2 exhibited the lowest increase with a modest 12.1% rise in Ca(OH)2 consumption. 

On the other hand, DJ2 showcased the highest increase of 74.5%, indicating a significant enhancement in 

Ca(OH)2 consumption. The notable increase in Ca(OH)2 consumption in DJ2 can primarily be attributed 

to two factors resulting from thermomechanical beneficiation. First, thermal beneficiation effectively 

removed excess unburned carbon, which is known to have a negative influence on the reactivity of LFAs 

[84-86]. By eliminating this unburned carbon, the reactivity and ability of the LFA to consume Ca(OH)2 

are greatly improved, leading to increased Ca(OH)2 consumption. Second, the grinding process during 

beneficiation significantly increased the fineness of the ash, as demonstrated in Figure 5. Fineness plays a 

crucial role in enhancing the reactivity of LFAs. The finer the particles, the greater the surface area 
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available for chemical reactions. Consequently, the finely ground ash particles in DJ2 had a higher chance 

of reacting with Ca(OH)2, leading to increased Ca(OH)2 consumption. 
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Figure 4.6  The influence of thermo-mechanical beneficiation on calcium hydroxide consumption in the 

modified-R3 test 

4.4 Degree of Reactivity 

Figure 4.7 illustrates the correlation between cumulative heat release, as measured in the modified R3 test, 

and the predicted DoR value based on the method proposed by Bharadwaj et al. [24]. According to Eq. 

(2), the LFA samples from DJ1, JB2, and Nucla were classified as silico-aluminious materials 

(SiO2/SiO2+Al2O3 <70%); whereas DJ2, JB1, and the reference fly ash were considered to be silicious 

(SiO2/SiO2+Al2O3 >70%). Analyzing the predicted DoR values of LFAs revealed a range from 14.1% in 

unbeneficiated ash from DJ2 to 51.4% in unbeneficiated ash from the Nucla plant. The average predicted 

DoR value of LFAs was 30.9% with a moderate level of variation, as indicated by the standard deviation 

of 11%. The results show that thermo-mechanical beneficiation increased the DoR value of the LFA by 

an average of 8.1%, with the lowest increase of 0.4% observed in JB2 and the highest increase of 23.7% 

observed in DJ2. As mentioned earlier, the substantial positive impact of beneficiation on the DJ2 sample 

can be attributed to a significant reduction in its LOI and an increase in its fineness.  
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Figure 4.7  The predicted degree of reactivity of LFAs based on PRT method 

4.5 Compressive Strength Results 

Figure 4.8 illustrates the compressive strength results of mortar cubes containing unbeneficiated LFAs, 

alongside neat OPC and FA-blended specimens for comparison. At 28 days, the compressive strength 

values exhibited a significant range, varying from 21.76 MPa for UJB1 to 40.20 MPa for OPC. When 

comparing the compressive strength of LFA specimens with that of OPC, UNucla exhibited the highest 

compressive strength of 39.9 MPa, representing more than 99% of the OPC and 11% higher than FA. 

Similarly, UDJ1 demonstrated promising performance with a strength of 33.49 MPa, equivalent to 83% 

of OPC. However, UDJ2, UJB1, and UJB2 exhibited lower early strength, achieving compressive 

strengths of 28.2 MPa, 21.8 MPa, and 24 MPa, respectively, all falling below the minimum 75% of OPC 

strength required by ASTM C618 [26]. 

The 90-day compressive strength results showed an average increase of approximately 31.7% for all 

specimens. The measured 90-day compressive strength of mortar cubes ranged from 32.9 MPa for UJB1 

to 54.2 MPa for Nucla. OPC experienced the lowest strength gain at 15.8%, while UJB1 showed the 

highest increase at 51.1%. These results reaffirm the fundamental mechanisms of later-age strength gain 

when fly ash is incorporated into the mix.  

At 90 days, both Nucla and UDJ1 exhibited excellent performance with strength activity indices (SAI) of 

116.5% and 84.7%, respectively, surpassing the 75% SAI requirement set by ASTM C618. UDJ2 

marginally missed the minimum strength requirement with an SAI of 74.3%, indicating the potential for 

further improvement in its performance. UJB1 and UJB2 also showed promising results, coming 

remarkably close to meeting the 75% threshold, with SAIs of 70.6% and 73.4%, respectively. 
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Figure 4.8  Compressive strength of OPC, FA, and unbeneficated LFA mortar specimen 

Figure 4.9 compares the 28- and 90-day compressive strength of mortars containing beneficiated LFAs 

with neat OPC and a mix with ASTM C618-compliant fly ash. At 28 days, the compressive strength 

values for the mixes ranged from 31.38 MPa to 40.20 MPa, with OPC once again showing the average 

highest strength. The beneficiated LFAs, BDJ1, BDJ2, BJB1, and BJB2, all demonstrated competitive 

strength levels compared with OPC, achieving 86%, 78%, 79%, and 81% of its strength, respectively. 

These results align with previous studies, indicating that the inclusion of ASTM 618-compliant fly ash 

can reduce early concrete strength. This reduction is primarily attributed to a dilution effect and a slower 

rate of fly ash hydration compared with cement [87-89]. 

As the curing period extended to 90 days, the compressive strength of all mixes increased, as expected. 

OPC exhibited a strength gain of 6.36 MPa (15.8%) from 28 to 90 days, in line with typical cement 

hydration behavior. While BDJ2 showed a slightly lower 90-day strength compared with BDJ1, BJB1, 

and BJB2, it still maintained a strength level of 84% of OPC. At 90 days, the compressive strength of 

BDJ1, BDJ2, BJB1, and BJB2 was comparable to that of the standard fly ash. BDJ1, BDJ2, BJB1, and 

BJB2 achieved 87%, 83%, 80%, and 85.6% of the 90-day strength of standard fly ash specimens, 

respectively. These results highlight the potential of beneficiated LFAs as viable and sustainable 

alternatives to the ASTM C618-compliant fly ash in concrete production. The competitive strength 

performance of BDJ1, BDJ2, BJB1, and BJB2 compared to FA suggests that the beneficiation process 

successfully enhanced their pozzolanic properties. Therefore, the utilization of beneficiated LFAs can 

offer significant benefits in terms of strength performance. 
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Figure 4.9  Compressive strength of OPC, FA, and beneficiated LFA mortar specimen 

4.6 Bulk and Surface Electrical Resistivity Results 

Bulk electrical resistivity assesses the material’s overall quality and resistance to ingress of harmful 

elements, while surface electrical resistivity indicates the concrete’s susceptibility to aggressive agents 

and potential vulnerabilities at its outer layer [90, 91]. These properties are crucial in evaluating concrete 

durability as they reveal potential deterioration mechanisms that can impact the material’s long-term 

structural integrity and performance. 

Figure 4.10a shows the bulk electrical resistivity values of the mortar specimens at different time 

intervals. Bulk electrical resistivity is a critical parameter in concrete as it provides insights into the 

material’s resistance against the ingress of harmful species, consequently affecting its durability and 

performance over time. Overall, Figure 4.10a shows a clear increasing trend in resistivity as the mortar 

cured and gained strength over time. The results show that during the first 56 days of curing, BDJ1, 

BDJ2, BJB1, and BJB2 consistently exhibited lower bulk electrical resistivity values compared with 

OPC. However, the pattern changed after 56 days of curing. The results show that BDJ1, BDJ2, BJB1, 

and BJB2 exhibited higher resistivity values than OPC. On the other hand, UNucla consistently 

demonstrated higher bulk electrical resistivity than both OPC and FA mixes throughout the entire testing 

period. This indicates that UNucla was probably more reactive than FA, and the pozzolanic reaction in the 

specimen containing this ash started faster.  

The observed shift in resistivity could be attributed to the development of various hydration products 

resulting from pozzolanic reactions [92]. Additionally, changes in the microstructures of these specimens 

may have also contributed to the observed increase [93]. Note that landfilled fly ash may exhibit 

variations in chemical composition, particle size, and carbon content, which can impact the electrical 

resistivity of concrete [94]. Due to the presence of unburned carbon particles that are electrically 

conductive, incorporating LFA with a higher LOI can lead to a reduction in the electrical resistivity of 

concrete. 

At 90 days, the FA specimen displayed a resistivity of 49.1 Ω.m, approximately 110% higher than OPC. 

Among LFA-blended mixes at 90 days, BDJ2 demonstrated the lowest resistivity, measuring 31.1 Ω.m, 
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which was approximately 25% higher than the resistivity of OPC at the same age. Following closely, both 

BDJ1 and BJB2 had similar resistivity values of 41.6 Ω.m, showing an approximately 78% increase 

compared with OPC. Meanwhile, BJB1 exhibited a resistivity of 50.1 Ω.m, approximately 115% higher 

than OPC. UNucla displayed the highest bulk electrical resistivity among all mixes at 90 days, measuring 

82.2 Ω.m, which was approximately 252% higher than the resistivity of OPC at the same age. These 

results confirm the significant influence of different mix compositions on the mortar’s electrical 

properties. The findings are consistent with the literature, which suggests that the addition of reactive 

supplementary cementitious materials like FA and LFA can lead to lower permeability and higher long-

term electrical resistivity due to the reduction in capillary porosity and hydroxyl ions (OH−) [93, 95-97]. 

  

 

 

 

Comparing the rate of change in bulk electrical resistivity of mixes can also provide useful insights 

regarding the kinetics of hydration and changes in the microstructure of the various mixes. Figure 4.10b 

shows that during the early days (up to around seven days), OPC exhibited the fastest rate of increase, and 

FA showed the slowest. However, after approximately 14 days, UNucla, along with FA, began to display 

the highest rate of increase compared with the other specimens. After day 28, the rate of increase in the 

bulk electrical resistivity of specimens started to plateau, reaching a constant rate ranging from 0.18 

Ω.m/day in OPC to 0.66 Ω.m/day in FA specimens. Interestingly, after 56 days, the rate of increase in the 

bulk electrical resistivity of OPC specimens reached zero, while specimens containing FA and LFAs still 

had a positive rate. This confirms the ongoing pozzolanic reactions in samples containing FA and LFAs, 

which in turn affects the microstructure and bulk electrical resistivity of these specimens.  
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Figure 4.10  (a) Bulk electrical resistivity of OPC, FA, and LFA mortar specimen. (b) rate of change in 

bulk electrical resistivities. 

Figure 4.11a shows the measured average surface electrical resistivity of mortar specimens and the 

corresponding 95% confidence interval. In general, the surface electrical resistivity results are in good 

agreement with the bulk resistivity results. Similar to the bulk resistivity values shown in Figure 4.10, the 

measured surface resistivity of the specimens increased with time in the same order, albeit with higher 

resistivity values. Figure 4.11b suggests that one day after casting the specimens, the surface-to-bulk 

electrical resistivity ratios (SR/BR) ranged from 5.7 in UNucla to 12.6 in BJB2. However, the SR/BR 

values dropped significantly afterward and plateaued between 2 and 3 at later ages. Other studies have 

reported similar SR/BR values ranging from 2 to 4 [98-100]. 
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Figure 4.11  (a) Surface resistivity mortar specimen. (b) The surface-to-bulk electrical resistivity ratio 

over time. The shaded areas represent 95% confidence intervals. 

4.7 Rapid Chloride Permeability Test Results 

The RCPT is integral to concrete durability assessment because it evaluates the material’s resistance to 

chloride ion penetration, a crucial factor in preventing reinforcement corrosion and ensuring the long-term 

structural integrity of concrete structures [101, 102]. High resistance to chloride ion penetration signifies 

reduced vulnerability to deterioration mechanisms, enhancing concrete’s overall durability and extended 

service life. 

Figure 4.12 illustrates the outcomes of the RCPT along with the qualitative zones for chloride ion 

penetrability as recommended by ASTM C1202 [70]. Based on the results, OPC, which recorded a total 

charge passed a value of 5,220 coulombs, falls in the high chloride penetrability zone. The results show 

that the inclusion of FA led to a substantial reduction of 359% in the total charges passed over a 56-day 

timeframe. Except for BDJ2, which did not significantly influence the results of the chloride permeability 

test, all other specimens incorporating LFA demonstrated a significant reduction in the total charge that 

passed compared with OPC. The most remarkable reduction was observed in UNucla, showcasing an 

impressive 423% reduction in total charge passed that signifies major enhancement in chloride resistance, 

even lower than FA by 12%. Following next, BJB1 demonstrated a 248% reduction in total charge passed 

compared with OPC, placing it within the low chloride ion penetrability zone. Both BJB2 and BDJ1 

showed reductions of 144% and 122% in the total charge passed compared with OPC, respectively, 

categorizing them as mixes with moderate chloride penetrability. Finally, BDJ2’s slight reduction of 1% 

aligned it closely with the OPC.  

The rise in concrete resistivity and the reduction in the transferred charge in concrete incorporating LFAs 

can be attributed to two primary factors. One aspect involves alterations in the concrete’s pore structure, 

leading to the formation of smaller pores and decreased porosity [34, 103]. The other aspect relates to the 

decrease in the ionic strength and conductivity of the pore solution within the concrete due to the 

pozzolanic reaction triggered by the presence of fly ash. Research has revealed a direct correlation 

between the resistivity of the concrete and that of the pore solution, along with its overall porosity and the 

connectivity of the pores [103]. 
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Figure 4.12  Rapid chloride permeability test results for OPC, FA, and LFA mortar specimen 

4.8 Alkali-silica Reaction Expansion 

ASR is a chemical reaction that occurs in concrete and can significantly affect its long-term durability 

[104, 105]. ASR involves the interaction between alkalis in the cement and reactive siliceous aggregates, 

leading to the formation of a gel-like substance. This gel can expand over time, causing cracks and 

damage to the concrete, which in turn compromises its structural integrity and overall durability [104, 

105].  

Figure 4.13 illustrates the expansion of OPC, FA, and LFA mortars over a 14-day period as part of the 

ASTM C1567 test. On the initial day of exposure to the NaOH solution, all samples underwent a slight 

expansion of less than 0.1%. Subsequently, while the expansion of FA and UNucla mortars continued to 

rise gradually throughout the test, the OPC specimen and the other LFA-blended specimens demonstrated 

a substantial acceleration in expansion rate up until day three, followed by a comparatively slower 

expansion rate. This indicates that it took about two to three days for a sufficient concentration of 

hydroxyl ions to accumulate in the OPC and other specimens containing BDJ1, BDJ2, BJB1, and BJB2 

ashes to initiate ASR. By the conclusion of the testing period, the OPC specimen displayed the most 

extensive expansion at 0.71%, followed in descending order by BDJ2 (0.60%), BDJ1 (0.52%), BJB1 

(0.51%), BJB2 (0.41%), UNucla (0.25%), and FA (0.22%). 

The reduction in ASR-induced expansion resulting from the inclusion of LFAs can be attributed to 

several underlying factors. First, the replacement of a portion of cement with LFA, given the relatively 

lower reactivity of LFAs compared with cement, results in a reduction of alkalinity in the mortar’s pore 

solution [106, 107]. This reduction, in turn, slows down the ASR process. Second, LFAs exhibited a 

pozzolanic characteristic that leads to the consumption of portlandite and the generation of C–S–H [95, 

96]. In comparison with the OPC specimen, the additional C–S–H formed has the capacity to bind alkalis 

and hydroxyl ions, effectively removing them from the mortar’s pore solution [108, 109]. Prior research 

has shown that the C–S–H produced through pozzolanic reactions tends to have a lower C/S ratio, making 

it more adept at absorbing alkalis that can trigger ASR [110]. Third, as indicated in Table 4.1, all LFAs 

exhibit significantly higher alumina content compared with OPC. A portion of alumina from LFAs can 

dissolve in the pore solution, promoting the pozzolanic reaction that results in the formation of calcium-

Alumino-silicate-hydrate (C–A–S–H), which can ultimately suppress ASR [111]. Finally, due to the 
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pozzolanic reaction triggered by LFAs, the microstructure of the mortars undergoes modification and 

becomes progressively denser over time [112]. This phenomenon can result in a reduction in the rate of 

alkali elements, such as sodium, penetrating from the external environment into the mortar. Consequently, 

this slowdown in penetration contributes to a deceleration of the ASR attack [113]. 
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Figure 4.13  Recorded ASR-induced expansion of OPC, FA, and LFA mortar specimens. The shaded 

areas represent 95% confidence intervals. 

Figure 4.14 presents visual indications of the degree of cracking resulting from ASR in OPC and other 

specimens. These observations can be effectively correlated with the specific expansion data for each 

individual specimen. In the case of OPC, BDJ1, and BDJ2 specimens that encountered significant 

expansions, there was a noticeable abundance of wide cracks spreading outward in a branching manner. 

Among these specimens, BDJ2, as shown in Figure 4.14d, exhibited some of the widest cracks, a few of 

which extended longitudinally along the mortar bar. In contrast, BJB1 and BJB2, having undergone 

comparatively lower expansion than OPC, displayed finer cracks that were less scattered. Remarkably, 

the UNucla specimen exhibited no visible signs of cracking on its surface, aligning with its minimal 

expansion results. On the other hand, the FA sample displayed faint traces of fine cracks on its surface, 

implying that the UNucla ash was more effective in suppressing ASR-induced cracking. 
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Figure 4.14  Visual inspection of ASR cracks. (a) OPC, (b) FA, (c) BDJ1, (d) BDJ2, (e) BJB1, (f) BJB2, 

(g) UNucla. 

4.9 Absorption Rate of Water 

The absorption rate of water is closely related to concrete durability because it directly influences the 

material’s ability to resist moisture and chemical penetration, which are critical factors in maintaining its 

long-term structural integrity [114, 115]. A high absorption rate means that concrete can readily absorb 

water and potentially harmful substances, making it more vulnerable to deterioration mechanisms like 

freeze-thaw cycles, sulfate attack, and corrosion of embedded reinforcement [116]. In contrast, low water 

absorption indicates a concrete’s resistance to moisture ingress and chemical penetration, contributing to 

its long-term durability and service life. Therefore, controlling and minimizing water absorption is crucial 

for ensuring concrete’s durability in real-world applications. Figure 4.15 displays the results of the water 

absorption test conducted on 28-day mortar specimens, while Figure 4.16 illustrates the corresponding 

initial and secondary rates of absorption for each individual specimen. The results indicate a linear 

relationship between absorption and the square root of elapsed time. In Figure 4.15, it is evident that the 
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inclusion of FA and LFAs led to a significant reduction in water absorption. Among the various 

specimens tested, the OPC mortar exhibited the highest water absorption of 3.53 mm; whereas, the 

UNucla specimen demonstrated the lowest absorption at 0.98 mm. Interestingly, the water absorption of 

FA closely resembled that of BJB1. Notably, both BDJ1 and BDJ2 showcased absorption rates 15.8% and 

37% higher than FA, while displaying absorption rates 45.9% and 36% lower than OPC. 

 

 

 

 

The initial absorption rate represents the rate at which water is initially absorbed by the concrete surface, 

while the secondary absorption rate represents the continued rate of water absorption after the initial 

absorption has taken place. The results in Figure 4.16 show that OPC exhibited the highest initial 

absorption rate as well as the highest secondary absorption rate, indicating a more porous structure that 

readily absorbed water. Conversely, the UNucla specimen demonstrated the lowest absorption rates, 

reflecting a denser and less porous composition. The incorporation of FA resulted in the second lowest 

absorption rates after UNucla, suggesting enhanced resistance to water penetration. Among the other 

specimens, BDJ1, BDJ2, BJB1, and BJB2 demonstrated intermediate absorption rates.  

The absorption rate is directly linked to pore structure characteristics like porosity, pore size, and pore 

interconnectivity [117]. The diminished initial and secondary absorption rates observed in specimens 

containing FA and LFA imply that incorporating these materials led to the refinement of pores and likely 

a reduction in the porosity of the mortar specimens [21]. These findings are consistent with the results 

from both the RCPT and bulk electrical resistivity tests, as well as previous investigations [33, 118], 

suggesting that the inclusion of LFAs can reduce the absorption of harmful species and improve the 

durability of concrete.  
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Figure 4.15  Water absorption of OPC, FA, and LFA mortar specimens 



36 

 

 

  

OPC FA BDJ1 BDJ2 BJB1 BJB2 UNucla
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

R
at

e 
o

f 
w

at
er

 a
b

so
rp

ti
o

n
 (

m
m

/s
ec

0
.5

)

Mortar mix

 Initial rate of absorption 

 Secondary rate of absorption

Figure 4.16  Initial and secondary rate of water absorption of OPC, FA, and LFA mortar specimens 



37 

 

5. DISCUSSION 

5.1 Relationship Between LOI Measurements and Carbon Content 

Figure 5.1 illustrates the measured LOI at different temperatures using both a furnace and TGA, along 

with the measured total carbon content of the LFAs. The LOI test has traditionally been employed to 

assess the presence of unburned carbon. According to ASTM C311 [50], the LOI is estimated by 

gradually heating a sample in a furnace, commencing at 110°C ± 5°C and reaching 750°C ± 50°C. The 

resulting weight loss within the specified temperature range, i.e., between 110°C ± 5°C and 750°C ± 

50°C, is then reported as the LOI percentage. Several studies have raised concerns regarding the LOI 

method, suggesting a potential for overestimating unburned carbon in fly ash [75, 76, 119-121]. 

 

 

 

Figure 5.1 demonstrates that temperature and the measurement method employed for LOI can 

significantly influence the results. For instance, increasing the temperature from 750°C to 950°C using 

the furnace method resulted in an average LOI increase of 2.3%. Utilizing TGA to assess mass loss also 

revealed an average increase of 12% and 70% in the measured LOI at 750°C and 950°C, respectively, 

compared with the furnace method. Conversely, the measured total carbon contents of DJ1, JB1, and JB2 

ashes were, on average, 75% lower than the measured furnace LOI at 750°C. DJ2’s total carbon content 

was 4% higher than the furnace LOI at 750°C and 17% lower than the TGA LOI measured at the same 

temperature. Similarly, Nucla ash exhibited a higher total carbon content than the measured LOI at 750°C 

and 950°C. However, the TGA LOI at 950°C for this ash was 40% higher than the total carbon content. 

This overestimation in the unburned carbon content using LOI methods arises from the inclusion of 

various factors in the measurement, such as the mass change attributed to dehydroxylation of physically 

or chemically adsorbed water, which can originate from substances like portlandite, gypsum, or residual 

clays [74, 77]. It also includes water contained within aluminosilicates, iron minerals, and sulfates, as well 

as the decomposition of calcite, dolomite, and sodium bicarbonate [74, 77]. The release of other volatile 

organic compounds and the potential weight gain due to the oxidation of sulfide upon heating also 

contribute to this issue [76, 119]. As a result, it is essential to recognize that while the LOI test is a useful 

tool for quality control, it may not provide an exact quantification of unburned carbon in fly ash and 

should be interpreted with this limitation in mind. 
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Figure 5.1  The relationship between LOI, TGA, and total carbon content 
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Figure 5.2 displays the relationship between furnace and TGA LOI at 750°C and 950°C, and total carbon 

content. The red lines in this figure represent the linear models fitted to the data. The results show strong 

correlations between furnace LOI at 750°C and other LOI measurements (R² > 0.95). According to the 

coefficients of the fitted models, the measured LOI values in the furnace model at different temperatures 

had an almost 1:1 relationship, while the TGA results were higher. At 750°C, the TGA LOI was, on 

average, 1.31 times the furnace LOI; at 950°C, the TGA LOI was, on average, 1.46 times the furnace LOI 

at 750°C. The increase in mass loss in TGA, especially at 950°C, can be associated with the reduction of 

iron and sulfur compounds at this temperature [46, 74-76]. 

 

 

 
 

Figure 5.2d illustrates a moderate correlation between total carbon content and furnace LOI at 750°C, 

with the coefficient being close to 1. Note that total carbon content encompasses both organic and 

inorganic carbons [73, 74]. Unburned carbon in fly ash that can be reduced through thermal processing 

mainly consists of organic carbon, while inorganic carbons are primarily in the form of carbonates in the 

ash. To separate inorganic carbon from organic carbon in fly ash, an acid treatment can be employed prior 

to combustion [122]. However, this process requires further processing; careful consideration is necessary 

when selecting the acid and its concentration and ensuring the ash is not exposed to air after acid 

treatment to avoid carbonation. 
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5.2 Relationship Between Beneficiation Temperature, LOI and LFA 
Reactivity 

Figure 5.3 shows a strong inverse exponential relationship between thermal beneficiation temperature and 

furnace LOI at 750°C. The inverse exponential relationship signifies that LOI reduction is significant at 

higher temperatures and plateaus as the temperature continues to rise. This trend can be attributed to the 

decreasing availability of volatile matter to combust as the temperature surpasses a certain threshold. At 

temperatures above 450°C, the LOI of both DJ1 and DJ2 fell below 3%, indicating that this temperature 

range was effective in reducing the LOI to a desired level. However, it is essential to note that the LOI 

test results can be influenced by various factors. Procedural variations such as cooling time, cooling 

method, sample size, ignition duration, and ignition temperature can affect the LOI values obtained 

during testing [73, 123]. For instance, longer cooling times or variations in the ignition process may result 

in incomplete combustion, leading to higher LOI values [73, 123]. Therefore, it is crucial to carefully 

control and standardize these procedural factors to ensure accurate and reliable LOI measurements. 

The LOI values of coal ash can also vary significantly depending on the type of coal. Lignite ashes 

typically have an LOI ranging from 0% to 5%, and sub-bituminous coal ashes have an LOI ranging from 

0% to 3% [28, 119]. The widest range of variability is observed in bituminous coal ashes, with LOI 

values ranging from 0% to 15% [28, 119]. The wide range of initial LOI values exhibited by DJ1 and 

DJ2, spanning from 4.89% to 12.76%, underscores the broad applicability of the fitted models in Figure 

5.3. These predictive models can provide practical guidance for optimizing the thermal beneficiation 

process and determining the appropriate temperature range to achieve desired LOI levels for LFAs from 

various sources. 
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Figure 5.3  Relationship between thermal beneficiation temperature and LOI 

The analysis of the relationship between thermal beneficiation temperature and the results of the modified 

R3 test proved to be significant. However, since the beneficiation temperature directly affects the LOI, 

and LOI plays a critical role in hydration kinetics, the following discussion will focus solely on the 

relationship between LOI and heat release, as well as LOI and calcium hydroxide content. 

Figure 14 shows that the relationship between LOI and heat release in the modified R3 test can be 

modeled by a second-order non-linear quadratic equation. Notably, the specific relationship between LOI 

and heat release in LFA hydration may vary depending on the composition and characteristics of the LFA 

used. 
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The general trend observed in Figure 5.4 suggests that reducing the LOI can increase the reactivity of fly 

ash, as indicated by the increase in heat release. However, the concave-down shape of the fitted line 

suggests the existence of an inflection point at about 2% LOI for DJ1 and 4% LOI in DJ2. This inflection 

point suggests that any further reduction in LOI below these thresholds may not necessarily impact the 

hydration kinetics significantly. Note that LOI test results from a muffle furnace may overestimate the 

amount of organic carbon present in fly ash due to possible reactions, such as the calcination of inorganic 

carbonates, desorption of physically and chemically bound water, and oxidation of sulfur and iron 

minerals [73]. Therefore, it can be hypothesized that excessively heating LFA to reduce its LOI, 

particularly below 1%, may affect the chemical properties of the ash, thereby influencing the heat release. 

The observed slight decrease in heat release below the inflection point in Figure 5.4 further supports this 

hypothesis.  
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Figure 5.4  Relationship between LOI and heat release 

Figure 5.5 shows a strong non-linear inverse relationship between LOI and calcium hydroxide 

consumption. This finding indicates that reducing the LOI of LFA increases its reactivity to consume 

more calcium hydroxide, mainly due to a decrease in the organic contents that interfere with pozzolanic 

reactions. The unburned carbon, for example, can physically hinder the contact between the pozzolanic 

components of the ash and calcium hydroxide, thereby limiting their reaction [124]. Carbon particles can 

also act as a barrier that slows down the diffusion of calcium hydroxide into the ash particles, further 

impeding the pozzolanic reaction [119]. Therefore, reducing the unburned carbon content can increase the 

pozzolanic activity of LFA. However, it is important to note that, as discussed earlier, the majority of LOI 

in most of the ashes in this study is attributed to the dehydroxylation of other compounds, such as lime 

and carbonates. The power functions fitted in Figure 5.5 exhibit a negative exponent power, indicating 

that the correlation between LOI and calcium hydroxide consumption follows an asymptotic pattern. As 

the LOI of the LFAs increases toward its maximum value, the amount of calcium hydroxide consumed 

tends to approach the lowest possible values of 12.83 g/100 g SCM for DJ1 and 23.1 g/100 g SCM for 

DJ2. 
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Figure 5.5  Relationship between LOI and consumed calcium hydroxide content 

5.3 Relationship Between Specific Surface Area and LFA Reactivity 
Parameters 

Figures 5.6 and 5.7 demonstrate a strong correlation between the fineness of LFA and heat release, and 

fineness of LFA and Ca(OH)2 consumption, respectively. Other studies have also reported correlations 

between fineness and various properties, including LOI [46], mechanical properties [125, 126], 

microstructure characteristics [126], cement hydration [127], and durability properties [128, 129]. 

The results indicate that increasing the fineness of LFA, which is directly related to the grinding time, can 

lead to enhanced reactivity of LFA as measured in the modified-R3 test. While the correlation between 

specific surface area and heat release shows a linear fit with low variability, the relationship between 

specific surface area and calcium hydroxide consumption exhibits a wider spread. Although increasing 

fineness is typically associated with increased reactivity, enhanced packing effect, and nucleation effect 

[130], the chemical composition of LFA plays a more significant role, and fineness alone cannot solely 

predict the reactivity of LFA. This is particularly noteworthy because a recent study on size-fractionated 

unconventional fly ashes revealed that as the size fractions became coarser, the CaO contents decreased 

and SiO2 contents increased [131]. Coarser fractions also exhibited a higher presence of impurities and 

unburnt carbon particles, while finer fractions contained limited amounts of such particles [131]. Further 

research on the role of fineness in cement hydration kinetics would be valuable, especially if the chemical 

composition can be controlled. 
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Figure 5.7  Relationship between specific surface area and consumed calcium hydroxide content 

5.4 Relationship Between Ca(OH)2 Consumption, Heat Release, DoR, and 
SAI 

Figure 5.8 presents the correlation matrix involving 10-day consumed calcium hydroxide, 10-day heat 

release, predicted DoR, and the strength activity indices at 28 and 90 days. The results show that 10-day 

Ca(OH)2 consumption has a positive correlation of 0.62 with 10-day heat release, indicating that higher 

Ca(OH)2 consumption leads to increased heat release. Additionally, a moderate positive correlation of 

0.56 exists between 10-day Ca(OH)2 consumption and DoR, suggesting that materials with higher 

reactivity tend to consume more Ca(OH)2. However, the correlation between 10-day Ca(OH)2 

consumption and SAI at 28 and 90 days is relatively weak. This was expected due to the slow strength 

development in paste specimens containing LFAs, making early Ca(OH)2 consumption less reliable as an 

indicator to predict strength development. Other studies have shown a negative correlation between the 
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calcium hydroxide content and seven-day lime strength test results [132]. The lime strength test is similar 

to the R3 test in terms of sample preparation, with the exception that K2SO4 is also added to the system, 

and the samples are initially cured for 24 hours followed by oven curing at 40°C for 48 hours and then 

placed inside distilled water for seven days [133]. 

 

 

 
 

  

Figure 5.8 shows a strong positive correlation of 0.98 exists between 10-day heat release and DoR, 

indicating that materials with higher reactivity levels exhibit greater heat release. In terms of SAI, 10-day 

heat release shows a moderate positive correlation of 0.5 with 28-day SAI and 0.71 with 90-day SAI, 

suggesting that higher heat release is associated with increased strength development over time, 

particularly at the later age. Similar findings have been reported regarding the correlation between heat 

release and lime strength tests [132]. The DoR demonstrates a moderate positive correlation of 0.52 with 

28-day SAI and 0.68 with 90-day SAI, indicating that materials with higher reactivity also tend to exhibit 

greater strength development at the later stage (90 days). The 28-day and 90-day SAI exhibit a significant 

positive correlation of 0.92, indicating a strong association between strength measurements at these two 

specific time points. This correlation underscores the fundamental mechanism of strength enhancement 

over time. 
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5.5 Quantifying the Efficacy of Thermo-mechanical Beneficiation 

 

 

 

 
 

The heat release and consumed Ca(OH)2 results shown in Figures 4.5 and 4.6 show a wide variation 

among LFAs tested in this study. It is crucial to emphasize that even commercially available SCMs 

meeting the ASTM standard requirements can exhibit significant deviations in both heat release and 

Ca(OH)2 consumption. For instance, Suraneni et al. [134] conducted a study on 21 commercially graded 

fly ashes, 11 silica fumes, and 9 slags using a modified R3 test, which revealed a wide range of results for 

the consumption of calcium hydroxide and cumulative heat release. Fly ashes, most specifically, 

demonstrated consumption levels of calcium hydroxide ranging from 43 to 81 g/100 g SCM, and 

cumulative heat release levels between 194 and 353 J/g SCM.  

Figure 5.9 displays the relationship between consumed Ca(OH)2 and the heat release of LFAs, as well as 

the path that the beneficiation method took, which is represented by an arrow for each LFA. Various 

standard SCMs tested by Suraneni et al. [134] are superimposed on this plot for comparison purposes. 

The classification depicted in Figure 19 categorizes fly ash as “pozzolanic-less reactive,” slag as “latent 

hydraulic-more reactive,” and silica fume as “pozzolanic-more reactive.” These SCMs and proposed 

classifications are included here only for comparison. For a more comprehensive discussion, readers are 

encouraged to refer to the study by Suraneni et al. [134].  By comparing the consumption of calcium 

hydroxide and cumulative heat release of LFAs with the reported ranges for other traditional SCMs, it 

becomes apparent that the unbeneficiated samples obtained from JB and Nucla power plants can be 

categorized as pozzolanic-less reactive. DJ2 falls within the region of inert materials. DJ1 lies outside the 

pozzolanic range, possibly due to the presence of excessive lime in this sample, and falls between the 

inert, pozzolanic, and latent hydraulic regions. The results indicate that after the samples underwent the 

beneficiation process, all LFAs fell within the region of pozzolanic-less reactive materials, exhibiting 

similar values for heat release and consumed calcium hydroxide compared with reference fly ashes. It is 

crucial to highlight that even SCMs conforming to ASTM standards exhibit a considerable range of 

differences in their pozzolanic characteristics. This variability is an inherent attribute shared by all SCMs, 

and the LFAs assessed in this research demonstrate the same pattern. 

Figure 5.9  Comparison of calcium hydroxide consumption and heat release of unbeneficiated and 

beneficiated LFAs with conventional SCMs adopted from ref. [60] 
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When comparing the DoR values in Figure 4.7 with the classifications shown in Figure 5.9, it becomes 

evident that there may be some inconsistencies because DoR only considers heat release. For example, 

while unbeneficiated DJ1 is not classified as a pozzolanic material according to Figure 19, it exhibits a 

higher DoR than JB2 and a similar DoR to the reference fly ash. This contradiction arises from the fact 

that the DoR method solely relies on heat release to determine reactivity, whereas the R3 results also 

consider the extent of Ca(OH)2 consumption as a factor influencing reactivity. Various methods have 

been proposed to use the R3 test result for calculating the degree of reactivity [135, 136]. However, these 

methods usually require performing additional tests on paste samples and consider the ratio of heat 

release [or Ca(OH)2 consumption] in the paste system to that of the R3 test as the degree of reactivity. 

When comparing the efficacy of a beneficiation method on various materials, one simple approach could 

be to determine the magnitude and direction of the position vector between pre- and post-beneficiation 

points in a Ca(OH)2-heat release space. Mathematically, the magnitude of this beneficiation vector ||vb|| 

can be calculated using Eq. (5): 

 

 

 

 

 

 

 

  

2 2CH Q=  + bV   (5) 

where ∆CH and ∆Q are the differences in consumed Ca(OH)2 and heat release before and after 

beneficiation, respectively. The direction of the vector vb can be defined by the horizontal angle θ given 

by: 

1 Q
tan

CH
 − 
=


  (6) 

If θ is less than 45°, then the beneficiation shifts the LFA to the region where the beneficiated LFA 

consumes more Ca(OH)2 than it releases heat. On the other hand, if θ is greater than 45°, the beneficiation 

results in a shift in LFA to the region where it produces more heat than it consumes Ca(OH)2. The 

magnitude of beneficiation vectors and their directions for the four beneficiated LFAs are given in Table 

5.1. According to ||vb|| values, the beneficiation process employed in this study had the greatest impact on 

samples located outside the pozzolanic region. DJ2 and DJ1, which were initially positioned outside the 

pozzolanic region according to the classification depicted in Figure 5.9, had the first and second highest 

||vb|| values. Based on the values of angle θ in Table 5.1, we concluded that the thermo-mechanical 

beneficiation does not affect the LFAs in the same way. For example, in DJ1 and JB2, θ is less than 45°, 

while in DJ2 and JB1, θ is greater than 45°. The authors suspect that pre-exposure to lime, moisture, and 

other contaminants in the landfills plays a critical role in determining the magnitude and direction of the 

beneficiation process. However, since this is beyond the scope of this study, further research is needed to 

determine the underlying factors that contribute to the path the beneficiation process takes. 

Table 5.1  The influence of thermo-mechanical beneficiation on consumed Ca(OH)2 and heat release 

LFA source 
∆CH 

(g CH/100 g SCM) 

∆Q 

(J/g SCM) 

∆Q/∆CH 

(100 J/ g CH) 
θ (°) ||vb||  

DJ1 17.8 7.7 0.44 23.51 19.42 

DJ2 14.9 26.8 1.80 60.93 30.68 

JB1 11.7 12.9 1.10 47.68 17.45 

JB2 6.6 1.1 0.16 9.13 6.68 
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6. CONCLUSION 

This study investigated how thermo-mechanical beneficiation affects the physiochemical characteristics, 

reactivity, and performance of landfilled fly ashes obtained from two U.S. power plants in Wyoming and 

Colorado. The results highlighted a significant impact of thermo-mechanical beneficiation on the 

physiochemical properties of LFAs, leading to reduced carbon content and increased fineness. X-ray 

diffraction analysis revealed minimal changes in the mineral composition of LFAs post-beneficiation. 

Reactivity assessments, including strength activity index and modified R3 tests, indicated consistent 

improvements in LFAs after beneficiation. 

The unbeneficiated LFAs exhibited varying SAI levels, with only DJ1 and Nucla LFAs meeting the 

minimum requirement of 75% at 28 days. Beneficiation consistently raised the SAI of all LFAs, 

surpassing the 75% threshold. Additionally, beneficiation increased heat release and calcium hydroxide 

consumption, signifying enhanced pozzolanic reactivity. The reactivity analysis classified LFAs into 

silico-aluminious and silicious materials, with moderate degree of reactivity (DoR) variations among 

LFAs, showing an average increase of 8.1% after beneficiation. However, disparities emerged when 

comparing DoR values with the classification based on heat release, emphasizing the limitations of 

individual test methods. 

In conclusion, key insights from this study include: 

• Higher temperatures led to a significant reduction in LOI, plateauing above 450°C. 

• The relationship between LOI and heat release suggested that reducing LOI could enhance fly ash 

reactivity, but an inflection point indicated diminishing returns below certain LOI thresholds. 

• Excessive heating to reduce LOI below 1% could impact ash chemical properties and influence 

heat release. 

• Fineness (specific surface area) correlated with heat release and calcium hydroxide consumption, 

emphasizing its importance for enhanced reactivity. However, fineness alone could not predict 

reactivity, as the chemical composition also played a significant role. 

• Associations were found between calcium hydroxide consumption, heat release, and strength 

activity indices at different time points, indicating that higher calcium hydroxide consumption 

and heat release correlated with increased reactivity and strength development over time, 

particularly in later stages. 

• Unbeneficiated LFAs did not match the strength of OPC at both 28 and 90 days. However, certain 

unbeneficiated LFAs, such as UNucla, showed competitive strength levels, even surpassing OPC 

at 28 days. Beneficiated LFAs exhibited promising performance, with all LFA mortars achieving 

strength levels comparable to or even exceeding OPC and FA ash at both 28 and 90 days. 

• Initially lower than OPC, LFAs’ electrical resistivity evolved over time, surpassing OPC after 56 

days, suggesting evolving microstructural changes. Notably, LFAs like UNucla exhibited 

superior resistivity than FA, indicating improved microstructure. 

• While OPC exhibited elevated chloride penetrability, most LFAs demonstrated a marked 

reduction in chloride ingress. UNucla notably surpassed FA, showcasing enhanced resistance 

against chloride penetration. BDJ1 and BJB1 further exhibited substantial decreases in charge 

passed, highlighting their potential to enhance durability by reducing chloride ingress. 

• All LFAs effectively suppressed ASR-induced expansion due to factors like reduced pore 

solution alkalinity, pozzolanic reaction products, and altered microstructure. 

• Incorporating LFAs led to reduced water absorption rates, indicating enhanced durability 

potential and improved water penetration resistance. 
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While this study provides valuable insights, further research could explore LFAs’ long-term performance 

and environmental implications in concrete production. The site-specific nature of LFAs emphasizes the 

need for tailored approaches to effectively harness their potential. This investigation underscores the 

potential of thermomechanically beneficiated LFAs as sustainable alternatives to conventional fly ash, 

offering environmentally conscious strategies for achieving durable and eco-friendly construction 

practices. 
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