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Synopsis:

This paper presents the results of laboratory and field experimental programs carried out to
investigate the use of superplasticizers in making HVFA and HPC concrete containing clean-
coal ash and Class F fly ash. A clean-coal ash is defined as the ash derived from SO, control
technologies.  Investigations were carried out in three phases. In Phase 1, 15 coal ash
samples from different sources in Illinois were tested, trial concrete mixtures were made, and
based on the initial strength test results, nine series of concrete mixtures with HRWRA were
made in the laboratory consisting of one control mixture without ash, four mixtures with Class
F fly ash (35%, 45%, 50%, and 60%), two mixtures with clean-coal ash (35% and 45%), and

two mixtures with blends of Class F fly ash and clean-coal ash (34% clean-coal ash with 17%



Class F fly ash and 44% clean-coal ash with 17% Class F fly ash). Tests were performed for
strength and durability properties. Test results indicate that concrete mixtures incorporating
Class F fly ash up to 50%, and clean-coal ash up to 45% exhibited the required performance
needed for structural-grade concrete. Mixtures containing 44% clean-coal ash, blended with

17% Class F fly ash, also met specified strengths for everyday concrete construction.

In Phase 2, four series of concrete mixtures containing HRWRA were made in the field at a
ready-mixed concrete plant. The first series of concrete mixtures was proportioned without
fly ash to attain the 28-day compressive strength of 4,000 psi (28 MPa). The three remaining
concrete mixtures for Phase 2 were proportioned with Class F fly ash at the rate of 19, 37, and
60% of the total cementitious materials. Tests were performed for compressive strength,
splitting tensile strength, flexural strength, drying shrinkage, and abrasion resistance. Test
results indicate that HVFA concrete mixtures, when using HRWRA, achieved compressive
strength, splitting tensile strength, flexural strength, and shrinkage comparable to the Control
Mixture. Concrete mixtures made with fly ash showed higher abrasion resistance than the

Control Mixture.

In Phase 3, three series of concrete mixtures containing HRWRA were made at a ready-mixed
concrete plant. A section of pedestrian sidewalk was also constructed in 1997 using the
HVFA concrete containing clean-coal ash and HRWRA. The first series of concrete mixtures
was proportioned without fly ash to attain the 28-day compressive strength of 3,000 psi (21
MPa). The remaining two concrete mixture series were proportioned with clean-coal fly ash

at the rate of 35 and 45% of the total cementitious materials. The third concrete mixture



series also contained 6% by weight of ponded (i.e., wet-collected) Class F fly ash as a
replacement of fine aggregates. Tests were performed for compressive strength, splitting
tensile strength, flexural strength, drying shrinkage, and abrasion resistance. Generally test
results were comparable to the Control Mixture without fly ash for HVFA concrete with or
without clean-coal ash. Concrete mixtures made with HRWRA and either clean-coal ash or
Class F fly ash showed higher abrasion resistance than the Control Mixture. Based on this
investigation, it can be concluded that HVFA concrete made with clean-coal ash and Class F
fly ash, with HRWRA, achieved comparable or better strength and durability properties than

concrete without ash. Abrasion resistance of HVFA concrete was noticeably improved.

Keywords: abrasion resistance; class F fly ash; clean-coal ash; compressive strength;
flexural strength; splitting tensile strength
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INTRODUCTION
In the U.S.A, approximately 120 million tons of coal combustion products (70 million tons of
fly ash, 20 million tons of bottom ash, 3 million tons of boiler slag, and 28 million tons of
clean-coal ash materials) were produced in the year 2001. The overall utilization rate for all
coal ashes was approximately 34%. In general, the utilization rate of low-lime (Class F) fly
ash in the U.S.A. is lower relative to high-lime (Class C) fly ash. This is primarily due to
lower cementing value and greater plant-to-plant variations in the properties of Class F ash.
However, pioneer work concerning the use of large amounts of ASTM Class F fly ash in the
manufacture of structural-grade concrete was conducted by Malhotra and his associates [1,2].
Their results revealed that high-volume fly ash concrete can be made with 58% fly ash by
weight of the total cementitious materials. Naik and his associates [3-10] have also made
contributions in the development of HVFA concrete incorporating large amounts of ASTM
Class C and Class F fly ash since 1984. Investigations by Naik and his associates have
substantiated that up to 70% cement replacement with Class C fly ash is possible in the

production of good quality concrete; for example, in roadway and highway paving [3,4]

Utilization of clean-coal ash is much lower than Class F fly ash. This is due to the fact that
clean-coal ash contains sulfite- and sulfate-bearing particles; therefore, there is a significant
lack of commercial products that utilize clean-coal ash. With increasing federal regulations
on power plant emissions, finding uses for clean-coal ash (vs. Class F fly ash) is becoming a
more important issue since the quantity of clean-coal ash will increase. Recent research
studies [11-21] have shown various potential applications for clean-coal ash. The UWM

Center for By-Products Utilization (UWM-CBU) has conducted a number of projects on high-



volume uses of both Class C and Class F fly ashes, as well as clean-coal ash, in cementitious
products for the last two decades [3-10, 13]. Investigations have indicated promising results
for concrete and cast-concrete products utilizing clean-coal ash and clean- coal ash blended
with Class F fly ash. This paper presents the results of investigations carried out to utilize
high-volumes of Illinois-coal ashes (Class F fly ash and clean-coal ash) in making structural-

grade HVFA concrete.

EXPERIMENTAL PROCEDURE

Materials

Type | portland cement (ASTM C 150) was used. Class F fly ash and clean-coal ash satisfied
ASTM C 618 specifications. Results of their physical and chemical properties are given in
Tables 1 and 2, respectively. The fine aggregate for concrete was natural sand with a 6.4 mm
maximum size. The coarse aggregate for concrete mixtures was natural gravel with a 19 mm
maximum size. Both aggregates satisfied ASTM C 33 specifications. A normal water-
reducing admixture (ASTM C 494, Type A), and a high-range water-reducing admixture

(HRWRA), also called superplasticizer, were used in concrete mixtures.

Mixture Proportions

Mixture proportions used for Phases 1, 2, and 3 are given in Tables 3, 4, and 5. For Phase 1,
nine series (Mixtures M-1 to M-9) of concrete mixtures with HRWRA were made in the
laboratory. One mixture was the control mixture, four mixtures were made with Class F fly
ash (35%, 45%, 50%, and 60%), two mixtures were proportioned with clean-coal ash (35%
and 45%), and two mixtures with blends of Class F fly ash and clean-coal ash (34% clean-

coal ash with 17% Class F fly ash, and 44% clean-coal ash with 17% Class F fly ash).



Detailed mixture proportions and fresh concrete data for Phase 1 are given in Table 1. All

concrete mixtures were non-air entrained.

In Phase 2, four series (Mixtures M-10 to M-13) of concrete mixtures containing high-range
water-reducing admixture (HRWRA) were made in the field at a ready-mixed concrete plant.
The first mixture was proportioned without fly ash to attain the 28-day compressive strength
of 4,000 psi (28 MPa). The three remaining concrete mixtures were proportioned with Class
F fly ash at the rate of 19, 37, and 60% of the total cementitious materials. Detailed mixture
proportions and fresh concrete data for Phase 2 are given in Table 4. All concrete mixtures

were non-air entrained.

In Phase 3, three series (Mixtures M-14 to M-16) of concrete mixtures containing high-range
water-reducing admixture (HRWRA) were made at a ready-mixed concrete plant. The first
concrete mixture was proportioned without fly ash to attain the 28-day compressive strength
of 3,000 psi (21 MPa). The remaining two concrete mixtures were proportioned with clean-
coal fly ash at the rate of 35 and 45% of the total cementitious materials. The third concrete
mixture also contained 6% by weight Class F fly ash as a replacement of fine aggregate.

Detailed mixture proportions and fresh concrete data for Phase 3 are given in Table 5.

Specimen Preparation and Testing

Fresh concrete properties such as air content (ASTM C 231), slump (C 143), unit weight
(ASTM C 138), and temperature (ASTM C 1064) were measured and recorded (Tables 3, 4,
and 5). Test specimens were prepared for compressive strength, splitting tensile strength,

flexural strength, and abrasion resistance. Phases 2 and 3 concrete mixtures were proposed



for slab-on-grade for a possible manufacturing plant. All test specimens were cast in
accordance with ASTM C 31. Properties of concrete mixtures were evaluated as a function
of age. Compressive strength (ASTM C 39), splitting tensile strength (ASTM C 496),

flexural strength (ASTM C 78), and abrasion resistance (ASTM C 944) tests were conducted.

RESULTS AND DISCUSSION

Compressive Strength

Compressive strength test results of laboratory concrete mixtures (Phase 1) are shown in
Fig. 1. At 28 days, the Control Mixture (M-1) achieved a strength of 53.9 MPa. The strength
of Mixtures M-2 (35% Class F fly ash), M-3 (45% Class F fly ash), M-4 (50% Class F fly
ash), and M-5 (60% Class F fly ash) was 30 to 55% less than the Control Mixture (M-1).
The compressive strength of concrete Mixtures M-6 (35% clean-coal ash) and M-7 (45%
clean-coal ash) was 34.8 MPa and 28 MPa, respectively, at the 28-day age, which is 35 and
48% less than the strength of the Control Mixture (M-1). Mixture M-8 (blend of 34% Class
F fly ash and 17% clean-coal ash) and Mixture M-9 (blend of 44% Class F fly ash and 17%
clean-coal ash) achieved compressive strengths of 32.4 and 23 MPa, respectively. All HVFA
concretes with HRWRA, as well as non-fly ash concrete, achieved the minimum specified 28-

day strength of 21 MPa (3,000 psi).

At 56 and 91days, the strength of all concrete mixtures made with Class F fly ash, clean-coal
ash, and blends of Class F fly ash and clean-coal ash continued to increase in comparison to
28-day strengths. This could possibly be due to the pozzolanic action of these ashes. At 56

days, Control Mixture M-1 achieved a strength of 60 MPa, whereas the strength of Mixtures



M-2 to M-8 was 42 MPa, 29 MPa, 30.6 MPa, 29.2 MPa, 42 MPa, 38.2 MPa, 40.3 MPa, and
33.4 MPa, respectively, which is 30 to 52% less than the strength of the Control Mixture. At
91 days, the strength of Control Mixture M-1 was 54.9 MPa, and all other mixtures (M-2 to
M-8) had strengths between 29.9 and 47.2 MPa, which is 14 to 27% less than the strength of
the Control Mixture. It can be seen from 28, 56, and 91-day compressive strength results that
the mixtures containing clean-coal ash or blends of clean-coal ash and Class F fly ash have
performed better than the mixtures incorporating Class F fly ash. This could be attributed to

the higher CaO content of clean-coal ash than that of Class F fly ash.

Compressive strength results of field concrete mixtures (M-10 to M-13) containing 0%, 19%,
37% and 60% Class F fly ash, made in the field (Phase 2) are shown in Fig. 2. At 28 days,
Control Mixture (M-10) achieved a strength of 47.9 MPa, whereas Concrete Mixtures (M-
11, M-12 and M-13) achieved strengths of 44.8 MPa, 36.6 MPa and 31 MPa, respectively.
All HVFA concretes with HRWRA, as well as non-fly ash concrete, achieved the minimum

specified 28-day strength of 28 MPa (4000 psi).

The strength of these mixtures continued to increase with age (91 and 182 days). At 91 days,
Control Mixture (M-10) achieved a strength of 50.3 MPa. The strength of Mixtures M-11,
M-12, and M-13 was 49.7 MPa, 45.5 MPa, and 43.4 MPa, respectively, which is marginally
less (1 to 14%) than the strength of the Control Mixture (M-10). At 182 days, the Control
Mixture (M-10) achieved a strength of 57.2 MPa, whereas the strength of Mixtures (M-11, M-
12, and M-13) was 60.7, 49.7, and 48.3 MPa, respectively. The strength of Mixture M-11

(19% Class F fly ash) was 6% higher than the strength of the Control Mixture. The 28-day



strength data result suggests that even concrete incorporating upto 60% class F fly ash would

be sufficient for its use in many structural applications.

Compressive strength results of field concrete mixtures (M-14 to M-16), Phase 3, are shown
in Fig. 3.  Mixture M-14 did not contain any ash, whereas Mixtures M-15 and M-16
contained 35% clean-coal ash and 0% Class F fly ash, and 33% clean-coal ash and 6% Class
F fly ash, respectively. At 28 days, Control Mixture (M-14) achieved a strength of 36.6 MPa,
whereas the strength of Mixtures M-15 and M-16 was 20 and 33% less in comparison to the
strength of the Control Mixture (M-14). However, all mixtures achieved a minimum 21 MPa
(3000 psi) strength at the age of 28 days. All the concrete mixtures continued gaining

strength with age (91 and 182 days).

At 91 days, the strength of the Control Mixture (M-14) was 49.9 MPa, and 34.6 MPa and
36.5 MPa for Mixtures M-15 and M-16, respectively. At 182 days, the Control Mixture
achieved a 51.3 MPa strength. Mixtures M-15 and M-16 achieved 38 MPa and 36.5 MPa,
respectively, 26 to 28% less than the strength of the Control Mixture. From these results, it is
evident that the mixtures containing Class F fly ash and a blend of Class F fly ash and clean-
coal ash gained strength with age. This could be attributed to the pozzolanic action of the
these ashes. These strength results suggest that all three mixtures achieved enough strength

for use in many structural applications.

Splitting Tensile Strength

Splitting tensile strength results of concrete mixtures (M-10 to M-13) containing 0%, 19%,

37% and 60% Class F fly ash, made in the field (Phase2) are shown in Fig. 4. At 28 days, the
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Control Mixture (M-10) achieved a strength of 3.6 MPa. Concrete Mixtures M-11 and M-12
incorporating 19% and 37% fly ash achieved a strength (3.5 MPa and 3.4 MPa) almost equal

to that of the Control Mixture; whereas the strength of Mixture M-13 was 2.6 MPa.

The strength of these mixtures continued to increase with age (91 and 182 days). Tensile
strength development followed a pattern similar to that of compressive strength. At 91 days,
the strength of the Control Mixture (M-11) was 3.7 MPa. The strength of Mixtures M-11 and
M-12 was 15% and 19% greater than the strength of the Control Mixture (M-10). The
strength of Mixture M-13 was 3.6 MPa, almost equal to the strength of the Control Mixture
(M-10). At 182 days, all the mixtures achieved slightly less (5-10%) strength compared to

that of the Control Mixture (4.8 MPa).

Splitting tensile strength results of field Concrete Mixtures M-14 to M-16 from Phase 3,
containing blends of clean-coal ash and Class F fly ash are shown in Fig. 5. Mixture M-14 is
the Control Mixture, whereas Mixtures M-15 and M-16 contained 35% clean-coal ash and 0%
Class F fly ash and 33% clean-coal ash and 5% Class F fly ash, respectively. At 28 days,
Control Mixture M-14 achieved a strength of 3.3 MPa, whereas the strength of Mixtures M-
15 and M-16 was 2.4 MPa and 2.3 MPa, respectively; 27% and 30% less strength than that of

the Control Mixture (M-14).

The 91- and 182-day results showed the strength of Mixtures M-15 and M-16 was less than

that of the Control Mixture M-14. However, these strengths were higher than the strength

values achieved at 28 days. At 91 days, the strength of Control Mixture M-14 was 3.6 MPa,
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and it was 3.7 MPa and 3.0 MPa for Mixtures M-15 and M-16. At 182 days, the strength of
the Control Mixture was 4.1 MPa, and Mixtures M-15 and M-16 achieved strengths of 3.7

MPa and 2.9 MPa, respectively.

Flexural Strength

Flexural strength results of field concrete mixtures from Phase 2 (M-10 to M-13) containing
0%, 19%, 37% and 60% Class F fly ash are shown in Fig. 6. At 28 days, Control Mixture M-
10 achieved a strength of 4.3 MPa. Concrete Mixtures M-11 and M-12 achieved higher
strengths (4.7 MPa and 4.5 MPa) than the Control Mixture. At 91 and 182 days, the strength

of these Mixtures (M-10 to M-13) had increased.

At 91 days, Mixtures M-11 (5.9 MPa) and M-12 (5.7 MPa) gained more strength than that of
the Control mixture M-10 (5.2 MPa). However, at 182 days, the strength of the Control
Mixture was 6.6 MPa, and it was 6.4 MPa, 5.8 MPa, and 6 MPa for Mixtures M-11, M-12,

and M-13, respectively.

Flexural strength results of field concrete mixtures (M-14 to M-16) from Phase 3 are shown in
Fig. 7. At 28 days, Control Mixture M-14 achieved strength of 5.2 MPa. The strength of
Mixtures M-15 and M-16 was 4.4 MPa and 4.2 MPa, respectively.  All the mixtures
exhibited increases in strength at 56 and 91 days. At 56 days, the Control Mixture (M-14)
achieved a strength of 5.3 MPa.  The strength of Mixtures M-15 and M-16 was 8 and 11%
less than that of the Control Mixture (M-14). At 91 days, the Control Mixture (M-14)
achieved a strength of 6.1 MPa. The strength of Mixture M-15 was 11% lower than that of

the Control Mixture.
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Abrasion Resistance

Abrasion resistance of field concrete mixtures M-10 to M-13, Phase 2, was measured at the
age of 56 days. Results are shown in Fig 8. Abrasion resistance was measured in terms of
depth of wear. It is evident from Fig. 8 that abrasion resistance decreased (depth of wear
increased) with the increase in fly ash content. The maximum depth of wear for Control
Mixture M-10 was 0.64 mm, whereas it was 0.80 mm, 0.78 mm, and 0.70 mm for Mixtures
M-11, M-12, and M-13, respectively; about 20% higher for 19% and 37% Class F fly ash

concrete, and about 10% higher for 60% Class F fly ash concrete.

Abrasion resistance of Phase 3 field concrete mixtures M-14 to M-16 was determined at 182
days. Results are shown in Fig. 9. It is evident from Fig. 9 that Mixture M-15 (35% clean-
coal ash) and Mixture M-16 (blend of 33% clean-coal ash and 6% Class F fly ash) have
higher abrasion resistance (less depth of wear) than Control Mixture M-14. The depth of
wear at 60 minutes of abrasion was 0.50 mm for Mixture M-14, 0.40 mm for Mixture M-15,

and 0.43 mm for Mixture M-16.

CONCLUSIONS

The following general conclusions can be drawn from these investigations:

1. Structural-grade concrete can be manufactured with cement replacement of upto 60%
Class F fly ash of total cementitious materials if HRWRA is used. Concrete mixtures
having 50% to 60% cement replacement with Class F fly ash demonstrated the

necessary strength for typical concrete construction work.
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2. Up to 45% clean-coal ash can be used as a cement replacement for use in structural-
grade concretes if HRWRA is used.  Mixtures containing 44% clean-coal ash,
blended with 17% Class F fly ash, also met the specified strength for general concrete
construction needs.

3. Concrete mixtures with HRWRA made with either clean-coal ash or Class F fly ash or
blends of clean-coal ash and Class F ash showed higher abrasion resistance than the

Control Mixture without any fly ash, at later ages.
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Table 1 - Physical properties of ash

ASTM C 618
Type of Ash Specifications
Clean-
Test Fly Ash Coal ash Class F Class C
Fineness, Retained on #325 Sieve,
(%) 26.5 18.5 34 max 34 max
Strength Activity Index with
Cement at 7 days, (% of Control) 82 78 75 min 75 min
Strength Activity Index with
Cement at 28 days, (% of Control) 89 80 75 min 75 min
Water Requirement, (% of Control) 96 95 105 max 105 max
Autoclave Expansion, (%) -0.01 +0.02 +0.8 +0.8
Specific Gravity 2.35 2.32 - -
- 0

Variation from Mean, (%) 19 0.0 5 max 5 max
Fineness

o . 1.7 0.5 5 max 5 max
Specific Gravity
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Table 2- Chemical properties of ash

Total Oxides Type of Ash ASTM C 618
Specifications
Fly Ash Clean- Class F Class C
Coal Ash
SiO, 51.4 57.5 - -
Al,O3 20.6 13.3 - -
Fe,04 18.8 17.8 - -
SiO, + Al,O3 + Fe,04 90.8 88.6 70.0 50.0 min.
min.
CaO 1.6 55 - -
MgO 1.0 1.0 5.0 5.0 max.
max.
TiO, 1.0 1.0 - -
K,0 2.4 1.6 - -
Na,O 0.8 2.0 - -
SO; 0.6 1.2 5.0 5.0 max.
max.
Moisture Content 0.3 0.1 3.0 3.0 max.
max.
Loss on Ignition 1.9 0.2 6.0 6.0 max.
max.




Table 3 - Laboratory concrete mixtures (Phase 1)

Mixture Number M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8 M-9
Class F Fly Ash (%) 0 35 45 50 60 0 0 17 17
Clean-Coal Ash (%) 0 0 0 0 0 35 45 34 44
Cement (kg/m°) 365 248 209 191 156 247 213 195 157
Class F Fly Ash (kg/m®) 0 135 174 195 239 0 0 67 66
Clean-Coal Ash (kg/m°) 0 0 0 0 0 133 177 134 174
Water (kg/m®) 126 148 151 143 153 141 241 134 134
[W/(C+A)] 0.34 0.39 0.39 0.39 0.39 0.37 0.37 0.34 0.34
SSD Fine Aggregate (kg/m°) | 850 836 823 828 824 835 844 842 829
SSD %" Aggregate (kg/m?) 1081 1050 1036 1033 1029 1044 1055 1053 1038
Superplasticizer (I/m%) 3.4 3.2 5.7 3.2 3.2 4.4 6.3 6.3 6.2
Slump (mm) 40 200 200 200 210 180 200 190 190
Air Content (%) 2.7 1.9 1.2 1.6 1.5 1.8 1.1 1.7 1.7
Concrete Temperature (°C) 22 24 26 23 23 24 24 25 25
Density (kg/m®) 2419 | 2414 | 2390 | 2398 | 2398 | 2397 | 2430 | 2422 | 2397
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Table 4 - Field concrete mixtures (Phase 2)

Mixture Number M-10 M-11 | M-12 M-13
Cement (kg/m°), C 370 314 239 151
Class F Fly Ash (%) 0 19 37 60

Fly Ash (kg/m®), A 0 73 140 235
Water (kg/m®), W 134 135 134 130
[W/(C+A)] 0.36 035 | 0.35 0.34

SSD Fine Aggregate (kg/m®) 853 829 817 789
SSD %" Aggregate (kg/m®) 1065 | 1064 | 1028 988
Water Reducer (ml/m?) 612 650 760 650
HRWRA (I/m%) 6.9 4.6 2.9 2.1
Fresh Concrete Temperature (°C) 24 18 18 24
Air Temperature (°C) 22 17 17 23
Slump (mm) 200 250 150 150
Air Content (%) 1.3 1.1 1.4 2.0

Unit Weight (kg/m°) 2420 | 2413 | 2392 2340
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Table 5 - Field concrete mixtures (Phase 3)

Mixture Number M-14 M-15 M-16
Clean-Coal Fly Ash (% of Cementitious 0 35 33
Materials)
Class F Ash (% of Total Fine and Coarse 0 0 6
Aggregates)
Cement (kg/m®), C 252 163 140
Clean-Coal Fly Ash (kg/m®), Al 0 86 116
Water (kg/m®), W 80 117 141
[W/(C+A1)] 0.32 0.47 0.56
SSD Class F Ash (kg/m®), A2 0 0 98
SSD Fine Aggregate (kg/m°) 618 662 532
SSD %" Aggregate (kg/m°) 1381 1277 1190
Water Reducer (ml/m®) 0 396 396
HRWRA (I/m°%) 2.0 2.2 2.5
Air Temperature (°C) 18 14 17
Slump (mm) 70 135 70
Air Content (%) 1.5 1.1 1.7
Unit Weight (kg/m°) 2365 2339 2251
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Mixture 1 (0% Ash)
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