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Abstract

In this research, the effect of using fly ash on sulfate resistance of concrete
was investigated. Studied mixes in this work are part of a research project
that investigates the influence of using binary and ternary cementitious
materials on different properties of concrete. In this paper, three groups of
concrete mixtures were studied; each group includes three mixes. The
concrete mix proportions were adjusted to produce concrete with certain
values of air content and slump. The used water / binder material ratios were
0.4, 0.5 and 0.6. Concrete samples were cured in water until testing day.
After 28 days of water curing, samples were immersed in sodium sulfate
solution for 6 months. The hardened concrete properties were investigated
through destructive and nondestructive tests at various samples’ age. The
research results showed that using fly ash improved the resistance of concrete
to sulfate attack. Therefore, with considerable proportions, using fly ash in
concrete industry improves the performance of concrete for sulfate resistance
and its durability.
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1. Introduction

Portland cement is the essential binding agent in concrete, which has
many advantages to use as a construction material such as lower cost
(relative to polymers, aluminum, or steel), and durability. Materials of
natural origin such as industrial by-products or volcanic ash like
pulverized fuel ash and ground granulated blast furnace slag, have been
widely used as partial replacement of Portland cement in concrete. The
advantages of using these materials are improved technological
properties, low cost, and reduction of waste accumulation [1]. Coal-
burning power plants produce fly ash. Fly ash is widely used as a
cementitious and a pozzolanic material in concrete. The properties of
concrete are improved because of using of fly ash in concrete [2].
High-strength concrete has been used in civil engineering work to
reduce the sizes of structure members in high-rise buildings. A 28-day
concrete compressive strength more than 41 MPa can be considered as
high-strength concrete according to ACI Committee 363. Generally, by
using superplasticizer and supplementary cementing materials such as
fly ash, high-strength concrete can be made due to reducing the water—
binder ratio and creating extra strength by pozzolanic reaction [3].

The harmful chemicals of ground water, effluents of industry materials
and sea water cause reinforcing steel corrosion due to its exposure.
Concrete loses its strength due to calcium, sodium, and magnesium
sulfates attack [4]. Anwar [5] reported that the resistance of concrete to
sulfate attack was improved with using considerable amount of
cementitious by-product such as silica fume, slag, and fly ash. The use
of fly ash reduces heat generation, prevents expansion, and gives better
durability in concrete [6, 7]. The use of fly ash on concrete improved
the sulfate resistance due to the reduction in the C3A and the Ca (OH)
2 [8].

The normal replacement percent of Portland cement by fly ash on
concrete is 15 to 25% and can be 35% in some special works. The
concrete performance is improved by using of fly ash, through strength
increasing with time and permeability reduction, which enhances the
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durability of concrete [9]. Concrete loses strength with time due to
gradually deterioration resulting from exposition to the surroundings
sulfate-bearing water. It is believed that the reaction of sulfate ions with
calcium aluminate and calcium hydroxide hydrate in concrete arise the
formation of ettringites and/or gypsum, which causes the expansion and
deterioration of concrete. Replacement of cement by fly ash improves
the sulfate resistance due to the consumption of the free lime, which
reduces permeability and reduces the number of reactive aluminates
available [9].

The chemical and physical properties of fly ash and Portland cement
are main factors influence the performance of fly ash in concrete [10].
However, the type of fly ash affects concrete resistance to sulfate attack
where Class F fly ash shows better improvement of concrete sulfate
resistance than Class C fly ash [11]. In addition, Antiohos [12] reported
that incorporating fly ashes (high and low calcium) in concrete leads to
cheap concrete production and friendly environmental concrete.

In this work, attempts were done to cover the effect of change in water
to binder ratio, cementitious material content and replacement percent
of Portland cement with fly ash on the concrete properties.
Furthermore, in this research, the relationships between the results of
destructive (compressive strength) and non-destructive (pulse velocity
and dynamic elastic modulus) were established for the studied concrete
mixtures after sulfate exposure.

2. Experimental Procedure

The materials were selected from commercially available materials in
Japan. Two types of chemical admixtures are used; the first one is high
performance superplasticizer (AD, high range water reducing
processing air entraining) and the second is air entraining agent (AE).
The specific gravity of sand is 2.55 and it has 1.23% water absorption.
The used gravel has a 15 mm and 20 mm size with 2.56 specific gravity
and water absorption of 2.5%. The properties of Portland cement
comply with Japanese Industrial Standard (JIS). The properties of
Portland cement and fly ash listed in Table 1.

The concrete mixtures prepared in this research work were divided to
three groups named I, I, and I1l. Each group involves three concrete
mixtures with different water / binder material ratio. The binder
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material content (BMC) is 410, 330, and 280 kg/m?® and values of
water/binder material ratios (W/B) are 0.4, 0.5 and 0.6. The used
sand/aggregate ratio is 0.4. The used percentages of fly ash are 15%
and 25 % as a replacement ratio of ordinary Portland cement. The
concrete mixtures designed to produce concrete with slump of 10+ 2
cm and air content of 4+ 1%. Table 2 summarizes the details of studied
concrete mixtures. The slump, unit weight and air content were
measured for fresh concrete. The compressive strength, pulse velocity
and dynamic elastic modulus measured for hardened concrete at 3, 7,
28, 90 and 180 days while tensile strength and static elastic modulus
were measured only at 28 days.

Table 1: Properties of Portland cement and fly ash.

Constituents Ordinary Portland Cement (OPC) FIgzﬁ)s h

Specific gravity 3.16 2.32
Surface area (cm2/g) 3310 3910
Loss on ignition, L.O. | 2.05 1.95
Silicon dioxide, SiO2 22.0 45.0
Magnesium oxide, MgO 1.12 N/A
Sulfur trioxide, SO3 2.13 N/A
Chloride lon, CI 0.011 N/A
Table 2: Details of studied concrete mixtures.

Group No. I 1 Il

Mix No. 1 2 3 4 5 6 7 8 9

Sand 680 | 672 | 668 | 704 | 699 | 695 | 718 | 713 | 709
Gravel 512 | 506 | 503 | 530 | 526 | 523 | 540 | 537 | 534
(20mm)
Gravel
(15mm) 510 504 501 528 524 521 | 538 | 534 | 532
Water | ‘g 164 165 168

(=]

OPC X | 410 | 3485|3075 | 330 | 2805|2475 | 280 | 238 | 210
Fly ash 0 61.5 | 1025 0 61.5 | 102.5 0 61.5 | 102.5

AD 3.895 | 3.690 | 3.28 | 3.960 | 3.63 | 3.300 | 3.36 | 2.94 | 2.66

AE 1.025 | 3.075 | 3.69 | 1.155| 3.63 | 3.960 | 1.12 | 3.36 | 3.64
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Batching of materials into the mixer was made in the sequence: gravel
and sand followed by binder material (mixed well) the mixing time was
adjusted for 3 minutes, all dry materials were mixed for 60 seconds
followed by adding water with admixture within 30 seconds, then the
mixing time continues until the end of 3 minutes. From each mix,
fifteen (15) specimens (water curing) were cast for testing of
compressive strength, pulse velocity, dynamic elastic modulus, and
static elastic modulus. Moreover, three specimens from each mix were
cast for testing of tensile strength. The specimens were compacted
using a vibrator and de-molded after 24 hours. The water curing
starting until time of testing.

To study the effect of adding fly ash with Portland cement on the
resistance of concrete to sulfate attack, after 28-day water curing, nine
(9) samples from each mix exposed to a 5% sodium sulfate solution up
to 6 months. Then, compression, pulse velocity and dynamic elastic
modules tests performed after 1, 3, and 6 months. Sample preparation,
testing procedures, equipment, and apparatus used describe in detail in
ref. [9]. The results in this work are average of three tests samples

3. Properties of Fresh Concrete

As mentioned above, the measured properties of fresh concrete include
slump, air content (the concrete mixtures designed to achieve slump of
10 £ 2 cm and air content of 4 +1 %) and unit weight. Dose of the
used chemical admixtures (high performance superplasticizer and air
entraining agent) were changed to achieve the designed values of slump
and air content. The measured values of slump, air content and unit
weight are shown in Figures 1, 2 and 3, respectively.

During proportion and mixing the concrete mixtures, it is noticed that
fly ash mixtures need high dose of the air-entraining agent to achieve
the designed air content. Concerning the superplasticizer, OPC
mixtures need higher dose than those of fly ash ones as listed in Table
1.
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Figure 1: Slump of fresh concrete.
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Figure 2: Air content of fresh concrete.
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Figure 3: Unit weight of fresh concrete.
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The measured values of slump and air content fall within the designed
range, i.e., all measured slumps are 10 +2 cm and air content of 4 +1
%. Moreover, change in the replacement percent of fly ash results in
changing the unit weight of produced concrete as shown in Figure 3.
This attributed to change in the specific gravity of the Portland cement
and fly ash as well as the used water/binder material ratio.

4. Properties of Hardened Concrete

Figure 4 shows results of compressive strength up to age of 180 days.
For first group | (Figure 4-a), concrete mixtures with fly ash show
lower compressive strength values up to 7 days while results after 90
days are equivalent or slightly less compressive strength than those of
the corresponding mixtures made with OPC. For mixes of groups Il
(Figure 4-b) and Il (Figure 4-c), the results of fly ash concrete are
lower than OPC concrete until 180 days. Generally, the obtained data
of all groups show that the compressive strength is inversely
proportions to increasing in the w/b ratio and decreasing in binder
materials content for the investigated concrete mixtures. Furthermore,
the rates of compressive strength development up to 180 days of
concrete mixes are presented in Figure 5. The obtained results of fly
ash concrete show lower rate of strength gain than OPC concrete until
28 days. After, 28 days, strength gain shows slightly differences
between OPC and fly ash mixes.

80

- oMix 1 @Mix2 oMix 3 %
gﬁ 60 %
gk w0 .
g 20 - %

3 7 28 90 180
Concrete age (days)

Figure 4-a: Compressive strength of group I.
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Figure 4-b: Compressive strength of group II.
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Figure 4-c: Compressive strength of group III.
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Figure 5: Rate of compressive strength development.
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Figure 7-c: Dynamic elastic modulus of group I11.
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Figure 9: Measured Static elastic modulus.

Figure 6 and Figure 7 show pulse velocity and dynamic elastic modulus
results until 180 days. The obtained data show that pulse velocity and
dynamic elastic modulus of fly ash concrete mixtures are equivalent to
OPC concrete mixtures at ages 28, 90 and 180 days. While the obtained
results decrease with decreasing in the binder materials content and
increasing in the w/b ratio.

Figure 8 and Figure 9 represent results of tensile strength and static
elastic modulus at 28 days. The results of the fly ash mixes showed
tensile strength and the static elastic modulus lower than OPC mixes.
Moreover, the results of the tensile strength and static elastic modulus
decreased with increasing in water/binder ratio and decreasing in
binder materials content.
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5. Sulphate Resistance

Figure 10 presents results of measured compressive strength of
concrete after immersion in 5% of sodium sulfate solution and results
of compressive strength at 28 —days of water curing (28-W) without
sulfate, i.e., before the immersion process. From results of groups |
(Figure 10-a), Il (Figure 10-b), and Ill (Figure 10-c) until 6 months of
immersion, it is appeared that strength gain due to the hydration of
binder materials is higher than strength loss due to the immersion in 5%
sodium sulfate solution as indicated in Figure 11. Furthermore, fly ash
mixes show compressive strengths lower than those of OPC. Moreover,
mixes of fly ash concretes of 15% and 25 % show almost the same
results of compressive strength after immersion until 6 months. As
mentioned above, the decreasing in binder materials content and
increasing in w/b ratio led to decreasing measured compressive
strength.

From the reported results, after 1, 3, 6 months of immersion, fly ash
mixes exhibit better performances than the reference concrete of OPC
at all testing ages after exposure to sulphate. The visual inspection of
tested samples exposed to sulfate for 6 months indicated no detectable
trace of deterioration caused by the sulfate attack within 6 months of
exposure
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Figure 10-a: Compressive strength after immersion of group I.
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Figure 11: Rate of compressive strength development after immersion
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Figure 12 shows the effect of immersion period on pulse velocity
through studied concrete specimens. Figure 12 reveals that the pulse
velocity of the studied concrete specimens after 1 month is equivalent
to that before immersion. While after 3 and 6 months of immersion, the
results increase with increasing the immersion period. The pulse
velocity results show the same trend of measured compressive strength,
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where the decreasing in binder materials content and increasing in w/b
ratio led to decreasing in the measured pulse velocity.

Figure 13 depicts the effect of immersion period on the measured
dynamic elastic modulus values for the studied mixes. Generally,
measured values indicate that with increasing the immersion period
until 6 months, the values of dynamic elastic modulus slightly increase.
The dynamic elastic modulus values of the studied three groups of
concrete are relatively comparable after 1, 3 and 6 months of the
immersion periods. Further, the measured value of the pulse velocity
and dynamic elastic modulus (nondestructive tests) show a good
agreement with the compressive strength as noticed in Figure 14 and
Figure 15. Therefore, it can recommend using these nondestructive
tests to compare, quality check, and evaluate deterioration degree of
concrete due to the exposure to severe conditions.

6. Conclusions

1. Combinations of OPC with 15 to 25% fly ash show satisfactory
performance in both fresh and hardened concrete. Such
combinations produce concrete with generally good properties,
where fly ash concrete with replacement percent (15%, 25%) of
cement shows equivalent or slightly less compressive strength than
those of the corresponding mixtures made with OPC after 90 days.

2. Concrete with fly ash showed good sulfate resistance during 6
months of exposure to the 5% sodium sulfate solution and visual
inspection of tested samples exposed to sulfate for 6 months
indicated no deterioration appears.

3. The measured properties in the work are inversely proportions to
increasing in the w/b ratio and decreasing in binder materials
content for the investigated concrete mixtures.

4. Depending on the results of the research, it is recommended to use
the nondestructive tests (pulse velocity and dynamic elastic
modulus) for comparing, checking the quality of concrete and
evaluate the deterioration degree of concrete due the exposure to
severe conditions.

5. Many environmental benefits can be gained from replacing up to
25% of cement content in the concrete by fly ash, like reduction of
greenhouse gases (GHG). As cement industry in Egypt is
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responsible of air pollution by GHG emission with 17-million-ton
CO2elyear, the reduction in cement production causes the
reduction of GHG emission by about 6-million-ton CO2e/year.

6. Another benefit can be gained as achieving an environmentally

disposing of the by-products (fly ash) where the bad practices of
by-products disposal causing more GHG emissions. Moreover,
following the sustainable development concept, using the by-
product natural cement like materials and reduction of cement
production conserve the natural resources from depletion and meet
the future demands for more concrete.
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