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With the availability of ASTM C618 Class F fly ash decreasing, 
fly ash suppliers are working to find materials to meet demand 
by beneficiating ashes that do not comply with specifications and 
reclaiming ponded or landfilled ashes. The performance of three 
beneficiated and two reclaimed fly ashes was evaluated in this 
study by testing: 1) workability of paste, mortar, and concrete; 
2) pozzolanic activity using isothermal calorimetry, portlandite 
consumption, and compressive strength of mortar and concrete; 
and 3) the ability to suppress expansion due to alkali-silica reac-
tion and sulfate attack. Mixtures containing the fly ashes were 
compared against control mixtures containing portland cement 
and either a “production” fly ash or an inert quartz filler. All the 
beneficiated and reclaimed fly ashes are able to perform similarly 
to a production Class F fly ash, with differences in performance 
generally linked to particle size and shape following grinding.

Keywords: alkali-silica reaction; beneficiation; fly ash; pozzolanic reac-
tivity; sulfate attack; workability.

INTRODUCTION
Fly ash is one of the most commonly used supplemen-

tary cementitious materials (SCMs) and is added to concrete 
to replace typically 15 to 35% of cement by weight. ASTM 
C6181 categorizes fly ash into two classes: Class C fly ash, 
containing greater than 50% combined silica, alumina, and 
iron oxide; and Class F fly ash, consisting of greater than 
70% of these oxides. The use of fly ash in concrete affects 
both the fresh-state and hardened-state properties in posi-
tive ways by improving the workability, reducing bleeding, 
increasing pumpability, reducing the heat of hydration, 
increasing strength gain at later ages, and refining the pore 
structure to reduce permeability.2 Class F fly ash is used 
predominantly in most of the United States due to its ability 
to provide resistance to alkali-silica reaction (ASR) and 
sulfate attack.3 Additionally, fly ash is less expensive than 
portland cement, being a coal combustion by-product.

With the rise of natural gas as a cheaper alternative to coal 
and emission standards requiring coal-fired power plants to 
install emission control systems, no new coal-fired power 
plants have been constructed in the United States since 2013, 
and plant retirements are forecasted through 2040.4 In the 
last 5 years, there have been 200 plant closures (approxi-
mately 40%) in the United States5 This trend can be seen 
in other parts of the world with the United Kingdom set to 
have its remaining coal-fired power plants retired by 2025.5 
These closures have put a strain on fly ash supply as demand 
continues to increase. Between 2010 and 2017, the amount 
of fly ash used in concrete, concrete products, and grout 
increased by 28% while the amount of fly ash produced has 

dropped nearly 44%.6,7 This presents a problem considering 
that concrete production is estimated to increase more than 
50% through 2033.8,9

Emission standards issued by the EPA in 201110 requiring 
coal-fired power plants to install emission control systems 
not only affect plant operations and retirements, they have 
also resulted in a reduction in the quality of the fly ash. Emis-
sion controls can result in fly ashes with high carbon content, 
improper composition, or improper particle size. These fly 
ashes do not meet the requirements of ASTM C6181 speci-
fications, but they can be treated to meet the specifications; 
such materials are called beneficiated. Several methods exist 
to treat fly ashes that do not comply with ASTM specifica-
tions, and include, but are not limited to blending, grinding, 
selective collection, chemical passivation, air classification, 
electrostatic separation, and thermal beneficiation.11

Of the 34.6 million metric tons (38.2 million short tons) of 
fly ash produced in the United States in 2017, 21.9 million 
metric tons (24.1 million short tons) (63%) of the overall 
ashes were used.7 Unused fly ashes are disposed primarily 
due to storage constraints or failure to meet the requirements 
of ASTM C618.1 Landfill disposal and surface impoundments 
by ponding are the most frequently used waste management 
methods, accounting for up to 80% of total unused fly ashes 
in the United States. in 2012.12 Ponding is a process in which 
unused ash is mixed with significant quantities of water, 
sluiced, and pumped along pipelines to ponds as a slurry, 
where it naturally settles.5,13,14 In landfill systems, the fly ash 
is conditioned with relatively low levels of water (10 to 
20%), which reduces dusting and optimizes compaction, and 
is then disposed in large horizontal cells.5,9 In the United 
States in 2012, there were more than 310 active on-site land-
fills, averaging more than 49 hectares (120 acres) in size, and 
more than 735 active on-site surface impoundments, aver-
aging more than 20 hectares (50 acres) in size.12 These land-
filled or ponded fly ashes can be reclaimed, retrieved, or 
recovered, and then beneficiated or treated to improve phys-
ical or chemical properties to be reused. Beneficiated and 
reclaimed fly ashes differ from a “production” fly ash, which 
requires no additional modifications after recovery from coal-
fired power plant using electrostatic precipitators or mechan-
ical devices such as baghouses. Although fly ashes can be 
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reclaimed from both types of disposal sites, ponded or 
hydrated ashes are usually excavated only to be used as arti-
ficial aggregates or structural fill material, such as in pave-
ment subgrades.13

Material characterization of reclaimed fly ashes shows 
comparable results using oxide analysis, X-ray diffraction 
analysis, and scanning electron microscope imaging as 
production fly ashes, showing no major changes in compo-
sition and shape.5,9 However, McCarthy et al.5 showed 
that fineness and loss on ignition (LOI) increased with the 
increasing length of the wet-storage period. The researchers 
also noted differences in fly ashes reclaimed from UK ponds 
and from U.S. ponds and advised to consider storage areas 
individually when considering reclamation.

Few studies have implemented the use of unmodified, 
reclaimed fly ash in concrete. Cheerarot and Jaturapita-
kkul15 tested fly ashes that had been landfilled for 6, 12, and 
24 months. They examined the effect of the ashes on mortar 
compressive strength, replacing 10%, 20%, and 30% by 
mass of cement with these ashes following ASTM C109 
procedures.16 A decrease of 10 to 20% of compressive 
strength for 10% substitution and a larger decrease in 
strength for higher substitution amounts were observed. No 
relationship was found between the length of time spent in 
the landfill and compressive strength.15 In another study by 
McCarthy et al.,5 wet fly ashes from landfills were used as a 
cement replacement in concrete. The researchers accounted 
for moisture conditions in the batching stage, similar to what 
is conducted with wet aggregates, where the procedure 
involved includes measuring the moisture content of fly ash, 
taking the water content of concrete as that batched plus that 
in fly ash, and adjusting the fly ash content to allow for water 
present in the material. Results showed that fresh and hardened 
properties of concrete containing the reclaimed, stockpiled 
fly ash could be controlled by making mixture adjustments. 
However, the use of wet fly ash can complicate ready mixed 
and precast concrete production. A new storage unit must be 
available for the wet fly ash to prevent comingling with the 
production fly ash in the silo. Additionally, the decision on 
how to batch the wet fly ash must be made, whether adding 
the fly ash through the aggregate hopper, an additional silo, 
or another method. Drying and grinding of the reclaimed fly 
ash could prevent these issues by allowing the reclaimed fly 
ash to be stored in the same silo as the production fly ash.5

It is possible to have minimal beneficiation with land-
filled ashes if the fly ash in the stockpile remains relatively 
homogeneous. In some cases, however, ashes in landfills 
agglomerate, necessitating beneficiation. Ponded ashes are 
generally heterogeneous because high water levels disperse 
rather than agglomerate the particles, so the particles sort 
and stratify.5 As a result, ponded fly ashes must be benefici-
ated to meet ASTM C6181 requirements through techniques 
such as particle separation and grinding. For example, 
Ranganath et al.17 tested ponded fly ash and evaluated the 
influence of size fraction by separating the ash into different 
particle size ranges: <20 μm (0.0008 in.) (F), 20 to 
75  μm (0.0008 to 0.0030 in.) (M), and 75 to 100 μm 
(0.0030 to 0.0039 in.) (C). The C fraction of the ponded fly 
ash, as expected, showed low values of specific gravity, fine-

ness, and lime reactivity strength, all of which adversely 
affect fly ash properties in concrete.2,18 The poorly reactive C 
fraction was found to be 65% of the samples collected from 
this ponded fly ash, with the M and F fraction comprising the 
remaining 35%, making reclaimed fly ash unusable in its 
“as-disposed” state. Berry et al.19 also evaluated beneficiated 
fly ash with fractions of <10 μm (3.9 × 10-4 in.), 10 to 45 μm 
(3.9 × 10–4 to 1.8 × 10–3 in.), and >45 μm (1.8 × 10–3 in.), 
resulting in a similar conclusion to that of Ranganath et al.,17 
finding that the fly ashes with finer particles were more reac-
tive than the coarser ones, as expected. Cheerarot and Jatu-
rapitakkul15 also found that grinding or milling the reclaimed 
fly ash resulted in similar early-age strength contribution as 
production fly ash and an increase in late strength in relation 
to the ordinary portland cement (OPC) control. Diaz-Loya et 
al.9 also performed compressive strength and ASR expan-
sion testing of mortars using a production fly ash and a 
reclaimed fly ash that had been dried to less than 3% (mois-
ture content), then classified by screening to achieve a 
similar fineness to the production fly ash. The results of the 
testing showed equivalent performance of the reclaimed fly 
ash to the production fly ash.

To prepare for the upcoming shortage in fly ash supply, 
beneficiated and reclaimed fly ashes were researched as an 
alternative to production Class F fly ash, and the results are 
presented herein. For these materials to qualify as accept-
able substitutes for production Class F fly ash, they must 
pass ASTM International (ASTM) requirements, as well as 
have comparable performance in paste, mortar, and concrete 
testing. In this study, beneficiated fly ashes are defined as 
those that do not meet the requirements of ASTM C618 spec-
ifications and require treatment to improve the chemical or 
physical properties of the material. Reclaimed fly ashes are 
defined as fly ashes that are retrieved from disposal sites and 
generally meet ASTM C618 specifications but may require 
grinding and/or drying. It is important to note that although 
the reclaimed fly ashes have been reclaimed from landfills, 
the beneficiated fly ashes referred to in this study have not 
been previously disposed of in landfills or ponds.

RESEARCH SIGNIFICANCE
With the decrease in availability of quality production 

Class F fly ash, suppliers are turning to new methods to meet 
the demands of the concrete industry. These new methods 
include beneficiating fly ashes that are non-compliant with 
ASTM C618 and reclaiming landfilled and/or ponded fly 
ashes. This study aimed to evaluate the suitability of bene-
ficiated and reclaimed fly ashes in concrete by comparing 
them against control mixtures containing portland cement 
and either a “production” fly ash or an inert quartz filler.

MATERIALS AND METHODS
The study focused on three beneficiated fly ashes and two 

reclaimed fly ashes. The materials were designated as “B” 
for beneficiated or “R” for reclaimed, followed by a single 
letter used to differentiate the materials. All three benefici-
ated fly ashes—B-C, B-L, and B-S—were non-compliant fly 
ashes that were blended by the supplier with an undisclosed 
secondary material to meet ASTM C618 specifications. Both 
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reclaimed fly ashes—R-G and R-M—were ground and dried 
by the supplier after reclamation. A Type I20 portland cement 
(OPC; Bogue composition20 of: 47.9% C3S, 22.3% C2S, 
11.5% C3A, 7.0% C4AF) was used to make all cement 
pastes, mortars, and concrete. Two additional control mate-
rials were selected as comparisons to the beneficiated and 
reclaimed fly ashes: a production Class F fly ash and a fine 
quartz powder used as an inert filler, designated as FA and 
Q, respectively. Oxide analysis and particle size distribu-
tion of the materials were determined using X-ray fluores-
cence (XRF) and a laser diffraction particle size distribution 
analyzer, respectively. Specific gravity of the materials was 
also measured using a gas pycnometer. Results from oxide 
analysis, particle size distribution, and specific gravity for 
the materials are presented in Table 1. Additionally, an 
environmental scanning electron microscope (ESEM) was 
used to examine the particle shape of the materials through 
scanning electron microscopy (SEM). Figure 1 shows three 
representative examples of ESEM images, and additional 
images can be found elsewhere.21 Based on the ESEM 
images and the median particle size, the shapes and fineness 
of the materials were qualitatively categorized (Table 1). 
Particle shape was determined based off the proportion of 
round particles in ESEM images. Fly ashes containing less 
than 15%, between 15 and 50%, between 50 and 85%, and 
greater than 85% round particles were classified as angular, 
partially angular, partially round, and round, respectively. 
Median particle size was defined as small, medium, or large 
if they fit into the ranges of 0 to 10 µm (0 to 0.0004 in.), 10 to 
20 µm (0.0004 to 0.0008 in.), or 20 to 30 µm (0.0008 to 
0.0012 in.), respectively.

To determine compliance with ASTM C618,1 the chemical 
and physical properties of the materials were analyzed using 
test methods outlined in ASTM C311.22 The chemical and 
physical properties are shown in Tables 2 and 3, respectively. 
R-G exceeded the moisture content maximum threshold by 
under 1%, indicated in the table by bold text. However, the 
supplier of this fly ash maintains that the moisture content 
will pass ASTM C618 requirements when the materials are 
produced on an industrial scale because they simply need to 
extend the drying process of the reclaimed fly ash.

Throughout the research, three different fine aggregates 
and one coarse aggregate were used. For all mortar tests, 

with the exception of ASR testing, graded standard sand in 
accordance with ASTM C10916 and C77823 from Ottawa, 
IL, was used as-received. When performing ASR testing, 
a fine aggregate from Robstown, TX, that was previously 
confirmed to be reactive using ASTM C126024 was sieved in 
the laboratory to meet the gradation requirements of ASTM 
C1567.25 For concrete testing, the fine and coarse aggregate 
used was a Colorado River (Texas) sand and gravel, respec-
tively. The fine and coarse aggregates used for concrete 
testing were air-dried prior to use.

Workability testing
To assess how the beneficiated and reclaimed fly ashes 

affect workability, testing was performed on paste, mortar, 
and concrete samples.

Paste rheology—For pastes, rheological properties were 
measured using a rheometer. Rheological testing was 
performed on cement pastes containing the beneficiated and 
reclaimed fly ashes and control pastes with straight-OPC 
or the production fly ash, FA. Paste mixtures consisted of 
a 20% replacement of the cement by mass for each fly ash 
and a water-cementitious materials ratio (w/cm) of 0.45. 
Mixing was performed in accordance with ASTM C173826 
using a temperature-controlled high shear mixer that flows 
chilled water through the wall of the mixing container to 
keep the temperature of the paste at 23 ± 2°C (73 ± 4°F). 
Similar to the work of Han and Ferron,27 the mixing water 
was chilled to 10°C (50°F) prior to mixing to keep the paste 
within the desired temperature range. Once mixing was 
complete, 19 mL (0.64 fl oz) of the paste was immediately 
transferred to the rheometer measurement system (cup and 
helical bob geometry) and subjected to a shear rate of 50 s–1 
at a controlled temperature of 23°C (73°F) for 90 seconds, 
followed by a 3-minute rest. This 90-second period was 
found to be sufficient to ensure that an equilibrium shear rate 
was reached. After the rest period, a shear rate sweep was 
conducted on the paste in accordance with ASTM C1749.28 
The paste was subjected to a shear rate of 1 s–1 for 45 seconds 
before increasing the shear rate to 10 s–1 for 45 seconds. The 
shear rate continued to be increased by increments of 10 s–1 
and held for 45 seconds until reaching 50 s–1, then decreased 
at the same increment and interval until reaching rest. Paste 

Table 1—Oxide composition, particle shape and size, and specific gravity of materials

Material
SiO2, 

%
Al2O3, 

%
Fe2O3, 

%
CaO, 

%
MgO, 

%
SO3, 

%
Na2O, 

%
K2O, 

% d10, µm d50, µm d90, µm
Specific
gravity

Particle 
shape

Median 
particle size

OPC 20.4 5.8 2.3 62.5 1.4 3.3 0.2 0.9 2.3 13.9 44.4 3.17 Angular Medium

FA 50.9 22.8 5.0 10.6 2.5 0.5 0.1 0.9 9.7 26.9 95.7 2.38 Round Large

Q 99.2 0.2 0.1 0.2 0.0 0.1 0.0 0.0 4.4 16.2 40.3 2.64 Angular Medium

B-C 59.1 14.1 3.2 9.4 1.6 3.4 3.3 2.9 2.0 6.3 18.7 2.49 Partially 
angular Small

B-L 61.0 13.1 3.1 10.2 0.6 3.9 2.7 3.9 2.2 9.5 67.0 2.52 Angular Small

B-S 60.1 14.4 4.7 6.9 1.1 3.2 3.2 3.5 2.3 9.8 60.6 2.51 Angular Small

R-G 51.5 21.3 4.9 11.3 2.1 2.7 0.2 0.8 4.3 22.2 63.5 2.53 Round Large

R-M 47.0 19.9 8.4 14.1 3.4 0.9 0.8 1.0 2.6 12.8 59.3 2.70 Round Medium

Note: 1 μm = 0.000039 in.
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flow curves were then analyzed using the Bingham model to 
determine the viscosity and yield stress of the mixtures.29,30

Mortar flow—Mortar flow of the materials was deter-
mined as outlined in ASTM C1437.31 Mixture designs 
for both mortar flow and compressive strength of mortar 
(ASTM C10916) consisted of a 20% by mass replacement of 
the fly ashes or quartz, a ratio of fine aggregate to cementi-
tious materials of 2.75, and a fixed w/cm of 0.485.

Concrete slump—Additionally, concrete slump testing 
was performed in accordance with ASTM C14332 because it 
is the most common method to gauge concrete workability 
in the field and in the lab. Concrete mixture designs gener-
ally followed ACI 211.133 for structural concrete for a target 
strength of 31 MPa (4500 psi) and a target slump of 102 mm 
(4 in.). A w/cm of 0.485 was used and 20% by mass of 
cement was replaced by fly ash, with the fine aggregate 
content adjusted to account for the differences in volume 
between cement and fly ash, using the specific gravities 
shown in Table 1. An example of a concrete mixture design 
is shown in Table 4 for a straight cement mixture.

Pozzolanicity testing
This study used two test methods to determine the pozzo-

lanicity of the beneficiated and reclaimed fly ashes: one 
isothermal calorimetry-based and one based on portlandite 
consumption. Additionally, compressive strength testing of 
mortar and concrete samples was conducted to evaluate the 
development of strength over time, which can also provide 
an indirect indication of pozzolanicity.

Isothermal calorimetry—An isothermal calorimetry 
test for SCMs called the rapid, relevant, and reliable (R3) 
test method was adopted from a paper by Snellings and 
Scrivner34 to evaluate the pozzolanicity of the beneficiated 
and reclaimed fly ashes.35 The goal of the R3 test is to create 
an environment that isolates the reaction of SCMs without 
the use of portland cement. Mixtures were composed of 
four different solid components: one of the beneficiated or 
reclaimed fly ash, production fly ash, or quartz; portlandite 
(Ca(OH)2, or CH in cement chemistry notation); gypsum; 
and potassium hydroxide (KOH). CH was added at a 3:1 
mass ratio to the fly ash or quartz to provide an excess 
amount of CH for consumption by the fly ash. Gypsum was 
added to give the system an overall SO3/Al2O3 molar ratio 

of 1, assuming all Al2O3 as potentially reactive. KOH was 
added to deionized water to produce a 0.5 M KOH solution, 
while the water-to-solids ratio of the system was 0.9. Only 
the water used to produce the KOH solution was accounted 
for in this ratio. The cumulative heat was measured using an 
isothermal calorimeter at 40°C (104°F) for 7 days. R3 pastes 
were mixed for 2 minutes using an overhead laboratory 
mixer at 168 rad/s (1600 rpm).

Portlandite consumption—Differential scanning calorim-
etry (DSC) and thermal gravimetric analysis (TGA) were 
used to quantify the CH content in pastes. The pastes 
contained a 20% cement replacement by mass with fly 

Fig. 1—ESEM images of: (a) B-S; (b) B-C; and (c) R-G.

Table 2—ASTM C618 chemical properties of fly 
ashes

Material

SiO2 + 
Al2O3 + 

Fe2O3, % SO3, %
Moisture 

content, %
Loss on 

ignition, %

Passes 
ASTM 
C618?

FA 78.7 0.5 0.5 0.4 YES

B-C 76.3 3.4 2.9 1.8 YES

B-L 77.2 3.9 1.4 1.6 YES

B-S 79.2 3.2 2.1 5.9 YES

R-G 77.8 2.7 3.9 0.9 NO

R-M 75.2 0.9 0.9 0.7 YES

Criteria in 
ASTM C618 70% min 4% max 3% max 6% max
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ash or quartz and had a w/cm of 0.45. The same mixing 
procedure was used as for isothermal calorimetry. Sample 
mixtures were separated into four individual containers and 
cured at 23°C (73°F) and 100% relative humidity (RH) to 
be tested at 1, 7, 28, and 90 days. Upon reaching the target 
age, the samples were removed from the curing environment 
and hydration was stopped using vacuum desiccation at 
30 mm-Hg (1.18 in-Hg). First, the edges of the sample were 
removed and discarded to remove calcium hydroxide crystals 
that orient along the edges of the sample and walls of the 
container.36 Next, the sample was crushed to pass the No. 100 
sieve (150 μm [0.0059 in.]) and then placed in a vacuum 
desiccator for a minimum of 2 weeks to cease hydration.37 
The samples were then ground to pass the No. 325 sieve 
(45 μm [0.0018 in.]) and placed back under vacuum prior to 
DSC/TGA testing to prevent carbonation of the materials.

DSC/TGA testing was performed using a thermogravi-
metric analyzer. The heat flow and mass loss of 10 mg 
(0.00035 oz) of each material in a 70 μL (0.0024 fl oz) 
crucible were recorded as the materials were heated from 
40 to 1000°C (104 to 1832°F) at a rate of 20°C/min 
(36°F/min) within a chamber with N2 gas flowing at 50 mL/s 
(3.05 in.3/s). DSC/TGA testing determines the mass loss of 
water during the degradation of CH, which typically occurs 
between approximately 350 and 550°C (662 and 1022°F).37 
The DSC curve was used to pinpoint the exact start and end 
temperatures when the mass loss occurred. The mass loss 
within this region was then used to calculate the amount of 
CH present in the tested sample, which was converted to the 
amount of CH per gram of cement by normalizing by ignited 
weight and accounting for the mass percent of fly ash or quartz.

Mortar compressive strength testing—Mortar cubes were 
tested for compressive strength based on ASTM C10916 at 1, 
3, 7, 28, 56, and 90 days. Compressive strength gain was eval-
uated to determine if the beneficiated and reclaimed fly ashes 
are pozzolanic. Mixtures followed the same proportioning as 
mortar flow samples and had a fixed w/cm of 0.485.

Concrete compressive strength testing—Concrete cylin-
ders were tested for compressive strength following ASTM 
C3938 at 7, 28, 56, and 90 days. Similar to mortar strength 
tests, the compressive strength of the concrete cylinders was 
evaluated over time to determine if the beneficiated and 
reclaimed fly ashes are pozzolanic, thus increasing strength 
over time. Mixtures followed the same proportioning as 
concrete slump samples shown in Table 4.

Durability testing
Mortars were tested to evaluate the ability of the benefi-

ciated and reclaimed fly ashes to control deleterious internal 
expansion due to ASR and resist sulfate attack.

Alkali-silica reaction testing—The accelerated mortar-bar 
method (ASTM C156725) was used to evaluate the ability 
of the materials to control deleterious expansion due to 
ASR. Mixture proportions consisted of 1 part of cementi-
tious materials to 2.25 parts of graded reactive fine aggregate 
by mass with a w/cm of 0.47. A replacement of 20% cement 
by mass was used initially for all fly ashes. However, R-M 
was later increased to 25% as an extra precaution because the 
expansion of mortars with a 20% replacement was just below 
the threshold. The mortar bars were immersed in 1N NaOH at 
80°C (176°F) and were measured at 3, 7, and 14 days.

Sulfate resistance testing—Durability of the mortars was 
also tested in accordance with ASTM C101239 to assess 
the ability of the materials to resist sulfate attack. Mixture 
designs consisted of a ratio of fine aggregate to cementitious 
materials of 2.75 by mass and a w/cm of 0.485. Replacement 
dosages of 20% by mass were used for all fly ashes except 
for R-M, which was replaced at 25% to mimic the adjusted 
amount used in ASR testing. Expansion of the mortar bars 
was evaluated for up to 12 months. Per ACI 201.2R,40 if the 
expansion in the bars before or at 6 months exceeded 0.05%, 
the materials were deemed ineffective at sulfate resistance. 
If expansion in the bars after 6 months and before or at 12 
months exceeds 0.1%, the materials were also deemed inef-
fective at sulfate resistance.

Table 3—ASTM C618 physical properties of fly ashes

Material Fineness, % retained SAI 7 days, % SAI 28 days, % Water requirement, % Soundness, % Passes ASTM C618?

FA 25.2 82* 92* 95* –0.02* YES

B-C 2.7 90* 113* 101* 0.01* YES

B-L 15.2 89* 93* 102* –0.04* YES

B-S 10.1 110* 125* 102* –0.01* YES

R-G 10.6 79* 93* 100* –0.02* YES

R-M 15.3 — — — 0.00 YES

Criteria in ASTM C618 34% max 75% min 75% min 115% max 0.8% max

*Values provided by suppliers of materials.

Note: SAI is strength activity index.

Table 4—OPC concrete mixture design

Component Amount, kg/m3

OPC 335*

Water 157

Coarse aggregate (Colorado River gravel 
[Texas]), 19 mm (3/4 in.) 1072

Fine aggregate (Colorado River sand [Texas]) 796

Air Assumed 2 vol. %

*Fly ash or Q replaced cement by mass, and specific gravity was used to determine 
change in cementitious material volume; fine aggregate content was adjusted to keep 
volume constant.

Note: 1 kg/m3 = 1.69 lb/yd3.



84 ACI Materials Journal/July 2019

EXPERIMENTAL RESULTS AND DISCUSSION
Workability testing

Paste rheology—The Bingham model was found to 
be appropriate to find the viscosity and yield stress of the 
mixtures. The y-intercept of the trendlines corresponds to 
the yield stress and the slope corresponds to the viscosity. 
Table 5 shows these values for each mixture. Rheological 
testing showed that the beneficiated fly ash pastes had higher 
yield stresses and viscosities in comparison to the OPC and 
FA-containing pastes. This was largely attributed to the angu-
larity of the particles (Table 1) in the beneficiated fly ashes. 
The angularity of the particles causes them to interlock with 
each other, impeding the flow of the paste. The beneficiated 
fly ashes also consisted of smaller particles than the reclaimed 
and control fly ashes. A smaller particle size is commonly 
related to a larger surface area, which requires more water to 
lubricate the grains, resulting in a higher water demand. It is 
assumed these beneficiated fly ashes have larger surface areas, 
comparatively, contributing to the higher yield stresses and 
viscosities observed in those mixtures. Additionally, round 
particles have a smaller surface area than angular particles of 
the same size. This, as well as their medium-to-large sized 
particles, allowed both the reclaimed fly ashes and FA to have 
similar yield stresses and viscosities.

Mortar flow—The workability of cement-based materials 
is impacted by the type of energy imparted onto the paste. 
This occurs in the mortar flow test (drop table), which is 
classified as a vibration test,41 because energy is applied to 
the system through jolting (that is, vibration). As such, it is 
reasonable to expect that there would be differences in the 
results from the rheological test and mortar flow test char-
acterizing the mixtures. Mortar flow values for the control 
mortars and the beneficiated and reclaimed fly ash mortars 
are presented in Table 5. Values that are greater than the OPC 
mortar indicate that the mortar has a more fluid-like response 
than the OPC mortar under the drop table test conditions. 
The mortar flow for the OPC mortar was 110%, whereas 
FA, B-C, R-G, and R-M mortars all had flows larger than 
120%. This increase in flow is likely due to the relatively 
large, rounded morphology of FA, R-G, and R-M (Table 1) 
reducing interparticle friction as the mortar responded to 
the jolts from the table dropping. It is assumed that the flow 
of the mortar would mimic viscosity results from rheology 

testing. However, B-C mortar did not replicate results from 
paste testing, and a good correlation could not be found 
between mortar flow and paste rheology. While the reason 
for why the B-C mortar displayed a large mortar flow value 
is not fully understood, it may be due to the shape of the 
particles (partially angular) coupled with packing effects due 
to its high fineness and its high moisture content.

The remaining two fly ash mortars—B-L and B-S—had 
flows lower than the OPC mortar, which is attributed to the 
angular shapes of these particles, as denoted in Table 1. This 
would likely increase interparticle friction among particles, 
hindering the particles from moving past one another. Q had 
no effect on the flow of the mortar because its particle size 
and shape is similar to OPC (Table 1).

Concrete slump—Slump values for all the concrete 
mixtures are shown in Table 5. B-C and R-G had little 
effect on the workability of the concrete, having compa-
rable slumps to the OPC mixture. R-M and FA concretes 
had significantly higher slumps than the OPC concrete, 
both increasing slump by approximately 50%. This can be 
attributed to their relatively large particle sizes and their 
round shapes, shown in Table 1. B-L and B-S decreased 
concrete slump, with B-S concrete having less than half the 
slump of OPC concrete. This is due to their relatively small 
particle sizes and the angularity of their particles (Table 1). 
Overall, the concrete slump results agreed well with the 
yield stress results from the rheological testing. However, 
both the slump test and rheological test results did not agree 
well with the mortar flow test results. Mortar flow results 
showed B-C mortar having a higher flow than OPC mortar, 
while having a lower concrete slump. Unlike the mortar flow 
test, the concrete slump test measures flow based only on 
the self-weight of the concrete mixture. The disagreement 
between test methods could be due to the added energy in 
the mortar flow table drops, as discussed previously.

Pozzolanicity testing
Isothermal calorimetry—The final 7-day cumulative heat 

releases for the control R3 pastes and the beneficiated and 
reclaimed fly ash R3 pastes are shown in Table 6. The R3 test 
was able to show a clear difference in the final cumulative heat 
between the inert Q R3 paste and all the R3 pastes containing 
fly ash (that is, FA, B-C, B-L, B-S, R-G, and R-M pastes). All 
the fly ash R3 pastes had cumulative heat values above 
200 J/g (21.7 kcal/lb), significantly higher than the Q R3 paste 
at 20 J/g (2.2 kcal/lb). In a paper by Kalina et al.,42 it was 
determined that a 7-day cumulative heat greater than 200 J/g 
(21.7 kcal/lb) indicates a highly pozzolanic material, while a 
7-day cumulative heat less than 100 J/g (10.8 kcal/lb) indi-
cates an inert material. Therefore, all the fly ashes tested are 
highly pozzolanic, while Q tested to be inert, as expected.

Portlandite consumption—The CH contents of the fly ash 
and control pastes are shown in Fig. 2. Due to insufficient 
replicate testing, a generalized error of ±5%, taken from a 
previous study by Kim and Olek,37 was assigned to the data 
in Fig. 2. It is clear that the pozzolans increased early CH 
content, which is a result of the filler effect causing increased 
formation of CH and C-S-H due to the increased sites for 
nucleation and growth.43 When the CH content per gram of 

Table 5—Workability of cement paste, mortar, and 
concrete mixtures

Material
Yield stress, 

Pa Viscosity, Pa·s
Mortar 
flow, %

Concrete 
slump, mm

OPC 47 0.19 110 152

FA 28 0.12 126 210

Q — — 112 159

B-C 71 0.25 124 140

B-L 65 0.26 104 121

B-S 102 0.31 103 70

R-G 37 0.15 121 165

R-M 25 0.14 131 229

Note: 1 Pa = 0.000145 psi; 1 mm = 0.0394 in.
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cement is lower than the control (OPC), this indicates that a 
pozzolanic reaction has occurred. This happens as early as 
7 days for some of the materials. Most of the beneficiated 
and reclaimed fly ashes exhibited pozzolanic behavior, with 
only R-G showing questionable pozzolanicity, with results 
comparable to OPC paste. FA showed no sign of pozzola-
nicity until 90 days. This is due to the large particle size of 
the fly ash, resulting in a delayed pozzolanic reaction. It can 
be noted that Q showed no pozzolanic activity, as expected, 
because there was no decrease in CH content over time.

The results from portlandite consumption agree with R3 
results (Table 6), with both showing inert behavior from Q 
and showing pozzolanic activity from the fly ashes, with the 
exception of R-G in the CH consumption test. This discrep-
ancy could be primarily due to particle size. R-G had the 
largest particle size among the beneficiated and reclaimed fly 
ashes, as shown in Table 1. Particle size may be a controlling 
factor in rate of pozzolanic activity in cementitious mixtures, 
but in an accelerated test, such as the R3 test, the high-alka-
line and higher temperature environment may make particle 
size less relevant.

Mortar compressive strength testing—Mortar compressive 
strength results are shown in Fig. 3. Compressive strengths 
of the mortars containing the beneficiated and reclaimed fly 
ashes continuously increased up to 90 days and surpassed, 
or were equal to, the magnitude of the OPC control mortar 
at 28 days. The compressive strength of all the beneficiated 
and reclaimed fly ash mortars were well above Q mortar at 
56 and 90 days, indicating that the fly ashes are pozzolanic.

Concrete compressive strength testing—The results 
of concrete compression testing are shown in Fig. 4. At 
early ages, it is expected for Class F fly ash to decrease 
the compressive strength of concrete, which can be seen 
at 7 days for all the materials, with the exception of B-C 
concrete. All the fly ash concrete mixtures, apart from R-G, 
had comparable or higher strengths than OPC concrete at 
28 days. By the 56-day mark, all fly ash concretes had 
comparable or higher strengths to OPC concrete, with 
the beneficiated fly ash concretes performing the best at 
90 days. These results differed from mortar compressive 
strength results, where FA and R-M mortars had the highest 
compressive strength at 90 days.

Durability testing
Alkali-silica reaction testing—Mortar bar expansions due 

to ASR at 14 days are shown in Table 7. None of the fly ash 
mortars expanded above the threshold of 0.1% at 14 days for 
ASR testing, while the control OPC mortar expanded well 
beyond with an expansion of 0.36%. However, the mortar 
containing 20% R-M approached the 0.1% threshold with 
an expansion of 0.07% at 14 days. Due to this, the replace-
ment percentage of R-M was increased to 25% as an extra 
precaution, which reduced the 14-day expansion to 0.02%, 
matching the expansions in mortars containing the other 
beneficiated and reclaimed fly ashes. Additionally, Q mortar 

Table 6—7-day cumulative heat release for R3 pastes

Material 7-day cumulative heat, J/g

FA 291

Q 20

B-C 273

B-L 257

B-S 252

R-G 284

R-M 332

Note: 1 J/g = 0.108 kcal/lb.

Fig. 2—Calcium hydroxide content of control pastes and 
pastes containing 20% by mass beneficiated and reclaimed 
fly ashes.

Fig. 3—Compressive strength results for mortars containing 
20% by mass beneficiated and reclaimed fly ashes.

Fig. 4—Compressive strength results for concrete containing 
20% by mass beneficiated and reclaimed fly ashes.
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had half the expansion of OPC mortar at 14 days, likely due 
to the dilution of the cement.

Sulfate resistance testing—Sulfate expansion percentages 
of mortar bars at 12 months are shown in Table 7. For mortar 
bars that failed prior to 12 months, the number of days until 
mortar bars passed the expansion threshold is presented. 
Sulfate resistance testing revealed that the mixtures with 
expansions less than 0.1% at 12 months include the mortars 
containing B-C, B-L, and B-S. FA and R-M mortars failed 
between 4 and 6 months, while R-G expanded beyond 
0.1% prior to 15 weeks. This indicates that the control and 
reclaimed fly ashes are not suitable for sulfate resistance 
at their tested dosages. It is possible that increasing the 
dosage of these fly ashes would improve their performance. 
However, additional testing is required.

CONCLUSIONS
With the decline in supply of quality Class F fly ash 

around the United States, producers have sought alternatives 
to meet demand in the concrete industry. This study tested 
three beneficiated fly ashes (that is, fly ashes that do not meet 
the requirements of ASTM C618 specifications and are then 
treated) and two reclaimed fly ashes (that is, fly ashes that 
are retrieved from disposal sites). The objective of the study 
was to determine whether these fly ashes are possible alter-
natives for production Class F fly ash for use in concrete.

All the beneficiated and reclaimed fly ashes tested in this 
study are able to perform similarly to a production Class F 
fly ash in certain applications and environments. Workability 
of pastes, mortar, and concrete was significantly impacted 
by the particle shapes of the materials. The smaller, angular 
particles of the beneficiated fly ashes resulted in stiffer 
mixtures with higher yield stresses and viscosities in 
rheology testing as well as lower slumps in concrete testing. 
The reclaimed fly ashes had more rounded particles than the 
beneficiated fly ashes, so mixtures containing these mate-
rials performed similarly to production fly ash-containing 
mixtures. Some differences were seen in the mortar flow test 
results. The mortar flow drop table imparts force to induce 
mortar to flow, whereas in the slump test the material flows 
due to its self-weight to bring it to a steady-state condition.

The R3 test indicated that the beneficiated and reclaimed 
fly ashes were pozzolanic with cumulative heats comparable 
to the production fly ash R3 paste. The CH contents of cement 
pastes containing the beneficiated and reclaimed fly ashes, 
as determined through DSC/TGA, agreed with the R3 test 
results, apart from R-G. R-G paste had a similar CH content 
to OPC paste at 90 days, while the remaining fly ash-con-
taining pastes contained less CH at 90 days than the OPC 
paste. Concrete cylinder compression testing showed this 
same trend, where R-G and OPC concretes had comparable 
strengths at 90 days, while the remaining fly ash-containing 
concretes had higher strengths. In mortars, the B-L and 
B-S-containing mortars also had comparable strengths to 
R-G and OPC mortars. All of the fly ashes performed well 
in ASR testing, indicating that a 20 to 25% replacement 
of cement by mass is effective in suppressing deleterious 
expansion. Only the beneficiated fly ash mortars were able 
to withstand sulfate attack, while the reclaimed fly ash and 
FA mortars failed before 6 months. Further testing at higher 
replacement levels as well as X-ray diffraction on hydrated 
pastes can help determine why the reclaimed fly ash and FA 
mortars behaved poorly in sulfate attack.

Finally, fly ash physical, chemical, and mineralogical 
properties can vary widely and influence the behavior of 
cementitious mixtures differently based off the coal source, 
burning conditions, and collection and storage conditions.3 
Disposal methods and location can also alter these fly ash 
properties.5 Reclamation and beneficiation methods also 
differ among plants. Because of this, the recommendations 
presented in this paper only represent the specific materials 
tested, not all beneficiated and reclaimed fly ashes. Testing 
on a larger sampling of beneficiated and reclaimed fly ashes 
can reveal the best reclamation and beneficiation methods to 
obtain a quality fly ash.
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Table 7—Results of durability testing on mortars

Material
ASR expansion at 

14 days, %
Sulfate expansion 
at 12 months, %

Age at sulfate 
failure (>0.1% 

expansion), days

OPC 0.36 — <120

Q 0.18 — —

FA 0.05 — <180

B-C 0.02 0.035 —

B-L 0.03 0.042 —

B-S 0.03 0.027 —

R-G 0.03 — <105

R-M 0.07 — —

R-M* 0.02 — <180

*25% fly ash replacement of cement by mass; all others have 20% replacement.
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