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Abstract: Currently in Australia, approximately 500 million tonnes of Coal Combustion Products are
stored in ash dams. With the foreseeable closure of coal powered power stations, there will inevitability
be a shortage of commercial grade fly ash.

This research aims to study the viability of using reclaimed, stockpiled fly ash from Energy Australia’s
Mt Piper Power Station, as a partial replacement for cement in concrete. A comparison of the chemical
and physical properties of reclaimed fly ash to commercial grade fly ash was conducted to determine if
the properties had significantly changed during its exposure whilst stockpiled. The effects on the
workability and compressive strength of concrete were also investigated when cement was replaced by
30%, 40% and 50% reclaimed fly ash and compared to a 35MPA concrete mix.

The results show that the mineralogical phases and element concentrations of the reclaimed fly ash was
similar to the commercial grade fly ash, whilst the moisture content, loss of ignition and particle size
distribution were larger, due to the fly ashes exposure to the atmosphere and weather conditions when
placed in stockpiles.

The concretes compressive strength showed that the addition of reclaimed fly ash created a low early-
strength however, the long-term strength of the 30%, 40% and 50% replacements reached
26.3MPa,22.0MPa, and 17.5MPa respectively. Although not meeting the design strength of 35MPa, this
high-volume fly ash replacement could be used in situations that do not require a high early strength.
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1. Introduction

Concrete is one of the most commonly used construction materials globally, with 10 billion tonnes
produced annually (1). Alone in Australia, the concrete industry produced 29 million cubic meters in one
year (2) Although having a lower energy and carbon footprint than other construction materials (3) the
sheer volume in which it is produced causes concrete to have a high CO, emission.

Concrete is made with a few essential components; a cementitious material (the binder), aggregates
(fine and coarse) and water. Cement manufacture is the main contributor to concrete greenhouse gases
through direct and indirect carbon emissions. The indirect ‘energy-use CO;’ results from the combustion
of fossil fuels in manufacturing, whilst the indirect ‘process CO,’ results from the chemical decomposition
of calcium carbonate to produce lime and carbon dioxide (4). From 2018 to 2019, the Cement Industry
Federation (CIF) reported that 60% of the cement industry’s carbon emissions were from the ‘process
CO,'. Supplementary Cementitious Materials (SCMs) such as fly ash, which is the waste product
collected from coal combustion, are currently used in concrete as a partial replacement for cement. Fly
ash has been used as an SCMs within Australia since the early 1960s (5) due to its benefits to concrete
through enhanced workability, increased ultimate strength and low permeability. Although used as a
partial replacement in cement, fly ash is limited by certain physical and chemical requirements set by
standards. Within Australia, this standard is AS3582.1 (6) which sets out the minimum requirement
regarding moisture content, loss of ignition and the chemical composition SiO, + Al,O3; +Fe,0s.

From 2018 to 2019, coal-based power accounted for 56% of Australia’s electricity, and from this, 12.5Mt
of ash was produced. Of this 12.5Mt, 5.9 Mt was used as a substitute material in mining and the
construction industry, whilst the remaining 6.6Mt were placed in on-site ‘ash dams’ (7) From this
accumulation of disposed fly ash yearly, the Commonwealth of Australia has approximated 500 million
tonnes of coal combustion products (CCPs) currently stored in ash dams around Australia.

With the closure of coal-fired power stations as close as 2025 in Australia (8) there will inevitably be a
shortage of commercial-grade fly ash. Therefore, this has prompted the aim of this research to
investigate the effects of using stockpiled fly ash as a replacement for cement in concrete.



2. Literature Review

Fly ash is a pozzolanic material used in concretes as supplementary cementitious material in conjunction
with Ordinary Portland Cement (OPC). Pozzolanic materials, like fly ash, are silicious and aluminous
materials that react with calcium hydroxide, which is released by the hydration of Portland cement, to
produce different forms of hydration products or calcium-silicate-hydrates (C-S-H). Calcium silicate
hydrates are the major hydration products in Portland cement, and the quantity of these products is
increased with the addition of pozzolanic materials such as fly ash.

The fly ash’s chemical and physical properties are largely dependent on the composition of the coal and
the burning conditions of the power station. The types of coal burnt will produce fly ash with a slightly
different chemical composition of SiO, + Al,O; +Fe,O3; The carbon content of the fly ash is also
dependent on the burning process of the coal. To measure the carbon content of fly ash, the loss of
ignition (LOI) of the sample is determined. The unburnt carbon absorbs air-entraining admixtures and
increases water demands (9)

Figure 2-1 shows the effects increased replacement levels of fly ash have on the compressive strength
of concrete. As shown, when increasing levels of fly ash are added to concrete, the early compressive
strength decreases, yet the long-term strength improves with the addition of fly ash.
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Figure 2-1 Compressive strength development of concrete with increasing levels of fly ash (9)

Due to fly ash’s spherical shaped particles, their addition to concrete allows for reduced water demand
and, thus, increased workability. This means that fly ash concrete will have lower water content to
produce concrete of the same workability as Portland cement concrete. Michael Thomas (9)
approximates that for every 10% of cement replaced by fly ash, a water reduction of at least 3% can be
made.

Due to the reported and perceived uncertainties of stockpiled fly ash’s physical and chemical properties,
its use as a replacement for cement is very uncommon. Research completed by Cheerarot and
Jaturapitakkul (10) studied the potential of using disposed fly ash stockpiled for 6 to 24 months from the
Mae Moh power plant in Thailand. The chemical composition, specific gravity, median particle size, and
fineness of the Portland cement type 1 and disposed fly ash were investigated. In addition to these tests,
the normal consistency, setting times, compressive strength and water requirements were investigated
for partial replacement of 10%, 20% and 30% of Portland Cement.

Their results found that the fly ash’s particle sizes and chemical compositions were different depending
on how long they had been exposed to the weather, with the median particle size of the 6- and 24-month
ashes being 56.3 and 99.3um, respectively. The disposed fly ash was also shown to have pozzolanic
properties. Regarding the effects the disposed fly ash had on the compressive strength, Cheerarot and
Jaturapitakkul (10) found that the fly ash ground to 5% retainment on No 325 sieve would have a higher
compressive strength than the original disposed fly ash. These results concluded that there is a
possibility of using the disposed fly ash from the Mae Moh landfill as a partial replacement for cement.



Similar research was conducted by Al-Shmaisani et al. (11) to determine the suitability of using
reclaimed fly ash as a partial replacement. In this research, reclaimed fly ash was defined as fly ash
retrieved from disposal sites that generally meet the American standards ASTM C618 but may require
additional treatment. They found that the reclaimed fly ash had a similar particle size and shape to
commercial-grade fly ash and met the ASTM C618 requirements for chemical composition and loss of
ignition; however, it did not meet the moisture content.

Along with testing the chemical and physical properties, Al-Shmaisani et al. (11)) tested the compressive
strength of concrete cylinders with a replacement of 20% at 7, 28, 56 and 90 days. These tests showed
that the reclaimed fly ash concrete did not have a high early compressive strength, but by day 90, all
had a comparable or higher strength than the control mix. These results showed that reclaimed fly ash
could be used as a replacement for cement.

As stated by Al-Shmaisani et al (11), fly ash’s chemical and physical properties can vary widely based
on the coal source, burning conditions, and storage conditions. For this reason, this study will focus on
the effect the reclaimed fly ash from the Mt Piper Power Station in Central West NSW has on the
properties of concrete.

3. Experimental Program

3.1 Materials

The reclaimed fly ash for this research was supplied by Energy Australia from the Mt Piper ash
repository. Mt Piper power station is located in central west NSW and comprises two 700MW coal-fired
steam turbine generators that generate 12% of NSW energy supply. To provide this energy, 12,000
tonnes of coal are burnt daily. From a report by Energy Australia (12), the power station reuse for their
fly ash only averages 30% per year. The remaining fly ash is then placed in their on-site ash repository.

If fly ash is to be sold, it must meet the requirements of the Coal Ash Order (2014). The EPA issued
these requirements to avoid harmful fly ash materials entering the environment, posing a significant risk.
During this testing, chemical concentrations, pH level, moisture content and loss of ignition are
determined. Energy Australia supplied these results, and to check consistency with the results, both the
moisture content and loss of ignition tests were completed to compare.

3.2 Mix Composition

Four different concrete mixes were batched using the design mix for a 35MPa concrete. A control mix
(Control) and three batches with 30% (FA30), 40% (FA40), and 50% (FA50) fly ash replacement
percentages were made with the following design mixes, Table 1. A total of nine cylinders for each mix
was made to allow for three days of testing and three samples per compression test. In order to
accurately determine the effects of adding a high percentage of reclaimed fly ash to the batch, the water
to cement ratio was kept the same for all the batches at 0.6. The mixing of the concrete batches was in
accordance with Australian Standard 1012.2:2014 (13).

Table 1 Concrete design mix

Material Control kg/m3 FA30 kg/m?3 FA40 kg/m?3 FA50 kg/m3
Cement 346 242 208 173
Fly Ash 0 104 138 173
Coarse Aggregate 980 980 980 980
Fine Aggregate 865 865 865 865
Water 208 208 208 208

4. Results and Discussion

It was important to test the characterisation of the reclaimed fly ash to determine if it would meet the
Australian Standard AS3582.1 (6) regarding chemical and physical properties, including chemical
composition and particle size. The tests that were completed to do this consisted of x-ray diffraction, x-
ray photoelectron spectroscopy, particle size analysis, scanning electron microscopy and moisture and
loss of ignition content. These tests were all completed for the reclaimed fly ash and compared to
commercial-grade fly ash and cement in the case of particle size distribution.



The concrete properties of four mixes with fly ash percentages of 0%, 30%, 40% and 50% were tested
for workability and compressive strength at 3-days, 14-days and 32-days.

4.1 Chemical and Physical Properties

4.1.1 Mineralogy

The mineralogy of reclaimed fly ash and commercial grade fly ash was determined using a GBC’'s MMA
X-Ray Diffractometer, with copper filament and a scanning rate of 1°/minute. This investigation was
undertaken to analyse if reclaimed fly ash’s mineralogical phases had changed drastically when
exposed to the atmosphere for prolonged periods.

As shown in Figure 4-1 and Figure 4-2 both the reclaimed fly ash and commercial grade fly ash show
distinct crystalline phases, as indicated in the sharp peaks of intensities. Consistent with the studies by
Chancey et al. (14) and Risdanareni, Puspitasari and Januarti Jaya (15), the fly ash samples show
peaks at approximately 26° of 2 thetas, which were found to be quartz and SiO2. This indicates that the
reclaimed fly ash is in crystalline form, which the commercial-grade fly ash is also.
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Figure 4-1 XRD pattern of reclaimed fly ash
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Figure 4-2 XRD of commercial-grade fly ash



4.1.2 Particle Size Distribution

The particle size distribution of cement, commercial-grade fly ash and reclaimed fly ash was determined
using the Mastersizer 3000 in the UOW Building 6 Laboratory. The particle size distribution of the three
samples is shown in comparison in Figure 4-3.

The median particle size of the samples was 18.4um, 20.2um and 22.5um for cement, commercial-
grade fly ash, and reclaimed fly ash, respectively. Although having a comparable median particle size
as indicated by the percentile values and Figure 4-3 it can be seen that the cement and commercial
grade fly ash have a greater proportion of finer particles, with a D90 of 49.9um and 77.9um, respectively,
whilst the reclaimed fly ash had a D90 of 95.8um. This is due to the reclaimed fly ash being exposed to
weather conditions when stockpiled.
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Figure 4-3 Particle size distribution

4.1.3 Chemical Composition

The chemical composition of reclaimed fly ash and commercial-grade fly ash was determined using the
x-ray photoelectron spectroscopy (XPS) Thermo Fisher Scientific Nexsa Surface Analysis System. The
samples were analysed in a chamber with a base pressure of 2.8x10-'° mbar with an XPS spot size
diameter of 400um and an x-ray gun with a power of 700W using monochromatic X-Ray radiation Al Ka
(hv = 1486.6eV). The processing software CasaXPS was then used to analyse the data collected from
the XPS instrument. The reclaimed fly ash has a slightly higher atom concentration of silicon and oxygen
at 33.04% and 51.78%, respectively, whilst the commercial-grade fly ash is at 31.36% and 49.18%. The
reclaimed fly ash has a higher % atom concentration of all the elements found except iron, calcium and
potassium.

Table 2 XPS results

% Atom Concentration

Element Commercial Grade Fly Ash Reclaimed Fly Ash
0] 49.18 51.78

Si 31.36 33.04

Al 8.58 12.56

Fe 0.62 0.19

Ca 1.32 0.59

Mg 0.05 0.06

Na 0.19 1.77

K 8.69 0.00

Mn 0.01 0.00




4.1.4 Moisture Content and Loss of Ignition

The moisture content of three fly ash samples was determined following the procedure outlined in the
Australian Standard AS3583.2 (16). The final values can be seen in Table 3. It was expected that the
reclaimed fly ash would have a higher moisture content than the commercial-grade fly ash as it has had
long exposure to environmental factors, such as rain and was also wetted when being transported from
the power plant.

Due to the reclaimed fly ash arriving at the university in a slightly damp condition, the laboratory
technical staff dried out a large portion of the sample under a heat lamp before any testing or mixing of
concrete was conducted. For this reason, a sample of the dried reclaimed fly ash was also tested for
moisture content, as shown in Table 3.

Although initially drying the sample reduced the moisture content of the fly ash substantially, the
percentage still does not meet the Australia Standard’s maximum allowable percentage of 0.5%.

The loss of ignition of the reclaimed fly ash and commercial grade fly ash were measured using
equipment at the UOW Building 1 Laboratory to determine if they meet the requirements of AS3582.1.
The sample’s loss of ignition values can be seen in Table 3.

Table 3 Physical properties of ashes

Moisture Content Loss of Ignition
Reclaimed Fly Ash 16.1% 4.88%
Dried Reclaimed Fly Ash 2.06% -
Commercial-Grade Fly Ah 0.28% 3.06%

4.1.5 Fresh Concrete Properties

The slump was measured to determine the workability of the concrete. The test was performed in
accordance with AS1012.3.1 — 2014 (17). The water demand for each mix was kept the same, with a
water/cement ratio of approximately 0.6. As indicated in Table 4, the slump of the mixes increased
relative to the increase in fly ash percentages. This shows that with the increase in fly ash to a concrete
mix, the water demand can be lowered, and in turn, the workability of concrete is also increased.

Table 4 Concrete slump results

Control FA30 FA40 FA50
Slump (mm) 20 25 40 45

4.1.6 Compressive Strength

The compressive strength of all four mixes was tested on days 3, 14 and 32. The 28-day test could not
be completed as required by AS1012.9 (18) due to university laboratories being closed. The tests were
done to determine the effects of increasing the fly ash percentage on the concrete’s early and long-term
strength.

Figure 4-4 shows the results of the compressive strength of the four concrete mixes. The graph shows
that the control mix had a higher compressive strength at all stages, reaching 16.1MPa and 31.5MPa
on days 3 and 32, respectively. The control mix did not meet the design strength of 35MPa. The long-
term strength of the concrete containing partial replacement of reclaimed fly ash reached 26.3MPa,
22.0MPa and 17.5MPa for the FA30, FA40 and FA50, respectively, for the 32-day test. Although not
meeting the design strength, the increase from day 14 to day 32 testing was higher for all the fly ash
concretes than the control mixes. The percentage increase from 14-day to 32-day of Control, FA30,
FA40 and FA50 are 18%, 47%, 55% and 50%, respectively. Although the early strength of the concrete
containing high volumes of fly ash could not be used in applications needing high early strength, the
long-term strength increased significantly and could be used in many concrete structures.
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Figure 4-4 Compressive strength results

5. Conclusions

The following conclusions can be drawn from the experimental study on reclaimed fly ash from the Mt
Piper Repository.

The results from the characterisation of the fly ash from Mt Piper ash repository found that except for
the moisture content, the reclaimed fly ash (RFA) meets the chemical and physical requirements set out
in AS3582.1 (6). The mineralogy of the fly ash showed distinct crystalline phases, evident through the
sharp peaks of intensity, and the chemical composition showed a concentration of 33.04% for silicon
and 51.78% for oxygen, which were both consistent with the results of the commercial-grade fly ash
(CGFA). The particle size distribution of the reclaimed fly ash showed the effects of being exposed to
weather conditions with a greater proportion of larger particles than the commercial-grade fly ash. The
main differences occurred in the moisture content and loss of ignition of the two ashes, with moisture
contents of 16.1% and 0.28% and loss of ignition of 4.88% and 3.06% for the RFA and CGFA,
respectively. Although the properties of fly ash can be different for every coal plant, these results have
resolved the uncertainties around Mt Piper reclaimed fly ash regarding chemical and physical properties.

The effects on fresh concrete properties when reclaimed fly ash is used as a partial replacement showed
that the workability could increase when the water demand decreases, which is consistent with previous
research. Regarding the hardened properties, the early strength of the reclaimed fly ash concrete
reached 10.4MPa, 7.6MPa and 6.4MPa for the 30%, 40% and 50% replacements, respectively, whilst
the control mix reached a strength of 16.1MPA. These results showed that the addition of fly ash would
decrease the early strength of the concrete. On day 32 of testing, none of the mixes reached the design
strength of 35MPa, with the results of 31.5 MPa, 26.3 MPa, 22.0MPa and 17.5MPa for the control, 30%,
40% and 50% replacements, respectively. Although not reaching the similar strength of the control mix,
the percent increase of the fly ash concrete was better than the control. These results show that the
addition of reclaimed fly ash affects the concrete’s long-term strength rather than the early strength.

In conclusion, from this preliminary study of the chemical and physical properties and effects on fresh
and hardened concrete, it can be determined that there is an opportunity to use reclaimed fly ash from
the Mt Piper ash repository as a partial replacement for cement in concrete, however further and more
in-depth studies should be undertaken.
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