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Abstract

This paper assesses the use of coal bottom ash as coarse aggregate replacement in a grade 15 concrete, in an
attempt to contribute to a sound management of coal ash on the island of Mauritius. It specifically investigates
the effect of the bottom ash on the compressive strength, workability, water absorption and resistance to
sulphate attack of the concrete. The coal bottom ash was obtained from a local thermal power plant.
Experiments were conducted by replacing the coarse aggregate of 6/10 mm fraction by bottom ash by weight of
coarse aggregate in varying percentages (25%, 50%, 75% and 100% respectively). The results showed that
bottom ash causes a decrease in compressive strength, workability and durability. The latter effects are
worsened with increasing bottom ash content such that the mixes with 75% and 100% aggregate replacement by
bottom ash had poor workability and compressive strengths lower that the characteristic strength. Moreover,
above 25% replacement, durability is compromised. The research concludes that only the coal bottom ash
concrete with 25% replacement meets strength, workability and durability requirements. Adequate protection in
the form of rendering/plastering should also be provided and exposure conditions must be limited to moderate
environment only. Thus, partial replacement of coarse aggregates with 25% of coal bottom ash can potentially
be used in low strength concrete applications, thereby contributing to the sustainable waste management targets
of Mauritius.
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INTRODUCTION research has been carried out on the use of coal
According to the overall energy policy and strategy bottom ash in the manufacture of concrete.
of the Government over the period 2010 — 2025, coal Experimental investigations by Ghafoori and Bucholc
has been projected as being a major source of power (1997) and Andrade et al. (2007) showed that
generation in the forthcoming decades in Mauritius compressive strength decreases with increasing
[Ministry of Renewable Energy & Public Utilities, percentage replacement of fine aggregates by bottom
2009]. Consequently, the disposal of the coal ash ash. In addition, Andrade et al. (2007) and Kim and
generated may become a major environmental Lee (2011) observed a decrease in density due to the
problem unless appropriate measures are adopted. low specific gravity of the ash. Since bottom ash
The development of applications in which the coal particles are less stiff and less dense that normal fine
ash is used as a secondary material is one of the particles resulting in weak porous paste, modulus of
solutions to this problem. Using coal combustion elasticity is decreased [Ghafoori & Bucholc, 1996)].
products in an environmentally safe manner saves Siddique (2009) recommended the use of large size
virgin resources, and reduces energy consumption as (greater than 6mm) bottom ash as coarse aggregate
well as greenhouse gas emissions. In addition, it and smaller size as fine aggregate. Andrade and
helps reduce the need for landfill space and new Rocha (2009) reported that the porosity of bottom ash
landfills. is so high that the water to cement ratio cannot be
predicted accurately. Aggarwal et al. (2007) reported
Bottom ash represents the coarser size fraction that that the workability of concrete decreased with an
falls to the bottom of the combustion boiler. Coal increase in bottom ash content due to the increase in
Bottom Ash (CBA) is physically a coarse, porous, water demand. Kim and Lee (2011) investigated the
glassy, granular and greyish material. The effect of coarse bottom ash aggregate in concrete.
characteristics of the ash residue is highly variable They concluded that bottom ash aggregate had a
depending on the coal source, degree of  greater influence on the flexural strength rather than
pulverization, design of boiler, firing conditions, the compressive strength of the concrete. Bai et al.
storage and handling methods. The grading of CBA (2010) reported an increase in compressive strength
depends mainly on its source and its size vary from at 7 & 28 days when sand and coarse aggregate were
gravel to fine sand but in most cases, it has been replaced in the concrete. However, Wei et al. (1994)
found to be a well-graded material. Considerable stated that there was a slight decrease in compressive
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strength with an increase in bottom ash content when
bottom ash was used as coarse aggregate together
with class C fly ash. Kasemchaisir and Somnuk
(2008) reported a decrease in durability in terms of
chloride ion permeability of bottom ash aggregate
concrete.

In line with sustainable construction, this research
investigates the effect of replacing coarse aggregates
with varying proportions coal bottom ash on the
properties (compressive strength, workability, water
absorption and sulphate resistance) of concrete with a
characteristic compressive strength of 15 MPa. It is
envisaged that the findings will assist in bridging the
knowledge gap on the use of CBA as coarse
aggregates rather than its more traditional use as fine
aggregates in concrete. However, this research is
limited to the untreated CBA produced in coal power
stations in Mauritius.

MATERIALS AND METHODS

Materials

The CBA was obtained from a local power plant. The
CBA was sieved in the laboratory and particles
retained on the 6.3 mm BS sieve were used
throughout this research. Natural fine aggregate used
was of 0/4 mm size and coarse aggregate used was of
6/10 mm size. Both of the natural aggregates used
conformed to BS 812: Part 103-1985.

Mix Proportions

A control mix (MO) containing ordinary Portland
cement (OPC), fine aggregate (0/4), coarse aggregate
(6/10) was designed for a characteristic compressive
strength of 15 MPa and a target mean strength of 23.2
MPa at 28 days. The design slump was in the range
of 60-180 mm. The DOE Method of mix design was
used. Four experimental mixes, namely M25, M50,
M75 and M100 were also batched where coarse
aggregate was replaced by CBA in percentage of 25,
50, 75 & 100 by weight of aggregate respectively.
The designation of the mixes and corresponding mix
proportions are given in table 1. Twelve 150 mm
cubes were cast for each mix. The free water to
cement ratio for all the mixes were kept constant at
0.78.

Table 1: Mix design for Coal Bottom Ash concrete

Mix Designation Cement Free 0/4 6/10 CBA
(kg) Water (L) | (kg) | (kg) (kg)
MO-Control Mix 9.75 7.5 22' 24 0
M25- 29
Experimental 9.75 7.5 ’ 18 6
: 4
Mix
MS50- 29
Experimental 9.75 7.5 ’ 12 12
: 4
Mix
M75- 29
Experimental 9.75 7.5 ’ 6 18
: 4
Mix
M100- 29
Experimental 9.75 7.5 ’ 0 24
: 4
Mix
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Casting and Curing of Specimen

Twelve 150 mm concrete cubes were cast for each
mix. The fresh concrete was cast in steel moulds in
two layers and compacted on a vibrating table.
Additional concrete was added to the moulds to fill in
the gap created as a result of vibration. The duration
of vibration required by the control mix to allow air
bubbles to form at the surface was noted and kept
constant for all the other mixes. A trowel and
tamping rod were used to level the surface of the
concrete and any excess concrete removed. The cast
specimens were kept in the laboratory for 24 hrs at
room temperature. Immediately after de-moulding,
the specimens were water cured until the scheduled
testing day.

Testing

Particle Size Distribution

Particle size distribution for the sieved CBA and
coarse aggregates were carried out in accordance with
BS 812-103.1:1985.

Specific gravity & Water Absorption

The specific gravity and water absorption of the
sieved CBA, fine aggregates and coarse aggregates
were determined according to in BS 812: Part 2:1995.

Workability

The workability was determined by means of the
slump test and was conducted according to BS 1881:
Part 102:1983.

Compressive Strength

The compressive strength test was carried out on
150mm cubes specimen in accordance with BS 1881:
Part 116: 1983 at the age of 7 and 28 days. 2 cubes
were tested at 7 days and 3 cubes were tested at 28
days.

Initial Surface Absorption (ISA) Test

The ISA test was planned to be conducted as per BS
1881: Part 208: 1996 at an age of 7 and 28 days.
However, this test was not carried out because the
bottom ash concrete produced exhibited high porosity
such that the change with respect to the initial surface
water absorbed could not be determined.

Sulphate Resistance

There is no specific British standard or ASTM test
method relating to the determination of the resistance
of concrete to sulphate attack. Thus, a test method
was devised based on ASTM C-1012-95a and Clifton
et al. (1998). For each mix, four 150mm cubes were
tested. Two cubes were tested at 7 days and two
cubes tested at 28 days. Prior to testing, the cubes
were water-cured. At the start of the test, the cubes
were weighed prior to immersion in a closed
container containing a solution of 5% (50g/L)
anhydrous Magnesium Sulphate for a period of 48 +
2 hours and then the concrete specimen were oven-



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 5(5):344-349 (ISSN: 2141-7016)

dried at 105 + 5°C for 3 days to achieve constant
mass. The weight of the specimen after drying was
recorded. The percentage loss in mass was the
criterion for assessing the durability of concrete with
respect to sulphate ion.

Water Absorption of Hardened Concrete

For each mix, three 150mm cubes were tested for
water absorption in accordance to BS 1881: Part
122:1983. The cubes were water cured before being
tested at 28 days. At the start of the test, the concrete
specimens were oven-dried to achieve constant mass
at 105 = 5°C for 72 + 2 hours. The cubes were
weighed before and after immersion in a closed
container subjected to a hydrostatic pressure of
25mm for a period of 30 minutes.

RESULTS AND DISCUSSION

Particle Size Distribution

The particle size distribution of the sieved CBA and
the natural coarse aggregate are shown in figure 1.
The CBA has a higher percentage of fine sand and a
lower percentage of medium to coarse sand as
compared to the coarse aggregate. It is also observed
that the sieved CBA is a well graded material,
conforming to BS 882: 1992 requirements for use as
aggregate in concrete.
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Figure 1-Graphical representation of particle size
distribution

Specific Gravity

The specific gravity of the CBA was found to be
1.75, lower than that of the coarse aggregate and the
fine aggregate which were determined as 2.65 and
2.80 respectively. The low specific gravity is the
result of the porous and vesicular texture of the
bottom ash [Muhardi. 2010].

Absorption Test
The 24 hrs water absorption test for the CBA showed
that the absorption was 14.8% confirming the porous
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nature of CBA. As expected, this value is much
higher than that of the fine and coarse aggregates
which was determined as 2.2%.

Workability

The workability of the concrete is usually correlated
to its slump value. Results for the slump for each mix
are given in figure 2. It is observed that up to 50%
replacement of CBA, the slump is within the
designed range 60-180mm. The workability generally
decreased with the increased CBA content. At 75%
replacement the workability was outside the designed
range of 60-180mm. The decrease in workability is
attributed to the fact that the CBA is irregular in
shape, vesicular in texture and porous such that
friction between particles is high. Thus, with
increasing CBA content, there is an increase in water
demand to achieve similar workability as for the
control mix. Similar results were found by Shi-Cong
and Chi- Sun (2009).
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Figure 2-Variation of slump with different CBA
percentage replacement

Compressive Strength

Results for 7 days and 28 days compressive strengths
for all mixes are illustrated in Figure 3. The 28 days
compressive strength for the control mix was
determined as 23.5 N/mm’® which is slightly above
the target mean strength of 23.2 N/mm?, while that of
M25 and M50 were 21.0 N/mm® and 17.1 N/mm’
respectively. The M75 mix did not even attain the
characteristic strength of the concrete. Testing for the
M100 mix was not carried out because a too low
compressive strength would have been obtained.

The results show that compressive strength decreases
with increasing bottom ash content and that early
gain in strength of bottom ash concrete is lower than
normal concrete. The decrease in compressive
strength may be due to the porous surface structure
and high absorptivity of the CBA such that hydration
of all cement particles may not have occurred and
less paste is available for bonding. It may also be due
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to the reaction of the metallic aluminium in the CBA
with calcium hydroxide present in the cement to
produce a more stable aluminate salt and hydrogen
gas as a by-product. The emission of hydrogen gas
leads to the formation of porous and lower strength
concrete. Moreover, at 28 days, on removing the
cubes for the CBA mixes from the curing tank, some
discontinuous fine cracks were observed on the
concrete surface. These cracks contribute to the
weakening of the concrete. Similar results were
obtained by Pera et al. (1997) who used municipal
solid waste incinerator bottom ash as partial coarse
aggregates replacement in concrete. The decrease in
strength can also be attributed to the fact that CBA is
a weaker aggregate than normal weight aggregate.
Therefore, the greater the proportion of CBA in the
concrete, the lower is the concrete strength. Ghafoori
and Bucholc [5] observed that compressive strength
of concrete mixtures containing bottom ash were
lower than that of the control mix. Shi- Cong and
Chi- Sun (2009) demonstrated that at a fixed
water/cement ratio, the compressive strength
decreased with an increase in the bottom ash content
at all ages. Aramraks (2006) demonstrated that the
compressive strength of 50% and 100% replacement
bottom ash concrete were approximately 20%-40%
lower than that of the control mix.
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Figure 3- Compressive Strength at 7 and 28 days

Sulphate Resistance
Both the 7 days and 28 days results show that the
resistance of the concrete to sulphate attack decreases
with increasing bottom ash content. Results are
illustrated in Figure 4.
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Figure 4 - Sulphate Resistance at 7 and 28 days

The results of the 28 days test showed similar trend
as that for the 7 days test. However, the mixes
exhibited greater resistance than that of the 7 day test
because of a greater development in strength and
hence the ability of the concrete to withstand the
buildup stress resulting from the expansive reaction
between sulphate and aluminium ions present in the
concrete. Sulphate ions penetrate the concrete by the
process of diffusion. Increasing the bottom ash
increases the aluminium content of the concrete
thereby increasing the damaging effect from sulphate
attack. In this research, cracking, delamination
(spalling) and softening of the affected area of the
concrete were observed. These defects are illustrated
in Figures 5-8.

Figure 5: Concrete cube after immersion in 5%
MgSO, for 48 hours (M25)

=

Figure 6: Concrete cube after immersion in 5%
MgSO, for 48 hours (M50)
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M
Figure 7: Concrete cube after immersion in 5%
MgSO, for 48 hours (M75)

Figure 8: Spalling of concrete after drying (Sulphate
Resistance Test)

Water Absorption of Hardened Concrete

The water absorption of all the CBA concrete was
found to be greater than that of the control mix, as
illustrated in Figure 9. It is observed that water
absorption value for mixes M25, M50 and M75 are
higher than that of MO by 2.1, 3.7 and 5.9
respectively. This significant increase in water
absorption is attributed to an increase in the void
content of the concrete due to the porous CBA
particles. In addition, the formation of cracks
contributes to the movement of water in the concrete
thereby increasing its permeability.
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Figure 9- Water Absorption at 28 days
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CONCLUSIONS

It is observed that the coal bottom ash used in this
research possesses characteristics of a well-graded
material conforming to the requirement of BS 882:
1992 for use as aggregate in concrete. It is also
observed that the CBA decreases compressive
strength and workability of concrete and that the
latter effects are worsened with increasing CBA
content. Only the control mix (MO) attained its target
strength at 28 days. The M25 and M50 mixes had
lower 28 days strengths (21 and 17.1 MPa
respectively) but were higher than the characteristic
strength of 15 MPa. The strength of the M75 mix
(14.3 MPa) was lower than the characteristic
strength. Only the slumps of the M0 and M25 mixes
were adequate for proper mixing. In addition, CBA
lowers significantly the durability of the concrete by
increasing its porosity and lowering its resistance to
sulphate attack. Hence, it can be inferred from the
above results that only the M25 CBA concrete mix
has the potential to meet strength, workability and
durability  requirements.  However, adequate
protection should be provided to the concrete in the
form of rendering/plastering and exposure conditions
limited to moderate environment only.
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