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Executive Summary

This report, prepared for SmartCrete CRC, explores the development of low-carbon concrete
products using Furnace Bottom Ash (FBA)—a coal combustion by-product—as a sustainable
alternative in concrete. The study addresses environmental, technical, and economic aspects of
incorporating FBA as (a) partial replacement for fine aggregates and (b) supplementary
cementitious material (SCM), aiming to reduce carbon emissions and promote circular
economy practices.

Background & Significance

Australia generates ~13.1 Mt of coal ash annually; FBA accounts for 10%, with limited
reuse (<30% globally).

NSW alone produces ~0.99 Mt FBA annually, with 23—-34 Mt stored in ash dams—
representing a major resource opportunity.

Using FBA in concrete reduces landfill, conserves natural aggregates, and lowers
embodied carbon. Replacing 20% cement with FBA can cut CO: emissions by up to
33% and reduce costs by ~$15/m3.

Research Scope

Physical and chemical characterization of FBA from Vales Point and Eraring power
stations.

Laboratory trials: Mortar mixes with 25-100% sand replacement; concrete mixes with
FBA and GGBFS (slag) as SCM.

Industrial trial: Footpath construction near Vales Point using FBA concrete.

Life Cycle Assessment (LCA): Manual and SimaPro software analysis for carbon
footprint, energy, and cost.

Key Findings

Optimal Mix: 25% FBA as sand replacement + 10-20% ground FBA as SCM delivers
superior compressive strength (up to 54 MPa) and reduces carbon emissions by 23—
29%.

Durability: FBA concrete shows improved resistance to sulphate and acid attack,
satisfactory shrinkage, and acceptable carbonation resistance.

Industrial Trial: FBA concrete met TEINSW footpath specifications; 28-day strength ~31
MPa vs 33 MPa for control.

Environmental Impact: SCM replacement drives major carbon savings; sand
replacement alone offers minimal benefit.

Economic Impact: Cost reductions up to 35% for mixes with higher SCM replacement;
landfill avoidance adds indirect savings.

Challenges

Variability in FBA properties, high water absorption, and lack of specific standards.
Pre-treatment (drying, grinding) and logistics require investment.
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e Market acceptance and regulatory frameworks need strengthening.

Opportunities & Future Directions

e Aligns with Australia’s Net Zero 2050 goals and circular economy initiatives.

e Potential for advanced applications: geopolymer systems, lightweight aggregates, Al-
driven mix design.

e Requires development of FBA-specific standards, stakeholder collaboration, and
industrial-scale processing near power stations.

Conclusion: FBA offers a viable pathway to decarbonise concrete production, reduce costs,
and transform coal waste into a valuable resource. With proper standards, processing, and
industry adoption, FBA can play a critical role in sustainable infrastructure.
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CHAPTER 1: INTRODUCTION TO FURNACE BOTTOM ASH
(FBA)

1.1 Introduction

The increasing global demand for sustainable construction materials has driven
research into alternative and supplementary materials that can reduce the environmental impact
of concrete production. One such material is Furnace Bottom Ash (FBA), a coal combustion
by-product that is often underutilized compared to fly ash (FA) [1]. This chapter introduces the
use of FBA in concrete, with a focus on its generation, particularly in the Australian context,
and its potential role in sustainable construction practices.

This chapter outlines the scope and purpose of the report, provides an overview of FBA
generation and its current handling, and discusses the environmental and economic benefits of
incorporating FBA into concrete as part of a circular economy approach. In addition, the
chapter highlights key differences between FBA and fly ash in terms of physical and chemical
characteristics, performance in concrete, and typical applications. This foundational
information sets the stage for the experimental investigation into the use of FBA as a sand
replacement and supplementary cementitious material in concrete, which is explored in the

following chapters.

1.2 Scope and purpose of the report

The purpose of this report is to provide a comprehensive research output and guidelines
for the use of FBA in concrete as a sustainable construction material. It explores the potential
of FBA as both a partial replacement for fine aggregates (sand) and as a supplementary
cementitious material (SCM) in concrete production.

The scope of the research includes the physical and chemical characterization of FBA,
sourced from Vale Point Power Station and its properties compared with that of other FBA
obtained from other sources, including Eraring Power Station. Then several mixes of eco-
friendly mortars and concrete were designed, and fresh, mechanical, and durability properties
of concrete/mortar containing FBA were evaluated. Particular emphasis is placed on assessing,
slump performance, densities, air content, compressive strength, flexural strength, split tensile
strength, modulus of elasticity, water absorption, shrinkage and long-term durability
performance under aggressive environments, including sulphate resistance, acid resistance and

carbonation resistance.
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The suitability of FBA as a fine aggregate was evaluated by replacing fine sand in
mortar with 25%, 50%, 75%, and 100% FBA by volume. The optimal replacement level was
then selected for further use in concrete and mortar mixtures incorporating FBA as a cement
substitute. An innovative co-grinding approach involving FBA and ground granulated blast
furnace slag (GGBFS) is also examined to enhance the reactivity and pozzolanic performance
of FBA when used as SCM. A total of eight concrete mix formulations were developed and
tested under controlled laboratory conditions. A proposed mix design was implemented in the
construction of a pedestrian footpath to evaluate the practical application of eco-friendly
concrete for potential industrial use.

This report is intended to contribute to the growing body of knowledge on sustainable
construction materials, providing practical insights for industry professionals, researchers, and
policymakers. It supports the broader objective of promoting circular economy practices in
construction by converting industrial waste into value-added products, ultimately aiming to

reduce environmental impact and improve resource efficiency in the concrete industry.

1.3 Overview of FBA

FBA is composed of the agglomerated particles of oxides that are left over after the
pulverised coal combustion process, which impinge on the furnace walls or fall to the bottom
of the boiler (Fig. 1.1), and has similar chemical characteristics to FA [2,3]. Numerous studies
have proven the viability of using bottom ash in several construction and geotechnical
applications, such as concrete production [4,5], ceramic production [6,7], road construction and
maintenance [8], and soil remediation [9]. As with FA, FBA recycling fulfils sustainability
requirements by reducing greenhouse gas (GHG) emissions, reducing pressure on the use of
natural resources, and reducing waste production. However, it is interesting to note that the
advancement of research on FBA is occurring at a slower speed, when compared to FA. Zhou
et al. [10] have specified three reasons that push researchers to focus on FA over FBA: 1) The
amount of FBA is lower compared to FA, constituting only about 10-20% of the total coal ash
produced; 2) there is less leaching of toxic elements associated with FBA, compared to FA;

and 3) the heterogeneous nature of FBA makes recycling it more difficult.

While millions of tonnes are generated annually, especially in coal-reliant countries like
China, India, and the U.S., the global recycling rate for FBA remains low, typically under 30%.
Australia generates approximately 13.1 million metric tonnes (Mt) of coal ash annually, with

fly ash accounting for 80-90% and FBA comprising 10% of the total [11]. However, only about
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6 million Mt of this by-product is currently being reused, and the utilization of FBA in the
construction sector remains minimal. FBA is primarily produced in New South Wales
(NSW) and Queensland, where coal remains a significant energy source. Despite its potential,
the utilization of FBA in Australia remains limited. A significant portion of the material is
stockpiled at power station sites. Nevertheless, there is growing interest in the beneficial reuse
of FBA, particularly in the construction sector. Applications include its use as a partial
replacement for natural aggregates in concrete, road base materials, and general fill in civil

engineering projects.

Typical power station layout

Coal supply \ Electricity

Conveyor

\

Steam turbine

Substation/
transformer

Condenser

Water Purification | A Ash Development

Management Systems

Association of Au

-
v

Fig.1.1: A graphic diagram of the production of FBA [12].

Challenges to broader adoption include logistical constraints related to transportation
from remote generation sites, variability in material properties, and the need for consistent
quality standards. Addressing these issues through improved processing, regulatory support,
and market development could enhance the sustainable use of FBA in Australia’s construction

industry.
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1.4 Environmental and economic significance

Recycling FBA holds significant environmental value when utilized in construction. Its
reuse reduces the need for landfilling, conserves natural aggregates, and lowers the carbon
footprint of concrete by partially replacing cement and virgin materials. This contributes to
reduced greenhouse gas emissions and supports sustainable construction practices.
Additionally, using FBA aligns with circular economy principles by transforming industrial
waste into a valuable resource, and promoting material efficiency.

While there is some uncertainty regarding the environmental benefits of using furnace
bottom ash (FBA) as a sand replacement in concrete, particularly due to varying outcomes
based on mix design approaches, several studies indicate promising results. A study [13]
reported mixed findings on the environmental impact, but Jeon et al. [14] demonstrated
significant CO2 emission reductions (up to 33.4%) when FBA replaced sand in soil-mixing and
drainage layers. Life-cycle assessments (LCAs) showed FBA generally has lower
environmental impacts than crushed rock, except in human toxicity potential (HTP) for cancer
due to possible heavy metal leaching, particularly when FBA is used in unbound conditions.
When FBA is incorporated into bound applications, this leaching risk is significantly reduced
because the matrix immobilises contaminants. Neverthless, FBA’s HTP was found to be
comparable to other virgin materials like limestone and siliceous gravel. Navaratnam et al. [15]
further supported the environmental viability of FBA and fly ash, highlighting lower
greenhouse gas emissions and resource depletion compared to natural aggregates. Overall,
incorporating FBA in construction can reduce environmental burdens associated with coal
waste and sand mining, although attention to potential leaching issues remains important when
FBA is used in unbound applications.

The use of FBA as a cement replacement appears to offer clearer sustainability benefits
compared to its use as an aggregate substitute. Studies consistently show significant reductions
in CO: emissions, embodied energy, and production costs when FBA replaces a portion of
cement. For instance, Bajare et al.[16] reported a 22.9 kg/ton CO: reduction with 20% FBA
replacement, while Hanafi et al. [17] found that increasing FBA from 20% to 40% led to
progressive decreases in embodied energy and CO: emissions across different cement
percentages (7%, 10%, 13%). Emissions reductions doubled with higher FBA content.

Further, Bheel et al. [18] demonstrated that including 20% FBA reduced CO: emissions,
and eco-strength efficiency improved, confirming that strength was maintained. Overall, the

LCA findings strongly support the environmental and technical viability of using FBA as a
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partial cement replacement, although its use as a fine or coarse aggregate replacement remains
more uncertain.

Economically, FBA offers cost advantages by lowering material and waste management
expenses. Its application in infrastructure projects can also enhance eligibility for green
building certifications, adding market value. Furthermore, the development of FBA-based
products can stimulate local economies, create jobs, and foster industrial symbiosis between
energy producers and the construction sector. With appropriate quality control and regulatory
support, FBA can play a vital role in advancing both environmental sustainability and economic
resilience in Australia’s transition to a low-carbon future.

For instance, substituting 20% of ordinary Portland cement (OPC) with ground FBA in
concrete production can reduce the amount of OPC used by up to 250 kg per cubic metre. This
substitution can lead to a cost saving of approximately $15 AUD per cubic meter of concrete
[19]. Additionally, concrete mixes that use 20% FBA in place of cement have shown similar
strength performance compared to conventional concrete, while also cutting overall production
costs by about 9.3%. Further, FBA, being a waste by-product, is cheaper than natural sand or
cement, making it an attractive alternative from both environmental and financial perspectives.
In terms of transportation costs, these were found to be similar to those incurred when
delivering other raw materials like sand or cement to concrete plants, indicating that using FBA
doesn’t introduce significant additional costs for logistics [20].

These findings strongly support the economic and technical viability of using FBA in
concrete, especially as a partial replacement for cement or natural sand, thereby contributing

to sustainable and cost-effective construction practices.

1.5 Location and quantities of FBA in NSW
1.5.1 Coal-fired Power Stations in NSW

There are four active CFPS in NSW which are shown in Table 1.1 as well as details of
the operators and scheduled year of closure. Two are located in the Hunter Valley, another two
located in Lake Macquarie and the remaining plant located in the Central West region. A map

of CFPS locations in NSW is shown in Fig. 1.2.
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Table 1.1: Details of CFPS currently operating in NSW [21-23].

Power Station Max Capacity Turbines Operator Scheduled
(MW) Closure
Bayswater 2,640 4 AGL 2033
Eraring 2,880 4 Origin Energy 2025
Mount Piper 1,390 2 Energy Australia | 2040
Vales Point B 1,320 2 Delta Electricity | 2029

Approximate transport distances by road from the power stations to Lake Macquarie

(Sydney CBD) are:
e Hunter Valley power stations (Bayswater & Liddell) — 103 kilometres.
e Eraring power station — 20 kilometres.
e Vales Point power station — 39 kilometres.
e Mount Piper power station — 266 kilometres.
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Fig. 1.2: Map of coal basins in Australia [24].

1.5.2 Annual Furnace Bottom Ash Production in Australia
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The Ash Development Association of Australia (ADAA) conducted an Annual
Production and Utilisation Survey (January — December 2023). It estimated the total amount
of coal combustion products produced in Australia was about 9.91 million tonnes as shown it
Tablel.2. Of this estimate, the amount of furnace bottom ash produced was approximately 1.13
Mt or 11.4% of all coal combustion products produced in Australia. The survey did provide
some information regarding the fate of FBA; it reported that out of the total estimated amount
of FBA, approximately .84 Mt (approximately 74.0%) haven't been used and have been placed
into storage, while only about 0.29 Mt (approximately 26.2%) have been reused for benefit
(e.g., construction, civil and mine applications). There has been a dramatic decline in the
amount of FBA reused when compared to previous years (e.g. 2020), wherein reuse rates were
significantly higher. In addition, of the total amount of CCPs produced in 2023, an estimated
4,790,000 tonnes (approximately 48.0%) of all coal combustion products produced in 2023,
will have been reused for beneficial purposes. This provides further evidence to support the
finding that FBA is clearly one of the least reused streams of ash compared to fly ash(s). The
annual processing capability for FBA in Australia is currently 1.13 million tonnes of which
power stations in NSW produce 0.5 million tonnes compared with 0.56 million tonnes from
Queensland power stations. Processing capability refers to the presently installed capacity to
process CCPs for reuse into various end use markets. Processing can be capital intensive and

market limitations can influence the quantity of CCP reused [22].

Table 1.2: Annual Australian CCP/FBA production & FBA processing capability [25].

Parameter Verified Value

Total CCPs Produced 9,906,462 t (=9.91 Mt)
Furnace Bottom Ash (FBA) Produced 1,132,839t (=1.13 Mt)
FBA Not Used (Stored) 839,512 t (=0.84 Mt)
FBA Beneficially Used 293,327 t (=0.29 Mt)
FBA Utilisation Rate 25.9%

FBA Storage Rate 74.1%

However, trends in the data [22] for the quantities of CCPs produced since 2011 show
a decline in totals as generation capacity from CFPS has reduced due to predicted retirements.
Subsequently, retirement dates for CFPS have been brought forward and the earlier closures or
further reduced generation capacity will likely affect future annual quantities of CCPs

produced, but open possible pathways for harvesting of FBA from existing storage.
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1.5.3 Annual Furnace Bottom Ash Production in NSW

In NSW, the proportion of FBA as a percentage of annual CCP products is higher than
the national average and sits at 16 per cent. This is based on the reported annual CCP production
in the state of 6.29 million tonnes of which bottom ash accounted for 0.99 million tonnes
[25].This higher percentage may be attributed to the CFPS in NSW burning bituminous or
black coal. Bituminous coal has a higher average ash content of 24 per cent compared with
sub-bituminous coal (8%) and lignite/brown coal (2%) [25]. It is assumed that Eraring and
Bayswater Power Stations locations will produce higher quantities of CCPs, including FBA,

as they have the largest power generation capacity.

1.5.4 Estimated Quantities of CCPs in the Ash Dams of NSW Coal-fired
Power Stations

On a national level, ongoing monitoring of cumulative ash repositories by the ADAA
estimates 650 million tonnes of CCPs are in storage across the country [25]. The ADAA also
reports that there is approximately 0.84 Mt tonnes of FBA stored in ash dams[25] (see Table
1.2). The estimated range of stored FBA at a state level in NSW is 25.63 —37.28 million tonnes
(based on FBA accounting for 11-16 per cent of total CCP production). The large totals of
stored CCPs including FBA presents an opportunity for harvesting which has already been
recognised within government and industry sectors [26]. For example, FBA has been dredged
from the ash dams at Liddell Power Station to recover useful materials and reduce the amount
of waste held in storage. The ADAA advises that they have provided funding in support of a
national supplementary cementing materials project to capture future predicted CCP volumes
to 2040.

The ADAA has provided aggregate CCP production data at a state level for NSW [25].

This enables FBA as a percentage of total annual ash production to be determined (Table 1.3).

Table 1.8: Estimated total annual production of CCPs including FBA at NSW CFPS.

Power Station (Estimated Total Ash | Estimated Production | FBA as a Proportion
Produced (million of FBA (million tonnes of total Ash
tonnes per annum) per annum) ? Production

Bayswater 1.5 0.24 5%
Eraring 1.2 0.19 3.96%
Liddell 0.8 0.13 2.71%
Mount Piper 0.6 0.09 1.9%
Vales Point 0.7 0.11 2.3%
Totals 4.8 0.76 -

2- Based on bottom ash accounting for 16% of total CCP production in NSW.
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FBA production as a percentage of total ash production for individual power stations

can then be applied to the latest ADAA reported annual CCP figure for NSW of 6.29 million

tonnes [25]. This calculation provides an updated annual estimate of potential bottom ash

production for individual CFPS in NSW and is shown in Table 1.4. The total of 0.99 million
tonnes aligns with the FBA figure reported by the ADAA [25].

Table 1.4: Updated estimate of annual FBA production for individual CFPS in NSW.

Power Station FBA Proportion of Estimated Potential Annual
Total Ash Production Production of FBA
(million tonnes)
Bayswater 5% 0.31
Eraring 3.96% 0.25
Liddell 2.71% 0.17
Mount Piper 1.9% 0.12
Vales Point 2.3% 0.14
Total - 0.99

As a reference guide and to provide an indication of potential FBA in storage at

individual NSW CFPS, the total stored quantity of CCPs at NSW CFPS can be used to estimate

a range of stored FBA (Table 1.5).

Table 1.5: Reported total CCPs in storage and estimated range of stored FBA.

Power Station CCPs Stored in | Estimated Range of Bottom
Ash Dams Ash in Ash Dams(million
(million tonnes) | tonnes) ¢

Bayswater 45 4.80/7.09

Eraring (incl. decommissioned 40 4.26/6.30

Wangi)

Liddell 39 4.16/6.15

Mount Piper 15 1.60/2.36

Vales Point 61 6.50/9.61

(incl. decommissioned Munmorah)®

Wallerwang (decommissioned) 13 1.39/2.05

Tallawara (decommissioned)® 3 0.32/0.47

Totals 216 23.03 /34.03

Note: ¢ — Ranges based on bottom ash accounting for 11% of CCP production nationally / 16% in NSW.
4 FA and FBA are comingled in storage dams and would likely require some processing to reclaim.
¢ — Only Munmorah FA stored in Vales Point dam. FBA was stored at Munmorah.
f— CCPs not recoverable as site has been reclaimed and developed are light industrial estate.
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1.6 Summary

In this introductory chapter, the potential and feasibility of utilizing FBA in concrete
applications are highlighted. FBA, a by-product generated from coal-fired thermal power
plants, remains largely underutilized compared to other industrial residues like fly ash. Despite
being produced in substantial quantities, its application in construction, particularly in concrete,
has not yet gained widespread acceptance. However, FBA has considerable potential to serve
as both a partial replacement for fine aggregates and as a SCM, when processed appropriately.
Its incorporation into concrete can lead to significant environmental benefits by reducing
reliance on natural resources, lowering carbon emissions, and diverting industrial waste from
landfills. Economically, the reuse of FBA offers cost savings in material procurement and waste
management. Overall, using FBA in concrete presents a promising pathway toward more

sustainable and circular construction practices.
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CHAPTER 2: CHARACTERISTICS AND CLASSIFICATION
OF FBA

2.1 Introduction

This chapter provides a detailed overview of the key physical and chemical
characteristics of FBA, aiming to distinguish it from other construction materials, particularly
SCMs. A classification framework for FBA has been developed based on particle size
distribution, addressing its dual application as both a sand replacement and as SCM in concrete
production. Understanding the intrinsic properties and composition of FBA is essential for
identifying suitable processing methods and optimizing its use in concrete mixtures.
Additionally, this chapter includes a comparative analysis between FBA and other widely used
SCMs, such as fly ash, slag, and silica fume, to evaluate performance differences and guide its
practical application. This foundational knowledge supports the development of eco-friendly

concrete mixes that align with both environmental and structural performance goals.

2.2 Chemical and Physical properties of FBA

The chemical properties of FBA change depending on the type of coal used, the
combustion rate, and the efficiency of the thermal power plant [28]. For instance, the
combustion of lignite coal yields FBA that is high in calcium and alkaline elements, whereas
the combustion of anthracite coal yields FBA that is low in calcium and high in iron [6,28,29].
In contrast, the efficiency of the thermal plant and variation of the incineration rate may lead
to fluctuations in the contents of carbon and organic impurities [29,30]. The primary crystalline
forms typically present in FBA are mullite (AlsS12013), quartz (Si0;), and anorthite
[Ca(Al2S120g)]. Iron is typically found in the form of magnetite (Fe3O4) and hematite (Fe203)
[29].

Fig. 2.1 shows the average, maximum, and minimum values of the chemical
composition of FBA reported in different countries. The average values of the chemical
compound weight percentages vary by country, which may be attributed to the differences in
coal type and thermal power efficiency. The main components of FBA are SiO2 (27-82%),
ADO3 (2—32%), and Fe2O3 (4-25%). Overall, pozzolanic oxides (SiO2, Al>O3, and Fe>O3)
range between 50-97% of the total compounds in FBA by weight. The high proportion of
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pozzolanic oxides provides FBA with relatively strong pozzolanic activity, enabling it to be
utilized as a cementitious material in accordance with several standards, including AS/NZS
3582-2016 [56] and ASTM C618-15 [57]. On the other hand, its calcium content typically
ranges between 0.5 and 17%, as indicated in Fig. 2.1, in some situations reaching roughly 28%
(as reported by Hanjitsuwan et al. [58]). Furthermore, FBA presents relatively variable organic

contents, with loss on ignition (LOI) ranging between 0.05 and 15.7%.

The total amount of SO3 ranges between 0.007-2.66%, presenting levels lower than the
higher allowable limit in most of the building standards for FA (< 3% and 5% according to
AS/NZS 3582: 2016 [56] and ASTM C618 [57], respectively). Similarly, Fig. 2.1 indicates that
the average values reported in previous studies for MgO are around 2%, lower than the upper
limit prescribed in ASTM C618 [57]. FBA also contains various other oxides, such as Na2O
(0.05-7.78%), K20 (0.34-5.34%), MnxO3; (0.06-1.27%), TiO2 (0.3—6.57), and P20s
(0.07-1.27%), as detailed in Fig. 2.1.
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Fig. 2.1: Average values of chemical compounds in FBA based on the country and the average,

maximum, and minimum values of the total data collected [11].

For this project, the FBA used was collected from Vales Point power station (Fig. 2.2).
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Fig. 2.2: Vales Point Power Station and FBA sample collected.

The chemical characterisation was conducted using internal service (University of
Newcastle, Australia) according to ISO/IEC 17025 [31], and an independent laboratory
according to AS2350.2. This practice mitigated the chances of discrepancies in the
characterisation of FBA. X-ray fluorescence (XRF) was used to identify the chemical
composition of FBA. In addition, chloride contents and loss on ignition (LOI) values were also
determined. Knowledge of the chloride content in concrete materials is important to monitor
and to estimate the chances of steel corrosion in reinforced concrete. The LOI value is
important as a recommendation of the material as SCM by following in place standards and

specifications. The chemical compositions of FBA are presented in Table 2.1.

Table 2.1: Chemical Composition through XRF Analysis

University Independent Laboratory
Laboratory
Vales Point Power Station Eraring Power Station |Average
FBA- FBA- | FBA- | FBA- FBA-2023

Oxide concentrations (%) 2022 2023 2022 2023

Silicon as SiO2 55.9 62.8 63.3 61 62.4 61.08
Aluminium as AOs 18.5 14.7 14.8 15.8 19.9 16.74
Iron as FexO3 10.2 9.79 9.51 8.6 8.93 9.406
Calcium as CaO 3.05 2.07 2.08 1.76 24 2.272
Sodium as Na,O 0.74 0.9 0.84 0.91 0.52 0.782
Chromium as Cr,03 1.06 0.93 0.84 0.99 0.5 0.864
Magnesium as MgO 0.9 0.83 0.81 0.84 1.1 0.896
Manganese as Mn3O4 0.25 0.25 0.25 0.2 0.16 0.222
Nickel as NiO 0.38 0.33 0.3 0.35 0.19 0.31
Phosphorus as P2Os 0.08 0.03 0.04 0.04 0.11 0.06
Potassium as K>O 1.39 1.45 1.49 1.42 1.26 1.402
Sulfur as SO3 0.11 0.15 0.15 0.21 0.03 0.13
Titanium as TiO» 0.71 0.56 0.55 0.62 0.82 0.652
Zirconium as ZrO; 0.05 0.07 0.06 0.06 0.09 0.066
Ignition Loss (LOI) 6.21 4.95 491 6.96 0.98 4.802
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The tabulated data in Table 2.1 illustrates the oxide composition of FBA samples from
different batches and power stations, specifically Vales Point Power Station across 2022 and
2023, and Eraring in 2022. A close examination of the concentrations of key oxides such as
calcium oxide (Ca0O), silicon dioxide (SiO2), aluminum oxide (Al203), and iron oxide (Fe2O3)
suggest a relative consistency in chemical composition, irrespective of the FBA source or the
batch collection date. The concentration of SiO, a crucial determinant of pozzolanic activity,
remains relatively stable, showing minor fluctuations with values ranging from 55.9% in Vales
Point 2022 to 63.3% in the same station in 2023. Al,Os3, which contributes to the formation of
alumino-silicate gel, important for strength gain, also exhibits consistency, with concentrations
such as 18.5% in Vales Point 2022 and closely comparable 14.7% in Vales Point 2023.
Similarly, Fe;Os3, which can affect the color and thermal properties of the ash, shows no
significant divergence, with values like 10.2% and 9.79% for consecutive years at Vales Point.
Furthermore, the CaO content, which can greatly influence the fly ash's cementitious behavior,
demonstrates minimal disparity across the batches, such as 3.05% in Vales Point 2022
compared to 2.07% in Vales Point 2023. Additionally, the sulfur trioxide (SO3) levels,
important for assessing the ash impact on concrete durability, remain low and consistent, with
a minor increase from 0.11% to 0.15% in Vales Point from 2022 to 2023. The LOI, indicative
of organic content and affecting the pozzolanic reaction, also does not show a trend that would
suggest a significant difference, with the values being fairly stable such as 6.21% in Vales Point
2022 and 4.95% in Vales Point 2023. Overall, the data indicates that there are not constitute
substantial differences when comparing across the FBA source or collection dates. This
indicates that although concerns about FBA quality are acknowledged, the findings somewhat
contradict the claim by Gooi et al. [32] that FBA chracteristics vary significantly accoridng to
the source or history of individul batches. In general, consistent coal quality results in

consistent ash composition.
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Table 2.2: Chemical requirements for Fly ash based on ASTM C618 [33] and AS 3582.1. [34]

Description ASTM C618 Limits AS/NZS 3582.2 Limits
Type F Type C Grade 1 = Grade 2 | Special Grade
Fineness by mass 75 55 85

bassing 45 um
sieve (minimum

%)

SiO2 + ALOs + | Min. 50% Min. Min. Min. 70%
Fe203 70% 70%

CaO Max. 18% | Min. 18% - - -
SOs; Max. 5% Max. 5% Max. Max. Max. 3%

3% 3%
Moisture Content Max. 3% Max. 3% Max. Max. Max. 0.5%
0.5% 0.5%

Chloride - - Max. Max. Max. 0.1%
0.1% 0.1%

LOI Max. 6% Max. 6% Max. Max. Max. 3%
4% 6%

*Class F pozzolan containing up to 12% LOI may be approved by the user if either acceptable performance records or laboratory test results

made available.

The standard limits for Class F fly ash in Australian standards and in ASTM are
presented in Table 2.2. Due to the lack of availability of the standards for FBA, for indicative
purpose the standards for fly ash had been used as both fly ash and FBA are the by-products
from similar industrial procedures. Also, the use of FBA as SCM would be quite similar to fly
ash. The major portion of chemical composition of ground FBA consist of silica and alumina
[29]. For all samples of ground FBA (GFBA), the sum of silica, alumina and iron oxide was
greater than 70% which is specified as the minimum limit in Australian standards for fly ash.
The quantity of lime was well within limits prescribed in the standards. The LOI values are
closer to the specified limits. This comparison of chemical compositions of ground FBA with
available standards limits for Class F fly ash indicates that the ground FBA has the potential to
be used as SCM. Both ASTM and AS/NZS 3582.1 limits were met. In our laboratory analysis,
the percentage of total chloride was higher than the limit, but the external laboratory results
showed that the percentage of chloride was within limits. For further characterisation of ground
FBA, a scanning electron microscope (SEM) was used to highlight the particle shape of ground
FBA. For comparison, SEM image of OPC is also presented in Fig. 2.2.
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(b)

Fig. 2.2: SEM images (a) Cement and (b) ground FBA (UON Laboratory).

2.3 Physical properties

Raw FBA is a light and brittle material, the surface of its particles is almost rough, and
its shape tends to be angular [35]. These particles vary in size, ranging from small gravel to
fine sand (approximately 0.075-10 mm). In terms of appearance, it is notably darker than FA
(see Fig. 2.3). The majority of relevant studies have agreed that FBA has an uneven and spongy
texture, and its shape is angular and irregular [4,7,36,37]. The internal porous structure of FBA,
as shown in Fig. 2.4, means that it is lightweight, making it an ideal candidate for the

development of cellular or lightweight concrete [38].

10,075 mm | PPN <0.075 mm |
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Fig. 2.3: Appearance of FBA particles, a) obtained from [35], b) from the university
of Newcastle (UON) laboratory.

Previous research on FBA used as a substituent for fine aggregate has primarily focused
on its density, fineness modulus (FM), specific gravity (SG), moisture content (MC), and
porosity. Conversely, research on FBA as a cement replacement has emphasized its specific
surface area (SSA), SG, and MC. Previous studies indicate that the size distribution of FBA
typically ranges between 90 um [39,40] and 4.75 mm [41,42] when used as a sand replacement,
while it ranges between 2 um [43] to 300 um [44] when used as cement replacement. FBA
used as a fine aggregate has a density range of 2190 kg/m? to 620 kg/m?, with an average value
of 1378 kg/m>. However, there is a lack of recorded values for FBA density when it is used as
a cement replacement. Similarly, only a few studies have reported on the SSA of FBA when
used as fine aggregate. In contrast, when FBA was used as a cement replacement, SSA was
more often considered; in this case, it ranged from 858.6 cm?/g to 8093 cm?/g, with an average

value of 3940 cm?/g.

Fig. 2.4: Morphological structure of raw FBA [45].
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The FM of FBA utilized as a fine aggregate fall within the range of 1.37 to 5.63, with
an average value of 2.52. However, studies focused on the use of FBA as a cement replacement
have reported FM less frequently, and the values ranged from 2.08 to 4, with an average value
of 3.03. Additionally, while porosity values for FBA used as fine aggregate range from 10.19%
to 50%, with an average value of 27.08%, no study has determined the porosity of FBA when
used as a cement replacement. Nevertheless, it is worth noting that the determination of
porosity has not been widely reported in previous studies, either for fine aggregate or cement
replacement. In contrast, MC has been more widely studied when FBA is used as a fine
aggregate, compared to when it is used as a cement replacement. Specifically, MC values for
FBA used as fine aggregate fall within the range of 0.56% to 40%, with an average value of
13.12%, whereas those for FBA used as cement replacement range from 0.35% to 12.1%, with
an average value of 4.3%. Several previous studies [16,46,47] have indicated that the
processing and treatment of FBA (e.g., oven drying, pulverization, or grinding) significantly
affect its physical properties; for example, variation of the grinding period led to a proportional

change in the SG and SSA of the FBA [29].

For this project, the particle size distribution of FBA is presented (Fig. 2.5) showing
FBA samples collected at different times from the same source (Vales Point power station) and
from Eraring power station. Also, red dotted lines indicate the Australian Standard AS 2758.1
limits for fine aggregates. This shows that FBA lies within the specified limits for fine
aggregates as per Australian standards and could be used as a replacement for fine aggregates.
Also, Table 2.3 presents the particle size percentages and compares them with the ranges

provided in Australian Standards.

Table 2.3: Particle Size Ranges of FBA from different sources (UON Laboratory)

Sieve Size FBA FBA FBA FBA (Eraring) = Ranges in
(container (container (container AS 2758.1
1)) 2) 3)
Percent of total passing (%)
4.75 mm 86.40 87.16 86.79 96.36 90 -100
2.36 mm 76.73 81.42 76.53 80.84 60 —100
1.18 mm 72.31 77.76 71.27 68.85 30-100
600 pm 64.97 63.92 48.92 57.93 15-80
300 pm 32.10 35.14 21.24 35.75 5-40
150 pm 10.96 12.13 6.83 15.15 0-25
75 pm 3.54 2.89 1.97 5.81 0-20
Pan 0.00 0.00 0.00 0.00 -
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Fig. 2.5: Particle Size Distribution of FBA (UON Laboratory).

The use of FBA as SCM requires enhancing the pozzolanic reactivity of FBA. One of
the methods to do this is the grinding of FBA into fine particles. A Planetary Ball Mill was used
to grind the samples. Different durations were implemented to acquire the optimum results.
The particle size distribution of FBA after grinding is presented in Fig. 2.6 generated by
conducting analysis on Master Sizer 2000. From Fig. 2.6, it can be concluded that grinding of

oven dried FBA for 15 — 30 minutes provides the optimum particle size distribution.
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Fig. 2.6: Particle Size Distribution of Ground FBA ((UON Laboratory).

Later, the properties of ground FBA were tabulated using Master Sizer analysis
(presented in Table 2.4). This shows that the specific surface area of ground FBA with variable
grinding durations is significantly different. It can be concluded from particle size distribution

together with Master Sizer analysis that 30 minutes would be sufficient to grind the FBA.

Table 2.4: Results of Master Sizer Analysis (UON Laboratory)

Materials Ground FBA OPC
Grinding Duration
Result transform | 2 hours | 1 hour | Half-hour | Half-hour 15 minutes
type (Oven (Oven | (Oven (No Oven (Oven
dried) dried) | dried) drying) dried)
Volume weighted 4.27 5.55 5.76 22.95 14.31 20.37
mean (um)
Uniformity 0.95 0.94 0.92 1.28 0.91 0.75
Specific surface 23933 | 20500 19733 9857 10967 8650
area (cm?/g)
Surface weighted 1.93 2.25 2.34 4.68 4.21 6.94
mean (Lm)
d (0.1), pm 0.85 0.93 0.97 1.74 1.64 3.37
d (0.5), um 2.90 3.93 4.13 13.76 10.64 16.48
d (0.9), um 9.55 12.69 13.06 58.92 32.83 43.44

The physical properties of raw FBA were determined and are presented in Table 2.5.

The moisture content of raw FBA was quite higher than the limits provided in Australian and
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international standards (Table 2.2). The reason behind the higher moisture content is the
collection process of FBA at the power plants where wet sluicing was usually implemented to
avoid dust at the facility. This also complements the requirement of drying as a pre-treatment
of FBA. The water absorption of raw FBA is quite high and needs to be considered in the mix

design of concrete.

Table 2.5: Physical Properties of FBA.

Description Raw FBA = Natural Test Standard
fine
aggregate

Moisture Content (%) 4-6 1.2 AS 3583.2
Uncompacted  Bulk  Density 960 1400 AS 1141.4
(kg/m®)

Compacted Bulk Density (kg/m?) 1100 1650 AS 1141.4
Apparent Density (kg/m?) 1390 2490 AS 1141.5
Dry Density (kg/m?®) 1220 2280 AS 1141.5
SSD Density (kg/m?) 1340 2360 AS 1141.5
Water Absorption (%) 11.61 4.2 AS 1141.5
Clay - fine silt content (%) 2.8 / AS 1141.33

2.4 Comparison FBA properties with FA

Table 2.6 compares oxide concentrations in FA from Eraring Power Station, Mt Piper
Power Station, and an average for FBA. The similarities in chemical composition between FBA
and FA from the two power stations are indeed noteworthy, with only minor differences
observed. For AlbO3, the FBA average is 16.74%, which is closer to Mt Piper's 13.6% than to
Eraring's 24.0%, suggesting a moderate variance but still within a similar range. In terms of
CaO, the FBA's average of 2.272% is slightly higher than Mt Piper's 0.2% and Eraring's 1.59%.
The Fe2O3 content in FBA is 9.406%, which is significantly higher than Mt Piper’s 2.8% and
Eraring’s 2.87%. When comparing Si02, which is a major component in FA and affects its
pozzolanic properties, the FBA average is 61.08%, aligning more closely with Mt Piper's
80.7% compared to Eraring's 65.9%. Although there is a difference, the SiO> content across all
samples remains high, which is favorable for pozzolanic activity. Overall, the pozzolanic

content (Fe;O3; + AL2O3; + Si02) remains still fulfills the requirements of AS 3582.1 (higher
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than 70%), with the FBA average reaching 87.23%, while the FA collected from Mt Piper
Power Station is at 97.1%, and the FA from Eraring Power Station is at 92.77%.

Table 2.6: Comparing chemical composition FBA and FA from the same source.

Oxides AlL2O3|CaO | Fe203 | K20 | MgO | MnO | Na2O | P2O5 [SiO2 |TiO2 [SO3 |LOI
concentration
(%)

Eraring Power [24.0 |1.59 [2.87 |1.44 (0.42 |0.06 |0.49 |0.19 [659 |0.915| - |1.53
Station [48]

Mt Piper 13.6 (0.2 (2.8 0.71 0.2 |0.1 0.1 0.2 |(80.7 |0.5 < 0.6
Power Station 0.1
[48]

FBA-Average [16.74 [2.27 |9.41 [1.40(0.90 |0.22 |0.78 |0.06 |61.08(0.65 [0.13|4.80
from Table
2.1

The minor constituents such as KO, MgO, MnO, NayO, P,0s, TiO2, and SOs also show
high degrees of similarity. For instance, the FBA has a K>O concentration of 1.402%, which is
quite close to the 1.44% found in Eraring and 0.71% in Mt Piper. Similar small variances are
seen in MgO, with FBA at 0.896% compared to 0.44% in Eraring and 0.2% in Mt Piper. The
TiO: content is relatively similar across the board, with FBA averaging 0.652%, not far from
Eraring's 0.915% and Mt Piper's 0.5%. SOs levels are very low in all samples, with FBA
averaging 0.13%, which is again similar to Mt Piper’s <0.1% and not significantly different
from Eraring’s absent value. Finally, the Loss on Ignition (LOI) values, which indicate the
amount of unburnt carbon and volatiles, are 4.802% for FBA, higher than Mt Piper's 0.6% and
Eraring's 1.53%.

In general, the comparison reveals that despite there being minor differences in the
concentrations of various oxides between the average values for FBA and the FA values from
Eraring and Mt Piper Power Stations, the similarities are substantial. It is also worth noting that
the differences in the average oxides concentrations for FBA are not significantly far from the
differences in oxides concentrations for the two types of FA, which suggests a strong possibility
that these differences in chemical composition for FA could accommodate FBA as a

comparable material.
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2.5 Environmental considerations

The presence of FBA in ash ponds could be risky as the presence of heavy could leach
into the nearby water bodies which could cause water pollution. In Australia, however, ash
ponds are highly regulated by a vigorous system of environmental regulation and engineered
control to provide adequate containment, including but not limited to lined storage cells,
leachate collection systems, groundwater monitoring bores and site specific environmental
management. Notwithstanding the above controls, long-term responsibilities, storage capacity
limitations and closure obligations support the diversion of FBA from ponds as being the
preferred option of hierarchy. Utilising FBA to produce concrete will support a beneficial reuse
option that not only minimises reliance on ash dams but also supports both a chemical and
physical immobilisation of trace metals within the cement's matrix, e.g., C-S-H phases binding
and encapsulating potential contaminants, which significantly reduces their leachability
[49,50]. Therefore, the use of FBA in producing concrete represents a risk mitigation

opportunity that supports sustainable materials management while protecting the environment..

2.6 Summary

The physical and chemical properties of FBA have been discussed in this chapter. FBA
has potential to be used as an ingredient in concrete and could enhance or at least retain the
required properties of concrete for long term strength and durability. Careful consideration is
required while selecting or using the FBA from various sources. Pre-quality or chemical

composition determinations would help to plan the use of FBA in concrete effectively.
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CHAPTER 3: PROCESSING AND HANDLING OF FBA FOR
CONCRETE USE

3.1 Introduction

FBA, in its raw form as collected from coal-fired thermal power plants or ash dams, is
generally unsuitable for direct use in concrete applications—whether as a fine aggregate
replacement or as a SCM. This is due to its inconsistent particle size, high porosity, potential
contamination and low pozzolanic reactivity. To ensure its effective and safe integration into
concrete, FBA must undergo a series of pre-treatment processes. These may include drying,
sieving, grinding, and in some cases, chemical or thermal activation, depending on the intended
application. This chapter outlines the essential pre-treatment steps required to enhance the
physical and chemical characteristics of FBA, ensuring its compatibility with concrete mix
designs and compliance with relevant engineering standards. These procedures play a critical
role in unlocking the environmental and structural benefits of using FBA in sustainable

construction practices.

3.2 FBA collection and initial treatment

FBA is normally collected from the bottom of the furnace and has coarser particles. To
avoid dust in the facilities, FBA usually collects through water sluicing process and then stored
in storage tanks or diverted to ash ponds for later reclamation. This collection and storage
methods introduce various limitations to use raw FBA in concrete in its current form. The wet
collection process results in excessive moisture in FBA and compaction or dumping cause
agglomeration of raw FBA. Thus, the raw FBA requires to be dried, sieved and ground before

using it into the concrete.

3.3 Pre-processing requirements
The pre-processing treatments required for the use of FBA either as fine aggregates or as SCM

in concrete are drying, sieving and grinding. The details of each process are provided below:
3.3.1 Drying

The first step in using FBA in concrete, whether as a fine aggregate or as SCM, is drying
the raw FBA prior to processing and incorporation. Because while collection of the FBA at
power plants, mostly wet sluicing process has been adopted to avoid fugitive dust emissions at

the facility. When FBA is collected or transferred to stockpiles, the water will remain in FBA.
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The FBA is stored in bulk quantity and when extracted from stockpiles it is in wet condition.
In a laboratory, FBA is being oven dried at 105 °C + 10 °C to remove moisture from raw FBA,
so that the water added to the concrete mix can be accurately determined based on the water
absorption of FBA [51]. Otherwise, the excessive moisture present in FBA will affect the mix

design, workability, and strength of the concrete.

3.3.2 Sieving

After oven drying, the next procedure required to utilize FBA in concrete is the sieving
of the raw FBA according to AS 2758.1 [52]. The raw FBA might contain bigger particles
although in smaller quantity but need to be separated to achieve the desired properties of
concrete. The gradation of the FBA depends upon the combustion level at the power plants. To
utilize FBA as fine aggregates, sieves used for gradation are from 4.75 mm to 75 pm as shown
in Fig. 3.1. The particle size distribution of FBA could be variable even from same
source/power plant. Therefore, after sieving, by controlling the size proportions the required
particle size distribution would be obtained to utilize the FBA in concrete. The sand/fine

aggregates could be classified as shown in Table 3.1.

75 pm

Fig. 3.1: Sieves (left) and raw FBA which has been oven dried (right).

Table 3.1: Particle Size Range [53].

Texture Australian Standard | United States Department of
Particle Size Range (mm) Agriculture Particle Size Range
(mm)
Coarse Sand 0.2-2
Fine Sand 0.02-0.2 0.05-2
Silt 0.002-0.02 0.05-0.002
Clay <0.002 <0.002
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It would be decided based on the gradation curve what range of sizes are available and
accordingly what type of fine aggregates would be replaced by FBA in concrete. In Fig. 3.2,
the FBA after sieving has been presented. In this project, FBA was screened through 4.75 mm
sieve, and it was found that particle size distribution of FBA was similar to fine sand.

Therefore, FBA was blended with coarse sand to be used in this project.

'

Fig. 3.2: Different Sizes of FBA after Sieving from (right) 4.75 mm to 75 um(left).

3.3.3 Grinding

The pozzolanic characteristics of FBA needs to be enhanced for use as SCM in concrete.
In literature [54—56], the most attained method to increase the reactivity of FBA in cement
concrete is grinding. The grinding of FBA in laboratory scale is done by using a ball mill. The
duration of grinding and method depends on the type of available apparatus. In studies [57,58],
the ball milling method has provided satisfactory performance. For this research project, ball
milling conducted using Across International PQ series planetary ball mill (Fig. 3.3). The mode
of ball milling adopted was unidirectional. Steel balls of 6 mm, 10 mm and 20 mm were used
for the ball milling operation. Jars were filled with steel balls and FBA up to % of the total
height of the jar as shown in Fig. 3.4. Then the jars were placed and tightened in the ball milling
apparatus. Duration of the ball milling usually ranges between 1 hour up to 40 hours. In this
project, the FBA samples were milled at the same speed (450 rpm) for various durations (15
mins, 30 mins, 1 hour and 2 hours). Preliminary results show that a milling time of 15 mins is
sufficient to refine the FBA particle size. When FBA is ground to fine powder, it shows better
strength than unground FBA as SCM in concrete.
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Fig. 3.4: Ball Milling Jars containing Steel Balls and FBA.
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These methods need to be implemented to use FBA in concrete either as fine aggregates
or SCM. Where FBA is used as fine aggregates replacement, drying and sieving processes are
sufficient to obtain the desired properties of the concrete. In another case, using FBA as SCM
in concrete, all three processes drying, sieving, and grinding should be done to achieve the

required characteristics of concrete.

In this project, to further improve the pozzolanic reactivity of FBA in cement concrete,
the effect of co-grinding has also been investigated. In co-grinding, FBA should be ground in
a ball mill by adding other potential SCM’s in concrete. The other potential SCM’s might
include slag from the steel industry or recycled aggregate fines. The slag could increase the
calcium components which would benefit in hydration of cement [59]. The recycled aggregate
fines had some un-hydrated cement which could enhance the pozzolanic characteristics of
FBA. Co-grinding using a ball mill modifies the material through mechanical activation,
promoting molecular rearrangement as well as partial amorphization and recrystallization of
the crystal structure [60,61]. The resulting blend improved the strength and durability
performance of concrete [62]. In this study, FBA was co-ground with GGBFS or steel slag in
different proportions. The steel slag used was slightly coarser, and its inclusion increased the
calcium content of the blended material. This enhanced the overall reactivity of FBA in the
concrete mixture. The co-grinding process does not require significant additional processing
effort, yet it can substantially improve the reactivity of FBA. Concrete incorporating FBA as a
SCM typically exhibits low early-age strength. The formation of additional reactive phases
through co-grinding contributes to improved early strength development. These findings
demonstrate that co-grinding is a practical approach to enhancing the performance of FBA,

supporting its more confident and reliable use at commercial scale.

3.4 Storage and handling practices

The FBA, after undergoing the necessary pre-treatment processes, must be stored in a
low-moisture environment, preferably in sealed, airtight containers or moisture-resistant silos,
to prevent unwanted water absorption. Due to its high porosity and hygroscopic nature, FBA
is particularly prone to absorbing moisture from the atmosphere. If not stored correctly, this
absorbed moisture can significantly alter the moisture content of concrete mixes, leading to
inaccuracies in water-to-cement ratios and inconsistencies in workability. This is especially
critical when FBA is used as a replacement for fine aggregates or as a SCM, where moisture

content must be carefully controlled. In the long term, such uncontrolled moisture variations
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can adversely affect the mechanical properties, strength development, and durability of the
concrete. Therefore, appropriate storage protocols are essential to maintain the integrity of FBA

and ensure the reliable performance of concrete incorporating FBA.

3.5 Quality assurance and testing protocols

Quality assurance and testing protocols are essential to ensure the suitability of FBA
for use in concrete as a fine aggregate or as SCM. These protocols involve regular testing of
physical properties such as particle size, bulk density, moisture content, and water absorption,
as well as chemical composition to monitor levels of silica, alumina, calcium oxide, and
potential contaminants. Pre-treatment processes like drying, sieving, and grinding must be
verified to achieve consistent material quality. Trial mix designs help determine the optimal
proportions for concrete performance, which is further validated through strength, durability,
and workability tests. Durability assessments may include acid and sulphate resistance,
carbonation depth, and chloride penetration. On-site quality control ensures consistency in
batching and mixing, while compliance with relevant Australian standards is required for
industrial application. These protocols collectively support the reliable and sustainable

integration of FBA into concrete production.

3.6 Summary

This chapter has outline the pre-processing of FBA to be used either as fine aggregates
replacement or as SCM in concrete. Pre-processing is essential and must be as per requirements
to avoid any deviation in the final product or alterations in the properties or performance of
FBA concrete. This can be ensured by proper processing and proper handling or storage of pre-
treated FBA. The pre-treatments required are drying, sieving and grinding before incorporating
FBA in concrete. For handling the major constraint is to avoid any moisture from surroundings
which could alter the moisture contents in FBA and will affect the properties of concrete. In
addition, quality control and regular monitoring would be preferred to avoid any unwanted

changes in the behaviour of FBA in concrete.
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CHAPTER 4: FBA UTILIZATION IN MORTAR

4.1 Introduction

Recycling fly ash and FBA helps reduce greenhouse gas emissions, conserving natural
resources, and minimizing waste accumulation. However, research on recycling FBA is
progressing slowly compared to FA. This chapter aims to explore the integration of the use of
FBA as an alternative to sand and cement as SCM to reveal its impact on the mechanical

properties of the produced mortar.

4.2 Mixes proportions

Table 4.1 delineates the mix proportions for designing mortar with FBA as a substitute
for fine aggregate and cement replacement, following the M3 mortar type specifications for
cement (GB/GP) as defined by AS3700 standards. Given the disparity in material densities,
volume-based replacement for fine aggregate was preferred over mass to ensure accuracy in
mix design. Four proportions of fine aggregate replacement by FBA are considered: 25%, 50%,
75%, and 100% by volume. After determining the optimal level of FBA as a fine aggregate
replacement, the chosen proportion was used to proceed with mortar groups using FBA as a
cement replacement. Three different mix formulations were developed (i.e., 25%) and 10%,
20% and 30% ground FBA (GFBA) as cement replacements. The water-to-binder (w/b) ratio
was fixed at 0.6 for all mixtures. The water-to-cement (w/c) ratio was uniformly maintained at
0.60 for all batches. Notably, the intrinsic high water absorption characteristic of FBA, ranging
between 10 and 15%, necessitates the careful adjustment of water content. To circumvent the
excessive use of superplasticisers (SP), the water absorbed by FBA was meticulously calculated
and integrated into each respective mix, or all materials were utilized in saturated surface dry
(SSD) conditions. However, due to the difficulty of achieving SSD, the raw materials were
used in oven-dry conditions, and the amount of water absorbed by the materials has been
calculated and added to the mixing water. The additional water requisite (AWR) was quantified
by the formula: AWR (%) = (water absorption (%) of FBA - moisture content (%) of FBA) *
proportion of FBA in the mix. This methodological approach is instrumental in research
involving materials with pronounced absorption capacities, where achieving the desired

workability is challenging without substantial superplasticizer application.

Table 4.1: Mortar mix proportions (kg/1 m?).
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Mixture Sand FBA as GFBA as Cement w/c
Sand cement

CRO 1537.5 0 0 467.5 0.6
FBA25 1153.2 2344 0 467.5 0.6
FBAS0 1041.7 604.2 0 467.5 0.6
FBA75 520.8 906.3 0 467.5 0.6
FBA100 0.0 1208.3 0 467.5 0.6
F10 1153.2 234 .4 46.75 420.75 0.6
F20 1153.2 2344 93.50 374.00 0.6
F30 1153.2 234 4 140.24 327.25 0.6

4.3 Testing setup

Table 4.2 outlines the specific tests administered on mortar formulated with FBA as a
fine aggregate and cement replacement, along with the corresponding standards governing
these procedures. The assessments include flowability to determine the mortar's ease of
placement and consolidation according to AS 2701-200. compressive strength and density at
ages of 7, 28 and 56 days, evaluated as per AS 1012.9:2014 and AS 1012.12 respectively.
Flexural strength and water absorption for 28 days was measured following AS 1012.11-2000,
and AS 1012.21-1999 respectively, to assess the mortar porosity and bonding characteristics.

Table 4.2: Tests performed on mortar designed with FBA and the standards of the applied
procedures.

Test Implementation Standards
Flowability AS 2701-2001
Compressive strength (7, 28 and 56days) AS 1012.9:2014
Density (7, 28, and 56 days) AS 1012.12
Flexural strength (28) AS 1012.11-2000
Water absorption (28 days) AS 1012.21-1999

Emissions were evaluated in terms of carbon equivalent emissions according to the

following equation:
CO’-e kg/m® =Y. (m; X f;)

Where mi is the mortar material i in kg/m?, and f; is the global warming parameter
equivalent to material i production. The f; values were obtained from Dragon group database
information on materials embodied emissions sourced from Infrastructure Sustainability

Materials, as shown in Table 4.3.

36|Page



Table 4.3: global warming parameter values.

Material Portland cement | GFBA for cement | Fine aggregate FBA as fine
replacement aggregate Rep.
kg CO2-¢/m’ 0.982 0.121 0.00789 0.00758

4.4 Results and discussion

4.4.1 Mortar flowability

Mortar flowability was determined through the flow table test according to AS 2701.
Fig. 4.1 illustrates the results of a flow table test to evaluate the influence of FBA as a fine
aggregate and partial cement replacement on the flowability of mortar. The results indicate that
the mix with no replacement (CRO) exhibited the highest flowability, while when FBA was
included as fine aggregate replacements, the mortar flowability decreased. The reduction of
mortar flowability increased with increasing the replacement level, where the reduction
percentages were 1.6%, 4.9%,7.0% and 10.8%, corresponding to inclusion of 25%, 50%, 75%
and 100% of FBA as fine aggregate replacement, respectively. These reductions are
attributable to the high water absorption of FBA compared to natural fine aggregate as shown
in Table 2.5 The irregular and rough shape of the FBA particles may have an effect on
increasing intermolecular friction and reducing the kinetic energy of the mortar, thus, reducing

its flowability [63,64].

The results are consistent with observations reported elsewhere [5,65], where the
workability reduction tends to increase as the level of replacement increases. In the case of the
inclusion of GFBA as partial cement replacement, the F10 mix showed a 4.9% decrease in flow
value compared to CRO, identical to the FBA25 mix, whereas the F20 and F30 mixes
experienced a 3.8% and 5.4 % reduction compared to CRO, and 2.2% and 3.8% when compared
to FBA25 mix, respectively. The decrease in flow diameter values compared to the control
samples may be attributed to the rough and irregular surface of GFBA compared to cement
particles. The rough and irregular shape of the GFBA particles may increase intermolecular
friction, unlike the semi-smooth shape of cement particles, thus reducing mortar flowability.
Furthermore, the high fineness of GFBA particles as shown in Table 2.4 make them tend to
fill the inter area of the mixture particles, thus reducing the area available for particles
dynamics, and therefore, an excessive amount of water is needed to lubricate the mixture to
give it enough flowability [66].These findings are consistent with several studies that report

decreased flow values in mixes containing GFBA, such as the study by Abdulmatin et al. [19],
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Abbas [45] and Aydin [67]. These researchers found that the reduction in mortar flowability

gradually increases with increased GFBA content.
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Fig. 4.1: Flow diameter of designed mortars.

4.4.2 Mortar densities

Fig. 4.2 presents the densities of the mortar samples measured at 7, 28, and 56 days,
with varying percentages of FBA as fine aggregate and cement replacements. From Fig. 4.2the
density decline is obvious in the case of using FBA as fine aggregate. For the FBAO mix, which
has no FBA replacement, the densities were 2.34, 2.34, and 2.32 kg/m?® at 7, 28, and 56 days,
respectively. The FBA25 mix had densities 0f 2.20, 2.19, and 2.17 kg/m? at the respective ages,
showing a similar gradual decrease. This trend is consistent across the mixes with higher FBA
contents; for instance, the FBA100 mix, in which the fine aggregate was fully replaced by FBA,
recorded the lowest densities across all the ages 1.81, 1.78, and 1.80 kg/m?*. The reduction in
the mortar density with the increase of FBA content might be due to the lower density of FBA

compared to the fine aggregate it replaces.
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In the case of the inclusion of GFBA as partial cement replacement, no regular trend of
densities was observed. For example, the F10 showed slightly higher density by 0.6%
compared to FBA25 at 28 days. This could be attributed to the filling effect, leading to more
compact matrix. The reduction of densities was lower than that when using FBA as a fine
aggregate. However, the F20 mortar showed similar densities to those of FBA2S5, while F30

showed lower densities by around 1%.
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Fig. 4.2: Density of the designed mortars.

4.4.3 Compressive strength

Compressive strengths were determined according to AS/NZS 2350.11. Fig. 4.3 depicts
the compressive strength of the masonry mortar samples with various replacement levels of
FBA over time, specifically at 7, 28, and 56 days. The FBA25 mix, with a 25% FBA
replacement of fine aggregate , started with a higher initial strength of 27.2 MPa at 7 days,
surpassing CRO at 28 days by 7.2%, and achieved the highest compressive strength among all
mixes at 56 days with 42.3 MPa. For the FBA50, FBA75 and FBA100 mixes, there was a slight

decrease in strength at all ages compared to CR0, and the strength reduction increased with

39|Page



increased fine aggregate replacement level. However, FBA50 achieved higher strength by
5.9% at 7 days compared to the control sample without FBA. This could be attributed to the
partial pozzolanic reaction between the fine particles of FBA and with Ca(OH)», resulting in
the enhancement of the early strength [30]. This potentially occurs with all mixes containing
fine FBA as sand; however, at high replacement levels, the negative effect of FBA porosity

and weak particles of FBA likely overweigh that improvement.

When 10% and 20% of GFBA was used as cement replacement with 25% of FBA as
fine aggregate replacement, there was more enhancement of compressive strength. The
compressive strength of both mixes, F10 and F20, surpassed those of CR0O and FBA25 at 28
and 56 days. This indicates the effectiveness of co-incorporation of GFBA as partial
replacements for both cement and fine aggregate. This improvement might be correlated to
improved microstructures which provides more compacted and stronger bonding possibility
between the binder and the aggregate. Meanwhile, the finer particles and those used as a
substitute for cement react with the Ca(OH)2 produced from the initial cement hydration,

providing additional hydrates [68].
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Fig. 4.3: Compressive strength performance of FBA-based mortars.
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4.4.4 Flexural strength

Flexural strength was determined according to AS 2350.12. Fig. 4.4 illustrates the
flexural strength of the designed FBA-based mortar samples at 28 and 56 days. All samples
containing FBA (25% of FBA as fine aggregate and, 10%, 20% and 30% as cement
replacements) demonstrated lower strength compared to CRO at 28 days. For example, FBA25
demonstrated a 13.3% reduction in strength compared to CRO at 28 days, and similar flexural
strength to that of CRO at 56 days. The FBA25 sample exhibited a substantial improvement of
20.51%, with flexural strength increasing from 3.9 MPa to 4.7 MPa over the same period. At
28 days, F10 closely matched the control sample CRO, indicating comparable early strength,
while F20 and F30 showed slightly lower flexural strength.

After 56 days, both F10 and F20 showed significant strength increases, with F10 (5.2
MPa) being stronger than both CRO (8.3%) and FBA25 (10.6%), proving that co-incorporating
GFBA as a partial replacement for fine aggregate and cement was beneficial. These findings
are consistent with those reported in other studies [69—71], which demonstrated that the optimal
GFBA replacements are lower than 25% and the enhancement in flexural strength usually

appears after 56 days.
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Fig. 4.4: Flexural strength of the designed FBA-based mortars.
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4.4.5 Water absorption

Fig. 4.5 shows absorbed water percentages for mortar samples with FBA as partial
alternatives of fine aggregate and cement at 28 days. The water absorption rate of CR0 was
4.61%. When FBA is used as fine aggregate replacement, the percentages of absorbed water
increased, and the increment was boosted by increasing the replacement level. Starting with
FBA25, the increment was 8.2% compared to that of CRO. This trend reversed slightly with
FBAT7S5, where water absorption decreased from 5.98 for FBAS50 to 5.54 % for FBA75. The
higher water absorption rate was observed for the mortar sample with 100% replacement of the
fine aggregate with FBA; for this sample the water absorption was 6.58%, which is higher than
that of CRO by 42.7%. The increase in water absorptions with increased FBA content could
be attributed to the intrinsic properties of FBA, particularly its porosity, which might contribute

to a greater overall porosity of mortar and thus higher water absorption.

However, with the co-incorporation of FBA, 25% as fine aggregate replacement and
10%, 20% and 30% GFBA as partial cement replacements, the water absorption rates were
slightly lower than the FBA25 sample. This improved water absorption resistance can be
attributed to both the pozzolanic reaction and the filling action by the fine particles. It can be
claimed that the high fineness boosted the pozzolanic reactivity of GFBA particles due to the
availability of higher surface area per volume, which resulted in the C-S-H gel filling the pores,
hence, reducing water absorption [43]
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Fig. 4.5: Water absorption of the designed FBA-based mortars at 28 days.
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4.4.6 Environmental impact assessment

4.4.6.1 Analysing emissions

Fig. 4.6 illustrates the equivalent carbon emissions for each mortar mix. Itwas observed
that replacing fine aggregate with FBA did not result in a significant change in the amount of
embodied carbon for the FBA25, FBAS50, FBA75, and FBA100 mixes compared to the control
sample CRO. This is attributed to global warming parameter values of natural fine aggregate
(0.00789) and FBA aggregate (0.00758). The reduction rates were 0.26%, 0.53%, 0.80%, and
1.1% when 25%, 50%, 75%, and 100% of the fine aggregate was replaced with FBA,
respectively. When the replacement rate of fine aggregate with FBA was fixed at 25%, and
cement was replaced with 10%, 20%, and 30% GFBA, the equivalent carbon dioxide decreased
from 469.87 kg/m?® to 428.36, 386.85, and 345.33 kg/m?, respectively. This corresponds to
reduction extents of approximately 9.1%, 17.9%, and 26.7%, respectively, compared to CRO.
This is consistent with the conclusions of previous studies, which indicated that CO, emission

decreased linearly with increasing FBA content as cement replacement [194,276].
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Fig. 4.6: Embodied emissions (in kg/m?) from each mix.
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4.4.6.2 Leachability
Table 4.3 provides a comparative analysis of the leachability of trace elements from

GFBA, OPC, and FA. Samples were analysed in duplicate using ICP-OES and ICP-MS
following calibration with a standard curve (R? = 0.9999), with CCV verification, certified
reference soil and recovery checks (93.6-100.7%) for QA/QC, and method reporting limits of
0.1 ppb (ICP-MS) and 0.1 ppm (ICP-OES). The results indicate that nickel was detected in
FBA but was absent in both FA and OPC, with its concentration exceeding the upper limits
specified by regulations, including those of the EPA NSW, as depicted in Fig. 4.7.
Additionally, GFBA exhibited measurable concentrations of Mn, Zn, Cr, Fe, Co, Cu, Mo, Ag,
Sn, and Ba, with some elements having lower concentrations than those found in FA or OPC,

or both, as shown in Table 4.3.

When compared with the regulatory upper limits for trace elements (Fig. 4.7), GFBA
exceeded the allowable limits for Ba, Se, Cr, and Ni. However, similar exceedances were also
observed in FA and OPC. For example, OPC recorded concentrations of Si, Ba, Cr, and V
above the relevant criteria set by the NSW Environment Protection Authority. These findings
indicate that exceedances of certain trace elements are not unique to GFBA but are common
across cementitious materials currently used in practice. In NSW, the beneficial use of waste-
derived materials such as FBA is regulated through a Resource Recovery Order and Exemption
framework, which provides clear pathways for compliance. Where contaminant thresholds are
exceeded, established measures such as blending, controlled application, encapsulation within
concrete matrices, or project-specific risk assessments can be applied to ensure environmental
safety. Accordingly, the results do not preclude the use of GFBA; rather, they highlight the
importance of appropriate material management and compliance processes. With proper
handling and regulatory alignment, GFBA remains a viable and sustainable supplementary

cementitious material for large-scale application.

Previous studies have shown that although FBA and FA exhibit higher concentrations
of some trace elements compared to relevant standards, including them in concrete bodies can
immobilize their leachability. For example, Sutcu et al. [72] and Eliche-Quesada et al. [73]
investigated the leaching concentrations from FBA-based fired bricks and discovered that the
brick body effectively immobilized heavy metals. Similarly, Rafieizonooz et al. [74] noted that
the leaching of heavy metals from concrete containing up to 100% FBA as a sand replacement
was lower than the original FBA concentration and within the US EPA's SW-846 standard

limits. This indicates that the concrete body immobilized the heavy metals sufficiently,
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rendering them negligible. From the above, it can be concluded that the inclusion of FBA in
concrete composites, similar to FA, significantly reduced the concentration of leached heavy

metals compared to using FBA or FA alone.

Table 4.3: Concentrations (in mg/kg) of detected elements in FA, OPC, and FBA.

Element FA GFBA OrC
Be 0.59 0.35 0.43
A% 11.9 6.2 224
Cr NA 610 11.8
Mn 56 251 216
Fe 6273 44152 32292
Co 0.48 6.21 1
Ni NA 750.86 NA
Cu 1.47 38.5 5.52
Zn NA NA 1.88
As 1.88 0.39 0.93
Se 0.91 0.46 0.34
Sr 43.2 34.1 68.6
Mo 2.36 23 1.08
Ag 0.05 0.24 0.2
Cd 111 0.06 0.04 0.48
Cd114 0.1 0.09 0.46
Sn 2.89 4.71 3.21
Sb 0.81 0.2 0.58
Ba 1158 1599 205
Pb 0.6 0.3 0
Al 5428 9519 14029
K 2239 2630 3237
Ca 17962 | 16357 15144
Mg 978 2388 3870
Na 594 2085 3594
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Fig. 4.7: Trace element concentrations from FBA leachate and the maximum limits allowed in
the relevant standards/regulations to classify solid waste as non-hazardous waste. The
maximum allowable limits for Australia [75], US [76,77], China [78], Malaysia [79] and
Singapore [80,81] are shown in the figure.

4.5 Summary

In this chapter, the impact of co-incorporating FBA as a replacement for fine aggre-
gate and cement on mortar performance was examined, focusing on flowability, compressive
strength, flexural strength, water absorption, and microstructural characteristics. The combined
incorporation of 25% FBA as a fine aggregate replacement and 10% GFBA and 20% as a
cement replacement significantly improved the compressive strength of the mortar after 28 and
56 days of curing, surpassing the control samples and sample with 25% of FBA as fine

aggregate replacement, though no significant variation was observed at 7 days. When the
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replacement level of fine aggregate exceeded 50%, notable decreases in compressive strength

were observed.

The flexural strength of mixtures with 25% FBA as a fine aggregate replacement alone
and 25% FBA combined with 30% GFBA as cement replacement was similar to conventional
mortar at 56 days, with a slight decrease at 28 days. However, samples with 25% FBA as fine
aggregate and 10% and 20% GFBA as cement replacement showed flexural strength similar to
traditional mortar after 28 days and improved strength after 56 days. Water absorption rates
increased significantly with the inclusion of FBA as a fine aggregate replacement, while there
was no noticeable difference in water absorption with 10%, 20%, and 30% GFBA as a cement
replacement. There was a notable trend of increased compressive strength with decreasing

water absorption rates.

In terms of environmental impact, replacing fine aggregate with FBA did not sig-
nificantly change the amount of embodied carbon. However, fixing the fine aggregate
replacement at 25% and replacing cement with 10%, 20%, and 30% GFBA resulted in
reductions of approximately 9.1%, 17.9%, and 26.7%, respectively. GFBA exhibited lower
concentrations of Mn, Zn, Cr, Fe, Co, Cu, Mo, Ag, Sn, and Ba compared to FA or OPC, but
exceeded the permissible limits for Ba, Se, Cr, and Ni according to regulatory standards such
as EPA NSW and US EPA for Hazardous Waste. However, based on relevant investigations
conducted on concrete and bricks based on FBA, the leaching rates were lower and within

permissible ranges. Further research is needed in this aspect.
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CHAPTER 5: FBA UTILIZATION IN CONCRETE

5.1 Introduction

The chapter provides the results of extensive experimental investigations performed to
determine the optimum mix proportion for FBA concrete using FBA as sand replacement and
as SCM simultaneously. A total of eight mix proportions were designed to make concrete
samples. The mixes included and excluded FBA, as well as separate grinding and co-grinding
utilizing different percentages of FBA. Several tests were conducted including slump,
compressive strength, split tensile, modulus of elasticity, abrasion, water absorption, and
density of concrete samples tests. The results were utilized to propose a mix proportion for the
industrial trial testing of FBA concrete. The chapter also includes the experimental
investigations and results flexural strength, modulus of elasticity, shrinkage, carbonation and

microstructure of all the eight concrete mixes.

5.2 Mix design considerations

5.2.1 Mix Proportions

For this study, the mix proportions used were based on the recommendations of
industrial partners for manufacturing concrete with a compressive strength of about 40 MPa.
Later, the fine aggregates were partially replaced by FBA. To investigate the properties of
concrete having FBA as SCM, different mix proportions were used based on the separate
grinding or co-grinding of FBA and GGBFS. Also, some mix proportions were used based on
the percentage of FBA as a cement replacement. Table 5.1 presents the mix proportions for the
40 MPa grade concrete. The 25% replacement of fine aggregate by FBA was determined based
on findings from Chapter 3 and our study in [46].

Eight concrete mixes were developed, including a control mix of normal concrete,
CR25 with 25% FBA as a fine aggregate replacement, and two groups incorporating GFBA
and GGBFS. The first group (CGF) included mixes with 25% FBA as fine aggregate
replacement and co-ground combinations of FBA and GGBFS, with the GGBFS ratio fixed at
25% for cement replacement. The GFBA content varied as follows: 10% (CGF10), 20%
(CGF20), and 30% (CGF30) by weight of cement. The second group (SGF) followed a similar
composition to the first group, but the GFBA and GGBFS were prepared using separate

grinding processes instead of co-grinding, allowing for a comparison of the influence of
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grinding methods on the performance of the mixes. The water-to-binder (w/b) ratio was

maintained at 0.4 for all mixes. The superplasticizer content was adjusted based on preliminary

slump tests for each mix. The concrete preparation and sampling were conducted following AS

1379 [82] and AS 1012.2 [83] specifications.

Table 5.1: Mix Proportions.

20 mm | 10 mm |Natural Natural|/Furnace Water
Mix ID Cement| GGBS | GFBA | normal | normal | fine | coarse | bottom Quantit superplasticiser
x (kg/m3)|(kg/m3)|(kg/m3) aggregate aggregate| sand | sand ash (k /m3)y (L/m?)
(kg/m3) | (kg/m3) |(kg/m3)|(kg/m3)|(kg/m3) &
CRO | 435 0 0 690 280 380 380 0 174.0 1.7
CR25 | 435 0 0 690 280 285 285 190 196.8 2.7
CGF10| 281.5 110 43.5 690 280 285 285 190 196.8 2.7
CGF20| 238 110 87 690 280 285 285 190 196.8 2.7
CGF30| 1945 110 130.5 690 280 285 285 190 196.8 2.7
SGF10| 281.5 110 43.5 690 280 285 285 190 196.8 2.7
SGF20| 238 110 87 690 280 285 285 190 196.8 2.7
SGF30| 194.5 110 130.5 690 280 285 285 190 196.8 2.7

5.2.2 Mixing procedure

The laboratory pan mixer was used to mix concrete. To avoid dust in the facility, 30%

of the required water was added prior to mixing the dry ingredients. Firstly, coarse aggregates

(< 19 mm) were added to the pan followed by less coarse aggregates (< 10 mm). Then fine

aggregates were added, followed by coarser sand, fine sand and then FBA. Then cementitious

materials including cement, GGBFA and ground FBA were then added to the mixer. Finally,

the remaining water was added. The superplasticizer required for the mix was mixed with the

required quantity of water prior to being added to the mix.

5.2.3

Testing

Table 5.2 details the tests conducted on concrete and the relevant standards used. The

air content and slump tests were conducted according to AS 1012.4.1[84] and AS 1012.3.1

[85], respectively. Slump retention was measured at 15-minute intervals, starting from the

initial slump at time zero, followed by measurements at 15, 30, 45, and 60 minutes. The

49|Page




strength performance was determined through tests for compressive strength, flexural strength,
split tensile strength and modulus of elasticity, according to AS 1012.9 [86], AS 1012.11 [87],
AS 1012.10 [88] and AS 1012.17 [89], respectively. To determine water absorption, AS
1012.21 [90] was followed, where the specimens were dried at 100 + 5°C for 24 hours and left
to cool to 23 £2°C and then weighed, and the process repeated until two successive weightings
were almost identical (M1). Then the specimens were immersed in 23 +£2°C water until two
successive weightings were almost identical. They were then surface-dried and weighed to
obtain the saturated mass (M2), and then the water absorption was calculated as follows:
2-M1

Water absorption percentage (%) = MT x100

An abrasion test was performed according to ASTM C944 [91] for several interval
periods of 2, 4, 6 and 10 minutes and then the percentages of mass loss were calculated. To
prepare concrete samples for abrasion resistance, cylinders were cut to 50 mm thick discs and
placed under a rotating wheel for 10 minutes. After completion the mass loss was determined.
The test samples were prepared at the laboratory of The University of Newcastle as shown in

Fig 5.1.

Fig. 5.1: Apparatus, test samples and setup of Abrasion Resistance Test.
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Table 5.2: The tests performed on concrete designed with FBA and the standards of the applied
procedures.

Test performed Specifications

Slump test AS 1012.3.1

Air content AS 1012.4.1

Density AS 1012.12
Compressive strength AS 1012.9:2014
Flexural strength AS 1012.11-2000
Split strength AS 1012.10

Modulus of elasticity AS 1012.17

Water Absorption AS 1012.21-1999
Dry shrinkage ASTM C 157
Abrasion resistance ASTM C418
Accelerated Carbonation | Spray Phenolphthalein
Acid and sulphate attacks | According to [92-95]

For the carbonation-resistance test, concrete prisms with dimensions 70 mm x 70 mm
x 285 mm were cast and then placed in a carbonation chamber supplied by a CO- gas cylinder
and equipped with temperature and humidity control. The chamber was set to 25 +2 °C, a
relative humidity of 65%, and a CO: concentration of 4%. The specimens were kept in the
chamber for 28 days and 56 days, after which they were removed and carefully split by
adjusting the flexural test setup. The freshly exposed surfaces were then sprayed with a
phenolphthalein solution, and carbonation depths were measured on multiple faces of each
specimen. Four readings were taken from each selected face of the specimen. As opposing
faces are expected to exhibit similar values, measurements were taken on one representative
face per sample. For each mix, three samples were tested. The reported value therefore
represents the average of four readings per sample, averaged across three sample, as shown in

Fig, 5.2.

Control SGF10

Fig. 5.2 Samples showing carbonation depths.
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A dry-shrinkage test for concrete prisms was conducted in accordance with ASTM C
157. After the initial curing period, concrete samples are transferred to a controlled drying
environment, 23 + 2 °C and 50 £ 5% relative humidity. Length measurements were taken
using a length comparator at the start of drying and at specified intervals (Fig. 5.3). The
difference between these measurements was used to determine the drying shrinkage of the

concrete.

‘ Al

Fig 5.3. Shrinkage test setup.

The chemical attack resistance of concrete was tested by immersing specimens in different
chemical solutions. A 5% sulphuric acid solution was used to evaluate acid resistance, and a 5%
magnesium sulphate solution tested resistance to sulphate attack. The specimens were immersed
for 90 days, and then weight and strength losses were evaluated to assess the concrete’s durability
against chemical degradation. Fig. 5.4 shows the visual affects of acid and sulphate on concrete

samples after immersion period of 90 days.
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Fig. 5.4: The effects of acid and sulphates on concrete samples after a 90-day immersion period.

5.3 Fresh concrete properties with FBA

5.3.1 Slump and Slump retention

Fig. 5.5 presents the slump performance of the concrete mixes, where Fig 5.5(a) presents
the experimentally measured slump values, while Fig. 5.5(b) shows the corresponding RSM-based
contour plot of predicted slump retention corresponding to grinding methods and GFBA
replacement levels . As shown in Fig. 5.5(a), the control mix of normal concrete (CRO) exhibits the
highest initial slump (185 mm) at a relatively low superplasticizer dosage (1.7 L/m?). In contrast,
CR25, which replaces 25% of the fine aggregate with FBA, shows a markedly lower initial slump
(95 mm) and loses workability faster, dropping to zero by 45 minutes. Comparing the two groups
that incorporate both GFBA and GGBFS with CRO, a clear difference emerges between the initial
slump and slump retention slump of mixtures. This difference, despite the fact that all SGF and
CGF mixes used a higher superplasticizer dosage (2.7 L/m?), is higher than the control but showed
lower slump retention where all mixtures of SGF and CGF groups reverted to zero at 60 minutes
or earlier. However, both groups had a higher slump performance than that of CR25, due to increase
SP dosages. These findings are consistent with several studies that report decreased workability
mixes containing GFBA, as well as a gradual reduction of workability with increased GFBA

content [19,45,67].
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In terms of the combined influence of the grinding method and the GFBA replacement level
on the slump retention behaviour of fresh concrete, all mixtures exhibit a systematic reduction in
slump with increasing GFBA replacement from 10% to 30%, confirming that GFBA content is the
primary governing factor for workability loss. This trend is consistent for both grinding methods
and reflects the porous morphology and angular particle shape of GFBA, which increase water
absorption and internal friction within the fresh matrix. A clear distinction between grinding
methods was also observed. Separately ground mixes (SGF) consistently maintain higher initial
slump values and superior workability retention compared to co-ground mixes (CGF). At 10%
replacement, SGF10 and CGF10 show initial slumps of approximately 160 mm and 150 mm,
respectively; however, the divergence becomes more pronounced at higher replacement levels. At
20% GFBA, SGF20 retains an initial slump of about 160 mm, whereas CGF20 decreases to
approximately 110 mm, and at 30% GFBA, SGF30 maintains around 120 mm compared to roughly
100 mm for CGF30. The accelerated workability loss observed in co-ground mixtures can be
attributed to the higher fineness and improved particle packing produced by co-grinding, which
increase specific surface area, water demand, and mixture viscosity. The synergistic packing of
finely ground GGBFS and GFBA particles reduces free water availability and restricts particle
mobility, thereby increasing internal resistance to flow and accelerating slump loss. Similar
mechanisms have been reported in previous studies, where enhanced fineness and optimized
particle packing were shown to promote early stiffening and reduced workability retention in

blended cementitious systems [63,66].
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Fig. 5.5: The workability performance of designed concrete; a) initial slump and slump
retention results, and b) actual photo of UON lab for CGF10 slump retention.
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5.3.2 Air content

The air content results are presented in Fig. 5.6. As shown, the control mix CRO has the
highest air content at 4.1%. Unexpectedly CR25 showed lower air content at 3.1%, where it
was expected to show higher air content compared to CRO due to this high porosity of FBA
compared to the natural fine aggregate. While the significantly lower initial slump (95 mm vs.
185 mm) typically correlates with higher viscosity and potentially higher air entrainment,
FBA's adsorptive properties dominate, overriding this effect and causing a net decrease in air
content. However, this reduction maybe due to unburned carbon residues in FBA and its

irregular, angular particle morphology disrupts bubble formation and stability [96,97].

In cases of inclusion of GGBFS-GFBA combinations as cement alternatives, air
contents generally drop below 3.0% for both SGF and CGF groups. This reduction may be
attributed to the filling effect, where the fine particles reduce gaps that may be filled with
entrapped air. Among the separate grinding mixes, values range from 2.2% to 2.4%, whereas
the co-grinding mixes span from 2.1% to 2.7%. Notably, CGF20 and CGF30 show slightly
higher air contents (both at 2.7%) compared to CGF10 (2.1%). Meanwhile, SGF20 records the
lowest air content (2.2%) among the SGF group. Overall, introducing FBA and GGBFS either
through co-grinding or separate grinding tends to reduce the air content compared to the
control, with minor variations depending on the grinding method and the specific replacement
levels. Zhang et al [98] note that GGBFS reduces air content due to improved packing effects
and the forming of smaller bubbles within the matrix. Kostrzanowska-Siedlarz [99] also
observes that the fine particles often have a greater particle surface area and viscosity, hindering

air release, thereby explaining the reasons for showing higher air content in CGF mixes
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Fig. 5.6: Air content of eco-friendly concrete.

5.4 Hardened concrete properties with FBA

5.4.1 Density

The densities of all concrete mixes were measured in accordance with AS 1012.12.1-
1998 [86] and the values recorded are presented in Fig. 5.7. The results indicate that the control
mix (CRO) has the highest density of approximately 2334 kg/m?, while replacing 25% of fine
aggregate with FBA in CR25 results in a slight density reduction to around 2295 kg/m?. This
is due to due to FBA's lower specific gravity compared to that of river sand as stated by [100].
In the separate grinding group, densities decreased with higher GFBA content, ranging from
2294 kg/m* for SGF10 to 2247 kg/m? for SGF30. A similar trend was observed in the co-
grinding group, where CGF10 has a relatively high density of about 2316 kg/m?, decreasing to
approximately 2249 kg/m?* for CGF30. Overall, the inclusion of FBA and GGBFS reduced
concrete density compared to the control mix, especially at higher replacement levels. The
reduction in density with FBA as fine aggregate or cement replacement is an expected result

due to the low unit weight and high porosity of FBA compared to the fine aggregate and OPC.
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Comparing separate grinding and co-grinding mixes at the same replacement levels
(10%, 20%, and 30% GFBA), co-ground mixes consistently exhibited slightly higher densities.
Specifically, CGF10 is about 0.95% denser than SGF10, CGF20 is 0.6% denser than SGF20,
and CGF30 is 0.11% denser than SGF30. Although the density difference diminishes with
increasing GFBA content from ~2316 kg/m? at CGF10 to ~2249 kg/m? at CGF30, co-grinding
consistently produces slightly denser concrete. This higher density may be attributed to
improved particle packing or an optimized particle-size distribution resulting from the
combined grinding of FBA and GGBFS. In contrast, separate grinding may produce a less
synergistic particle blend compared to that resulting from co-grinding, leading to marginally
lower densities at equivalent replacement levels. It was found that improving the granular
properties and fineness of the binder components offers significant potential for improving the
mechanical, packing, and durability properties of low-clinker concrete [101]. Accordingly, the
increased density of CGF samples compared to SGF samples can be attributed to improved

packing properties.
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Fig. 5.7: Density of Concrete Mixes.
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5.4.2 Compressive Strength

Compressive strength tests were performed at 7, 28, 56 and 90 days after casting in
accordance with AS 1012.9:2014 [86]. Fig. 5.8 shows the compressive strengths for the
concrete samples. Using FBA as fine aggregate, either alone or combined with GFBA and
GGBFS replacing up to 55% of cement (separately or co-ground), enhances concrete
compressive strength at both early and later ages. Lower GFBA contents of 10-20%, and 25%
of GGBFS generally yield the most consistent and significant gains, particularly in the co-
ground mixes, which often excel at early ages [11,102]. However, a higher GFBA usage of
30% still benefits from pozzolanic and filler effects over the long term but may initially lag in

early strength compared to lower-replacement counterparts [11].

Overall, CRO produced a compressive strength progression from 37.9 MPa at 7 days to
53.6 MPa at 90 days. Incorporating 25% FBA as fine aggregate replacement consistently
increased compressive strength compared to CRO, achieving 40.7 MPa at 7 days versus.
37.9 MPa for CRO and maintained higher values throughout later ages, e.g., 52.9 MPa versus
48.6 MPa for CRO at 28 days and. 59.5 MPa versus. 53.6 MPa for CRO at 90 days. These
enhancements can be ascribed to enhanced hydration or micro-filling effects, leading to
improved strength development [1,30].

Among the separate-grinding mixes, early-age strength of 7 days varied more widely,
with SGF10 at 37.1 MPa, close to that for control specimens, while SGF20 and SGF30 dropped
to 28.4 MPa and 27.6 MPa, respectively. Over longer curing periods, however, each SGF mix
surpassed or at least matched CRO. Notably, at 28 curing days, SGF10 and SGF20 reached
51.2 MPa and 51 MPa, respectively, while SGF30 was around 4% lower than the control
sample . At 90 curing days, SGF10 reached 62.5 MPa, higher than the control sample by 17%,
making it one of the best performers overall. SGF20 exceeded the control sample by 6%, while

SGF30 has the same compressive strength as the control sample.
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Fig. 5.8: Compressive Strength of Concrete Mixes.

In the case of the specimens prepared with co-grinded GGBFS and FBA, most
specimens achieved the same compressive strength or surpassed it at early ages, particularly
CGF10, which achieved 46.7 MPa, noticeably above both CRO and all mixes prepared with
separate grinding. This advantage continued through 28, 56, and 90 days, reaching 62.2 MPa
by 90 days. CGF20 also showed strong performance, and achieved 38.2 MPa at 7 days, 53.8
MPa at 28 days and 61.5 MPa at 90 days. Conversely, CGF30 started at 35.6 MPa at 7 days
and remained relatively subdued through 28 and 56 days but managed 54.1 MPa at 90 days,
slightly above the control. These findings support the suggestion that the co-grinding process
can yield excellent synergy [103,104], especially at GFBA levels of 35-45% of the total cement

replacement percentages, boosting both early and later-age strengths.
5.4.3 Split Tensile Strength

The split tensile strength (also termed indirect tensile strength) of concrete was
determined at 28 days in accordance with AS 1012.10:2014 [19]. The results, presented in Fig.
5.9, show that using FBA as 25% sand replacement reduced the split tensile strength of concrete

by around 9% compared to control concrete without FBA. Similarly, for concrete mixes
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prepared with separately ground FBA and GGBFS, the split tensile strengths were 5-22% lower
than the split tensile strength of the control concrete. For concrete mixes with co-ground FBA
and GGBFS, CGF10 showed 2% higher split tensile strength compared to the control concrete.
Furthermore, the two mixes, CGF20 and CGF30, showed 11% and 20%, respectively, lower

split tensile strength compared to the control mix.
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Fig. 5.9: Split tensile Strength of Concrete Mixes.

Like compressive strength, the highest split tensile strength was achieved by the CGF10
mix, which is a concrete mix with co-ground GGBFS and FBA and FBA as 25% sand
replacement. Rafieizonooz et al. [105] also reported an increase in split tensile strength of
concrete incorporating FBA as sand replacement. The split tensile strength improved because
of the fine particle size of FBA and GGBFS. In addition, such particle sizes could enhance

bonding among particles which improve the strength of concrete mixes [106] .
5.4.4 Flexural strength

Fig. 5.10 shows the result of flexural strength for the designed concrete samples. The
control mix CRO exhibited a flexural strength of 6.33 MPa. In comparison, CR25, which

incorporated 25% FBA as a fine aggregate replacement, achieves a flexural strength of 5.72
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MPa, representing a 9.6% reduction compared to CRO. This decline aligns with the observed
trend in split tensile strength, where CR25 also underperformed CRO, suggesting that the
existence of porous FBA can leave weak Interfacial Transition Zone (ITZ), despite the
compressive strength improvements noted earlier, where CR25 consistently outperformed CRO
at all ages. This divergence indicates that while FBA enhances compressive strength through
micro-filling and hydration effects, it may slightly reduce flexural strength due to altered

aggregate interlock or weaker ITZ [106].
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Fig. 5.10: Flexural strength of designed concretes.

In terms of both grinding scenarios, the flexural strength results highlight CGF10 as the
top performer at 6.50 MPa, exceeding both CR0O and CR25, with a notable 2.7% improvement
over CRO and 13.6% over CR25. In contrast, SGF20 (4.87 MPa) and SGF30 (4.44 MPa)
exhibited the lowest flexural strengths, with reductions of 23.1% and 29.9% relative to CRO,
respectively, indicating that higher replacement levels in the separate grinding series
significantly compromise bending performance. This could be attributed to the higher
pozzolanic content could leave unreacted or partially binder-reacted, weakening ITZ.

Compared to CRO, most samples (CR25, SGF10, SGF20, SGF30, CGF20, CGF30) fell below
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its flexural strength, with reductions ranging from 9.6% (CR25) to 29.9% (SGF30), except for
CGF10, which slight improved by 2.7%. Relative to CR25, SGF10 and CGF10 showed higher
flexural strengths by 0.9% and 13.6%, respectively, while SGF20, SGF30, and CGF30 were
lower than that of CR25.

5.4.5 Modulus of Elasticity

Fig. 5.11 shows the modulus of elasticity results, highlighting variations in stiffness
across concrete mixes, with values ranging from 28.43 GPa to 34.27 GPa. The control mix
(CRO) exhibited a baseline modulus of 33.53 GPa. CR25, with 25% FBA for fine aggregate
replacement, showed minimal reduction at 33.06 GPa (-1.4%), indicating retained stiffness
despite FBA incorporation. Separate-grinding mixes displayed progressive declines, where
SGF10, with 10% GFBA and 35% of total cement replacement, was to 32.79 GPa (-2.2%),
SGF20, with 20% GFBA and 45% of total cement replacement, was at 29.18 GPa (-13.0%),
and SGF30, with 30% GFBA and 55% of total cement replacement, was at 28.43 GPa (-15.2%),
suggesting increased porosity or weakened interfacial bonds at higher OPC replacements.
Conversely, co-grinding mixes yielded mixed trends: CGF10, with 10% GFBA and 35% of
total cement replacement, achieved the highest modulus (34.27 GPa, +2.2%), likely due to
optimized particle packing, while CGF20, with 20% GFBA and 45% of total cement
replacement, and CGF30, with 30% GFBA and 55% of total cement replacement, decreased to
32.67 GPa (-2.6%) and 29.69 GPa (-11.5%), respectively.

The stark reduction in SGF20-SGF30 and CGF30 underscores the detrimental impact
of excessive GFBA replacement on stiffness, contrasting with CGF10’s enhanced performance.
The relevant research [5] highlights density as the primary determinant of modulus of elasticity
(E), emphasizing porosity and matrix compactness as critical drivers of stiffness. In this study,
higher-density mixes (e.g., CRO at 2350 kg/m?* with E=33.53 GPa) exhibited superior E values
compared to lower-density variants (e.g., SGF30 at 2250 kg/m? with E=28.43 GPa), aligning
with observations that reduced porosity enhances stress transmission and minimizes void-
induced stress concentrations. While compressive strength (fc') shows a moderate positive
correlation with E (e.g., CGF10 with fc¢' = 54.15 MPa and E=34.27 GPa), exceptions such as
SGF30 (fc' =46.59 MPa, E=28.43 GPa) suggest that material-specific factors (e.g., aggregate

type, interfacial transition zones) can override the fc' —E relationship.
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Fig.5.11: Modulus of elasticity of designed concrete.

5.5 Durability Performance

5.5.1 Water absorption

The water absorption of concrete was determined after 28 days in accordance with AS
1012.21-1999. The results are shown in Fig. 5.12. They indicate that CRO exhibited a water
absorption of 3.98%, while when 25% of the fine aggregate was replaced with FBA, water
absorption decreased slightly by around 3% compared to CRO. Although FBA has a higher
water absorption rate than fine aggregates, at optimal replacement rates, FBA acts as a filler,
encouraging the development of more gels, improving pore structure and reducing absorption.
This aligns with Rathee and Singh, [107] and Ashraf et al. [108], who found the concretes with
replacement levels of 25% showed comparable water absorption with normal concretes. When
OPC was replaced with GGBFS/GFBA, more pronounced effects on water absorption were
observed. In the SGF group, water absorption ranged from 3.31% at SGF10 to 3.74% at SGF30,
all values being below the control. SGF10 achieved the lowest absorption in this group, about
17% lower than CRO, while SGF20 and SGF30 showed reductions of approximately 10% and
6%, respectively. Although water absorption appeared to increase slightly with higher GFBA
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content, the variability indicated by the error bars suggests this trend should be interpreted

cautiously. Nonetheless, all mixes remained below the CR0O benchmark.
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Fig. 5.12: Water Absorption of Concrete Mixes.

The co-grinding series generally achieved comparable or greater reductions in water
absorption compared to separate grinding, particularly at 10% and 20% GFBA levels, but
showed an adverse effect at 30%. Co-grinding results ranged from 3.17% for CGF20 to 4.08%
for CGF30. Both CGF10 and CGF20 demonstrated significant reductions compared to the
control, approximately 18% and 20%, respectively. This highlights that co-grinding improves
the fineness and particle distribution of FBA and GGBFS, enhancing packing density and
reducing pore connectivity [109] at lower GFBA levels. However, at 30% GFBA, the co-
grinding approach led to a water absorption of 4.08%, exceeding CRO by about 2.5%. This
increase of water absorption at CGF30 is attributed to the potential of accruing agglomerations
[110], due to a high level of finer particles in this mix. Comparing the separate grinding and
co-grinding series, CGF10 and CGF20 exhibited lower water absorption than their separate
grinding counterparts by approximately 2% and 12%, respectively. Conversely, CGF30 showed
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a 9% higher water absorption than SGF30. Schack and Haist [101] found that water absorption
is affected by particle fineness to a certain value, meaning that above a specific level, there is

no impact on water absorption.

5.5.2 Abrasion Resistance

An abrasion resistance test was conducted based on ASTM C944. For this test,

equipment was prepared in the laboratory of The University of Newcastle as shown in Fig.

5.13.

L X st 4

Fig. 5.13: Apparatus of Abrasion Resistance Test.

To measure abrasion resistance, cylinders were cut into 50 mm thick discs and were
placed under the rotating wheel for 10 minutes. After completion, the mass loss was

determined. The results of abrasion resistance of all concrete mixes are shown in Fig. 5.14.
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Fig. 5.14: Abrasion Resistance of Concrete Mixes.

The abrasion resistance of the concrete mixes, evaluated through mass loss percentages
over increasing abrasion durations, revealed distinct trends influenced by replacement levels
and grinding methods as shown in Fig. 5.14. The control mix (CRO0) exhibited progressive mass
loss from 0.017% at 2 minutes to 0.052% at 10 minutes, while CR25 with 25% FBA as a fine
aggregate replacement demonstrated marginally better early resistance, with lower mass loss
at 2 and 4 minutes with mass loss of 0.014% and 0.027%, respectively, but matched CRO’s
final mass loss at 10 minutes with mass loss of 0.052%. This suggests that FBA initially
enhances abrasion resistance through micro-filling but aligns with conventional performance

over prolonged exposure.

In the separate-grinding series (SGF), higher GFBA replacements correlated with
reduced abrasion resistance. SGF10 showed moderate mass loss of 0.053% at 10 minutes,

while SGF20 and SGF30 experienced significantly higher losses of 0.073% and 0.077%,
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respectively. The increased porosity or weaker ITZ at higher GFBA levels likely accelerated
surface degradation under abrasion. Conversely, co-grinding mixes (CGF) exhibited superior
performance, particularly at lower replacements. CGF10 achieved the lowest final mass loss of
0.049% in 10 minutes, surpassing even CRO, indicating optimized particle packing and
enhanced matrix cohesion from co-grinding.

However, higher replacements in this series (CGF20 and CGF30) led to progressive
mass loss increases (0.053% and 0.068%, respectively). Singh and Siddiqui [5] indicate that
low pozzolanic activity at higher levels of coal bottom ash content leads to reduced abrasion
resistance. However, it is noteworthy that no studies to date have compared the abrasion
resistance of concrete made with binary or ternary binders prepared via co-grinding versus
separate grinding methods. In general, the improvement observed in the co-ground concrete

series can be attributed to enhanced binder hydration and the effective filler effect.

5.5.3 Chemical Resistance

The chemical resistance of concrete mixes against sulphuric acid and magnesium
sulphate was determined by noting the values of mass before and after immersion, and the
results are presented in Fig. 5.15 & 5.16. The sulphuric acid solution significantly deteriorated
the control concrete mix CRO compared to FBA concrete mixes. CRO tends to lose more
weight in a sulphuric acid solution compared to FBA concrete due to its higher calcium
hydroxide content, which reacts readily with acid to form expansive and soluble compounds
like gypsum and ettringite, leading to surface damage and material loss. In contrast, FBA
concrete benefits from pozzolanic reactions that consume calcium hydroxide and form
additional C—S—H gel, resulting in a denser, less permeable matrix that resists acid attack more
effectively. This improved chemical stability and reduced porosity in FBA concrete contribute
to its lower weight loss and better durability in aggressive acidic environments [31].

Similarly, in case of immersion in magnesium sulphate solution, minimal mass loss was
determined from all the concrete mixes ranging from 0.6-0.9 %, with the least mass loss
observed for the concrete mix CGF20. Overall, the mass loss for FBA concrete mixes were
lower compared to control concrete mixes. The FBA concrete mixes provided better chemical
resistance primarily because of better microstructure and denser matrix. A study [32] reported
similar results where the ash product improved the resistance against magnesium sulphate

solution.
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Fig. 5.15: Mass Loss of Concrete Specimens After immersion in Sulphuric Acid.
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Fig. 5.16: Mass Loss of Concrete Specimens after Immersion in Magnesium Sulphate
Solution.
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The samples were dried and then a compressive strength test was performed in
accordance with AS1012.9:2014 [33] to determine the residual compressive strength of
concrete mixes after prolonged immersion in sulphuric acid and magnesium sulphate solutions.
The results are presented in Fig. 5.17 and 5.18.

The results showed that a significant strength loss was observed in case of immersion
in acidic solution while a lower reduction was observed in the case of immersion in magnesium
sulphate solution. The results were also compiled as compressive strength losses, expressed as
percentages for easier comparison. The results are presented in Fig. 5.19 and 5.20 and show
around 41-51 % strength loss in various mixes of concrete. The highest strength loss was
observed for concrete mix CGF30, SGF30 and CRO, where they showed 48%, 49%, and 51%,
respectively, while CGF10 showed the lowest loss (41%). Therefore, FBA concrete mixes
showed sufficient durability against chemicals. When immersed in magnesium sulphate
solution, the compressive strength loss ranged from 6-11%, where the highest loss was
determined for the CRO concrete mix and the lowest was for CGF20. The better packing of
internal structure by utilizing FBA as sand and as SCM yielded promising results against

chemicals attacks [13, 34].

When comparing concrete mixes in the separate grinding group to that of the co-
grinding group, no consistent trend related to the grinding scenario was observed. However,
the CG10 mixture showed superior performance in durability relative to its strength and mass.
It was also observed that the indices of strength and mass loss/retention after immersion tests
in H2SO4 and MgSOs solutions exhibited behaviour similar to that of the specimens in terms of
water absorption and compressive strength. This indicates that the governing factor is the

interconnected porosity and the microstructural characteristics of the material.
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® Intial strength Residual strength

Compressive strength (MPa)
[\*] (O8] B (V4] [*)) ~)
(e S S (e (=] o
Il Il Il Il : :

[a—
S
1

(=
L

CRO CR20 CGF10 CGF20 CGF30 SGF10 SGF20 SGF30
Concrete mix

Fig. 5.18: Residual Compressive Strength after Immersion in Magnesium Sulphate Solution.
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Fig. 5.19: Compressive Strength Loss (%) after immersion in Sulphuric Acid.
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Fig. 5.20: Compressive Strength Loss (%) after immersion in Magnesium Sulphate.
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5.5.4 Drying Shrinkage

The drying shrinkage of concrete samples prepared with eight concrete mixes were
measured for up to 56 days and the results are presented in Fig. 5.21. The highest shrinkage
(~471 pm) was observed for the control mix with 25% FBA as fine aggregate replacement
while the lowest shrinkage (~357 pm) was observed for the control mix without FBA as sand
or as SCM. For FBA concrete mixes the shrinkage values ranged from 363 pm to 429 um with
lowest shrinkage observed for the concrete mix CGF30. It is to be noted that increasing the
amount of FBA as SCM reduced the drying shrinkage of concrete samples both for co-grinding

and separate grinding mixes.

Overall, the shrinkage values were not much higher compared to the control mix and
significantly lower than the values specified in TENSW R83 specifications which concludes
that the shrinkage of concrete mixes containing GGBFS should be lower than 580 at 21 days
and for other concrete mixes the value specified is 450 at 21 days. Lei Wang et. al. [35] reported
that the loss of water from concrete pores due to early-age evaporation can lead to the
development of capillary stresses, which are a primary cause of the rapid increase in drying
shrinkage during the initial stages of hydration. Based on this fact, it was expected that the
concrete mix with 25% replacement of natural sand with FBA would have higher shrinkage as
FBA is more porous and absorbed more water compared to natural sand. However, the use of
ground FBA as SCM reduced the shrinkage by filling of pores and by providing more compact
microstructure. Similar results were reported in relation to the use of fly ash where the use of
fly ash as a partial replacement for cement has been shown to reduce drying shrinkage in
concrete, primarily due to its ability to refine pore structure, lower heat of hydration, and

improve long-term moisture retention within the matrix [36, 37].
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Fig. 5.21: Drying Shrinkage of Concrete Mixes, a) shrinkage trend for mixes, b) show
shrinkage performance on two curing age (28 and 56 days), showing error bars.

5.5.5 Carbonation Resistance

The carbonation resistance of eight concrete mixes was measured at 56 days via
accelerated carbonation and the results are presented in Fig. 5.22. The carbonation depths show
varying levels of resistance to carbonation. The control mixes, CR0O and CR25, both had a
carbonation depth of 4 mm, indicating good resistance. Similarly, SG10 and CG10 also had a
carbonation depth of 4 mm, showing no significant difference from the control mixes.
However, as the cement replacement percentage increased, the carbonation depth increased.
SG20, SG30, and CGF30 all had carbonation depths of 8 mm, which is twice as much as the
control mixes, indicating reduced carbonation resistance with higher substitutions. The CGF20
mix had a carbonation depth of 6 mm, which is 50% higher than the control mixes but still
lower than the higher-substitution mixes. Overall, the results suggest that carbonation
resistance decreases with higher levels of substitution, with the highest carbonation depths

observed in mixes with 20% or 30% substitutions.
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Fig. 5.22: Carbonation of concrete mixes.

5.6 Summary

This chapter provides a comprehensive overview of the use of FBA as both a sand
replacement and a SCM. An experimental program was conducted to evaluate the durability
performance of FBA-based concrete compared to conventional control mixes. Eight different
concrete mix designs were developed and tested to assess the use of FBA in replacing fine
aggregate and contributing as an SCM. The FBA concrete mixes demonstrated superior
chemical resistance and showed satisfactory performance in other key durability indicators,
such as shrinkage. This study offers valuable insights into the behaviour of FBA concrete under
various durability conditions, highlighting its potential for sustainable and long-lasting
construction applications. Overall, the FBA mixes exhibited consistent and reliable

performance, supporting their viability for broader use in eco-friendly low carbon concrete.
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CHAPTER 6: TRIAL MIXES FOR FOOTPATH
APPLICATION

6.1 Introduction

This chapter presents the methodology, observations, and findings from the
investigation of trial concrete mixes incorporating FBA as both a SCM and a sand replacement.
Initially, this section outlines the development and testing of trial mixes cast at the University
of Newcastle (UON) laboratory, focusing on determining their basic properties and
performance. The process was then scaled up for an industrial application of a pedestrian

footpath . The practical implementation of selected mixes is discussed here in detail.

6.2 Trial Mixes (Laboratory)
6.2.1 Materials

Two trial mixes were prepared to study the performance of both concrete mixes.
One concrete mix was prepared as a control concrete mix which was without FBA and
used fly ash as supplementary cementitious material (SCM). The second concrete mix
utilized FBA as 25% sand replacement, and as 10% cement replacement. Also, in the
second mix, ground granulated blast furnace slag was used as supplementary

cementitious material (25%).

6.2.2 Mix Design

The details of the trial mix designs are presented in Table 6.1 below:

Table 6.1: Mix Designs for Trial concrete mixes (For 1 m3).

Materials Units Control Mix (25 MPa) FBA Mix
Portland cement kg 230 140
Fly ash kg 90 0
Slag kg 0 145
GFBA (as SCM) kg 0 35
20mm kg 660 620
10mm kg 280 270
Coarse sand kg 280 70
Fine Sand kg 590 620
FBA (as Sand) kg 0 190
Recycled water kg 180 200
Admixture (WR) 8875 L 1.1 1.1
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6.2.3 Test Matrix

Table 6.2 details the tests performed on the concrete prepared with both trial mixes.

Table 6.2: Test Matrix for Trial concrete mixes.

Tests Test Standard Specimen Volusme No. of | Test
(m°) samples| age
100 mm (top dia.)

Slump AS 1012.3.1:2014 | 200 mm (Bottom 0.005 - Fresh
dia.) 300 mm height

Slump 100 mm (top dia.)

retention test 200 mm (Bottom 0.005 - Fresh
dia.) 300 mm height

Density AS 1012.12.1-199g | 100 mm dia. and 200 i - |28 days

mm height

Compressive ) 100 mm dia. and 200 7 and

strength AS 1012.9:2014 mm height 0.009 6 28 days

Flexural AS 1012.11-2000 | 100 x 100 x 350 mm |  0.021 6 |28days

strength

Shrinkage test | AS 1012.13:2015 | 75 x 75 x 285 mm 0.005 3 3d;1;s6

6.2.4 Slump and Slump retention

Slump and slump retention were measured for fresh concrete mixes and the results are

presented in Fig.6.1. The guidelines followed were TEINSW QA Specification R53[111]

which specifies a slump value of between 80 — 120 mm for the concrete used in footpaths

(grade N32). The slump of both concrete mixes was close to 120 mm at the initial stage.

The slump retention was measured to ensure there was enough time for the placement of

concrete. The slump retention was measured for up to 60 minutes, and both concrete

mixes provided satisfactory results.
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Fig. 6.1: Slump and Slump retention.

6.2.5 Density

The densities of concrete mixes were measured at 7 and 28 days by measuring the mass
and volume of the cylinders cast for the compressive strength. The results are presented

in Fig. 6.2. The densities are within the range of normal concrete.
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Fig. 9.2: Density of Concrete Mixes.

6.2.6 Compressive strength

The compressive strengths of concrete mixes were measured at 7 and 28 days and
results are presented in Fig. 6.3. Three cylinders were tested, and the average is reported
here. The 7-day compressive strength of FBA concrete was significantly lower than the
control concrete mix. However, the strength gain subsequently was satisfactory and
higher than the 25 MPa mix, which was the design mix strength of both concrete mixes.
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Fig. 6.3: Compressive strength of Concrete Mixes.

6.2.7 Flexural Strength

The flexural strengths of concrete mixes were measured at 28 days and presented in Fig.
6.4. The flexural strength of FBA concrete was slightly lower than the flexural strength

of the control concrete mix but still satisfactory for the mix used for the footpath.
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Fig. 6.4: Flexural Strength of Concrete Mixes.

6.2.8 Shrinkage

Shrinkage measurements were taken at regular time intervals and results are presented in
Fig. 6.5. No specific requirements are specified for the footpath, but when compared to
specifications for pavements, the shrinkage values of both concrete mixes are well within

the specified limits.
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Fig. 6.5: Shrinkage Tests result of Concrete Mixes.
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6.3 Industrial trial application
The industrial trail application of eco-friendly concrete made with FBA as sand and

SCM was for a concrete footpath cast near Vales Point Power Station, Mannering Park. Details

of what occurred are discussed here.

6.3.1 Materials

The materials required to prepare concrete are listed below:
Ordinary Portland Cement

Fly ash

Slag

FBA

Coarse Aggregates

Fine Aggregates

Recycled water

Admixture (WR) 8875

© N kWD =

Materials other than FBA were supplied by Daracon. The concrete was mixed at the
Daracon concrete mixing plant (Cameron Park) and delivered to the Vales Point in transit
mixers. Two transit mixers, each containing 3 cubic metres of concrete were supplied. The FBA
used as sand replacement was provided by Delta Electricity and supplied directly to the
Daracon concrete batching plant. For the FBA required as SCM, the raw FBA was supplied to
University of Newcastle where the UON team oven dried and sieved the required amount of
FBA. Then the required amount of FBA was delivered to AMML (an outsourced facility for
grinding FBA) for grinding. The ground FBA (Volume weighted mean < 48 um, specific
surface area 2926 cm?/g) was then supplied to Daracon concrete batching plant for the
industrial trial application. In addition to the eco-friendly concrete, another batch of control

25MPa concrete was supplied and used to cast a separate footpath for comparison.

6.3.2 Mix Design

Table 6.3 details the mix designs for the concrete mixes without and with FBA as sand

and as SCM. The coarse aggregates of 20 mm were replaced with coarse aggregates of 10 mm
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size as per industry practices. The water added was also slightly higher compared to the
laboratory trial mix to compensate for the travel time from the concrete batching plant to the

construction site.

Table 6.3: Mix Designs for Industrial Applications.

Materials Units ﬁ‘;‘:)"(’égf‘i‘ 1(335) FBA Mix (For 1 m%)
Portland cement kg 230 140
Fly ash kg 90 0
Slag kg 0 145
GFBA (as SCM) kg 0 35
10mm kg 860 860
Coarse sand kg 260 70
Fine Sand kg 620 620
FBA (as Sand) kg 0 190
Recycled water kg 195 222
Admixture (WR) 8875 L 1.1 1.1

6.3.3 Scope of the Application

Two footpaths were cast based on two different concrete mixes. One control mix was
manufactured without any FBA and the other was manufactured using FBA as 25% sand
replacement and 10% cement replacement. The control footpath section measured 6 m in
length, 100 mm in depth, and 1 m in width. In comparison, the FBA footpath section measured
10 m in length, 100 mm in depth, and 1 m in width. The footpaths are located in Tom Barney

oval near Delta Electricity’s Vales Point Power Station, Mannering Park (Fig. 6.6).
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Fig. 6.6: Overhead View of the Site.

6.3.4 Test Matrix/samples for laboratory testing

The slump tests were conducted before the concrete was placed. Pouring concrete and
preparation of samples were at the same time. A portable electric vibrator was used to compact
the concrete samples. The next day the samples were transferred to the UON civil laboratory
and demoulded. The samples were cured in curing room for the required duration. Table 6.4

shows the test matrix for concrete mixes from Industrial applications

Table 6.4: Test Matrix for Concrete mixes from Industrial applications.

Tests Test Standard Specimen V01u3me No.of | Test
(m°) samples| age
100 mm (top dia.)
Slump AS 1012.3.1:2014 | 200 mm (Bottom 0.005 - Fresh
dia.) 300 mm height
Density AS 1012.12.1-199g | 100 mm dia. and 200 - - | 28 days
mm height
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‘ _ 7,28
Compressive AS 1012.9:2014 100 mm d1a.. and 200 0.009 6 and 56
strength mm height

days
Flexural AS 1012.11-2000 | 100 x 100 x 350 mm | 0.021 6 |28 days
strength
Shrinkage test | AS 1012.13:2015 | 75x 75 x 285 mm 0.005 3 3dz-1;s6

6.3.5 Observations on batching/placing

The site was well-prepared for the trial application. Excavation was completed properly, and
formwork was installed appropriately. Reinforcement was provided according to standards.
The first mix was a control mix prepared with ordinary Portland cement at the concrete
batching plant. The second mix was an FBA concrete mix, using 25% FBA as sand
replacement, 10% FBA as SCM, and 25% slag as SCM. The distance travelled from plant to
site was around 45 km which took around 40 minutes. Both mixes had good consistency and
workability, and the workmanship was commendable. Joints were properly placed, and
compaction was done using a portable electric vibrator. The contractor completed the work in
a very professional manner. The observations during the placement/checklists of each concrete

mix are provided in appendixes.
6.3.6 Trial application images

The following photographs (Fig. 6.7-6.12) were taken on the day of the trail mix

application.
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Fig. 6.8: Slump of Control Concrete Mix.
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Fig. 6.10: Colour differences of Two mixes (FBA darker).
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Fig. 6.12: Samples prepared for Lab testing.

6.3.7 Test results

The tests performed at the batching plant include slump and air content tests. An
additional slump test was performed on site prior to the placing of concrete. For other tests like
compressive, flexural and shrinkage the samples were prepared and tested at the required ages
at Civil Lab of The University of Newcastle. The results are presented below:

6.3.7.1 Slump and void content
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The results are presented in Fig. 6.13. The slump for the control concrete at batching
plant was 120 mm and at site slump for control concrete was 160 mm. The slump for FBA
concrete at the batching plant was 110 mm and at site slump for FBA concrete was 88.5 mm.
The slump for control concrete increased while for FBA concrete it decreased on site.

The air content test was performed at the batching plant. The slump for FBA concrete decreased
because of the water absorption tendency of FBA.The air content for the control concrete was
2.6 % and for FBA concrete the air content was 2.8 %. FBA has been reported to reduce
concrete workability due to its porous structure, which absorbs free water from the mix.
Additionally, its irregular shape, rough surface texture, and, when ground, ultra-fine particle
size further contributes to decreased workability [5,29,65]. The air content for both concrete
mixes is nearly similar showing that the replacement of sand and cement with FBA does not

present any challenge in terms of air content in concrete.
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Fig. 6.13: Slump and Air Content.

6.3.7.2 Compressive Strength

The compressive strength tests were performed on samples cast on site and the results
are presented in Fig. 6.14. The 7- and 28-days compressive strength of control concrete was
20.8 MPa and 33.4 MPa, respectively. The 7- and 28-days compressive strength of FBA
concrete was 13.1 MPa and 31.3 MPa, respectively. The early strength of FBA concrete was

quite low, but this aligns with expectations as early age strength depends upon the pozzolanic
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activity of the materials. The compressive strength of the concrete reduced slightly which could
be attributed to the lower density and higher porosity of FBA compared to natural sand [112].
The strength gain for FBA concrete at 28 days was satisfactory. The requirement of
compressive strength for footpath as per TEINSW specifications is around 25 MPa, so, both
concrete mixes utilized here showed higher compressive strength than required. The 28-day
compressive strength of FBA concrete was comparable to control concrete. This shows the
potential of replacing sand and SCM in concrete to promote the circular economy. The 56-days
compressive strengths were 37.7 MPa and 34.5 MPa for control concrete and FBA concrete,
respectively. The major strength gain occurs by 28 days, and from then on, both concretes
develop strength at a similar rate, with control concrete consistently showing slightly higher

values.
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Fig. 6.14: Compressive Strength of concrete.

6.3.7.3 Density
The densities of both the control and FBA concrete at 28 days are presented in Fig.
6,15. The density of control concrete was around 2236 kg/m? while the FBA concrete showed

a marginally higher density of around 2244 kg/m>. Both concrete mixes lie within the range of

89|Page



normal weight concrete. Replacing natural aggregates with FBA leads to a reduction in

concrete density because the FBA has a lower density than the natural ones [113].

2400

H Control Concrete FBA Concrete

I

2200

2000 A

—_
]
S
(e
Il

Density (kg/m?)
o
S
S

1400 -

1200 -

1000 -

Mix label

Fig. 6.15: Density of concrete.
6.3.7.4 Flexural Strength
The flexural strengths of control and FBA concrete are presented in Fig. 6.16. The flexural
strength of control concrete and FBA concrete were 4.02 MPa and 3.74 MPa, respectively. The
FBA concrete yielded a slightly lower flexural strength compared to control concrete. The
internal structure of FBA has pores which comprise of spherical particles. These weaken the
cement paste , thus affecting the flexural strength of concrete [105]. There is no stringent

requirement for flexural strength for footpaths in TEINSW specifications.
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Fig. 6.16: Flexural Strength of concrete.
6.3.7.5 Shrinkage

Shrinkage was measured at different time intervals for both control and FBA concrete
and the results are presented in Fig. 6.17. At 3 days, the shrinkage of FBA concrete was lower
than that of control concrete. This may be attributed to the higher water absorption capacity of
FBA compared to normal sand. Later the FBA concrete showed higher shrinkage compared to
control concrete but the difference of both concrete mixes is not significant.

At 21 days, the shrinkage values of control and FBA concrete are 397 and 418 e,
respectively. The increased quantity of porous FBA particles in the concrete contributed to a
gradual release of moisture during the drying process [1]. The values are significantly lower
than those specified in TINSW R83 which conclude that the shrinkage of mixes containing
GGBFS should be lower than 580 " ue at 21 days and for other concrete mixes 450 pg at 21
days. Therefore, both concrete mixes yield significantly lower shrinkage values compared to
values mentioned in the specification. The shrinkage strain at 56-days was quite high compared
to previous laboratory trial mixes. But this was expected as higher water/cement ratios were
used for the trial . However, the values are still within the limits specified in TEINSW R83. The

values for both concrete mixes, control and FBA, were slightly different.
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Fig. 6.17: Shrinkage (um/m?) of concrete.

6.3.8 Post casting observations

After two months a visual inspection of the footpaths was conducted (Fig. 6.18). Some
dusting marks were observed on the footpath made with FBA concrete . This may be related to
rainfall after the concrete was poured, which can introduce excess moisture to the surface. This
extra water can weaken the bond between the surface layer and the rest of the concrete. As the
concrete cures, the surface may become soft and powdery, leading to dusting. This is
particularly true for concrete mixtures containing FBA due to its porous nature. FBA absorbs
more water compared to traditional aggregates, which can result in excess water retention. This
can weaken the surface layer, making it more prone to damage and dusting as it dries or cures
improperly. Adequate curing is essential to prevent rapid drying and surface weakness in FBA

concrete.
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Fig. 6.18: Dusting on FBA concrete (after two months).

Fig. 6.19 and 6.20 showed another inspection conducted on 20 September after seven
months. It showed positive results for the FBA concrete footpath, particularly in terms of
overall durability and performance. The footpath made with FBA concrete showed no signs of
significant surface wear, cracking, or scaling, indicating that the concrete is holding up well
under typical environmental conditions. The absence of surface distress such as discolouration,
spalling, delamination, or joint deterioration suggests that the concrete's structural integrity is
intact. This is particularly noteworthy for FBA concrete, which often faces challenges related

to moisture retention due to its porous nature.

Fig. 6.19: FBA concrete (Left) and Control concrete (Right).
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Fig. 6.20: FBA concrete pavement.

6.3.9 Comparison and Recommendations

The results are summarized in Table 6.5. They include laboratory trail mixes prior to
the test application, and results for the concrete mixes used in the industrial application. For
each stage, two concrete mixes, control and FBA, were utilizing for comparison. The
parameters obtained showed satisfactory performance for the FBA concrete utilized for
footpath construction. These results indicate the suitability of using FBA as sand and SCM
replacements in concrete to be utilized for footpath applications. A slight variation between
compressive strengths at the batching plant and in the laboratory was observed. These

variations reduced the 56-days compressive strengths.
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Table 6.5: Comparison of Results.

Description Trial Mix (UON | Industry Application Mixes
Lab) At batching plant (UON Lab)
Control | FBA Control FBA Control FBA
Concrete | concrete | Concrete concrete Concrete concrete
Slump (mm) 120 125 125 110 - -
Air Content (%) - - 2.6 2.8 - -
Compressive Strength (MPa)
7 days 21.5 13.2 20.0 13.5 20.8 13.1
28 days 29.8 27.6 35.5 26.5 334 31.2
56 days - - 39.0 32.5 37.7 34.5
Flexural Strength | 4.56 4.14 - - 4.02 3.74
(28 days) (MPa)
Density (kg/m®) (7 | 2278.76 | 2244.11 | 2270 2150 2236.71 2244 .82
Days)
Shrinkage (21 | 235 291 - - 397 418
days)

6.4 Summary

This chapter summarizes the use of FBA concrete used in a real industrial application.
Initially, the FBA concrete was manufactured at the UON Laboratory utilizing the materials
provided by Daracon. Two concrete mixes, control and FBA concrete were produced, and
various tests were conducted to assess the performance of FBA concrete compared to control
concrete. Later, similar concrete mixes were utilized to cast a footpath. Similar tests were
performed on the concrete mixes and significantly similar results were obtained. The

performance of FBA concrete was found to be satisfactory.
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CHAPTER 7: LIFE CYCLE ASSESSMENT

7.1 Introduction

The objective of this chapter is to evaluate and contrast the environmental impact of
FBA concrete prepared using FBA as SCM and as sand replacement compared with
conventional concrete using a cradle-to-gate LCA approach. The cradle-to-gate system
boundary is presented in Fig. 7.1. The parameters considered simulate actual conditions. The
life cycle after the manufacture of concrete has not been included as this would be similar for
both control and FBA concrete. The preparation and transportation of materials to the concrete
batching plant has been considered. The Eco invent database was used to produce the LCA
using Sima Pro. The method used was ReCiPe 2016 Midpoint (H). For materials like cement,
sand etc built in/available processes were implemented. For FBA, additional energy

consumption required for sieving, drying and grinding were included.

Processing/
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Fig. 7.1: Cradle to gate system boundary (dotted lines).
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7.2 Functional Unit

In Life Cycle Assessment (LCA), a functional unit is a quantified description of the
performance of a product system, serving as the reference point for all impact calculations. It
ensures that comparisons between different products or systems are based on equivalent
functional performance. For this study, the manufacture of 1 m® of concrete was set as the
functional unit. The materials required for the manufacture of 1 m?® of concrete were used as
input to the system. In addition, the processes required to prepare the required material like
ground FBA were also considered. The required volume of concrete is the most adopted

functional unit for the LCA of concrete.

7.3 Input Parameters

The mix proportions used in the LCA are presented in Table 7.1. CRO is for concrete
without FBA, CR2S5 is for concrete with 25% FBA as sand replacement, and other IDs refer to
separate (Sep) or co-grinding (Co) of FBA with slag with replacement levels from 10-30%

with interval of 10%.

Table 7.1: Mix Proportions for 1 m? of concrete (kg/m?).

Binder components | Coarse aggregates Fine aggregate
Mix ID |Cement GGBS | GFBA | 20 mm | 10 mm | " %€ | €%4¢| £pA | Water | SP°
sand | sand
CRO 435 0 0 690 280 380 | 380 0 174.0 | 1.7
CR25 435 0 0 690 280 285 | 285 190 | 196.8 | 2.7

Sep-GF10 | 281.5 | 110 | 43.5 690 280 285 285 190 | 196.8 | 2.7

Sep-GF20 | 238 110 87 690 280 285 285 190 | 196.8 | 2.7

Sep-GF30 | 194.5 | 110 | 130.5 690 280 285 285 190 | 196.8 | 2.7

Co-GF10 | 281.5 | 110 | 43.5 690 280 285 | 285 190 | 196.8 | 2.7

Co-GF20 | 238 110 87 690 280 285 285 190 | 196.8 | 2.7

Co-GF30 | 194.5 | 110 | 130.5 690 280 285 285 190 | 196.8 | 2.7

* Superplasticizer quantity in (L/m?)

7.3.1 Parameters for manual calculations

For the manual calculations, the parameters used were decided based on literature. The

equations used are as follows.
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The following equation was adopted to determine the electricity energy (£i) consumed

throughout the treatment process for FBA, slag and crushing aggregates

— -

(Ei)=Y . . mi[(Prxt)+(MPixt)+ (Pcxt)]

Where mi = mass of component (kg per m?),
Pr=Power rating of oven (kW/kg),

Mpi = Grinding machine Power (kW/kg),

Pc = Power rating of crushing machine (kW/kg),
t = time of process (h)

The direct energy consumption was evaluated using the following equation:
E,= Y mi[(di x Di x k1i x Fi) + (Ei x k2i)]

Where mi = mass of component (kg per m?),

di = travelling distance (km),

Di = diesel consumption (litre/km),

k1i = Energy consumption for 1litre diesel (GJ),
Fi=Volume fraction of delivered material per truck volume,
Ei = total electricity consumption (GJ/kg),

k2i = Energy consumption for 1 litre diesel per 1 kg delivered material (GJ/1.km).

The total equivalent CO> emitted from the production, processing, and transportation

of materials for producing 1 m* was calculated using the following equation:

Total CO; emission = animi[(di X Di X k3i X Fi) + (Ei X k4i)]

k
Where mi = mass of component (kg per m3),

di = travelling distance (km),

Di = diesel consumption (litre/km),

k31 = CO, emission factor for 1litre diesel per 1 kg delivered material (kg/l.kg),

Fi = Volume fraction of delivered material per truck volume,
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Ei = Electricity consumption for material production (Gj/kg),

k4i =CO, emission factor for 1 kwh electricity (kg/GJ).

The total estimated cost of the production, processing, and transportation of materials

for producing 1 m?® was calculated using the following equation:

Total estimated Cost = Z::imi[(di X Dpi X Fi) + Ti + (Ei X EPi)]

mi = mass of material (kg per m3),

di = travelling distance (km),

Dpi = Transport charge (AUD/kg.Km),

Fi = Volume fraction of delivered material per truck volume,

Ti = purchasing price of material (AUD/kg),

Ei = total electricity consumption of material production (Gj/kg)

Epi = Electricity Cost for material production (AUD/kWh)
The required input values for manual calculations are listed in Table 7.2.

Table 7.2: Input parameters for manual calculations.

Factor Symbol Unit Value Ref.
Grinding machine capacity Mei kg 2 Laboratory
Grinding time t hour 0.5 Laboratory
Grinding machine Power Mpi watt 750 Laboratory
Power rating of oven Pr watt 2100 Laboratory
Oven Capacity Cp m3 1.6 Laboratory
Time of oven drying t hour 24 Laboratory
Power consumption per m? Ps kWh/m? 0.0142 [114]
Traveling distance di Km 20 /
Diesel Consumption Di L/km 0.09 [114]
Energy consumption for 1L k1 Gj/L.km 0.0384 [114]
diesel per 1 kg delivered

material

Energy consumption for Ep GlJ/ton 3.796 to [115][116]
Portland cement 5.196

Energy consumption for 1 k2 GJ 0.0036 [114]
kwh electricity

CO2 emission factor for 1L k3 kg/L.kg 2.7 [116]
diesel per 1 kg delivered

material

CO2 emission factor for 1 k4 kg/GJ 202 [117]
kwh electricity
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Truck volume v m3 50 assumed
Cement Porc (kg/m3) 1450 Laboratory
FBA density PFBA (kg/m3) 1200 Laboratory
GGBFS density PGGBFS (kg/m3) 1450 Laboratory
Combination of GGBS and Pco (kg/m3) 1325 Laboratory
FBA density
Coarse aggregate density Pc (kg/m3) 1600 Laboratory
Fine aggregate density PF (kg/m3) 1600 Laboratory
Transport charge Dpi AUD/m 1.31 https://www.boral.com.au/concrete-
3 service-fees
Electricity Cost Epi AUD/M 157 [118]
Wh
Cement Topc AUD/20 9.25 eBay
kg bag
Raw FBA price TrgA AUD/to / Waste
n
GGBEFS price TceBES AUD/to / Waste
n
Coarse aggregate price Tc AUD/to Around M.J. Rowles Building & Landscape
n 65 Supplies website
Fine aggregate price Tr AUD/to | Around M.J. Rowles Building & Landscape
n 75 Supplies website
Superplasticizer Tsop AUD/L 2 [119]

7.3.2 Input parameters in software

For the Sima Pro LCA, the baseline calculations used the same data as the manual

calculations in Table 7.2. The data in Table 7.2 are based on the laboratory equipment available

for the analysis. Additionally, a sensitivity analysis was conducted based on the different power

and capacities of ball mills available at an industrial scale. The main variables include the

specifications of the equipment used for grinding and the travel distance required for various

materials. For the baseline scenario, the parameters of laboratory equipment were used, and the

travel distance was considered as grinding of FBA at the university.

7.3.3 Life cycle impact analysis

The life cycle impact analysis in Sima Pro was performed using ReCiPe 2016 Midpoint

(H) method. The impact categories discussed are presented in Table 7.3.
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Table 7.3: Impact categories for LCA in Sima Pro.

Impact Categories Units
Global warming kg CO2Eq
Particulate Matter kg PM2.5 Eq

Photochemical Ozone Formation | kg NOx Eq

Water Consumption m?

7.4 Results and Interpretations

The results below are presented for both manual and software calculations.

7.4.1 Results from manual calculations

The results obtained from manual calculations for carbon emissions, energy
consumption, and costs are presented in Fig. 7.2 to7.4. These show that the use of FBA as sand
replacement had no significant impact on the overall carbon emissions of 1 m? of concrete. The
carbon emissions and energy consumption were higher for concrete having FBA as sand
replacement only. On the other hand, the use of FBA as SCM significantly reduced the carbon
emissions and energy consumption compared to the control concrete. This was expected as the
major contributor to carbon emissions from concrete is cement and replacing it with FBA and
slag lowered the carbon emissions. Unit travel distances were considered to simplify the

calculations.

The concrete mixes prepared by separate grinding of FBA and slag showed slightly
lower emissions and energy consumptions. The capacity of the ball mill meant that it had to

run for more time
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than for the co-ground material. This produced higher emissions and consumed more
energy compared to separate grinding. Also, in the cost calculations, by-products like FBA and
slag were considered free of charge. The use of FBA as 25% of sand replacement increased
carbon emissions by around 3% compared to the control concrete. The carbon emissions from
co-ground mixes was reduced by around 24%, 32% and 39% for Co-GF10, Co-GF20 and Co-
GF30, respectively (Refer Fig. 7.2: Co-GF10, CoGF20 and CoGF30). Similarly, for separately
ground mixes, the carbon emissions were reduced by around 27%, 35% and 43% for Sep-
GF10, SepGF20 and SepGF30 (Refer Fig. 7.2: Sep-GF10, Sep-GF20 and Sep-GF30). In

conclusion, the use of FBA as SCM could help to reduce carbon emissions.
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Fig. 7.2: Carbon emissions from manual calculations.
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Fig. 7.3: Energy consumption from manual calculations.

Energy consumption was reduced when FBA was used as sand and as SCM (Fig. 7.3).
This was around 2% for concrete having FBA as 25% sand replacement and around 26%, 33%
and 39% for co-ground mixes with 10%, 20% and 30%, respectively FBA as SCM. The
reduction in energy consumption was around 27%, 34% and 40% for separately ground mixes

with 10%, 20% and 30%, respectively FBA as SCM.
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Fig. 7.4: Costs from manual calculations.

Fig. 7.4 shows the cost estimate for ecofriendly concrete with FBA. The cost reduction
for concrete with FBA as 25% sand replacement is about 2% compared to the control mix. The
cost reduction is around 22%, 28% and 34% for co-ground mixes with 10%, 20% and 30%,

respectively, FBA as SCM. The cost reduction is around 23%, 29% and 35% for separately

ground mixes with 10%, 20% and 30%, respectively, FBA as SCM.

Table 7.4: Transportation Distances.

. Existing Transport Matching Transportation
Material Distance (knll)) Disance (lfm)

Cement 21 21

GFBA 61 21

GGBFS 24 21

Avg. (GFBA+GGBFS) 42.5 21

Coarse Aggregates 40 40

Crushed Fine 15 15
Aggregates

Fine Sand 15 15

Raw FBA 50 15

Superplasticizer 9 9
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The manually calculated carbon emissions including for the transportation distances are
presented in Fig. 7.5. The transportation distances are shown in Table 7.4. These distances
significantly increased the carbon footprint of each concrete mix. Also, there were differences
for FBA concrete based on travel distances from Vales Point power station to the University of
Newecastle for processing of FBA and then from University to the concrete batching plant in
Cameron Park. These significantly added to the carbon emissions for FBA concrete mixes.
Another set of calculations was conducted to include transportation for ground FBA as cement,
and transportation for raw FBA similar to fine aggregates (Table 7.4). The results (Fig. 7.6) for

this case showed slight reduction in carbon emissions for FBA concrete mixes.
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Fig. 7.5: Carbon emissions from manual calculations (including existing Transportation
distances).
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Fig. 7.6: Carbon emissions from manual calculations (including similar Transportation
distances).

A sensitivity analysis was performed for the carbon emissions of ground FBA used for

different concrete mixes produced considering variable transportation distances with respect to

the amount . The results are presented in Table 7.5. These show that a slight increase in carbon

emissions when the travel distance is increased. Overall carbon emissions are still lower than

the control concrete mix.

Table 7.5: Sensitivity Analysis based on Transportation Distances for GFBA carbon.

emissions (kg CO2)

Concrete Mix ID CR0O | CR25 | Co- Co- Co- | Sep- | Sep- Sep-

GF10 | GF20 | GF30 | GF10 | GF20 | GF30

Required amount of 0 0 43.5 | 87.5 | 130.5 | 43.5 87 130.5
GFBA (k)

10/510.07 | 523.70 | 403.34 | 370.37 | 337.90 | 387.92 | 354.23 | 320.95

20(510.07 | 523.70 | 403.77 | 371.08 | 338.96 | 388.00 | 354.53 | 321.64

Transportation [30['510.07 | 523.70 | 404.20 | 371.79 | 340.02 | 388.07 | 354.84 | 322.33

Distance (km) 1361570 07 [523.70 | 404.63 | 372.50 | 341.08 | 388.15 | 355.15 | 323.02

50(510.07 | 523.70 | 405.06 | 373.21 | 342.14 | 388.22 | 355.45 | 323.71

60| 510.07 | 523.70 [ 405.50 | 373.92 | 343.20 | 388.30 | 355.76 | 324.40

70[510.07 | 523.70 [ 405.93 | 374.64 | 344.26 | 38838 | 356.07 | 325.092
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A comparison of carbon emissions of different f compressive strengths of 1 m? concrete
was made . The results are presented in Table 7.6. The carbon emissions per MPa for FBA
concrete mixes are significantly lower than the per MPa carbon emissions for the control

concrete mix.

Table 7.6: Carbon Emissions per MPa of concrete.

Mix ID kg CO/m3 for |\ (). /m3. MPa
each mix
CRO 510.07 10.50
CR25 523.70 9.90
Co-GF10 405.54 7.49
CoGF20 373.99 6.95
Co-GF30 34331 721
Sep-GF10 388.31 7.93
Sep-GF20 355.79 7.64

7.4.2 Results from Sima Pro

The ReCiPe method was used to quantify the carbon emissions for each mix. The
primary results were obtained using input data similar to the manual calculations as a baseline
. For software calculations, only control and separate grinding mixes were considered. The
LCA results for major impact categories are presented in Fig. 7.7. It can be inferred that the use
of FBA as SCM and as sand replacement reduced the potential global warming, fine particulate
matter formation and ozone formation. However, freshwater and marine eutrophication
increased due to electricity use. Water consumption was slightly lower than the control mixes

but increased in line with the amount of FBA in the concrete mixes.
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Fig. 7.7: LCA impact categories results for concrete mixes; Method: ReCiPe 2016 Midpoint
(H) V1.09 / World (2010) H / Characterization.

Carbon emissions calculations obtained from Sima Pro for different scenarios warrant
further discussion. The results for baseline cases are shown in Fig. 7.8. They trend in a similar
manner to manual calculations, but the values are more realistic compared to manual
calculations. Cement manufacturing emits 0.9 kg of CO2 per 1.0 kg of cement production [120].
Therefore, mixes having 435 kg cement yielded around 404 kg CO». It is to be noted that the
use of FBA as sand replacement has not made any significant difference in reducing carbon
emissions as the carbon emissions for sand were insignificant. However, the use of FBA as

SCM results in a pronounced reduction in carbon emissions.
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Fig. 7.8: Carbon emissions from Sima Pro (baseline case).
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Fig. 7.9: Carbon emissions from Sima Pro (Variable parameters for Grinding).
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A comparison was established between different ball mills with variable capacities and
the results of carbon emissions from software are presented in Fig. 7.9. In addition, the results
were produced for use of high and low voltage electricity as per ball mill manufacturers
specifications are shown. It can be seen that there is no significant difference between carbon
emissions using these variables. The reason is that the power of high-capacity ball mills is
significantly higher than lower capacity ball mills [121]. Also, high voltage electricity has

higher efficiency (i-e lower losses) compared to low voltage electricity.

A grinding scenario was assumed based on the data available from a recognized mining
equipment provider’s website (Metso). The specifications assumed are based on the lowest
industrial model available with a capacity of over 200 kg, and power around 2.2 kW. The
carbon emissions using this ball mill for 1 hour to obtain the required size of the ground FBA
was considered. These emissions are presented in Fig. 7.10. It was observed that the use of an
industrial ball mill further reduced the carbon emissions for the FBA concrete mixes. A high-
capacity ball mill can produce higher amounts of ground FBA compared to laboratory ball
mills. Conversely, the high-power slightly offsets the difference. Although the difference is
minimal for 1 cubic metre of concrete, it could be pronounced when implemented at a larger

scale.
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Fig. 7.10: Carbon emissions from Sima pro (using industrial scale grinding/ball mill
parameters).
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The transportation of raw materials from source to concrete batching plant is another
significant factor for carbon emissions. The carbon emissions for transportation distances for
each concrete mix are presented in Fig. 7.11. These show that the overall carbon emissions of
concrete mixes with FBA are still lower than the control concrete, but distances increased the
carbon emissions by around 60%, 71% and 83% for F10, F20 and F30 concrete mixes
respectively. It is to be noted that existing transportation distances added 32% and 40% carbon
emissions for CRO and CR25 concrete mixes, respectively. Another hypothetical case study
was conducted which includes similar distances for ground FBA as cement, and for raw FBA
as fine sand. These results are presented in Fig. 7.12. IThe reduction in transportation distances
(Table 7.4, Column 3) reduced 6% carbon emissions from FBA concrete mixes compared to

the control concrete mix.
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Fig. 7.11: Carbon emissions from Sima pro (using existing transportation distances).
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Fig. 7.12: Carbon emissions from Sima pro (using similar transportation distances).

7.5 Discussion and Recommendations

The use of FBA as a supplementary cementitious material (SCM) and as a sand
replacement reduced the carbon emissions, energy consumption, and cost of producing 1 cubic
metre of concrete compared to control concrete. Carbon emissions were reduced by 23%, 26%,
and 29% for concrete containing 10%, 20%, and 30% FBA, respectively. These reductions
were consistent across both manual and software calculations. Using FBA as a 25% sand
replacement did not affect carbon emissions according to software calculations but showed a
6% increase. This increase is likely due to the additional carbon emissions associated with the
oven drying and sieving processes required for preparing FBA as a sand replacement. Similarly,
although grinding FBA contributed noticeably to carbon emissions, these emissions were still
lower than those from cement manufacturing. Moreover, using renewable energy sources such
as wind or solar power for grinding could further reduce the carbon footprint of concrete

containing FBA as an SCM.
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Fig. 7.13: Compressive Strength of Concrete Mixes.

The compressive strengths of concrete mixes are presented in Fig. 7.13. The mix with
10% FBA as SCM and 25% FBA as sand replacement yielded the highest compressive
strengths of around 54 MPa. This is 11% higher than the compressive strength of the control
concrete. Thus, FBA concrete mixes with 10% FBA as SCM could yield higher compressive
strengths and lower carbon emissions. In future, the processing of FBA at/near power stations
or alternate FBA sources could further reduce carbon emissions especially for transport . The
replacement of cement with industrial by-products always provides benefit in terms of carbon
emissions and strength. Similar results were reported by Xing et al. [122] who noted that the

replacement of cement imposed significant differences on the carbon footprint of concrete.

7.6 Summary

In this chapter, the LCAs of concrete without and with FBA have been presented. The
scope of the LCA was to prepare raw materials to manufacture concrete at a batching plant.
The functional unit for LCA was defined as 1 cubic metre of concrete. Two methods, manual
and using specialist software, were adopted. The quantity of required materials was based on
previous research within the scope of this project. The results showed that the replacement of

cement with FBA significantly reduced carbon emissions and could be used for practical

applications.
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CHAPTER 8: CHALLENGES AND FUTURE TRENDS

8.1 Introduction

This chapter explores the opportunities and challenges of using FBA as a sand or
cement replacement in concrete. Utilizing FBA in concrete production offers significant
financial and environmental benefits, such as reduced costs, lower carbon emissions, and better
waste management. However, there are obstacles to its industrial-scale adoption, including the
preparation of suitable FBA and the lack of standards and guidelines. This chapter discusses
these opportunities and challenges in detail and outlines prospects for eco-friendly concrete

manufacturing.

8.2 Opportunities and challenges
8.2.1 Opportunities

The use of FBA in concrete manufacturing holds significant potential to enhance
sustainability and quality within the construction industry. The key benefits can be categorized

into environmental, financial, and research innovation aspects, which are detailed below.

8.2.2 Environmental Sustainability

The use of FBA has significant potential to reduce the reliance on virgin resources and
minimize landfill waste. Replacing natural sand with recycled materials, such as FBA, offers
key environmental benefits, including the conservation of natural resources and more efficient
landfill management. The impact of this substitution becomes even more pronounced when
both aggregates and cement are replaced with FBA or other recycled products. According to
Navaratnam et al. [15], FBA demonstrates superior environmental feasibility by mitigating the
depletion of natural resources. Incorporating recycled industrial products like FBA into
concrete production supports circular economy initiatives by transforming industrial waste into
valuable materials [123]. This approach not only reduces resource consumption but also
enhances the sustainability of the construction industry, ensuring a more resource-efficient

economy in the long term.

8.2.2.1  Decarbonisation and Climate Goals
The use of FBA could play a crucial role in decarbonizing the construction sector.

Several studies [18,124—126] have reported that replacing 10-30% of cement with

supplementary cementitious materials (SCM) could reduce 8-20 % embodied carbon for one
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cubic metre of concrete. Similarly, replacing 25-50% natural sand with recycled aggregates
could reduce 10-60% carbon emissions [127-129]. A few studies [16,17,130,131] have
reported similar findings related to the use of FBA as SCM, stating that 20-40% replacement
of cement with FBA could reduce up to 36% of carbon emissions. This could significantly
reduce the carbon emissions from construction materials and for infrastructure projects. In this
project, the FBA replaced 25% of natural sand and 10% of cement without compromising on
the properties of concrete. This replacement reduced the embodied carbon emissions up to
30% compared to control concrete as calculated in DEL-110 [132] of this project, also

presented in Fig. 8.1 below:
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Fig. 8.1: Carbon emissions.

8.2.2.2  Performance Advantage
The use of FBA as a SCM in a blend containing three materials enhance both the

pozzolanic reactivity and the physical properties of concrete, resulting in improved overall
performance [133]. Jaturapitakkul et al. [54] reported enhanced compressive strength at a later
age using ground FBA as SCM. Fediuk et al. [134] replaced 45% of cement with FBA and
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used basalt fibres to enhance the properties of concrete and reported significant improvements
in mechanical properties. Bang et al.[135] prepared engineered cementitious composites using
FBA as fine aggregate replacement and recorded relatively higher tensile strengths compared
to control concrete. Singh et al.[29] summarized several research studies related to the use of
FBA in cementitious composites and concluded that FBA has significant potential to be utilized

1n construction sector.

8.2.2.3  Economic Efficiency
The use of FBA as sand and/or cement replacement could lower the cost of concrete

compared to conventional concrete. Abdulmatin et al. [19] reported that the use of FBA as SCM
could potentially reduce costs by 15 USD/m? for concrete production. Similarly,
Chowdhury et al. [137] concluded there were significant reductions in cost when FBA was
used as sand in concrete. The major reasons of cost reduction include avoiding the costs
associated with landfill and land management of ash ponds. FBA concrete has better
sustainability ratings as it aligns with United Nations sustainability goals especially 9, 12 and
13 [11]. This would further attract government funding opportunities to encourage the use of
FBA in the manufacturing of eco-friendly concrete. The government’s sustainability and
climate change goals associated with the use of recycled materials would help to establish
modern methods and technologies to incorporate the use of FBA in the construction sector
[138]. Furthermore, the use of recycled materials like FBA would increase the demand for
sustainable construction materials for residential, commercial, and infrastructure projects and
would also provide better green star ratings of NABERS and / or other associated organizations

[139]. This also has the potential to create jobs at national and international levels.

8.2.2.4  Resource Optimization
The use of FBA in concrete production offers a practical solution to the challenge of

coal ash disposal, while simultaneously promoting the conservation of natural resources. By
replacing a portion of cement with FBA, this approach helps reduce the carbon dioxide
emissions associated with cement production, contributing to a more sustainable and eco-
friendly construction industry [131]. Additionally, it supports the recycling of industrial waste

and reduces the requirement for the new extraction sites of construction materials.

8.2.3 Possibilities in Australia
In Australia, significant amount of FBA exists and more will be generated prior to the

closure of coal fired power plants. Various government and private organizations are working
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to promote the circular economy and taking steps to inform the construction sector about

various opportunities of using low carbon concrete. A few notable initiatives are listed below:

8.2.3.1  Environmentally Sustainable Procurement (ESP) Policy
The Australian Government's ESP Policy leverages procurement practices to activate

circular markets, reduce waste, and ensure materials remain in the economy longer. This policy
encourages the use of recycled materials, including those in construction, to minimize

environmental impact [140].

8.2.3.2  ReMade in Australia Scheme
This initiative aims to increase the use and production of recycled materials within

Australia. By certifying products with a recognizable logo, the scheme helps consumers
identify products made with recycled content, promoting sustainable choices in the market

[141].

8.2.3.3  Circular Economy Initiatives

The Australian Government has introduced a Circular Economy Framework to boost
the reuse, repair, and recycling of materials, thereby reducing waste and environmental impact.
This framework supports the construction industry in adopting recycled materials, such as

concrete aggregates, to promote sustainability.

8.2.3.4  Net Zero Emissions by 2050
Australia's commitment to achieving net-zero emissions by 2050 includes strategies to

decarbonize various sectors, including construction. Research into low-emission technologies,
such as carbon capture, utilization, and storage (CCUS), is being explored to reduce emissions

from cement and lime industries [142].

8.2.3.5  Industry Ambitions
The Cement Concrete & Aggregates Australia (CCAA) has set an ambition to deliver

net-zero carbon concrete by 2050. This initiative aligns with national climate goals and
encourages the adoption of recycled materials and low-carbon technologies in concrete

production [143].

These policies and initiatives collectively demonstrate the Australian government's
intention to promoting sustainability and addressing climate change using recycled materials

in concrete and other construction practices.
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8.2.4 Challenges
The effective use of FBA faces several challenges for widespread adoption in the

construction sector. Some major challenges have been highlighted in this report.

8.2.4.1 Technical
The physical and chemical properties of FBA vary depending on the type of coal used,

burning temperature and collection methods. This variability could drastically affect the
performance of concrete especially for long term durability. In addition, FBA reclaimed from
ash dams may also differ in composition from to freshly produced FBA obtained directly from
coal power stations. Anthracite coal has the highest carbon content (86-97%), followed by
bituminous coal (40-80%). The specifications for coal grades are provided by ASTM.
Differences in coal types result in variations in alumina, silica, loss on ignition, and ferric oxide
levels in FBA [144]. The main components of FBA are SiO2 (2782 %), A1203 (2—-32 %),
and Fe203 (425 %). FBA also contains various other oxides, such as Na20 (0.05-7.78 %),
SO3 <3 %, MgO < 2%, K20 (0.34-5.34 %), Mn203 (0.06—1.27 %), TiO2 (0.3—6.57), and
P20s (0.07-1.27 %) [11]. The chemical compositions for FBA from different sources in

Australia are presented in Table 8.1.

The chemical composition of coal used in different industries is influenced by their
geological formations. In such circumstances, guidelines could be established based on the
chemical compositions of FBA sourced from different batches. Another characteristic of FBA
which could be problematic could be the higher water absorption tendency of FBA. Several
research studies [67,144,145] have reported higher water absorption of raw FBA or concrete
specimens made with FBA. This could be addressed by using additives, appropriate mix design
considerations and choice of aggregates. Furthermore, many studies [146—148] have reported
that the replacement of cement with FBA reduces compressive strength. This could be
mitigated by blending FBA with other effective pozzolanic SCM’s to overcome the reduction

in compressive strength [1].
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Table 6.1: Chemical Composition of FBA through XRF Analysis.

Composition Vales point | Eraring Port Tarong
(NSW) (NSW) Augusta (QLD) [150]
[149] [149] (SA) [150]
Silica (SiO2) 62.37 62.4 54.0 70.55
Alumina (A20O3) 15.10 19.9 25.0 26.00
Iron Oxide (Fe203) 9.30 8.93 4.0 0.63
Si02 + A,Os + FexOs3 86.77 91.23 81.0 97.18
Lime (CaO) 1.97 24 5.0 0.22
Potassium Oxide (K>0) 1.45 1.26 1.0 0.22
Titanium Oxide (TiOy) 0.58 0.82 2.0 1.43
Sulphur Trioxide (SO3) 0.17 0.03 0.0 0.07
Chloride (Cl) 0.10 0.01 - -
Loss on ignition (LOI) 5.61 0.98 2.0 1.44
8.2.4.2  Regulatorions and Standards

The major obstacle in the national or industrial adoption of FBA in concrete is that of
assuring quality and ensuring products meet Australian building codes, standards, and
certifications [151]. This obstacle could be overcome by systematic research with stakeholders
from government and the construction sector. Thorough guidelines based on research are
required to develop standards and specifications. In addition, t training and guidanc of staff is

required to ensure the quality of FBA to be used to manufacture eco-friendly concrete.

8.2.4.3  Economic

The use of FBA in concrete requires pre-treatment before incorporation in concrete or
cement composites. These treatments mostly involve drying, sieving and grinding of FBA to
required particle sizes [11,16]. The grinding of FBA prior to use as a replacement of cement
increases the compressive strength of mortar mixes [54]. Khan et al. [152] reported that ground
FBA showed improved resistance against acid and sulphate attacks. Capital investment is
needed to encourage the preparation and us of FBA on a national or mass scale. Such
preparation is needed to ensure uniform quality and properties. Preparation facilities could be
established at/or near power plants where FBA could be obtained directly from power plants
or ash dams. After preparation , storage presents additional challenges. FBA is prone to rates
of high water absorption so the prepared FBA must be stored to prevent this occurring. In
addition, the successful transition of FBA as a research topic to industry applications requires
awareness campaigns to ensure that stakeholders understand its benefits and implementation

strategies. This could be achieved by arranging workshops and seminars targeting stakeholders

from the construction sector.
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8.2.4.4  Logistics
Another challenge limiting the use of FBA in the construction sector is that of the

availability of the material as well as supply chain issues. This challenge could be easily
overcome by partnering with local suppliers of FBA/coal power plants. For instance, the Hunter
region of New South Wales, Australia could source FBA from Vales Point Power Station and
from Eraring Power Station. The current available quantities of FBA and the future supply
could be easily predicted by involving local suppliers and to support industry collaborations.
In addition, the storage and handling of FBA which would be a market-ready product would
also be a significant consideration. Standard procedures could be established at the processing

facilities especially for ground FBA to avoid water absorption and human health issues.

8.2.4.5 Market and Stakeholders’ acceptance
Market acceptance would only be possible through collaboration with all stakeholders,

including research representatives, FBA suppliers, FBA processers, concrete manufacturers,
concrete consumers and regulatory authorities. Educational campaigns and real-world
examples of the application of FBA as sand and as SCM in concrete would help develop the
confidence of manufacturers and consumers. In addition, the presence of regulatory authorities
like TINSW would boost acceptance of FBA products in the market. In this regard, the NSW
Government has taken the initiative to allow the use of low emissions products [153].
Furthermore, the implementation of legislation is underway to provide carbon emissions

certifications for procured materials.

8.3 Summary

This chapter has highlighted both the promise and the challenges of using FBA in
concrete. FBA offers many benefits, including reduced use of natural resources, lower carbon
emissions, and improved waste management. When used correctly, it can also enhance the
performance of concrete and lower construction costs. These advantages support Australia’s

broader goals for sustainability and a circular economy.

However, the use of FBA also presents several challenges. Its properties can vary
depending on how and where it is produced, which may affect concrete performance. The lack
of specific standards, guidelines, and quality-control processes also limits its wider adoption.
Economic factors, such as processing and storage needs, along with supply chain and market

acceptance issues, further slow progress.
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Despite these obstacles, ongoing research, industry collaboration, and strong
government initiatives show that FBA has significant potential as a sustainable construction
material. With appropriate standards, education, and investment, FBA can play an important

role in creating low-carbon, resource-efficient concrete for future infrastructure.
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CHAPTER 9: REGULATORY FRAMEWORK AND
APPLICABLE STANDARDS

9.1 Introduction

This chapter examines the key issues that influence the wider use of FBA in concrete,
with a particular focus on standardisation, regulations, and sustainability. Although FBA has
strong potential as a recycled material, its adoption depends on meeting strict technical
requirements, complying with Australian standards, and ensuring consistent performance. This
chapter examines the regulatory, standardisation, and sustainability considerations that govern
the use of furnace bottom ash (FBA) in concrete. It first evaluates the applicability of existing
Australian and international standards for FBA as a pozzolanic material and as a fine aggregate.
The chapter then reviews hazard classification frameworks, leaching criteria, and end-of-waste
pathways that determine whether FBA can be legally supplied as a construction material.
Following this regulatory and technical assessment, the chapter analyses sustainability aspects,
including economic implications, life-cycle assessment findings, carbon-footprint reductions,
and broader environmental trade-offs. Together, these elements provide a comprehensive
framework for assessing whether FBA can be safely, legally, and sustainably integrated into

concrete production..

9.2 Applicable Standards for use as pozzolanic materials in
concrete

In international practice, pozzolanic materials, especially FA, are regulated under
ASTM C618 in the United States [154] and AS/NZS 3582.1:2016 in Australia and New
Zealand [155]. These standards specify limits on loss on ignition, fineness, pozzolanic oxide
content and calcium content to ensure durability and lo 'ng-term performance. A recent study
on ground FBA noted that the sum of the primary pozzolanic oxides SiO>+Al:Os+Fe.0s in FBA
exceeds 70 wt%, reaching about 86.7 wt% [1,11]. The same study measured only 2.40 wt%
CaO in the ground FBA, well below the 5 wt% limit imposed by ASTM C618 and the 10 wt%
limit prescribed by AS/NZS 3582.1 [1].

These data (shown in Table 9.1) confirm that ground FBA behaves as a low-calcium
Type F pozzolan and can satisfy the chemical requirements of both American and Australasian

fly-ash standards when properly processed [19]. Fineness is equally important; the examined
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material achieved 100% passing the 45 pum sieve, exceeding the minimum 85% fineness
requirement for special-grade pozzolans. Comparable results have been reported in this project,
where the ground FBA exhibited a loss on ignition of about 3.7%, sulphate content below 1%
and strength index higher than 75% [11]. However, there is still some concern about chloride
content, where some samples showed higher than the maximum limit allowed in AS/NZS
3582.1 (Table 9.1). Collectively these values suggest that properly classified and milled FBA
can meet the chemical criteria defined in ASTM C618 and AS/NZS 3582.1 [11].

Table 9.1: Compatibility of FBA properties with FA limits in AS/NZS 3582.1 standards.

Criteria Special Grade 1 | Grade 2 From From this

Grade literature | study
Fineness (min. % 75% 55% 85% Various
passing 45 pm sieve) but can be

controlled
Loss on Ignition (LOIL, | 4.0% 6.0% 3.0% 3.70 4.802
max. %)
Moisture Content 0.5% 0.5% 0.5% 0.35-0.5 |/
(max. %)
Sulfate (as SOs) (max. | 3.0% 3.0% 3.0% 0.79 0.116
%)
Chloride Ion (max. %) | 0.10% 0.10% 0.10% / 0.26
Strength Index (min. >75% >105% — (no 85—-102 116 —83.9
% of control mortar) (required) | (required) | requirement
specified)
Minimum Sum of SiO: | >70% >70% >70% 82.47 87.23
+ ALQOs + Fe:Os
9.2.1 Physical and mechanical criteria

Standards also define performance tests that assess how FBA will behave in concrete
mixes. For example, Australian Standard AS 1012.20 requires that chloride content in
aggregates be below 0.03—0.04% to prevent corrosion of reinforcement, while AS 1141.66
limits the deleterious fines index to a maximum of 150 for manufactured aggregates. Table 9.1
shows that the FBA sourced in this project easily meets these limits. Additionally, the material
must satisfy soundness, abrasion, and flakiness requirements under AS 2758.1 [112]. Water
absorption is particularly critical because FBA is more porous than natural sand; the maximum
water absorption allowed for fine aggregates is generally around 2%, whereas lightweight or
vesicular aggregates may exhibit higher values [97]. Since raw FBA typically absorbs over 10
% water, pre-drying and sieving are mandatory to deliver a market-ready product [156].

Grinding or pretreating the ash not only reduces its particle size but also fills internal pores,
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substantially lowering water absorption and improving workability [157]. Once these physical
requirements are met, the strength index (activity index) of FBA-blended mortars should
exceed 75% for ordinary grade and 105% for special grade; this project observed strength
indices between 83% and 116%, surpassing the minimum thresholds [158].

9.3 Applicable standards for use as aggregate in concrete

Table 9.2 summarizes the minimum performance requirements that FBA materials must
meet to satisfy Australian aggregate specifications. Meeting these criteria is essential because
the physical and chemical properties of FBA can vary widely depending on coal source,
combustion temperature, and handling [159]. Therefore, the FBA should meet AS 1141, AS
2758.1 and AS 1012 before being used as fine aggregate to control deleterious fines, flakiness,
abrasion, water absorption and other properties before the material can be used in concrete.
Without this level of quality control, the large pore structure and variable composition of raw

FBA can lead to high water demand and inconsistent strength development in concrete [160].

Table 9.2: General requirements according to Australian standards.

Required test | Method Limits
Chloride AS 1012.20.1 or ClI content exceeding 0.04% shall not be used in
content AS 1012.20.2 reinforced concrete. Cl content exceeding 0.15%

shall not be used in plain concrete. Total water-
soluble chloride salt content < 0.03%

Degradation AS 1141.25.3 Shall not be less than 60 for all concrete exposure
factor classifications. There are no specific procedures in
(Abrasion) AS specification

Deleterious AS 1141.66 / AS The DFI of any manufactured aggregate sample
fines index 1141.11 (Finer than | shall not exceed 150. It is allowable to use specific
(DFI) 0.075 mm and types of aggregates with DFI up to 200, but in

washed grading) / specific applications and low additions.
AS 1141.12 (finer
than 0.075 mm)

Flakiness AS 2758.1 <35%

index

Light particles | AS 2758.1 < 1% (fine) < 3% for vesicular aggregates

Los Angeles AS 2758.1 Maximum percent loss is 35% and 30% for concrete
value exposure Class A and B, and C, respectively
Material finer | AS 2758.1 <1%

than 2 pm

Material finer | AS 2758.1 Coarse: < 2% Fine: <20%

than 75 pm
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Organic AS 1141.34 The colour obtained shall not be darker than the

Impurities standard colour of the reference solution

Particle AS 1141.5, AS Heavy weight > 3.2 t/m3, 3.2 t/m3 >Normal weight>

density 1141.6.1 2.1 t/m3, 2.1 t/m3 > Light weight > 0.5 t/m3, Ultra-
Light weight < 0.5 t/m3

Soundness AS 2758.1 6% (Exposure class C)

Sulfates AS 1012.20.1 Sulphate content of concrete mix < 5% by mass of
Portland cement

Water AS 1141.5, AS The avg of WA of natural aggregates is about 2%,

absorption 1141.61/AS while WA of light weight, vesicular or recycled

1141.6.2 aggregate can exceed 2 %

9.4 Hazard assessments

To date, there is no agreement on whether FBA should be classified as a hazardous
substance or not. In the United States of America, the Environmental Protection Agency (EPA)
classified coal ash as a nonhazardous waste under Subtitle D of the Resource Conservation and
Recovery Act [74,161]. Similar to the USA, other countries such as China do not classified
FBA as hazardous waste [10]. On the other hand, large concentrations of toxic metals such as
Ni (175.3 mg/L) and Cr (24.25 mg/L) released from FBA, makes it fall within the hazardous
waste limits according to the European Union limitations (Council Decision 2003/33/EC)
[162]. Similarly, for Malaysian regulations, Hashemi et al [163] noted that the Cd, Cu, Ni and
Pb concentrations in FBA exceeded the limits allowed in the Malaysian Environmental
Standard, while other elements were below the toxic limit concentrations. Fig.9.1 shows the
trace element concentration leached from FBA compared to the maximum limits allowed in
the relevant standards for solid waste in Australia, US, China, Malaysia and Singapore standard
limitations. For this study, GFBA exhibited measurable concentrations of Mn, Zn, Cr, Fe, Co,
Cu, Mo, Ag, Sn, and Ba, with some elements having lower concentrations than those found in
FA or OPC, or both. When comparing concentrations with the regulatory upper limits shown
in Fig. 9.1, it is evident that GFBA surpasses the allowable limits for Ba, Se, Cr, and Ni. This
issue is not confined to GFBA alone; certain trace elements in FA and OPC also exceeded the
permissible limits . For instance, OPC exhibited concentrations of Si, Ba, Cr, and V that were

higher than the allowed limits.

[Based on literature and except for the Hg concentration noted in Wang et al.'s study
[164], the concentrations of leached trace elements from FBA waste appear to be lower than

the maximum limits in the relevant standards. Accordingly, it can be claimed that FBA can be
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classified as non-hazardous solid waste. Oversea studies, such as those by Sutcu et al. [72] and
Eliche-Quesada et al.[73] have examined the leaching characteristics of FBA-based fired
bricks. Their results showed that heavy metals were effectively immobilized within the brick
matrix, and the leachate concentrations were well below the maximum allowable limits
specified by the USEPA. These findings demonstrate that incorporating FBA into fired bricks
can significantly reduce the mobility of heavy metals. This also implies that using FBA in
concrete production may offer an environmentally benefical pathway by further stabilising
heavy metals. However, while these findings provide useful background context, differences

in ash sources mean that these results are not directly comparable to Australian FBA.

Australia (EPA NSW) US (EPA Hazardous Waste Limit))
China (GB 18,598-2001) Malaysia (Act 1974 2009)
m Singapore (Landfill disposal Limits) ¢ OPC (Current study)
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Fig. 9.1: Trace elements concentration from FBA leachate and the maximum limits allowed
in the relevant standards/regulations to classify solid waste as non-hazardous waste. The raw
data were collected from [74,163—169]. The maximum allowable limits for Australia [75], US
[76,77], China [78], Malaysia [79] and Singapore [80,81].
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Likewise, Fig. 9.2 compares the trace elements leaching from FBA, FA, OPC, and
crushed concrete containing 20% FA as cement replacement and 100% FBA as sand
replacement (Labeled as CAC4) compared to US EPA's SW-846 and NSW EPA- Part 1
regulation limits for classification of solid waste hazard. All of the leached concentrations are
far lower than required by the US EPA's SW-846 and NSW EPA- Part 1 standard limits. The
leaching of heavy metals from concrete containing 100 % FBA as sand replacement was
minimal and may be ignored. From the above it can be concluded that the inclusion of coal ash
as either FBA or FA in concrete composites reduced the leached heavy metals concentration

remarkably compared with raw FBA and FA.

——FBA FA — CAC4
—— US EPA SW-846 limitations NSW EPA - Part 1 —— OPC (current study)
—— GFBA (current study) —FA (current study)

Be

Cd

Cr

Co

Hg Pb

Fig.9.2: Trace element concentration in leachate of FBA, FA and concrete made with 100%
FBA as sand replacement in (mg/l, mg/kg). Raw data were obtained from [74] and current
study.

9.5 End-of-waste and Australian product standards
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Beyond chemical and mechanical testing, regulators must determine when a by-product
such as FBA ceases to be classified as waste. In Australia, several states have developed
regulatory instruments such as Resource Recovery Orders and Exemptions (NSW), End-of-
Waste Codes (QLD), Environment Protection Act (2017)/ Regulations (2021) (VIC) and mass
balance—based resource recovery frameworks (SA) that provide practical pathways towards
this determination [170]. These mechanisms typically state that materials may no longer be
considered waste if they comply with approved product standards and documented factory
production controls. For bound applications, these include AS 2758.1 for aggregates in
concrete, AS 2758.2 for aggregates in bituminous surfacing, AS 2758.5 for pavement
aggregates, AS 3582.1 for fly ash in concrete, and AS 3972 for general purpose and blended
cements. Compliance with the associated AS 1141 test methods is also required to demonstrate
conformity with specification limits. When FBA is processed to meet these Australian product
standards and supported by documented quality assurance systems, the material may be
supplied as a secondary raw material without being subject to further waste regulations under
the relevant state scheme. Such end-of-waste-style rulings are significant because they provide
legal certainty for suppliers and users and encourage investment in production facilities capable

of delivering consistent, standards-compliant FBA [171].

9.6 Toward FBA-specific standardization

Despite meeting many chemical and physical requirements, FBA 1is not yet explicitly covered
by existing cement and aggregate standards. Most codes treat the material by analogy with fly
ash or generic manufactured sands, leaving gaps for issues such as higher water absorption,
variable carbon content, and delayed strength gain [172]. To facilitate broader adoption,
industry and regulators need to develop FBA-specific grading classes, maximum moisture
levels, and performance benchmarks. Collaboration among power station operators, materials
processors, researchers, and government agencies is essential to establish consistent sampling,
processing, and testing protocols. Recent Australian initiatives, such as the Environmentally
Sustainable Procurement Policy, the Re-Made in Australia scheme and commitments to
net-zero emissions, provide a supportive policy environment for incorporating more recycled
materials in infrastructure projects. However, market confidence will only grow when clear
standards exist, staff are trained in quality assurance, and end users have access to transparent

data on FBA properties and performance [173].

9.7 Sustainability assessment and carbon footprint implications
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Sustainability is a critical lens through which the viability of furnace bottom ash in
concrete must be assessed. Any substitution of Portland cement or natural aggregates should
demonstrably reduce greenhouse-gas emissions, conserve raw materials and avoid transferring
environmental burdens elsewhere. This section therefore synthesises life-cycle assessments
(LCAs), carbon-footprint analyses and broader sustainability considerations for

FBA-containing concretes [174].

9.7.1 Economic benefits

At first glance, it may seem that the expenses of reclaiming, treating, and recycling
wastes, including FBA, are more costly than direct disposal strategies. However, the long-term
consequences such as adverse effects on health, quality of life, and loss of green lands outweigh
the financial losses incurred in treating, and recycling [175]. A case study on the cost estimate
of coal ash disposal in the Paiton power plant in Indonesia has been carried out, and the total
costs that incorporate land cost procurement, civil construction and auxiliary equipment,
handling, treatment, and recycling process, as well as the social lost are estimated to be almost
Rp 11 billion (equivalent to ~USD 800 000) per annum [175,176]. Similar reasons related to
the high cost of waste disposal were reported by Kim and Lee [177].

From an economic standpoint, power plants incur substantial costs to handle and
manage coal waste, often without achieving meaningful economic returns [175,178].
Therefore, recycling this waste material into value-added products is advantageous and cost-
effective, as it can increase company revenue while reducing handling and disposal expenses
[179]. Some reports indicate that in high-income nations, the cost of integrated waste
management, including collection, transportation, treatment, and disposal, generally exceeds
USD 100 per tonne [180,181], with some systems in Europe and North America reaching USD
150-200 per tonne or more for municipal solid waste services. In contrast, low-income nations
often operate with much lower expenditures, in the order of USD 20-50 per tonne, reflecting
less formal collection and disposal infrastructure, while rough global averages sometimes cited
in literature sit near USD 70 per tonne [182,183]. Shipping/haulage alone for bulk wastes is
frequently reported to range from approximately USD 20 to 50 per tonne [19,183,184]. In
Australia, waste management costs reported by local councils and state regulators [185—187]
reflect similarly high service expenses in developed systems: combined kerbside collection,
treatment and landfill disposal fees in capital cities often range from AUD 150 to over 300 per
tonne for general waste once landfill levies and gate fees are included, and hazardous or special

waste streams (such as industrial by-products) can attract significantly higher costs under
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contract. To date, FBA is still being discarded in landfills, and while transport costs alone may
lie within the USD 20-50 per tonne range, the total disposal and management cost in Australia
for industrial or bulk waste is typically higher when landfill levies, site management,

monitoring, and regulatory compliance are taken into account.

Utilizing FBA in the construction industry is a viable solution for reducing those costs.
However, certain treatment processes such as grinding, and oven-drying are required to adapt
FBA as a construction material. Transportation costs as well as charges for grinding FBA to
obtain the required fineness are among the costs concerned with FBA recycling. However,
given that transportation costs are incurred while transferring all raw materials including sand
and cement used to produce concrete as well, Bajare et al [16] argued that this cost factor is

similar to the delivery of raw materials to the concrete plant.

Grinding is one of the most energy-intensive processes involved in preparing ash for
use in concrete manufacture. Because the fineness of clinker and ash is comparable, the energy
required to grind FBA to cement-level fineness is similar to that of cement grinding [16].
However, replacing cement with FBA in concrete production can still reduce overall material
costs, despite the additional grinding and drying processes [19]. Abdulmatin et al [19] reported
that using finely ground bottom ash as a cement replacement can reduce OPC consumption by
approximately 60—80 kg/m? in typical concrete mixtures, leading to overall cost and CO-
reductions, depending on local cement and processing costs. Therefore, the cost savings
primarily arise from reduced clinker production rather than from aggregate substitution. Bajare
et al [16] similarly found that concrete containing 20% FBA as a cement substitute achieved
comparable mechanical performance while reducing production costs by approximately 9.3%

compared with control concrete.

The environmental benefits come from the cost savings of cement and the savings
associated with improving the quality of life, purchasing and reclamation land instead of
wasting it in FBA waste dumps. Estimates of the indirect costs associated with environmental
benefits may vary, but it is certain that these indirect cost benefits are as valuable and important
as those related to reducing the cost of concrete production. The efficient use of energy is
another crucial factor in building sustainability [113]. Huge amounts of energy are consumed
annually in the process of air conditioning in residential, commercial, government and utility
buildings. This increases the total amount of electricity consumed annually, which increases

the cost of electricity for all residential and commercial and industrial sectors. According to
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several research studies, buildings with lower thermal conductivity features can hold heat for
longer periods of time, which reduces the amount of power used [113,188]. Zhang et al. [113]
found that thermal conductivity decreased from 0.9 W/mK to less than 0.5 W/mK when 100%
FBA was used instead of natural fine aggregates. This shows that FBA-based concrete can

outperform normal aggregate concrete in terms of thermal insulation.

As FBA has a low unit weight and a high angle of shear strength, FBA-based walls
required the least amount of reinforcement [20]. The lower unit weight results in lower dead
load forces, leading to less reinforcing and ultimately a reduction of production costs. In
addition, due to the lower nominal pricing of waste materials, it can be concluded that the cost
of construction utilizing local soil as filler material is significantly higher than that of using
FBA. These findings indicate that utilizing FBA as an alternative for local sand in Mechanically
Stabilized Earth Wall (MSEW) can be cost-effective and efficient in reducing production costs.
With its low density, low thermal conductivity values and improved thermal insulation
properties, FBA can be considered a favorable building material for creating more energy-
efficient buildings. Conversely, Singh et al [5] and Suaiam et al [189] stated that using FBA
either as cement or sand replacement can save construction costs as well as costs related to
handling waste. Furthermore, FBA-based concrete has a lower density than ordinary concrete
due to its low specific gravity. This results in lowering the structure's deadloads, thus saving a

considerable portion of the reinforcement steel and foundation requirements.

9.7.2 Carbon footprint of cement and the case for FBA

Conventional concrete relies heavily on clinker-based Portland cement, the
manufacture of which emits around 0.6—0.7 tonnes of CO: per tonne of cement and consumes
about 1.5 tonnes of limestone [190]. These figures underline why the construction sector
accounts for roughly 8 % of global anthropogenic CO: emissions [191]. The environmental
rationale for incorporating FBA is twofold: as a supplementary cementitious material it can
partially replace clinker, and as an aggregate it can reduce the demand for river sand and
crushed rock. Because FBA is an industrial by-product generated by coal-fired power stations,
using it in concrete diverts waste from landfill and leverages embodied energy that would

otherwise be lost [192].

9.7.3 Life-cycle assessments and environmental trade-offs

Life-cycle assessments have examined how different design approaches influence the

environmental impact of FBA-based concretes. One study compared mortars in which sand
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was substituted with FBA at 0—-100 wt % under two scenarios: maintaining a fixed slump versus
maintaining a fixed water-to-cement ratio [193—195]. When a consistent slump was targeted,
substituting sand with FBA lowered most impact indicators, including global warming
potential and primary energy demand, because the ash replaced relatively high-impact river
sand and improved workability without extra cement. By contrast, mixes designed with a
constant water-to-cement ratio required additional water and superplasticiser to counteract the
high absorption of FBA, and the environmental benefit was diminished or even reversed. These
results emphasise that environmental gains depend not only on the replacement level but also

on how mixtures are proportioned and what performance criteria are prioritised [196].

Another LCA focused on the integrated use of ground FBA as both a fine aggregate and
a partial cement replacement. The researchers reported that the ash contained about 86.7 wt %
pozzolanic oxides and only 2.40 wt % CaO; thus it behaved as a low-calcium pozzolan and
enabled significant clinker substitution without compromising strength. Because the ground
ash achieved 100 % passing a 45 um sieve, it improved particle packing and reduced the need
for additional cementitious binder. However, the high-water absorption (= 11%) relative to
natural sand (= 1.2 %) necessitated careful control of mix water. LCA modelling indicated that,
when proper water adjustment and grinding energy were included, the net global warming
potential remained lower than that of conventional concrete, but the margin narrowed at high

replacement levels.

9.7.4 Resource conservation and circular economy benefits

Using FBA as an aggregate or binder substitute reduces the extraction of virgin sand
and limestone, both of which are finite and increasingly regulated. Sand mining has been linked
to riverbank erosion, habitat destruction and depletion of aquifers; replacing even a fraction of
the sand with FBA can ease pressure on these ecosystems. Similarly, by reducing clinker
content, FBA mitigates the demand for raw materials and the energy-intensive calcination
process. Such substitution aligns with circular-economy principles by turning a waste stream
into a resource and closing material loops in the built environment [197]. It also supports
national policies promoting recycled content in infrastructure projects and procurement

frameworks that reward low-carbon materials [198].

9.7.5 Environmental safety and potential impacts
FBA is a significant industrial waste product generated by coal-fired thermal power

plants [177,199]. Due to the different characteristics of the discarded ash based on its source,
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many studies of different regions have been conducted on their environmental impacts fr
according to the relevant environmental criteria [200]. Currently, coal ashes are either stacked
simply or placed in dumps or ponds [5,201]. However, these disposal techniques are not
environmentally benign, if uncontrolled with no mitigation or regulation, due to the
leachability, radioactivity and toxicity of coal ashes which would contaminate the soil, natural
water sources and the atmosphere. Additionally, these methods of disposal deplete vast

greenfield areas and distort environmental aesthetics [202,203].

The environmental impact of FBA is expected to be similar to that of fly ash (FA) due
to both being from the same source and same firing furnace [204-206]. However, the risk
intensity could vary due to the varying fineness of particles and combustion rate. For example,
in the case of bottom ash, the concentrations of some trace elements, such as Cd, Cr, and Pb,
were lower than those in FA [204]. Fig. 9.3 shows the relative volatility of elements of FBA
and FA during coal combustion. As shown in Fig. 9.3, FBA has more refractory elements than
FA. However, this is not always the case, as fly ash contains significant amounts of Al, Si, and
Fe, while FBA has low levels of As, Hg, Pb, Cd, Cu, and Ni. Hower, et al. [207] suggest that
production anomalies such as variations in boiler efficiency and combustion rates are the
reasons for the relative variability of elements in FBA. A range of trace elements including Ba,
Se, Cs and Zr are trapped within FBA, and consequently end up in ash dumps. Commonly,
both fly and bottom ashes are disposed of in large uncovered ponds [29,55]. The large sizes of
coal ash dumps makes them difficult to cover, which increases the risk of ash particles

spreading further into the atmosphere.
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Fig. 9.3. Distribution of elements among FBA, FA, and flue gas during coal incineration. Adapted

with improvement from [207,208].

Recent studies have shown that transition metals such as copper and zinc, particularly
when present in respirable particulate form (particles with aerodynamic diameter < 10 pm),
can contribute to oxidative stress and lung tissue injury following inhalation . [203,209]. Coal
combustion residues, including FA FBA, contain trace concentrations of potentially toxic
elements such as arsenic, chromium, cadmium, and lead, some of which are classified as human
carcinogens depending on chemical speciation and exposure route [210,211]. However, the
health risk associated with coal ash is strongly dependent on exposure pathways, particle
mobility, and metal bioavailability rather than bulk elemental presence alone.. Metal release
from ash matrices is governed by pH-dependent solubility and speciation. Coal ash and
cementitious systems typically exhibit alkaline conditions (pH 9—-12), which limit the mobility
of many cationic metals (e.g., Pb, Cu, Zn) but may increase the leachability of oxyanion-
forming elements such as arsenic under certain redox and pH conditions. Moreover, when FBA
is incorporated into concrete or other bound applications, physical encapsulation and the high-
pH cement matrix significantly reduce both particulate dispersion and leaching potential
compared with unbound ash. Therefore, while coal ash contains some contaminants, risk arises
primarily under scenarios involving poor dust control, long-term weathering, or inadequate
containment. To mitigate airborne exposure, dust suppression practices such as surface

moistening are commonly applied during storage and handling operations [212,213]..
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It is important to note that the difference in the concentration of heavy metals in FA and
FBA is significantly influenced by the type and origin of the coal used for combustion [214—
216]. Most studies reported that FBA has a lower potential to leach trace elements than FA, due
to its larger particle size and lower specific surface area [177,205]. Based on a leaching test
conducted by Rafieizonooz et al. [74], the leaching of As, Be, Cd, Cr and Co in FBA was
significantly lower than that in FA, whereas the concentrations of Cu and Pb were comparable
in both FBA and FA, and the leachates of Ba, Hg, Ni, Se, Ag, Ti, V and Zn in FBA were higher
than those in FA. Schneider et al [217] reported that the sedimentary records of spheroidal
carbonaceous particles (SCPs) and the sediment metal concentrations from the Hunter and
Latrobe Valleys both indicated that open-cut coal mining and the subsequent combustion of
coal in power stations has most likely resulted in an increase in atmospheric deposition of
metals in the local region. In particular, the metalloids As and Se showed greater concentrations
compared to before coal mining commenced [217]. On other hand, across the Lake Macquarie
investigations, surface sediments in the southern lake generally contained metals (including As
and Se) at low bioavailable concentrations below sediment quality guideline values, toxicity
tests showed minimal biological effects, and benthic community assessments did not indicate
metal-driven ecosystem impairment [218-220]. Comparisons with 2011 data and newly
deposited sediments indicate that metal concentrations in southern Lake Macquarie sediments
have mostly decreased or remained stable over the past decade, with notable reductions in
selenium, arsenic, and cadmium, suggesting no evidence of increasing recent atmospheric or

ongoing inputs at a scale causing sediment quality deterioration [218,221,222].

In summary, the main environmental concern related to FBA lies in its uncontrolled
storage and disposal rather than in its engineered use in construction. Although FBA contains
trace elements that require monitoring, most studies show that its leaching potential is generally
lower than or comparable to fly ash. When incorporated into concrete, metal mobility is
significantly reduced due to physical encapsulation and the stabilizing effect of the alkaline
cement matrix. When properly processed and used in bound applications, FBA should not be
viewed as a hazardous material but as a manageable secondary resource. Using FBA in concrete
reduces the risks associated with ash stockpiles and offers a safer and more sustainable

alternative to long-term disposal.

9.7.6 Socio-economic implications and policy alignment
Beyond environmental metrics, sustainability encompasses economic and social

dimensions. Incorporating FBA into construction can lower material costs by reducing reliance
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on premium sand and cement, although additional processing may partly offset these savings.
Adoption also creates new markets for by-products, encourages innovation in waste
management and supports jobs in the recycling sector. Policy instruments—such as carbon
pricing, green procurement standards and incentives for low-carbon materials—could
accelerate uptake by rewarding concrete suppliers who incorporate FBA and demonstrate
life-cycle emission reductions. Conversely, inconsistent regulatory frameworks and lack of
certified standards can inhibit adoption, highlighting the need for coordinated action among

industry, government and research institutions [223].

9.7.7 Balancing trade-offs and future directions

Furnace bottom ash offers clear sustainability advantages when used judiciously in
concrete. Its use can lower the carbon footprint of both cement and aggregate, divert waste
from landfills and conserve natural resources. Life-cycle assessments reveal that environmental
gains are maximised when mix designs are tailored to the material’s high porosity and water
demand and when processing energy is minimised. Heavy-metal leaching tests confirm that
FBA does not pose significant environmental hazards, while its high aluminosilicate content
allows it to meet the chemical requirements of cement standards. Future research should refine
LCAs to capture regional variations in transport and energy mixes, develop low-energy
processing methods and expand field trials to verify long-term durability. By embedding FBA
within the broader circular-economy and decarbonisation strategies, the concrete industry can

make meaningful progress toward climate goals [224].

9.8 Summary

This chapter showed that standardisation and regulation play central roles in
determining whether FBA can be accepted as a construction material. Meeting the chemical,
physical, and mechanical requirements of Australian standards is essential for FBA to be used
as a pozzolan or aggregate. The chapter has also highlighted the lack of FBA-specific standards,
which remains a major barrier to industry adoption. Regulatory pathways such as end-of-waste
schemes help provide clarity and confidence, but further development is needed to support
consistent quality control. Sustainability assessments demonstrated that FBA can reduce
carbon emissions, conserve natural resources, and support circular-economy goals when
processed correctly. Overall, clear standards, strong regulatory frameworks, and sustainability-

driven policies are crucial for integrating FBA into future concrete technologies.
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HAPTER 10: SUMMARY, RECOMMENDATIONS AND
FUTURE STUDIES

10.1 Introduction

This chapter summarizes the key findings of the comprehensive investigation into the
use of FBA in concrete. It consolidates the results from material characterization, processing,
laboratory testing, and industrial application. Based on these findings, the chapter provides a
set of actionable recommendations for industry stakeholders and outlines directions for future

research to further advance the sustainable use of FBA in the construction sector.

10.2 Conclusion

10.2.1 Properties and characterization

This research has successfully demonstrated that FBA is a viable and valuable material
for use in concrete, both as a partial replacement for fine aggregates (sand) and as a
supplementary cementitious material (SCM). The study confirmed that with appropriate
processing—including drying, sieving, and grinding—FBA can meet the chemical and physical
requirements for concrete production. The chemical composition of the FBA samples,
particularly the high content of pozzolanic oxides (SiO2, Al>Os, and Fe:0s), aligns with the
criteria for Class F pozzolans as specified in standards like ASTM C618. While raw FBA
exhibits high moisture and water absorption, these properties can be effectively managed
through pre-treatment and careful mix design. The investigation also highlighted that grinding
FBA for as little as 15 to 30 minutes significantly enhances its particle size distribution, making

1t suitable for use as an SCM.

10.2.2 Performance of FBA in Concrete Applications
The performance of concrete incorporating FBA was thoroughly evaluated through
laboratory tests and a real-world industrial trial. In terms of fresh properties, the use of FBA
led to a reduction in slump due to its porous nature and high-water absorption, a factor that
must be accounted for in mix design. However, the air content remained comparable to

conventional concrete.

Regarding hardened properties, the FBA concrete exhibited slightly lower early-age
compressive strength, which is typical for pozzolanic materials. Encouragingly, the 28-day

compressive strength was comparable to the control mix, achieving over 31 MPa and
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comfortably exceeding the 25 MPa requirement for the footpath application. The durability
performance was a key highlight, with FBA concrete demonstrating superior resistance to
chemical attack (acid and sulfate) compared to the control. While drying shrinkage and
carbonation were slightly higher in FBA mixes, the values remained well within the acceptable
limits specified by TfNSW standards. The industrial trial successfully validated these
laboratory findings, confirming that FBA concrete can be produced and placed using standard

equipment and practices, delivering performance that meets project specifications.

10.2.3 Environmental and Economic Benefits

The adoption of FBA in concrete presents significant environmental and economic
advantages. The Life Cycle Assessments (LCAs) conducted in this study revealed that using
FBA as an SCM is particularly effective in reducing the environmental footprint of concrete.
Replacing just 10% of cement with ground FBA, in combination with a 25% sand
replacement, resulted in a substantial reduction in embodied carbon emissions—up to 30%
compared to conventional concrete. This supports decarbonization efforts and aligns with
national climate goals. Economically, the use of FBA offers tangible cost savings by reducing
the need for expensive primary materials like cement and natural sand. This research
identified potential cost savings of approximately $15 AUD per cubic metre of concrete with
a 20% cement replacement. By diverting an industrial by-product from landfills and
transforming it into a valuable resource, the use of FBA promotes a circular economy,
conserves natural resources, and reduces the long-term environmental liabilities associated

with ash disposal.

10.2.4 Challenges and Limitations

Despite the promising results, the widespread adoption of FBA is not without its
challenges. The primary technical challenge is the inherent variability of FBA's physical and
chemical properties, which depend on the coal source and combustion conditions. This
variability necessitates rigorous quality control procedures and standardised laboratory testing
prior to incorporation into concrete mixes. The high-water absorption of FBA requires careful
management during mix design to avoid negative impacts on workability and strength. From a
regulatory standpoint, the lack of specific standards for FBA as a concrete ingredient remains
a significant barrier to market acceptance. Economically, the initial capital investment required
for processing facilities (for drying, sieving, and grinding) may deter some producers. Finally,
logistical issues related to transportation from power stations to concrete plants and the need

for appropriate storage of processed FBA must be addressed to ensure a reliable supply chain
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10.3 Recommendations
10.3.1 Recommendations for further Adoption

To facilitate the broader adoption of FBA in the Australian construction industry, the

following recommendations are proposed:

Develop Standardized Processing and Quality Control Protocols: Concrete manufacturers,
in collaboration with power generation companies, should establish standardized protocols
for the drying, sieving, and grinding FBA. Implementing a consistent quality management
system will ensure that the FBA supplied to the market has reliable and predictable
properties, thereby building confidence among end-users.

Invest in Centralized Processing Facilities: To overcome the economic barrier of initial
investment, consideration should be given to establishing centralized or mobile processing
facilities located strategically near major power stations. This will create an economy of
scale, reduce logistical costs, and ensure a steady supply of quality-assured FBA for the
concrete industry.

Advocate for FBA-Specific Standards: Industry bodies, such as Cement Concrete &
Aggregates Australia (CCAA), should lead the effort to develop a dedicated Australian
Standard for the use of FBA in concrete. This standard should provide clear guidelines on
material properties, testing methods, and application limits, similar to existing standards
for fly ash and slag. This will remove regulatory ambiguity and provide a clear pathway for
compliance.

Promote Education and Showcase Applications: Educational campaigns, workshops, and
demonstration projects are crucial for raising awareness and building market acceptance.
Showcasing successful applications, such as the footpath in this project, provides tangible
proof of FBA concrete's performance and helps to overcome stakeholder reluctance.
Focus on Suitable Initial Applications: To begin with, industry should focus on applications
where the properties of FBA concrete are most advantageous, such as in non-structural
elements like footpaths, kerbs, and precast blocks. As confidence and experience grow, its
use can be progressively expanded to more demanding structural applications.

Long-Term Durability Studies: While this study provided positive short-term durability
results, long-term monitoring of the industrial trial site and further laboratory studies are
needed to assess the performance of FBA concrete over several years, particularly in

aggressive environments.
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Optimization of Co-Grinding and Ternary Blends: Further research into co-grinding FBA
with other SCMs like slag or fly ash could unlock synergistic effects, potentially leading to
even better performance and higher replacement levels. Investigating the optimal ratios and
grinding parameters for ternary blends is a promising area of study.

Addressing Workability and Shrinkage: Research should explore the use of advanced
chemical admixtures (e.g., water reducers and shrinkage-reducing admixtures) to more
effectively counteract the high water demand and slightly higher shrinkage associated with
FBA.

Investigating FBA from Different Sources: A comprehensive characterization of FBA from
various Australian power stations is needed to create a national database of material
properties. This would help in developing more robust mix design guidelines that account
for regional variations in FBA.

Advanced Applications: Future studies could explore the use of FBA in high-performance
applications, such as in lightweight concrete, geopolymer concrete, or for 3D concrete

printing, where its unique properties might offer distinct advantages.

10.4 Research trends and innovations in FBA concrete

The past decade has seen a surge of research into turning FBA from a disposal problem
into a useful resource. Early studies focused on characterising the ash and exploring simple
replacement of sand or cement, but recent work has moved towards advanced processing, mix

optimisation and performance enhancement [225].

10.4.1 Enhanced processing and particle refinement

One of the most significant innovations is co-grinding furnace bottom ash with other
industrial by-products. A 2024 case study combined FBA with basic oxygen furnace (BOF)
slag and ground the blend in a planetary mill [226]. Co-grinding did not alter the crystalline
phases but created a finer, more homogeneous particle size distribution that improved the
synergy between particles. Mortars made with the co-ground blend exhibited better flowability
and compressive strength at all ages compared with those made with individually ground
components. Microstructural analysis revealed a denser matrix with lower calcium-to-silica
and silica-to-aluminium ratios, indicating enhanced pozzolanic reactions and more refined
hydration products. Such studies demonstrate that relatively simple mechanical activation can

boost the reactivity of FBA and enable higher replacement levels [227].
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Chemical pre-treatments are another emerging route. A 2025 study explored the
transformation of coal bottom ash into a high-performance pozzolan by soaking the ash in
dilute hydrochloric acid [228]. The acid leached out deleterious minerals and heavy metals,
increased the silica content and produced a much more reactive material. Mortar specimens
made with the treated ash achieved a strength activity index around 20% higher than those
containing untreated ash. The researchers concluded that acid pre-treatment can reduce the risk
of metal leaching and enhance pozzolanic activity, although the additional chemical processing

must be balanced against environmental and cost considerations [229].

10.4.2 Machine-learning-driven mix design

Researchers are also leveraging data science to optimise mix proportions containing
FBA. A 2025 study developed ensemble machine-learning models, such as Extreme Gradient
Boosting (XGBoost) and gradient boosting machines (GBM), to predict the compressive
strength of concrete mixes incorporating foundry sand and FBA [172]. The models achieved
an R? value of 0.983 and a root mean square error of only 1.54 MPa, outperforming traditional
artificial neural networks and supporting vector regression [230]. Feature-importance analysis
indicated that curing duration, superplasticiser dosage and binder content were the most
influential variables, while bottom ash content influenced strength in conjunction with these
parameters. The authors highlighted that machine-learning tools can capture nonlinear
interactions between waste materials and mix constituents, reducing the need for extensive

laboratory testing and enabling tailor-made designs for specific sources of FBA [108].

10.4.3 Integrated use of FBA as binder and aggregate

Several recent studies have explored using FBA simultaneously as a partial cement
replacement and as a fine aggregate. Tang et al. (2024) processed bottom ash by oven drying
and ball milling and reported that the resulting ground FBA contained about 86.7 wt%
Si02+Al0s5+Fe:0s and only 2.40 wt% CaO, meeting ASTM C618 and AS/NZS 3582.1
chemical requirements [1]. The ground FBA had a very fine particle size, with all particles
passing a 45 um sieve and a specific surface area higher than that of ordinary Portland cement.
When used to replace river sand in mortar, the material exhibited a water absorption of around
11% compared with 1.2% for natural sand. This high absorption necessitated careful control of
the water—cement ratio, but the fine particle size helped improve workability and contributed
to dense microstructures. Combining ground FBA with conventional fine aggregate at
appropriate proportions therefore offers an integrated pathway to reuse the ash without

compromising mechanical performance [231].
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10.4.4 Geopolymer and alkali-activated applications

Another growing research area is the use of FBA in alkali-activated binders and
geopolymer products. Deraman et al. investigated geopolymer bricks produced with bottom
ash and supplementary fly ash and reported compressive strengths up to 13.69 MPa [232].
Adding fly ash improved both the density and water absorption of the bricks, suggesting that
FBA can participate in geopolymerisation when activated by alkaline solutions [233]. Similar
investigations into alkali-activated concretes have demonstrated that FBA can contribute
reactive alumina and silica, lowering the need for high-temperature curing and reducing

greenhouse-gas emissions compared with traditional Portland cement systems [234].

10.4.5 Lightweight aggregates and composite materials

Research has also extended to converting bottom ash into lightweight aggregates for
use in structural and insulating concretes. Lo et al. reviewed green lightweight aggregate
concrete and reported that sintered furnace bottom ash can produce lightweight aggregates with
densities below 1.5 t/m*® [235]. When these aggregates were combined with optimized
cementitious matrices, the resulting lightweight concrete achieved workability and
compressive strengths comparable to conventional-weight concretes. Other studies have
combined FBA with basalt fibres or steel fibres to create composites with improved tensile
strength and fracture toughness; milling FBA before mixing has been shown to increase

compressive strength and resistance to acid and sulphate attack [236].

10.4.6 Future directions

Taken together, these innovations signal a shift from simple substitution to engineered
solutions that maximise the value of FBA. Mechanical activation, chemical treatments and
Al-assisted design enable higher replacement levels and predictable performance. Researchers
are also starting to combine FBA with other supplementary materials, such as rice husk ash,
slag and silica fume, to tailor the chemistry and microstructure of binders. Field-scale trials and
long-term durability assessments remain limited, however. Future work should address the
energy and environmental costs of pre-treatment techniques, develop predictive models for
durability, and standardise test methods for FBA from different sources. With continued

innovation, FBA could become a mainstream component of sustainable concrete [237].
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10.5 Concluding Remarks

In conclusion, this report confirms that FBA is a promising sustainable material for the
concrete industry. Its successful incorporation as both a fine aggregate and a supplementary
cementitious material offers clear pathways to reducing the environmental impact of
construction while maintaining robust performance standards. Although challenges related to
variability and standardization exist, they are surmountable through targeted research, industry
collaboration, and regulatory support. By embracing FBA, the construction sector can take a

significant step towards a more circular, cost-effective, and environmentally responsible future.
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Appendix A: Checklist for Control Concrete at Site

Concrete Placement Checklist/inspection

Date: 1000272025 Location: Towm Barney oval Section: Mliddle Section (6 m)
Conerete AMix: Control Quantity: 1 m’ Start time: 03:09 am. Temperature: 11"C
Humidity Wind: 54%:/19 lan'hr End Time: 08:1% aum.

Description | Yes | No | NA | Femarks
Pre-Pour Checks

Is the excavation size comect? x

Is the excavation base compacted cormrectly? x

Is the excavation dry? x

Is the formwork bracmg adequate” x

Has mould o1l been apphied evenly and thoroughly? x

Is formwork vertically and honzontally aligned? x

Are the rebars free from mst? x

Is the spacing and concrete cover, comect? x

Is the pore site clean and free from all debris? x

Concrete Placement Observations

Is there any bleeding? x

Is there any segregation” : 4

Are the jomts properly spaced” x

Are the jomts provided properly? x

Compaction and Finishing

What 15 the vibration/compaction method? What 15 the quality of compaction?
Started with showvel and then finzlized with portable Very good

electric wibrator

What 15 the quality of swrface fimish? What 15 the appearance of the fimshed product?
Good Smooth

Post-Pour Observations

Are there any swrface anomalies?

At start there were no swface anomalies. Later, shight awr pockets were found after fimshing.

Sample Preparation for Testing

Mumber of samples for compressive strength test at 7, 28 & 56 davs: 9 samples
(Cylinder 100 mm dia. & 200 mm ht.)

Number of samples for flexural strength test at 28 days: 3 samples

(Prizm 350 = 100 = 100 mm):

Mumber of samples for shinkage test at 3-56 days: 2 samples

(Prism with side studs 283 x 75 x 75 mm):

Slump value = At plant (125 mm) Before casting {160 mm)

Air content (af batching plant) = 2.6%

Time taken for finishing = - 14 mimites

Eemarks on workability during placing and finishing: Good place ability, workable, normal.

Temperature of concrete before casting = 18°C

Other observations (if any): Mot any.
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Appendix B: Checklist for FBA Concrete at Site

Concrete Placement Checklist/inspection

Date:  20/02202% Location: Tom Barney oval Sectiom: Last Section (10 m)
Concrete AMix: FEA Quantity: I m’ Start time: 09:09 a.m.  Temperature: I1°C
Humidity Wind: 542619 lan'hr Eund Time: 09:36 aum.

Description | Yes | No | N/A | Femarks
Pre-Pour Checks

Is the excavation size correct” x

Is the excavation base compacted comectly? x

Is the excavation dry? x

Is the formwork bracing adequate” T

Has mould o1l been applied evenly and thoroughly? x

Is formrwork vertically and honzontally aligned? x

Are the rebars free from mst? x

Is the spacing and concrefe cover, comect? x

Is the pore site clean and free from all debns? x

Concrete Placement Observations

Is there any bleeding? x

Is there any segregation” x

Are the jomts properly spaced? x

Arve the jomts provided properdy? x

Compaction and Finrshing

What 15 the vibration‘compaction method? What 15 the quality of compaction?

Started with shovel and then finahized with pertable Good

electric vibrator

What 15 the quality of swrface finish? What 15 the appearance of the fimshed product?
Good Smeoth

Post-Pour Observations

Are there amy swface anomales?

There were some aw bubbles after finishing

Sample Preparation for Testing

Mumber of samples for compressive strength test at 7, 28 & 56 days: 9 samples
{Cylinder 100 mm dra. & 200 oom bt )

MNumber of samples for flexural strength test at 28 days: 3 samples

(Prizm 330 % 100 = 100 mm):

Mumber of samples for shnnkage test at 3-56 days: 3 samples

{Prizm wath side studs 285 x 75 x 75 mm):

Slump value = At plant (110 mm) Before casting (28 num)

Air content (at batching plant) = 2 8%

Time taken for finishing = ~14 minutes

Remarks on workability during placing and finishing: Workable, slightly stickier than control.

Temperature of concrete before casting = 13°C

Other obhservations (if any): Dark colour compared to control.
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