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ABSTRACT

The availability of siliceous (Class F) fly ash is decreasing in the US while demand is increasing. This
has prompted interest in expanding resources for supplementary cementitious materials (SCMs) for
use in concrete mixtures. One promising approach is to chemically and physically modify fly ashes
recovered from landfills and impoundments or those that do not currently meet specifications. Several
fly ashes that have been beneficiated by drying, grinding, blending, and/or chemical additions were
tested for their performance in cement pastes, mortars, and concrete. For beneficiated fly ashes
meeting the compositional and physical criteria for Class F fly ash, the variable with the highest impact
on performance was median particle size, which controlled both compressive strength gains and
workability. Since particle size can be controlled in beneficiated materials through grinding,
understanding the role of this parameter is quite important.
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1. INTRODUCTION 

Siliceous Class F fly ash is one of the most commonly used supplementary cementitious materials 
(SCMs) in the USA because of its ability to supress deleterious expansion due to alkali-silica reaction 
(ASR) and sulfate attack (ACI 2003). However, the supply of Class F fly ash continues to decrease in 
the USA, with certain areas unable to meet the demand. Between 2010 and 2017, the amount of fly ash 
produced dropped nearly 44% (ACAA 2011, 2018). This is largely due to cheaper alternative energy 
sources, such as natural gas, as well as US Environmental Protection Agency (EPA) emission 
standards. As a result, no new coal-fired power plants have been constructed in the USA since 2013, 
and plant retirements are forecasted through 2040 (EIA 2017). 

To accommodate EPA emission standards issued in 2011, coal-fired power plants began to install 
emission control systems, which, in turn, reduced the quality of the fly ash. High carbon content, 
improper composition, or improper particle size are all examples of how the fly ash quality can be 
reduced and no longer meet the requirements of ASTM C618 (ASTM 2017). These fly ashes can be 
treated to meet the specification with a variety of methods that include, but are not limited to: blending, 
grinding, selective collection, chemical passivation, air classification, electrostatic separation, and 
thermal beneficiation. Such fly ashes are called beneficiated. 

In 2017, 34.6 million metric tons of fly ash were produced in the USA, while 21.9 million metric tons 
(63%) were utilized in various industries (ACAA 2018). Due to storage space constrains or failure to 
meet the requirements of ASTM C618, the remaining unused fly ashes are discarded primarily through 
landfill disposal and surface impoundments, by ponding. These waste management methods accounted 
for up to 80% of total unused ashes in the USA in 2012 (EPA 2015). Recently, suppliers have begun to 
reclaim, retrieve, or recover these landfilled or ponded ashes to be reused with minimal beneficiation, 
typically drying and grinding or classifying. However, since disposing fly ash in landfills requires less 
water and is more easily controlled, they are the primary source of reclaimed fly ash. 

Previous studies have shown that reclaimed fly ashes showed no major changes in composition or 
shape compared to a production fly ash (McCarthy et al. 2017, Diaz-Loya et al. 2017). However, 
fineness and loss-on-ignition (LOI) increased with the increasing length of the wet storage period 
(McCarthy et al. 2017). The effect of particle size of beneficiated and reclaimed fly ashes has also been 
studied previously by Ranganath et al. (1998), who separated ponded fly ashes into fine, medium, and 
coarse particle size ranges. The coarse fraction, which comprised 65% of the ponded fly ash, was found 
to be poorly reactive, which made the ponded fly ash unusable in its “as-disposed” state. Berry et al. 
(1989) performed a similar study with beneficiated fly ashes, finding that particles in the fine size range 
were more reactive than the coarse ones. These coarse particles, however, can be ground or milled to 
produce a similar early age strength contribution as a production fly ash and an increase in late strength 
in relation to an OPC control (Cheerarot & Jaturapitakkul 2004). 

Particle sizes of a fly ash that is beneficiated or reclaimed can be affected by grinding processes and 
wet storage periods. In this research, beneficiated and reclaimed fly ashes were compared to a control, 
production fly ash to investigate the effects of particle size on the performance of cement-based 
materials. 

2. MATERIALS AND TESTING 

Three beneficiated and two reclaimed fly ashes were evaluated in this study. The fly ashes were labeled 
using a single letter with a prefix of either B or R to designate whether the material was beneficiated or 
reclaimed, respectively. All three beneficiated fly ashes, B-C, B-L, and B-S, were blended by the supplier 
with a secondary material to comply with ASTM C618 specifications. Both reclaimed fly ashes, R-G and 
R-M, were dried to remove residual moisture and ground to reduce agglomeration that occurred during 
impounding. Three control materials were also tested as comparisons: a Type I portland cement (OPC), 
a production Class F fly ash (FA), which had not been impounded, and an inert fine quartz powder (Q). 
Oxide analysis and particle size distribution of the materials were determined, and results are presented 
in Table 1. Particle shape and texture of the materials were also imaged through environmental scanning 
electron microscopy (ESEM) (Figures 1-3). Based on the ESEM images, the particle shapes of the 
materials were qualitatively categorized in Table 1.  
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Table 1. Oxide Analysis and Particle Size/Shape of Materials Tested 

Characteristic OPC FA Q B-C B-L B-S R-G R-M 

SiO2 20.36 50.88 99.20 59.07 60.99 60.13 51.50 46.95 

Al2O3 5.82 22.79 0.21 14.07 13.10 14.43 21.34 19.90 

Fe2O3 2.30 5.01 0.13 3.16 3.08 4.65 4.92 8.35 

CaO 62.49 10.60 0.18 9.36 10.19 6.91 11.33 14.05 

MgO 1.36 2.45 0.03 1.57 0.61 1.13 2.08 3.43 

SO3 3.30 0.47 0.09 3.41 3.92 3.22 2.72 0.86 

Na2O 0.15 0.13 0.02 3.28 2.69 3.20 0.17 0.77 

K2O 0.89 0.86 0.03 2.94 3.08 3.46 0.78 0.98 

d50 (µm) 13.9 26.9 16.2 6.3 9.5 9.8 22.2 12.8 

Particle Shape Angular Round Angular 
Partially 

Angular 
Angular Angular Round Round 

 

 

Figure 1. ESEM image of angular B-S 

 

Figure 2. ESEM image of partially angular B-C 



15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

15th International Congress on the Chemistry of Cement
Prague, Czech Republic, September 16–20, 2019

 

Figure 3. ESEM image of round R-G 

2.1 Workability Testing 

Workability testing was performed on paste samples to assess how it is affected by particle size of the 
beneficiated and reclaimed fly ashes. 

Paste rheology was conducted using an Anton Paar MCR 301 Rheometer. Samples consisted of a 20% 
replacement of the cement by mass for each fly ash, as well as a straight-OPC control, all at a water-to-
cementitious material (w/cm) ratio of 0.45. A temperature-controlled high shear mixer was used to 
maintain the paste at 23 ± 2°C while mixing in accordance with ASTM C1738 (2018). Flow curves were 
then obtained using the rotational rheometer in accordance with ASTM C1749 (2017) and analyzed 
using the Bingham model to determine the viscosity and yield stress of the mixtures (Han & Ferron 
2015). 

2.2 Compressive Strength Testing 

Concrete mixtures were designed generally following ACI 211 Proportioning Concrete Mixtures (1991) 
for structural concrete for a target strength of 31 MPa and a target slump of 102 mm. Concrete mixtures 
consisted of a 20% replacement of cement by mass for each fly ash and a w/cm of 0.485. An example 
of a concrete mixture design is shown in Table 2 for a straight cement mixture. 

Table 2. OPC Concrete Mixture Design 

Component Amount (kg/m3) 

OPC 335 

Water 157 

Coarse Aggregate [Colorado River gravel (Texas)], 19 mm 1072 

Fine Aggregate [Colorado River sand (Texas)] 796 

Air Assumed 2 volume % 

 

Concrete cylinders were cast in accordance with ASTM C39 (2018) and compressive strength was 
measured at 7, 28, 56, and 90 days. The role of particle size on strength gain was evaluated. 

3. RESULTS AND DISCUSSION 

3.1 Workability Testing 

A Bingham model was used to determine the yield stress and viscosities of the paste samples (Table 3) 
from the flow curves. The y-intercept of the trendlines corresponds with the yield stress, while the slope 
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corresponds to the viscosity. All the beneficiated fly ash pastes had greater yield stresses and viscosities 
than the OPC and FA-containing pastes. This is due to the angular particles of the beneficiated fly ashes 
as seen in Table 1. Additionally, the beneficiated fly ash particles have a larger surface area than the 
reclaimed and control fly ashes due to their smaller particle sizes, contributing to the higher yield 
stresses and viscosities observed in these mixtures. The larger and round particles of the reclaimed fly 
ashes and FA resulted in similar low yield stresses and viscosities between the mixtures. Both the yield 
stress and viscosity of the paste mixtures were plotted against the median particle size of the 
cementitious materials as seen in Figures 4 and 5, respectively. A trend can be seen in both figures 
where the yield stress and viscosity of the pastes decrease as the median particle size of the material 
increases. Least-square regression lines are included in Figures 4 and 5 simply to guide the eye. 

Table 3. Workability of Cement Paste and Concrete Mixtures 

Material Yield Stress (Pa) Viscosity (Pa·s) 

OPC 46.73 0.19 

FA 27.90 0.12 

B-C 70.92 0.25 

B-L 65.43 0.26 

B-S 101.50 0.31 

R-G 36.63 0.15 

R-M 25.34 0.14 

 

 

Figure 4. Yield stress versus median particle size cementitious materials 
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Figure 5. Viscosity versus median particle size cementitious materials 

3.2 Compressive Strength Testing 

To analyze the effect of particle size on concrete compressive strength, the compressive strength of the 
cylinders was plotted against the median particle size of the beneficiated and reclaimed fly ashes at 
each age as seen in Figure 6. A good correlation was found between the particle size and compressive 
strength, where the smaller the median particle size of the fly ash, the higher the compressive strength. 
This correlation strengthened at later ages. This can be attributed to an increase in fly ash reactivity due 
to the larger surface area of the smaller particles, as well as particle packing effects in the presence of 
coarse aggregate. The small particles of the beneficiated fly ashes more easily fill and densify the 
interfacial transition zone (ITZ), increasing the concrete compressive strength (Ollivier et al. 1995). 

 

Figure 6. Concrete compressive strength versus median particle size of beneficiated and 
reclaimed fly ashes 

4. CONCLUSIONS 

As suppliers continue to beneficiate off-spec fly ash, as well as reclaim fly ash from ponds and landfills, 
it is important to be aware of how these effect particle size and shape of the fly ash. Wet storage of fly 
ash causes particles to agglomerate over time making them larger and irregularly shaped. Additionally, 
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grinding or classifying fly ash as a form of beneficiation reduces the particle size and makes the particles 
more angular in shape. This study compared how these factors affect the performance of cement-based 
materials. 

Workability of the pastes and concretes was significantly impacted by the particle sizes and shapes of 
the materials. The three beneficiated fly ashes, B-C, B-L, and B-S, resulted in stiffer paste mixtures than 
the OPC control due to their small median particle size and angular particles. R-G, R-M, and FA resulted 
in more fluid paste mixtures than the OPC control due to their large, round particles. 

Compressive strength results of the concrete cylinders strongly correlated with the particle size of the 
beneficiated and reclaimed fly ashes. The smaller particles of the beneficiated fly ashes resulted in 
higher concrete compressive strengths than the reclaimed fly ash concrete. This correlation 
strengthened at later ages. However, this correlation was found using a small sample size of 
beneficiated and reclaimed fly ashes, and a more extensive study is required to validate the trend. 

Fly ash physical, chemical, and mineralogical properties can vary widely based on the coal source, 
burning conditions, and collection and storage conditions, which influences their effect in cement-based 
mixtures (Thomas et al. 2017). Disposal methods, locations, and conditions can also alter these 
properties (McCarthy et al. 2017). Finally, a variety of beneficiation techniques exist and they differ 
among plants. Because of this, a larger sampling size of beneficiated and reclaimed fly ashes is required 
to validate the effects of particle size and shape seen in this study. 
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