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Abstract: There is a continuous focus on sustainable concrete through the use of supplementary 
cementitious materials (SCMs). Existing SCMs such as fly-ash are fast declining as coal driven plants are 
closing due to pressure of using more stainable fuel methods. An SCM that has recently largely stood out 
is Limestone Calcined Clay (LC3), this is a feasible concept as clay is readily available worldwide. With the 
attraction of utilising a waste material that quarries already stockpile and the accessibility to calcine at 
650°C-750°C, it becomes possible to create this sustainable concrete anywhere around the world. The 
mineral in which is necessary to create a suitable LC3 product is Kaolinite. However, literature suggests 
that only 40% of clay needs to be kaolinite in order to acheive mechanical properties similar to Ordinary 
Portland Cement concrete . In this paper, clays from around Australia that are considered over-burden are 
analysed and characterised to determine their feasibility in the application of LC3. Preliminary results from 
characterisation experimentation suggest that out of the 46 samples collected, 20 samples indicated 
kaolinite content above 25% suggesting LC3 application suitable. Based on these results, mortars were 
made to compare the strength of the calcined clays mortars against reference products, which concludes 
evidence that a viable sustainable concrete product for the Australian market is achievable. 

Keywords:  Limestone Calcined Clay, Supplementary Cementitious Material, sustainability

1. Introduction
The manufacturing emissions from Ordinary Portland Cement (OPC) are significant in many countries [1]. 
OPC along with the manufacturing of steel represent close to 20% of Australia’s emissions, accounting 
more than 40 Mt CO2-e per annum [2]. Although, supplementary cementitious materials, such as fly ash 
and ground granulated blast furnace slag (GGBFS) (a waste product from the blast furnace process) are 
becoming more increasingly used, so much so that demand for the GGBFS is unproportionate to the 
availability of these pozzolanic materials. The unavailability for fly ash and slag is said upon in many articles 
[3-5], the unavailability will only increase as time persists. Countries that import fly ash and slag are 
investigating into supplementary cement materials to help decrease their CO2 emissions and move to a 
more available product [6, 7]. While the availability of slag and fly ash decrease the demand and pricing will 
only increase. Leading to an increase of costs to produce a supplementary cementitious material (SCM) 
and/or a change in quality of fly ash and slag. Whilst Australia has a strong economy, it is still viewed as 
one of the youngest counties and still needs to be developed significantly in order to cater for increased 
population.

In 2006, Australia’s population was 20.7M [8] and Australia’s population currently is 25.5M [9]. It is obvious 
Australia is growing at a fast rate and will see an increase of population in the near future. Whilst Australia 
grows, there is a demand for more sustainable practices within the manufacturing industry. At this stage, 
Australia has a widely available supply of fly ash which is fueled by current power stations waste, and 
GGBFS [10]. 

As more countries convert to renewable energy, coal burning facilities will start to decrease. The world is 
starting to become more aware of the damage that is done by CO2 and is now making more sustainable 
decisions [11, 12]. Research suggests that due to the increasing pressure of becoming more sustainable, 
the manufacturing industry will start to see plants that are fuel by fossil fuels driven turn to alternative energy 
methods- resulting in a shortage of fly ash and slag. It is predicted that Australia is expected to grow, 
therefore will require more infrastructure of roads, buildings, bridges, houses etc. in order to cater to the 
growth of the population [2]. 

Limestone calcined clay has been heavily investigated by multiple researchers as an upcoming sustainable 
concrete technology [13-25]. As such articles state, preliminary experiments based on selected clays 



demonstrates that it is feasible to replace 30% of OPC with calcined clay and that a further 20% substitution 
of OPC with limestone and gypsum allows for a total of 50% OPC replacement further reducing the total 
emissions of the manufacturing process of cement [13]. Replacing 50% of OPC in concrete allows a new 
technology to form part of a strategy that is both sustainable and feasible for Australia’s ever-growing 
construction industry.

It is suggested there is an abundance of Kaolinite in the topsoils and subsoils in Australia [26]. Research 
has shown that only 30% of the suitable clay needs to be kaolinite, in order to produce viable concrete [15]. 
The rest of the clay can be disproportionate, depending on what else the clay is mixed with. Furthermore, 
there is an opportunity to enhance Australia’s building industry with more sustainable, and more available 
materials.    

2 Kaolinitic Clays and Kaolinite Characterisation 

Kaolinitic clays are most present in sub-tropical and tropical areas, where soil is formed through chemical 
weathering in environments which can be considered tropical [5]. Figure 1 highlights where kaolinitic clays 
are mainly present (yellow, pink and pale green). These areas in which are highlighted below also reflect 
where there is an increase for cement demand the most. At this stage, it has been found that clays with 
40% kaolinite are abundant all over the world, including existing quarries [22]. It is suggested by researchers 
that finding kaolinitic clays with a minimum of 40% is not only achievable, but would be helping existing 
quarries, by removing their overburden clays, which is a solution for both waste and the environment [14, 
27].

Figure 1 Availability of Kaolinite all over the world [5]

 
 

In order for the kaolinitic clays to become a highly reactive pozzolan, it must first be activated via calcination. 
It is only until the kaolinite becomes meta-kaolinite in which it then can be used as a SCM. 

There is an abundance of different clays across Australia. According to Viscarra, 2011 [26], Australia is rich 
in kaolinite compared to illite and smectite as kaolinite is created from tropical conditions [26]. It is proven 
that clay with 40% kaolinite content is viable to compare with OPC [24], in terms of mechanical engineering 
properties at 28 days. However, it is important to look at overburden clays that are considered waste 
products as an initial starting point. Different strengths of concrete are needed for different applications, 
hence why classifying viable sites with more than 25% kaolinite content. 

As seen in Figure 2 [26], it is shown there are kaolinitic clays on the east coast of Australia. Based on Figure 
2 and ease of access to clays in New South Wales (NSW) and Victoria (VIC) sites in these areas were 
targeted. Nine quarry/mine sites across NSW and VIC were selected for trialing based on geographical 
location, amount of clay and conversations with site stating clay was an issue. Instructions were sent out to 
site on how to sample various overburden clay spots. The method is as follows:



1. Select overburden clay location,

2. Note latitude, longitude and if relevant reference level height on bucket,

3. Analyse 1m2 and take sample of at least 1kg from all areas of 1m2 to ensure consistency,

4. Enclose in sealed bucket or bag, and

5. Send to UTS Tech Lab.

 

Figure 2.  Digital map of kaolinite content using near infrared spectra, Viscarra [26]

Various samples of overburden clay of the East Coast of Australia were sent to UTS Botany Tech Lab to be 

analysed. For the sites that could be accessed by car, the clays were obtained directly to ensure consistent 

sampling and numbering. A total of 46 samples were collected across 9 different sites. The EPFL tangent 

method [28] was used to quickly determine the kaolinite content. Out of the 46 samples, 20 samples 

indicated kaolinite content above 25%. Out of the 9 sites, 4 sites were determined to continue further 

characterisation. Table 1 summarises the kaolinite content of the four clay types from the four sites. 

Table 1. Summary of Kaolinite Content of Australian Clays 



Sample EPFL Tangent Method [28]

Australian Clay A 65.3%

Australian Clay B 40.6%

Australian Clay C 30.9%

Australian Clay D 35%

3. Mortar Testing

These mortars have been made aligned with AS1012.9 [29]. After mixed and placed in the mortar casts, the 

mortar bars than sat in a humidity chamber for the first 24 hours, then were placed in a sealed bag prior to 

testing. The testing days were selected at 1, 3, 7, 28 and 90 days, in accordance with AS1012.9 [29]. The 

mortars were testing using the UH500 at UTS Tech lab. The mix design is outlined in Table 2 and the 

reference mixes are:

 100% General Portland Cement (GP) (no substitution replacement)

 70% GP Cement 30% Fly Ash 

 70% GP Cement, 10% Limestone, 20% Indian Clay 

 70% GP Cement, 10% Limestone, 20% French Clay 

Table 2. Mortar Mix Design

Based on 2 bars @ 1,3,7 & 28d + 1 

Archive

Mortar 

Sample Name

Sand 

(g)

Calcined 

Clay (g)

GP 

Cement (g)

Limestone 

(g)

Fly Ash 

(g)

Water 

(g)

100% GP Cement GP 1350 0 450 0 0 200

70% GP Cement / 30% Fly ash FA 1350 0 315 0 135 200

70% GP Cement / 10% Limestone/ 

20% Indian Clay
ICC 1350 90 315 45 0 0

70% GP Cement / 10% Limestone/ 

20% French Clay
FCC 1350 90 315 45 0 200

70% GP Cement / 10% Limestone/ 

20% Australian Clay A
ACC 1350 90 315 45 0 200

70% GP Cement / 10% Limestone/ 

20% Australian Clay B
BCC 1350 90 315 45 0 200

70% GP Cement / 10% Limestone/ 

20% Australian Clay C
CCC 1350 90 315 45 0 200

70% GP Cement / 10% Limestone/ 

20% Australian Clay D
DCC 1350 90 315 45 0 200



The w/b ratio was determined using AS1012.9, the standard required that for first time mixes flow must be 

achieved at 110±5cm. This is to ensure the materials meet the w/b ratio. After numerous flow testing with 

GP, flow was achieved at 106cm for a w/b ratio 0.44 which is close to 0.45 (standard w/b ratio). This equated 

to 200g of water per mix. Figure 3 summarises the flow for all mixes. GP and FA have well workable mixes; 

however, all of the calcined clay mixes indicate low workability. This study has chosen not to utilise high 

range water reduction admixtures as material is limited and this study aims to understand the effect of 

particle size and surface area in terms of flow and mechanical properties.

Compression results graphed in Figure 4 showed ICC starting to outperform GP at 7 days, then all clays 

except for DCC catching up and outperforming at 90 days. Later strength in LC3 is recorded in numerous 

literature as the calcined clays take longer for the reaction to take place [24]. All clay mixes outperform FA 

at all days, which increases the viability of LC3 in the Australian market as FA is currently used heavily as 

an environmental mix in the Australian market. More study into the reactivity of the calcined clays needs to 

be addressed to understand why ICC performs well. It is also important to note that ICC has the smallest 

surface area. 

Figure 3. Flow results from mortars 



3. Conclusions

Despite various investigations on LC3 testing and measuring various properties, no research has been 

completed on suitability of Australian clays in application of LC3. Australia’s population is ever increasing 

and infrastructure is high in demand to sustain and keep up with this growth [30]. For Australia and other 

countries to meet its sustainable goals, alternative materials must be considered and analysed [7]. Also, to 

avoid destructive climate events such as the Australian 2020 bushfires, CO2 emissions must be decreased 

on a global scale, to avoid such events. There is no shortage of clay in Australia; it is obvious that if proven, 

using calcined clay as an SCM in Australia has multiple benefits such as:

 Decrease CO2 emissions,

 Utilise wastage product,

 Available in majority parts of Australia, and

All clay mixes outperform FA at all days From initial research into creating mortars with the various calcined 

clays across the east coast of Australia it is highlighted the viability of LC3 using overburden Australian 

clays as an SCM. More investigation into the viability of LC3 concrete should be further investigated when 

bulk calcining becomes available.
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