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EXECUTIVE SUMMARY

Fly ash consists of several major oxides such as CaO, Al,0s, Si0,, Fe;0s, as well as some minor oxides.
ASTM C618 (2019) uses a method that separates fly ash into two groups—Class C or Class F—based
on their major oxide contents. For this research project, 19 fly ash mixtures were produced in various
US states, including Texas, Oklahoma, and lllinois. Of these, 12 fly ash mixtures were classified as
Class C and seven were classified as Class F by ASTM C618 (2019). A conventional concrete with 100%
ordinary Portland cement (OPC) was compared to 20% and 40% fly ash replacement levels with the
19 fly ash mixtures.

This work showed that 20% and 40% replacement provided concrete mixtures that could be used for
acceptable workability, strength, and resistivity. Increasing the amount of fly ash also improved the
workability of the mixtures in most cases, which is beneficial for placing concrete in the field.

Fresh concrete was then transferred from the mixer to a wheelbarrow, where it was tested for air
using a Type B Air Pressure Meter in accordance with ASTM C231 (2017). The slump and unit weights
were also collected according to ASTM C143 (2015) and C138 (2017), respectively. The concrete was
then used to make 24 samples of 100 mm x 200 mm (4 in. x 8 in.) cylinders, prepared according to
ASTM C192 (2018). These cylinders were then placed in a controlled environment chamber at 21°C
(70°F) and 100% RH until the day of testing. Compressive strength ASTM C39 (2018) and electrical
surface resistivity AASHTO T 358 (2017) testing was completed at 3, 7, 14, 28, 56, 90, and 180 days.
The samples were left in their cylinder molds until they were tested. This was done to prevent
leaching from the surface of the cylinder by the spray in the fog room. A control mixture was tested
for strength and resistivity to set a basis for comparison.

Slump tests were performed for each mixture following the ASTM C143 (2015) testing method. While
the slump test is not a workability test, it has great merit in providing consistency of fresh concrete to
fall under its own weight. Therefore, this can provide an understanding of the change in consistency.
Slumps showed an increase for all mixtures that included fly ash when compared to the OPC mixture,
which had a 25.4 mm (1 in. slump). This was due to the small spherical fly ash particles acting as ball
bearings within the paste matrix, reducing friction between particles in the mixture. There were three
fly ash mixtures that did not follow this behavior.

While the 3-day strengths of these mixtures were shown to be lower than OPC, the 90-day strengths
exceeded those for OPC in almost every case. All mixtures met or exceeded the compressive strength
of OPC at 90 days by as much as 135%. The maximum for the Class C mixtures, C5, reached 135% at
90 days, while F1, F2, and F3 reached a maximum of 121% of OPC at 90 days. Strength was met or
exceeded for mixtures at the 20% replacement level compared to OPC. When increased to 40%
replacement, the mixtures achieved 95% to 126% strength when compared to OPC. Particle size
distribution did not seem to directly correlate to strength gain. The ratio of calcium oxide to silica plus
aluminum did indicate some correlation to the 3-day strengths given that the lower calcium fly ash
had lower strengths. When observing the strengths at 90-day testing versus the oxide ratio, there did
not seem to be a strong correlation between strength and calcium content.




Resistivity measurements showed that mixtures at both the 20% and 40% replacement levels nearly
met the resistivity of OPC at 3-day testing. However, nearly all fly ash mixtures exceeded the
resistivity of OPC by as much as 300% for the 20% replacement and over 600% for the 40%
replacement. The lowest measurements for 20% fly ash replacement were able to exceed the OPC
mixtures by at least 30%. Testing of IC4 at 90 days with a 40% replacement showed it had the lowest
resistivity of all the fly ash, but exceeded OPC by 68%. When investigating the correlation of the oxide
ratio to 3-day resistivity testing, there did not seem to be a strong correlation at the 20% or 40%
replacement level. Yet 90-day testing showed a significant correlation for fly ash with lower calcium
content having higher resistivity at the 40% replacement level. While this could be caused by a
refinement in the pore structure of the fly ash with lower amounts of calcium, it is also possible that
the change in the chemical composition of the fly ash also changes the pore solution chemistry and so
this would, in turn, impact the resistivity.

Isothermal calorimetry demonstrated that the majority of fly ash tested did not exceed the amount of
heat transferred by OPC at 20% or 40% replacement levels. Most only came within 20% of OPC in
terms of heat transferred. There were four Class C fly ash mixtures and two Class F mixtures that
exceeded the heat transfer of OPC. These results did not directly correlate to the oxide ratio and an
exact answer could be sought through future testing currently underway.

Conclusions as to what determines the performance of concrete mixtures discussed herein with
regards to the chemical content or particle size distribution could not be conclusively determined and
is beyond the scope of this work.
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CHAPTER 1: INVESTIGATING PERFORMANCE AND QUALITY
CONTROL OF CONCRETE WITH INCREASED FLY ASH
REPLACEMENT

INTRODUCTION

Fly ash is a by-product of coal combustion, made up of particles that are collected through various
methods before exiting the flue. It is made up of several major oxides such as Ca0O, Al;03, Si0,, Fe, 03,
as well as some minor oxides. ASTM C618 (2019) uses a method that separates fly ash into two
groups—Class C or Class F—based on their major oxide contents. Though there are many uses for fly
ash such as soil stabilization, wastewater treatment, and supplementary cementitious material (SCM)
for concrete, its use as a SCM is steadily growing. Reports from the American Coal Ash Association
(AACA) (2017) say fly ash used in concrete went from 11 million short tons used in 2010 to 14 million
in 2019. This is due to its economic and performance benefits. Despite this, there are some difficulties
when it comes to consistency and performance predictability. This chapter aims to gather the
performance data for a variety of fly ash at both 20% and 40% replacement levels. A general
evaluation will be made to compare the performances between these materials in concrete mixtures
at different volumes to see if the mixtures are feasible for use and if there is a bulk property that can
be used to evaluate the performance in concrete. The goal of this chapter is to gather this
information for more detailed investigations by other researchers in the future.

EXPERIMENTAL METHODS

Laboratory Materials

All laboratory concrete mixtures in this research used a Type | cement that met the requirements of
ASTM C150 (2019). Both the oxide analysis and Bogue calculations for the cement used are shown in
Table 1. All 19 fly ash mixtures were produced in various US states, including Texas, Oklahoma, and
[llinois. Of these, 12 fly ash mixtures were classified as Class C and 7 were classified as Class F by
ASTM C618 (2019). Oxide analysis and particle size distribution were completed using an automated
scanning electron microscope (ASEM) (Kim et al. 2018). The chemical compositions for each fly ash
mixture are presented in Table 2. The aggregates used were locally available crushed limestone and
natural sand used in commercial concrete. The crushed limestone had a maximum nominal aggregate
size of 19 mm (3/4 in.). Both the crushed limestone and the sand met ASTM C33 (2018) specifications.

The fly ash listed in Table 2 is labeled using an existing system for fly ash frequently tested within our

research facility at Oklahoma State University. The letters represent the class of fly ash followed by an
identifying number “C#” or “F#,” except for IC and IF, which were obtained for research by the Illinois

Department of Transportation and thereby denoted with the letter “I.”




Table 1. Type | Cement Oxide Analysis and Bogue Calculations

Oxide (%) CaO | SiO, | Al,0s | Fe;0s | Na;O | MgO | SOs | KO | CsS | C.S | CsA | C.AF
Cement 62.1 | 21.1 0.2 2.4 32 | 03 | 56.7 | 17.8 | 8.2 7.8
Table 2. Fly Ash Oxide Analysis

Oxide (%) CaO | SiO, | ALO; | Fe;O3 | Na,O | MgO | P,Os | SOs K:O | TiO, SrO
Class C Fly Ash

C1 23.2 | 36.2 21.7 5.3 3.6 5.4 1.9 0.7 1.0 0.8 0.2

C2 26.9 | 35.8 19.2 5.6 3.0 5.5 1.2 1.0 0.9 0.7 0.2

C3 325 | 253 19.3 5.2 3.4 7.8 1.9 2.6 0.6 11 0.3

ca 22.4 | 36.7 22.8 4.5 3.4 4.3 1.1 1.2 1.0 1.3 1.2

C5 26.1 | 313 22.5 5.4 4.3 6.0 2.1 0.6 0.8 0.8 0.2

(03] 21.5 | 27.7 22.9 4.2 12.6 4.5 0.7 2.5 0.8 1.3 13

c7 24.7 | 353 20.6 4.7 4.3 4.9 0.8 0.7 1.2 1.6 1.0

C11 27.1 | 31.0 20.8 6.4 3.5 7.1 0.8 1.6 0.7 0.8 0.2

IC1 28.2 | 31.8 22.9 5.7 23 5.5 0.5 1.1 1.0 0.8 0.3

IC2 30.5 | 25.2 21.2 6.2 4.0 7.8 2.2 1.0 0.6 1.2 0.2

IC3 30.3 | 29.7 21.0 5.9 2.2 5.4 1.6 1.9 0.6 1.0 0.5

IC4 31.8 | 29.9 17.7 4.7 2.6 9.3 1.1 1.2 0.8 0.8 0.2
Class F Fly Ash

F1 12.5 | 48.8 23.8 7.4 0.9 3.0 0.1 0.5 2.1 0.8 0.3

F2 17.1 | 50.4 20.9 3.9 1.0 3.7 0.1 0.5 1.4 0.7 0.3

F3 9.3 48.8 26.6 6.6 1.7 2.0 0.1 0.3 1.9 15 11

F4 14.6 | 45.3 27.4 4.0 15 3.6 0.4 0.7 0.6 11 0.8

F5 2.1 53.2 25.4 11.2 1.0 0.2 0.0 0.9 4.4 0.7 1.0

F6 2.5 51.9 25.7 12.3 1.6 0.3 0.1 0.7 4.1 0.7 0.2

IF1 3.7 58.3 21.9 6.9 2.2 1.4 0.4 0.6 4.3 0.2 0.2

Table 3 displays the fly ash and OPC ranked in order by their calcium oxide content. This table
calculates the ratio of calcium oxide to silica plus aluminum content in order to compare it to various
hardened properties, which are discussed in the “Results and Discussion” section.




Table 3. Fly Ash Ranked in Order of Their Calcium Oxide Contents,
Displaying the Ratio of Calcium Oxide to Silica Plus Alumina

ce“mn:;‘:::“s Ca0 si0, AL,O; Ca0/(Si0,+Al,05)
OPC 62.1 211 4.7 2.41
c3 325 253 19.3 0.73
IC4 31.8 29.9 17.7 0.67
Ic2 30.5 25.2 21.2 0.66
Ic3 303 29.7 21.0 0.60
Cl11 27.1 31.0 20.8 0.52
IC1 28.2 31.8 229 0.52
C2 26.9 35.8 19.2 0.49
C5 26.1 31.3 22.5 0.49
Cc7 24.7 35.3 20.6 0.44
C6 21.5 27.7 22.9 0.43
C1 23.2 36.2 21.7 0.40
C4 22.4 36.7 22.8 0.38
F2 17.1 50.4 20.9 0.24
F4 14.6 45.3 27.4 0.20
F1 12.5 48.8 23.8 0.17
F3 9.3 48.8 26.6 0.12
IF1 3.7 58.3 21.9 0.05
F6 2.5 51.9 25.7 0.03
F5 2.1 53.2 25.4 0.03

Mixture Design

A conventional concrete with 100% cement was compared to the 20% and 40% fly ash replacements
with the 19 mixtures provided in Table 1 and Table 2. These mixture designs are used for the mixtures
presented in Table 4. No air-entraining or water-reducing admixtures were used in the testing.
Isothermal calorimetry testing was performed according to ASTM 1702 (2017) for all 40% mixtures
and 10 fly ash mixtures at 20% replacement using the mixtures described in Table 5.

Table 3. Mixture Designs

Mixture w/b Cement Fly Ash Water Paste Coarse Fine
(Ib) (Ib) (Ib) (%) (Ib) (Ib)

OPC 0.45 625 0 281 28.8 1,903 1,243

20% Fly Ash 0.45 500 125 281 28.9 1,900 1,240

40% Fly Ash 0.45 375 250 281 29.0 1,892 1,228




Table 4. Mixture Proportions for Isothermal Calorimetry

Mixture w/b Cement Fly Ash Water Paste
(Ib [107]) (Ib [107]) (Ib [10°%]) (%)
OPC 0.45 4.409 0 1.984 100
20% Fly Ash 0.45 3.527 0.8818 1.984 100
40% Fly Ash 0.45 2.645 1.764 1.984 100

Concrete Mixing Procedure

Aggregates were collected from outside storage piles and brought into a temperature-controlled
room at 23°C (72°F) for at least 24 hours before mixing. Aggregates were placed in the mixer and
spun, and a representative sample was taken for moisture correction. At the time of mixing all
aggregates were loaded into the mixer along with approximately half of the mixing water. This
combination was mixed for 3 minutes to allow the aggregates to approach the saturated surface dry
condition and ensure that the aggregates were evenly distributed.

Next, the cement, fly ash, and remaining water were added and mixed for 3 minutes. The resulting
mixture rested for 2 minutes while the sides of the mixing drum were scraped. After the rest period,
the mixer was started, and the concrete was mixed for 3 minutes.

Testing Procedure

Fresh concrete was then transferred from the mixer to a wheelbarrow, where it was tested for air
using a Type B Air Meter according to ASTM C231 (2017). The slump and unit weights were also
collected according to ASTM C143 (2015) and ASTM C138 (2017), respectively. The concrete was then
used to make 24 samples of 100 mm x 200 mm (4 in. x 8 in.) cylinders, prepared according to ASTM
C192 (2018). These cylinders were then placed in a controlled environment chamber at 21°C (70°F)
and 100% RH until the day of testing. Compressive strength ASTM C39 (2018) and electrical surface
resistivity AASHTO T 358 (2017) testing were completed at 3, 7, 14, 28, 56, 90, and 180 days. The
samples were left in their cylinder molds until they were tested. This was done to prevent leaching
from the surface of the cylinder by the spray in the fog room. A control mixture was tested for
strength and resistivity to set a basis for comparison. All fly ash mixtures listed in Table 2 were tested
at 20% replacement, except IC or IF.

RESULTS AND DISCUSSION

Table 6 presents a summary of data collected for each set of mixtures. These are presented as the
maximum and minimum values recorded for the fresh and hardened properties. Extensive tables for
the entire data set are included in the volume Il report (Baral, Roesler, and Fu 2021). Two OPC
mixtures were tested. They were compared and the strengths were found to vary by a coefficient of
variation less than 8% up to 90 days and 13% at 180 days. The data listed for OPC is an average of the
two mixtures.

Slumps showed an increase for all mixtures that included fly ash when compared to the OPC mixture,
which had a 25.3 cm 1 in. slump. This is due to the small spherical fly ash particles acting as ball




bearings within the pa ste matrix, reducing friction between particles in the mixture. There were
three fly ash mixtures that did not follow this behavior. This is discussed in the next section.

Table 5. Summary of Testing Results

O, O,
Test oPC 20% Fly Ash 40% Fly Ash
Replacement Replacement
Slump (in.) 1 1.5-6.5 2.5-7
Air (%) 1.7 0.8-1.5 0.8-1.4
Unit Weight (Ib/ft3) 149.8 148.3-154.7 149.2-152.8
?8—day . 5450-6480 5,130-7,800 4,040-7,590
Compressive Strength (psi)
28-day
Resistivity (kOhm-cm) 8.35-13.0 9.58-19.0 8.98-27.3
Isothermal Calorimetry (J/g) 172 *113-153 138-341

*Note: Only 10 of the 19 fly ash mixtures were tested for isothermal calorimetry.

Slump Test

Slump tests were performed for each mixture following the ASTM C143 (2015) testing method. While
the slump test is not a workability test, it has great merit in providing consistency of fresh concrete to
fall under its own weight. Therefore, this can provide an understanding of the change in consistency.
Figure 1 displays the slumps for all fly ash mixtures, comparing the 20% to 40% mixtures.

20% Ash B 40% Ash

Class C Class F

(o)} 3
T

Slump (in.)
[\ w BN W

RSROFNSEVEVICANVS VRO NGNS MR SR R R

Figure 1. Graph. Comparison of slumps measured for each fly ash mixture at
20% and 40% replacement levels.




The results varied for each mixture; in most cases, the 40% replacement mixtures had a higher slump
than the mixtures at 20% replacement by an average of 30.5 mm (1.2 in). Of the Class C mixtures, C6
and IC1 showed the greatest increase in slump at 82.55 mm (3.25 in). Of the Class F mixtures, F2
showed the greatest increase in slump with 50.8 mm (2 in.) at 20% compared to a slump of 165.1 mm
(6.5in.) at 40% replacement. However, this is not always the case. IC2, IC3, and IC4 showed higher
slumps at the 20% replacement level by 57.2 mm (2.25 in), 37.5 mm (1.5 in), and 63.5 mm (2.5 in.),
respectively, while F6 and F4 showed little effect on the slumps for the 40% mixture. C5 had no
change in slumps between 20% and 40% replacement levels.

Varying Slumps of IC2, IC3, and IC4

The reason the slumps of IC2, IC3, and IC4 were higher at 20% than 40% replacement was thought to
be directly related to particle size distribution (PSD). However, when looking closely at the PSD, these
three fly ash mixtures did not show a distribution profile that was significantly different from the
other fly ash. Figure 2 presents a cumulative distribution. In the plot, the D50, or diameter of 50%, of
the distribution is highlighted and used to discuss the results. C5 and C3 have D50 particles that are
1.25 microns, and IF1 has a D50 of 2.5 microns. IC2, IC3, and IC4 have PSDs that fall between the
ranges for all fly ash, yet their slumps were higher at 20% than 40%.
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Figure 2. Graph. Particle size distribution of fly ash particles.




Varying Slumps of C3, C5, and IF1

Upon closer inspection of Figure 2, C5 and C3 have 50% of their particles that are less than 1.25
microns and IF1 has particles that are 2.5 microns and less. It could be concluded that, if PSD has a
significant contribution to the set of fly ash tested herein, then there would be a significant difference
between the slumps of C5 or C3 and IF1. This is due to their particles setting the minimum and
maximum range at D50 for the fly ash tested. It would also be reasonable to assume that C5 and C3
would have very similar slump behavior in that they appear to have similar PSD. In Figure 1, C5
showed no change in slump for both 20% and 40% mixtures, whereas C3 had slumps of 95.3 mm
(3.75in.) and 165.1 (6.5 in.). This disproves the hypothesis that the similar PSD for C5 and C3 would
also contribute to a similar slump. IF1 had similar slump values at 95.3 mm (3.75in.) and 177.8 (7 in.)
compared to C3, which had a smaller particle size. This is evidence to disprove the hypothesis
mentioned previously that for IF1 to have a factor of two times the PSD of C3, there would be slump
values with a greater difference than what is shown.

Further investigation consisted of determining if there was a direct correlation between the slump
and the mean particle size. Figure 3 presents slump measurement versus the mean particle size for
each fly ash mixture at 20% and 40% replacement. The R-squared values indicate there is no
correlation. An R-squared value of one would indicate a strong correlation, while an R-squared value
of zero indicates zero correlation. The 40% fly ash replacement mixtures show an R-squared value of
zero, and the 20% fly ash replacement mixtures show a value of 0.2. This could be an area for future
research through testing slumps with repeated mixtures.
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Figure 3. Graph. Comparison of slump versus mean particle size with
no correlation for mixtures with 20% or 40% fly ash.




Compressive Strength Testing of 3-day and 90-day Samples

Figure 4 presents all 20% fly ash mixtures as a percent of OPC at 3 and 90 days; OPC is 100% and is
denoted by the solid black horizontal line. Standard deviations are indicated by lines above and below
each data point, except for cases with deviations less than 1%. Class C and Class F fly ash mixtures are
divided by the vertical grey line. Class C fly ash mixtures reached the strength of the control at 3 days,
with the minimum at 91% (C4 and IC1) and the maximum at 135% (C5). Class F fly ash did not reach
the strength of OPC at 3 days, which is typical of the pozzolanic behavior of Class F fly ash. However,
they did reach within 20% of OPC, with IF1 reaching 83% and F2 reaching 95%.

All mixtures met or exceeded the strength of OPC at 90 days by as much as 135%. The maximum for

the Class C mixtures, C5, reached 135% at 90 days, while F1, F2, and F3 reached a maximum of 121%
of OPC at 90 days. All mixtures at the 20% replacement level met or exceeded the 90-day strength of
the control.
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Figure 4. Graph. 20% fly ash mixtures’ compressive strength as a percent of the control.

Figure 5 presents all 40% fly ash mixtures as a percent of OPC at 3 and 90 days; OPC is 100% and is
denoted by the solid black horizontal line. One standard deviation is shown by the lines above and
below each data point, except for cases with deviations less than 1%. The Class F fly ash mixtures did
not show as much reactivity compared to the Class C fly ash at 3 days with 40% replacement. This
most likely contributed to the pozzolanic effect of Class F fly ash, which requires more time due to the




delayed reactions and is magnified by the amount of replacement. IF1 only reached 51% of OPC at 3
days; the maximum being F2 at 80% of OPC. C6 had the lowest overall strength for the Class C
mixtures at 3 days with 59%, and the rest of the Class C fly ash mixtures were within 35% of OPC. F4
reached the greatest strength for the Class F fly ash mixtures with 120% of OPC at 90 days; the
minimum was IF1 at 87%. The Class C fly ash mixtures all met or exceeded OPC at 90 days, except C6,
which reached 89%. The highest was C4 at 126%, though C3 was right behind at 125%.
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Figure 5. Graph. 40% fly ash mixtures’ compressive strength as a percent of the control.

The data in Figure 5 indicate that mixtures with 20% and 40% fly ash replacement may not reach the
strength of OPC at 3 days. However, they do meet and often exceed the strength of OPC at 90 days.
Some fly ash mixtures may have performed better than others, such as the 20% C4 (135%, 90 days)
versus 20% IC4 (99%, 90 days) or the 40% replacement with F4 (120%, 90 days) versus IF1 (87%, 90
days), because of their PSD and chemical content. The PSD in Figure 6 indicates that though C4 and F4
share a similar size distribution, which could indicate a similar strength gain, IC4 and IF1 have
different distributions. If this were the case, IC4 would share a similar strength gain to C4 and F4 due
to their similar PSD. This means that the particle surface could be a better indicator of their reactivity
as well as chemical content.
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Figure 6. Graph. Particle size distribution of IF1, F4, C4, and IC4.

Figure 7 illustrates the relationship between the chemical content and 3-day early-age strength of the
20% and 40% fly ash mixtures. The chemical content is represented as the ratio of calcium oxide to
the sum of silicon and aluminum oxides for the fly ash and OPC in the mixture. This has proven to be
a useful technique to evaluate fly ash behavior (Khanzadeh Moradllo, Hu, and Ley 2017). This method
is used based on the order of hydration reactions that take place. The hydraulic reaction forming
calcium hydroxide occurs before activating pozzolanic reactions of aluminum and silicon oxide, which
can begin to occur up to 28 days after initial hydration (Hemalatha and Ramaswamy 2017). The 3-day
strengths do seem to show a slight trend of lower strengths in fly ash with lower calcium oxide, seen
in the trend lines. R-squared values are not very close to one, so the trend is weak. This indicates that
early-age strengths are not directly determined through a ratio of the major oxides, but this concept
does show some potential for predicting performance.
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Figure 7. Graph. The 3-day compressive strength of 20% and 40% fly ash compared to the ratio of
calcium oxide to the sum of silicon and aluminum oxides.

Figure 8 illustrates the relationship between the chemical content and the 90-day strength of the 20%
and 40% fly ash replacement mixtures. This is the same method used in Figure 7, but the research
team investigated if mixtures with higher aluminum and silicon oxides would show an increase in
strength at 90 days. R-squared values are given for the trend lines and are very low (< 0.08). This
indicates that the 90-day strengths are not directly determined through a ratio of the major oxides.
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Figure 8. Graph. The 90-day compressive strength of 20% and 40% fly ash compared to the
ratio of calcium oxide to the sum of silicon and aluminum oxides.

This reinforced the idea that the performance of fly ash is dependent on more than PSD or bulk
chemical content alone and must be dependent on a combination of these two factors, or perhaps a
different parameter.

Resistivity Testing of 3-day and 90-day Samples

Figure 9 presents all 20% fly ash mixtures as a percent of OPC at 3 and 90 days; OPC is 100% and is
denoted by the solid black horizontal line. Standard deviations are indicated by lines above and below
each data point, except for cases with deviations less than 1%. Class C fly ash resistivity reached 72%
to 90% of OPC at 3-day testing, with C3 having the maximum. The Class F fly ash mixtures had a
similar range of 71% to 101%, and F4 had the maximum.

The 90-day resistivity revealed that all fly ash exceeded the resistivity of OPC. C7 had the maximum at
256% higher resistivity than OPC. Even the lowest, IC4, reached 128% of OPC. F3 reached 301%
greater resistivity than OPC, while F3 reached 156%.
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Figure 9. Graph. 20% fly ash mixtures as a percent of OPC at 3-day and 90-day testing.

Figure 10 presents all 40% fly ash mixtures as a percent of OPC at 3 and 90 days; OPC is 100% and is
denoted by the solid black horizontal line. Standard deviations are indicated by lines above and below
each data point, except for cases with deviations less than 1%. All fly ash mixtures, both Class C and
Class F, reached between 59% to 82% resistivity values of OPC at 3-day testing; F1 had the maximum.
IC1 had the maximum Class C resistivity for 3 days at 81%.

The Class C fly ash mixtures exceeded resistivity at 90-day testing by as much as 462% (C6), with I1C4
having the minimum at 168% of OPC. The Class F fly ash mixtures had higher values overall, with F3
reaching the maximum at 669% of OPC. The minimum, F6, still had 341% higher resistivity than OPC.
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Figure 20. Graph. 40% fly ash mixtures as a percent of the control at 3-day and 90-day testing.

Figures 9 and 10 indicate that resistivity values for mixtures containing 20% fly ash may vary
depending on the fly ash mixture, but can add a significant improvement to concrete. Mixtures
containing 40% fly ash all exceeded OPC at 90 days. When inspecting Figure 3 for compressive
strength at 20% replacement, all fly ash met or exceeded the strength of OPC. This is very valuable
information, which indicates that fly ash exceeding both resistivity and strength of OPC will improve
the performance of the concrete. Determining what particle properties contribute the most to the
performance of fly ash was discussed in the previous section. An attempt to investigate the oxide
ratio and compare to the resistivity of 20% and 40% fly ash was made and showed a much stronger
correlation at 90 days than for strength. Figure 11 shows the 20% and 40% resistivity values for 3-day
testing. There does not seem to be any trend between bulk oxide content and the resistivity at 3
days. This may be caused because there is an expected delay in the reaction of the pozzolans within
the fly ash. Over time these reactions are expected to occur, and this will reduce the connectivity of
the pore structure, which would increase the resistivity of concrete.
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Figure 11. Graph. The 3-day resistivity of 20% and 40% fly ash compared to the
ratio of calcium oxide to the sum of silicon and aluminum oxides.

Figure 12 presents the 20% and 40% resistivity values for 90-day testing. The trend lines indicate a
correlation at 40% replacement levels for lower calcium content having higher resistivity. However,
there is a significant variation in the results. For example, for the samples with 40% replacement with
the lowest CaO/(SiO. + Al,03), the resistivity values vary by more than a factor of two despite having
a similar chemical composition. While this could be caused by different degrees of pore structure
refinement, it could also be caused by changes in pore solution chemistry from the dissolution of the
fly ash (Hemalatha and Ramaswamy 2017).
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Figure 32. Graph. The 90-day resistivity of 20% and 40% fly ash compared to the ratio of
calcium oxide to the sum of silicon and aluminum oxides.

Isothermal Calorimetry

Figure 13 is a chart displaying the range of heat transferred (Joules/gram) during the first 48 hours of
hydration for the fly ash tested, shown as a percent of OPC. Testing showed that various replacement
levels and fly ash produced varying amounts of heat during the hydration process. All fly ash tested at
20% replacement did not demonstrate the amount of heat transferred by OPC during hydration. Only
10 of the 20% replacement mixtures were tested because it was deemed more valuable to determine
the magnified effects of 40% replacement compared to OPC. Most mixtures displayed higher heat
transfer when replaced at 40% levels when compared to their 20% counterparts. While most
mixtures only came within 20% of the heat transferred by OPC, only four Class C fly ash mixtures and
two Class F fly ash mixtures exceeded OPC at 40% replacement. The lowest recorded value and
highest recorded value for all fly ash was for C3 at 20% and 40%, respectively. The exact cause is not
known as to why this occurred, though it could be speculated that it occurred due to the high calcium
content and fine particle size.
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Figure 13. Graph. Range of heat released for isothermal calorimetry tests of the 19 fly ash mixtures.

The oxide ratio of CaO/(SiO2 + Al,03) was also used to observe the effect of calcium oxide content on
the amount of heat transferred, as shown in Figure 14. There does seem to be a slight trend at the
40% replacement level for higher calcium fly ash to have a higher amount of heat transferred. Fly ash
C3 shows the highest amount of heat transferred while containing the second-most amount of
calcium oxide compared to OPC. It could be possible that the fine particles (< 1.25 um) provide more
surface area and therefore nucleation sites for hydrolysis to occur. Future testing could include
measurements of the fly ash at the 20% replacement level and further investigation of C3.
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Figure 44. Graph. Correlation between the oxide ratio of
calcium to silica plus aluminum and heat transfer.

CONCLUSION

This work shows that 20% and 40% replacement levels provided concrete mixtures that could be used
for acceptable workability, strength, and resistivity. Increasing the amount of fly ash also improved
the workability of the mixtures in most cases, which is beneficial for placing concrete in the field.

While the 3-day strengths of these mixtures were shown to be lower than OPC, the 90-day strengths
exceeded those for OPC in almost every case. Strength was met or exceeded for mixtures at the 20%
replacement level compared to OPC. When increased to 40% replacement, the mixtures achieved
95% to 126% strength when compared to OPC. Particle size distribution did not seem to directly
correlate to strength gain. The ratio of calcium oxide to silica plus aluminum did indicate some
correlation to the 3-day strengths, given that the lower calcium fly ash had lower strengths. When
observing the strengths at 90-day testing versus the oxide ratio, there did not seem to be a strong
correlation between strength and calcium content.

Resistivity measurements showed that mixtures at both the 20% and 40% replacement levels nearly
met the resistivity of OPC at 3-day testing. However, nearly all fly ash exceeded the resistivity of OPC
by as much as 300% for the 20% replacement and over 600% for the 40% replacement. The lowest
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measurements for 20% fly ash replacement were able to exceed the OPC mixtures by at least 30%.
Testing of IC4 at 90 days with a 40% replacement showed it had the lowest resistivity of all the fly ash
but exceeded OPC by 68%. When investigating the correlation of the oxide ratio to 3-day resistivity
testing, there did not seem to be a strong correlation at the 20% or 40% replacement levels. Yet 90-
day testing showed a significant correlation for fly ash with lower calcium content to have higher
resistivity at the 40% replacement level. While this could be caused by a refinement in the pore
structure of the fly ash with lower amounts of calcium, it is also possible that the change in the
chemical composition of the fly ash also changes the pore solution chemistry and so this would, in
turn, impact the resistivity.

Isothermal calorimetry demonstrated that the majority of fly ash tested did not exceed the amount of
heat transferred by OPC at 20% or 40% replacement levels. Most only came within 20% of OPC in
terms of heat transferred. There were four Class C fly ash mixtures and two Class F mixtures that
exceeded the heat transfer of OPC. These results did not directly correlate to the oxide ratio and an
exact answer could be sought through future testing currently underway.

Conclusions as to what determines the performance of concrete mixtures discussed herein with
regards to the chemical content or particle size distribution could not be conclusively determined and
is beyond the scope of this document.
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