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WELCOME TO EUROCOALASH2019 
 
EUROCOALASH is an international conference, which is concerned with the use of Coal Combustion 
Products (CCPs) in the construction industry in Europe. The Conference takes place every two years, 
moving between different countries, and is co-organised by the European Coal Combustion Products 
Association (ECOBA) and a local institution in the particular country.  In 2019, the sixth conference in the 
series - EuroCoalAsh 2019, was hosted by the Concrete Technology Unit, School of Science and 
Engineering, University of Dundee, Scotland, UK. 
 
The last few years have seen a number of challenges in the production and sourcing of CCPs.  Coal 
combustion technology in electricity generation is changing, while coal-fired power stations are also 
gradually being taken out of service in many countries.  These will affect the materials and their supply, 
with growth in international trading of CCPs likely.  There is also an increasing interest in recovery and 
processing of material held in long-term deposits (e.g. stockpiles and lagoons) as an alternative source.  
Developments with CCPs in existing and novel applications, which look to exploit the unique properties 
and environmental benefits they offer, are on-going.  At the same time, Standards and Regulations are 
being updated in support of their use in various aspects of construction. 
 
The 2019 Conference will bring together participants from industry, research and academic backgrounds to 
consider these and other issues.  Over 50 presentations will be given with 43 papers published and authors 
and delegates attending from 18 countries.  
 
 
 
 
 
Dr Mike McCarthy 
Conference Chairman June 2019 
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GLOBAL ASPECTS ON COAL COMBUSTION PRODUCTS 
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ABSTRACT.  As global energy demand and electrification rates increase, coal remains the most 
abundantly consumed fossil fuel for the production of electrical power. At the same time, international 
agreements and local policies are driving a transition towards alternative (nuclear, renewable, ..) energy 
sources, with a central focus on reducing CO2 emissions associated with fossil fuel combustion. In some 
countries, growth in renewable energy is resulting in coal-fired power operators losing base load supply 
agreements as they are forced to intermittent, lower volume production serving peak demand 
requirements that renewables are unable to meet. In addition, coal power operators face stricter emission 
controls from ‘Clean Air’ legislation that require retrofits of existing power stations and design changes 
for new plants. The shift away from base load power, introduction of retrofits and design changes all 
impact coal combustion product quality and supply consistency.  Coal combustion by products are well 
established as valuable, high volume inputs for the manufacture of construction and building materials. 
They provide functional benefits in these applications and, as substitutes for energy intensive materials 
such as cement, sand and aggregates, they provide options for lower embedded carbon.  With value as 
functional materials and recycled, low carbon inputs for the built environment CCP’s present a global 
opportunity for international trade. Factors inhibiting trade include regulatory constraints, limited 
export and import infrastructure, supply and demand imbalances in countries with CCP surpluses and 
– importantly – a lack of general consensus around product standards and limited supply-side 
knowledge of quality consistency. Due to the long history of using coal ash in construction materials, 
relevant standards exist for a range of applications. A compilation of national standards for use of fly 
ash in cement and concrete has been provided to demonstrate similarities and differences to be 
considered when ashes are used in other countries.  The paper is jointly written by members of the 
World Wide Coal Combustion Products Network and is the result of an ongoing, international 
collaboration between respective country industry associations, being non-governmental organizations 
(NGO’s). Our collective mission is to inform the public, industry and governmental entities about the 
beneficial environmental, technical and commercial uses of CCPs.

Keywords: Energy, Production, Developments, Coal, Renewables, Coal combustion products (CCPs), 
Coal ash, Fly ash, Bottom ash, Global production, Legislation, Standards. 

H-J Feuerborn is Secreatary General of ECOBA. David Harris is the founding director of the Asian 
Coal Ash Association. Craig Heidrich is Chief Executive Office of the Ash Development Association 
of Australia.

OPENING PAPER
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INTRODUCTION 

CO2 emission concerns are creating regulatory and commercial incentives to reduce coal fired 
generation in many countries around the world. Despite this pressure, the share of coal in global 
power production remains above 38%, with coal consumption rising over the past few years 
after a short period of annual decreases. This recent rise in coal consumption is largely driven 
by economic growth in large developing countries such as China, India and parts of Southeast 
Asia.  

In many developed economies a reduction of coal-fired power generation is underway, with 
some countries aiming at a total phase out of coal power over the next few decades. The shift 
away from coal in many countries is accompanied by increased use of fossil fuels such as 
natural gas, alternative fuels such as nuclear, biomass and increased use of renewables 
including wind, solar, hydro and geothermal. Energy production choices and the speed of 
transition to alternatives depend significantly on political, economic and geographical 
conditions. 

Coal Combustion Product (CCPs) production volumes are directly correlated with the 
combustion of coal in thermal power stations. Their commercial and environmental value is 
well established as non-virgin, functional inputs in construction material manufacturing and 
geotechnical engineering applications. Management and utilization of CCP’s is similar in most 
countries, with policymakers encouraging producers and buyers to increase utilization in these 
applications.  

To achieve maximum utilization, producers and policymakers must understand and address 
regulatory conditions, market demand, product quality and supply consistency. In some 
countries the majority of CCPs are already consumed in accordance with established product 
standards or technical guidelines. This has resulted in mature markets with steady demand for 
quality products used in construction materials and geotechnical applications. In other markets, 
lack of adequate standards, poor market education and regulatory barriers - such as designation 
of CCPs as wastes and not resources – are resulting in poor utilization rates with large volumes 
of CCPs landfilled. 

Changing operating conditions of power plants leads to negative impacts on coal combustion 
product quality, consistency and availability. When the quality aspects are a continuous task of 
the power plant operators the availability is an issue of market partners with all tools from 
interim storage, re-use from stock, processing, beneficiation and also export/import for serving 
existing markets.  

The members of the World-Wide CCP Network (WWCCPN) endeavor to continuously inform 
global stakeholders about developments in the production, utilization and trading of coal 
combustion products. The most recent data are provided with this paper. 

ROLE OF COAL IN ENERGY PRODUCTION 

As global supply of CCPs is tied directly to coal power production it is useful to understand 
the current state and outlook for global coal consumption and future demand.  
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At present, about 7,700 Mt of coal is used worldwide by a variety of sectors including power 
generation and other industries like iron and steel production, cement manufacturing etc. An 
overview of the coal recoverable resources is given in Figure 1 where recoverable means to be 
accessible under current local economic and technological conditions [1]. 

Figure 1  Coal recoverable resources by region [1] 

Asia represents the biggest market for coal and currently accounts for 66% of global coal 
consumption [2]. After several years of declines, coal consumption rose by 1%, or 25 million 
tonnes of oil equivalent (mtoe), with India recording the fastest growth (4.8%, 18 mtoe). After 
three years of successive declines, China’s coal consumption also increased (0.5%, 4 mtoe) 
despite substantial coal-to-gas switching in the industrial and residential sectors, as increases 
in power demand in China consumed additional coal as the balancing fuel [3].  

Interestingly, the increase in US production came despite a further fall in domestic 
consumption, with US coal producers increasing exports to Asia. The world top 10 coal 
producers are given in Table 1 [4] and TOP 10 coal exporter in Table 2 [5]. 

Table 1  Top 10 coal producers [4] Table 2  Top 10 coal exporter [5] 

No COUNTRY 
AMOUNT 

[million tonnes] 
No COUNTRY 

AMOUNT 
[million tonnes] 

1 China 3,874.0 1 Indonesia 467.7 

2 United States    906.0 2 Australia 394.7 

3 Australia    644.0 3 Russia 155.5 

4 India    537.6 4 United States 112.7 

5 Indonesia    458.0 5 Columbia  82.4 

6 Russia    357.6 6 South Africa  82.2 

7 South Africa    260.5 7 Canada  40.4 

8 Germany    185.8 8 Kazakhstan  36.0 

9 Poland    137.1 9 Mongolia  19.3 

10 Kazakhstan    108.7 10 Korea  18.4 
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The growth in coal demand in the near future is concentrated in India, Southeast Asia and a 
few other countries in Asia. Coal demand is expected to decline in Europe, Canada, the United 
States and China (see Figure 2). As a result of these contrasting trends, global coal demand will 
only slightly increase over the next decade. Although coal-fired power generation will increase 
in absolute terms, as a share of the energy mix it is expected to decrease due to growth of 
renewables and natural gas [6]. 

Figure 2  Coal demand in selected countries/regions in 2000, 2017 and 2023 [6] 

World primary energy consumption grew by 2.2% in 2017, up from 1.2% in 2016 and the 
highest since 2013. All fuels except coal and hydroelectricity grew at above-average rates. 
Natural gas provided the largest increment to energy consumption at 83 (mtoe), followed by 
renewable power (69 mtoe) and oil (65 mtoe) (see Figure 3 [2]). 

Figure 3  World primary energy consumption (in mt oil equivalent) [2] 



Coal Combustion Products   5 

The majority of coal is either utilised in power generation, using steam coal or lignite, or iron 
and steel production that uses coking coal. Coal still provides nearly 40% of the world’s 
electricity. The increase in world electricity consumption is closely linked with economic 
growth, and economic growth in turn relies upon dependable sources of power. While coal 
power can, in several geographies, provide reliable supply, demands for climate change 
mitigation, transition to renewable energy forms and increased competition from other 
resources are presenting challenges for the sector. 

MAJOR AGREEMENTS IMPACTING COAL 

Over the past few decades, national governments have required that coal combustion for energy 
production meet emissions standards for clean air. This has resulted in emissions reduction 
technologies for dust (fly ash), NOx and SOx and efforts to improve overall combustion 
efficiency. Along with these national regulations, global discussions on climate protection have 
led to international agreements with further regulations applying in signatory countries. The 
Climate Convention, Kyoto Protocol and Paris Agreement are all well known initiatives which 
aim at reducing CO2 emissions and mitigating risks of global warming.  

UNFCCC 
The United Nations Framework Convention on Climate Change (UNFCCC) is the main 
international agreement on climate action. It was one of three conventions adopted at the Rio 
Earth Summit in 1992. Its sister Rio Conventions are the UN Convention on Biological 
Diversity and the Convention to Combat Desertification. The convention entered force on 21 
March 1994.  It started as a way for countries to work together to limit global temperature 
increases and climate change, and to cope with their impacts. The 197 countries that have 
ratified the Convention are called Parties to the Convention (CoP) [7]. 

The objective of the Convention is 

The ultimate objective of this Convention and any related legal instruments that 
the Conference of the Parties may adopt is to achieve, in accordance with the 
relevant provisions of the Convention, stabilization of greenhouse gas 
concentrations in the atmosphere at a level that would prevent dangerous 
anthropogenic interference with the climate system. Such a level should be 
achieved within a time-frame sufficient to allow ecosystems to adapt naturally to 
climate change, to ensure that food production is not threatened and to enable 
economic development to proceed in a sustainable manner. 

KYOTO PROTOCOL 
In the mid 1990’s, the UNFCCC realised that stronger provisions were needed to reduce 
emissions. In 1997, they agreed to the KYOTO PROTOCOL, which introduced legally binding 
emission reduction targets for developed countries. The participating countries have committed 
to reducing emissions by at least 18% below 1990 levels. The EU has committed to reducing 
emissions in this period to 20% below 1990 levels [7].  

When the Convention encourage industrialised countries to stabilize GHG emissions, the 
Protocol only commits them to do so. Under the Protocol, countries must meet their targets 
primarily through national measures. However, the Protocol also offers them an additional 
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means to meet their targets by way of three market-based mechanisms, such as International 
Emissions Trading Mechanism (ETM), Clean Development Mechanism (CDM) and Joint 
Implementation projects (JI).  

The CDM, for example, allows emission-reduction projects in developing countries to earn 
Certified Emission Reduction (CER) credits, each equivalent to one tonne of CO2. These CERs 
can be traded and sold, and used by industrialized countries to a meet a part of their emission 
reduction targets under the Kyoto Protocol. The mechanism stimulates sustainable 
development and emission reductions, while giving industrialized countries some flexibility in 
how they meet their emission reduction limitation targets. Accepted CDM and JI projects are 
listed in the UNFCCC CDM data base [8]. One example of a JI project referring to the use of 
coal ash is the TEFRA project from Poland, involving three installations in different locations, 
where coal ash is used or planned to be used in the production of hydraulic binders [9, 10]. 

PARIS AGREEMENT 
On 12 December 2015, parties to the Paris Climate Conference reached a new global agreement 
on climate change. Article 2 of the Paris Agreement defines the three purposes of the 
instrument: to make mitigation effective by holding the increase of temperature well below 
2°C, pursuing efforts to keep warming at 1.5°C above pre-industrial levels; to make adaptation 
possible for all parties; and to make finance available to fund low carbon development and 
build resilience to climate impacts. These three outcomes have an impact on energy 
developments, primarily through the adoption of commitments labelled as Nationally 
Determined Contributions (NDCs), which are only “intended” (hence INDCs) until the 
Agreement enters into force /11/. The Agreement entered into force 4 November 2016 after the 
conditions for ratification by at least 55 countries accounting for at least 55% of global 
greenhouse gas emissions were met. All EU Countries ratified the agreement [7] 

The temperature target of Paris requires a profound transformation process and an inherently 
new understanding of our energy systems. Credible and effective national policies are crucial 
to translate the pledges made at Paris into domestic policy. To meet the Paris obligations, new 
policies will need to be put in place and old ones aggressively revisited:  

• carbon emissions will need to be priced;
• energy production and consumption technologies will be regulated;
• funding for research and development will need to be made available;
• and low carbon assets will need to be nurtured by financial markets.

Key market disruptions will be experienced by market participants and governments alike, 
including technology innovations and stranded assets [11]. 

The changing regulatory environments described above impact operating conditions for power 
plants which can lead to negative quality, consistency and availability impacts on CCPs for 
existing users.  Power plant operators accordingly face difficulties maintaining reliable CCPs 
supply and quality consistency for served market partners.  Significant research into harvesting 
of interim storage, recovery from stock, processing, beneficiation and also export/import for 
serving existing markets have become priorities. 
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BAT - BEST AVAILABLE TECHNOLOGIES 

To ensure natural and economic ecosystems are sustainable it is necessary that we mitigate the 
negative impact of industrial activities on the environment. Emissions from industrial 
installations have therefore been subject to national legislation for many years. Clean air 
requirements for power plants have, inter alia, led to the collection and availability of CCPs. 
This has been a successful example of pollution reduction technology adoption around the 
world, with additional environmental benefits accrued through CCPs role as a substitute for 
natural, energy intensive resources.    

There are several requirements for clean air which consider emission limit values round the 
world. Due to the ongoing information exchange the so-called Best Available Technologies 
(BAT) are partly referenced in laws and regulations.  

The Organisation for Economic Co-operation and Development (OECD) has published a report 
on establishing BAT which describes activities in the different parts of the world [12]. 

The report presents a comprehensive analysis of approaches to establishing BAT and similar 
concepts to prevent and control industrial emissions in a wide range of countries, including 
examples from: the Russian Federation, Korea, the United States, the European Union, India, 
the People’s Republic of China and New Zealand. For each country, the report presents 
extensive information on the procedures for collection of data on techniques for control and 
prevention of industrial pollution, evaluation of the techniques and identification of BAT. In 
addition, the report covers international initiatives facilitating the application of BAT, 
including under the Minamata Convention on Mercury and the Stockholm Convention on 
Persistent Organic Pollutants. While acknowledging the inherent differences of the policy 
contexts in which BAT are applied, the report allows for a cross-country comparison of existing 
approaches to determine BAT.  

The policies examined in the report use different terms and definitions to describe BAT. The 
European Union (EU) Industrial Emissions Directive [13] defines BAT as "the most effective 
and advanced stage in the development of activities and their methods of operation, indicating 
the practical suitability of particular techniques for providing the basis for emission limit values 
and other permit conditions designed to prevent and, where this is not practicable, to reduce 
emissions and the impact on the environment as a whole". However, some countries also 
include innovative and cutting-edge techniques amongst their BAT.  

The BAT documents in the EU, the Russian Federation and Korea are called BAT reference 
documents, or BREFs, while they are named Guidelines on Available Techniques of Pollution 
Prevention and Control in China. All of the above present a list of techniques identified as 
BAT, while the Indian equivalent –Comprehensive Industry Documents Series (COINDS) – 
are rather guidelines highlighting the advantages and disadvantages of various available 
techniques to meet the Minimum National Standards (MINAS). 

The revised EU Best Available Techniques (BAT) Reference Document for Large Combustion 
Plants (BREF LCP) was published in June 2017. The conclusions were published in the Official 
Journal and give bandwidths for emission limit values which have to be defined by the national 
regulators when implementing the new requirements. Besides dust, NOx and SOx, limit values 
for Hg will be defined. These limits may provide guidelines and regulatory certainty that may 
allow for further investment and effort to continue coal-fired generation in some regions.   
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In Germany, producers formed the ‘Hgcapture Initiative’ to publicly inform about the success 
when using BAT as defined in the BREF [15]. This is of special importance as the CCPs from 
hard coal are used nearly completely in the construction industry and as changes in 
compositions may complicate continued use. The research work currently at lab and pilot scale 
demonstrate that the expected very low Hg emission values may not be reached with only one 
BAT. In addition, the systems have different effects in different power plants which has not 
been considered in the revision phase although commented several times. 

COAL COMBUSTION PRODUCTS 

Beneficial use of CCPs as raw materials in the manufacture of construction materials is well 
established. Globally, various terms have been used to describe CCPs. Terms including coal 
ash, pulverized fuel ash, coal utilisation by-products (CUBs), coal combustion by-products 
(CCBs), cool combustion resides (CCRs), coal combustion wastes (CWRs) and others are used 
to describe what are basically the same materials. Precise understanding and consistent 
definitions are important in drafting effective regulations and standards. In an attempt to 
facilitate precision and consistency the members of the World Wide Coal Combustion Products 
Network (‘WWCCPN’1 or ‘Network’) have collaborated to harmonize terminology and to 
promote CCPs as the consistent nomenclature. This terminology is a more positive view and is 
in keeping with the concept of industrial ecology and circular economy principles being an 
approach which seeks to reuse one industry’s by-products as another industry’s raw material. 
The WCCPN global definitions for coal combustion products are given in Table 3 [16]. It is 
our hope that this harmonization of terminology will not only be adopted, but facilitate clarity 
and understanding of the properties and utilization options for CCPs in regulatory circles and 
lead to greater international market acceptance. 

Depending on the coal type and production process siliceous and calcareous ashes are 
produced. In siliceous ashes three predominant elements present: silicon, aluminum and iron. 
The oxides account for 75–85% of the material. It consists principally of amorphous glassy 
spheres together with minor crystalline matter and unburnt carbon. Lime content for these ashes 
is restricted by definition in most standards to less than 10%. Calcareous ashes constitute the 
same oxides but contain more than 10% of lime. 

Numerous standards produced across the globe provide guidance and definitions for CCPs use 
(these are compiled in a later section). The nature and properties of fly ash are dependent on a 
variety of factors that include the coal’s mineral composition, furnace/boiler temperature, type 
and fineness of the coal and the length of time the minerals are retained in the furnace/boiler. 

Beside their definition also the regulatory classification is important to exchange on positive 
experiences regarding utilization and transport. Table 4 gives an update on the status of CCPs 
in countries reported by the WWCCPN  [17]. 

1 http://www.wwccpn.org/ The WWCCPN is a coalition of international Associations 
   interested in information exchange concerning management and use of CCPs. 

http://www.wwccpn.org/
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Table 3  WWCPN global definitions for coal combustion products [16] 

TERM DEFINITION 

Coal 
Combustion 
Products 

Coal combustion products (CCPs) include fly ash, bottom ash, boiler slag, 
fluidized-bed combustion (FBC) ash, or flue gas desulfurization (FGD) 
material produced primarily from the combustion of coal or the cleaning of the 
stack gases. The term coal ash is used interchangeable for the different ash 
types. 

Fly ash 
The finer ash produced in a coal fired power station, which is collected using 
electro-static precipitators. ….. This is also known as Pulverised Fuel Ash 
(PFA) in some countries. … .About 85+% of the ash produced is fly ash. 

Furnace Bottom 
Ash (FBA) 

The coarse ash that falls to the bottom of a furnace. The molten ash adheres to 
the boiler tubes, eventually falling to the base of the furnace. ….. Usually 
<15% of the ash produced is FBA 

Cenospheres 
Hollow ash particles that form in the furnace gas stream. …. They float on 
water and are usually collected from lagoons, where ash/water disposal systems 
are being used. …. 

Conditioned ash 
Where fly ash is mixed with a proportion of water (10 to 20% by dry mass 
typically) in order that it can be transported in normal tipping vehicles without 
problems with dust for sale or disposal. 

Flue Gas De-
sulfurisation 

Where a source of calcium is injected into the furnace gas stream to remove 
sulfur compounds. …. The sulfur compounds convert the calcium carbonate to 
calcium sulfate, or gypsum, which is used in the wallboard industry for general 
construction 

Table 4  Environmental Classification Systems adopted by Country [17] 

COUNTRIES 
Defined as 

Waste 
Defined as 
haz. waste 

Basel Convetion 
adopted 

REACH 
adopted 

IInt’L Treaty 
on Mercury3 

Utilis. Env. 
Condit. 

United States Yes No Yes No Yes Yes 

Australia Yes No Yes No No4 Yes 

Canada Yes No Yes Ref Yes Yes 

China Yes No Yes Yes2 Yes Yes 

Europe Yes1 No Yes Yes Yes4 Yes 

India Yes No Yes No Yes Yes 

Indonesia Yes Yes Yes No Yes ? 

Israel No No Yes No No Yes 

Japan Yes No Yes No Yes Yes 

Russia Yes No Yes No Yes4 Yes 

South Africa Yes No Yes No Yes4 Yes 

1 – in some member states defined as by-products or products  
2 – China REACH is similar to EU REACH   
3 – International Treaty on Hg, under UN Environment Program; 4 – partly not ratified yet 
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PRODUCTION 

During the course of 2012 the Network agreed to gather, collate and publish production and 
utilization data provided by members or from publically available and proven sources. The first 
worldwide compilation of the worldwide production of coal combustion products in 2010 
resulted in approximately 780 Million metric tonnes (Mt) /18/, the update was given by 
Heidrich in 2017 resulting in 1.1 billion metric tonnes [19].   
 
Table 5 reports on Annual Production, Utilization Rates by Country in 2016. The largest coal 
combustion product producing countries were China, India, Europe (total production of 140 
Mt to be considered as utilization rates only available for EU15) and the USA. The total 
production estimate for the year totalled nearly 1.2 billion tonnes.  
 
 

Table 5  2016 Annual Production and Utilisation Rates of CCPs by Country [17] 

COUNTRY/REGION 
CCPs 

PRODUCTION (Mt) 
CCPs UTILISATION 

(Mt) 
UTILISATION 

RATE % 

Australia 12.3 5.4 43.5 
Asia    

- China 565 396 70.1 
- Korea 10.3 8.8 85.4 
-India 197 132 67.1 
-Japan 12.3 12.3 99.3 
- Other Asia 18.2 12.3 67.6 
Europe  140   

-EU15 (40.3) 38 94.3 
Middle East & Africa 32.2 3.4 10.6 
Israel 1.1 1 90.9 
United States of 
America 

107.4 60.1 56.0 

Canada 4.8 2.6 54.2 
Russian Federation 21.3 5.8 27.2 

Total 1221.9 677.7 63.9 
 
 

Utilization varies widely in the countries discussed in this paper. Japan had the highest reported 
effective utilization rate of 99.3% and Africa/Middle East (still) the lowest at 10.6%. Countries 
ranked with the highest coal combustion product utilization rates were; Japan 96.3%, Europe 
(EU15) 94.3%, Korea 85%, China 70% and Other Asia 67% or US 56%. 
 
The countries with a high utilization rate also demonstrate an existing market where CCPs are 
used regularly according to existing regulations and can easily be put into the market. Ashes 
are mostly used in cement and concrete applications, especially those with siliceous properties 
(or class F). Furthermore they are used in road construction, especially when stocks are 
available, and for filling applications. Calcareous ashes are mostly used for reclamation or, due 
to their hydraulic properties, as binders.  FGD gypsum is predominantly used as raw material 
for the gypsum industry in different applications including manufacture of wallboard and 
plaster and in the cement industry as a setting regulator. There has been an increase in use of 
FGD gypsum as a substitute for natural gypsum in agricultural applications, particularly in the 
United States. 
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INTERNATIONAL TRADE 

Unlike trade in coal, cement and other commodities there are no comparable figures or official 
statistics on the international trade of coal combustion products. Information collected from 
Network members and from import/export data resources provides some indication of trade 
activity. 

Based on trade data provided by contributing network members, global trade for 2010 was 
more than 3.5 Mt of CCPs traded across borders worth over USD $101 million in transaction 
value. From the 6 countries reporting trade of CCPs during that year, only 4 countries were 
able to determine value attributable for these transactions. The compilation of CCP’s trade data 
for 2015 suggests global trade of more than 5 Mt [18].  With a very limited number of countries 
reporting trade data, the annual volumes and trade revenue generated by CCP’s is believed to 
highly underestimate actual volumes. 

Figure 4  World traded coal flows in 2015 [20] 

Despite having a designated HS code, coal combustion by products have not yet gained 
substantial trade volumes status from a global import/export perspective.  

Given increased interest in global CCPs trading observed it is believed that volumes and value 
of global CCPs trade have increased substantially over the last decade /19/.The growth is driven 
by several market changes including changes in power production in the US with a switch to 
gas and in the Western part of Europe with a switch to increased production by renewables as 
well as in the middle east areas were the use of CCP’s has developed. In addition, the CO2 
trading scheme for the industries led to increased requests by the cement industry as ashes and 
slags are accepted and long term established replacement materials as supplementary 
cementitious materials.  In Europe, ECOBA reports on annual basis the cross border transport 
which since 2012 is on a constant level of nearly 3 million tonnes /21/.  

Considering ship transports of the cement industry, ash transport into the US and cross Europe 
as well as those to the middle East, the trade volume of coal ash is estimated to be about 6 
million tonnes annually and this figure is still seen as a minimum.  
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Domestic market demand in countries with a net surplus of CCPs consumes much of the supply 
located closest to export facilities. This increases the total delivered cost of the products as 
supplies need to be transported from more distant production facilities. Accordingly, global 
trade in ashes and gypsum (FGD) is increasing slowly. 
 
 

INTERNATIONAL STANDARDS 

As the use of CCPs is either standard or project related the national regulations for the use in 
different applications have to be considered. The easiest way to serve existing markets is via 
product standards with definitions, properties and partly also use information for the materials. 
Therefore, a compilation of standards for the use of coal ash in cement and/or concrete of the 
most CCP producing countries is given in this report as this high value application may lead to 
increased international transport.     
 
Combustion of different types of coal in different types of boilers produces coal combustion 
products with different characteristics. The use of hard coal, bituminous and subbituminous 
coal in dry bottom boilers leads to siliceous fly ash with pozzolanic properties. In some 
countries this is referred to as Class F ash. When burning lignite coals with higher lime and 
sulfur content also ashes with hydraulic properties are produced. Due to the higher lime 
(calcium) content these are referred to as calcareous ashes or Class C ashes in some countries.  
 
The definitions and related properties are covered in standards and regulations governing and 
guiding utilization. The following international standards from Europe: EN 450-1 [22]; USA: 
ASTM C 618 [23]; Australia/New Zealand: AZ/NZS 3582 [24]; Japan: JIS 6201 [25]; India: 
IS 3812-1 [26]; China GB/T 1596 [27] and Russia: GOST 25818 [28] are compiled to avoid 
misunderstandings in cross border trade and to inform about options for increased utilisation 
through exchange of information on existing studies and long term experience. It has to be 
noted that the standards are used in combination with application standards and other 
regulations, including environmental requirements.  
 
Basically all standards deal with fly ash or pulverized fuel ash from coal (Europe, 
Australia/New Zealand and Japan), specifically anthracite, bituminuous, sub-bituminuous and 
lignite (USA, India and China) or also blended coal mixtures (Russia). These standards contain 
chemical and physical properties of the ash.  
 
Only the European Standards cover co-combustion of defined materials in specific amounts to 
ensure ashes characteristics are within a defined range. In addition, processing is covered for 
ashes which basically follow EN 450-1 standard except for fineness and LOI. Ashes can be 
processed in suitable production facilities through classification, selection, sieving, drying, 
blending, grinding or carbon reduction, or by a combination of these processes. Such processed 
fly ash may consist of fly ashes from different sources, each conforming to the basic definitions 
required to meet the criteria of the standard. South Africa uses the EN standard in full and Israel 
has implemented it with minor deviation by exclusion of co-combustion and quality control 
systems. 
 
The definitions all address the collection of fly ash from the flue gas by electrostatic 
precipitators or other collection methods. They address siliceous and/or calcareous ash 
(Europe, Japan, India, Russia) or Class F and Class C depending on the coal burned in the USA 
and China. Characterization of calcareous (class C) fly ash from siliceous (class F) requires 
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that the amount of reactive calcium oxide in the Class C ash is greater than 10%. In Australia, 
the limit is 10% total lime where in New Zealand the amount of total lime is 25 % without 
reference to a specific subtype of siliceous or calcareous. The USA standard mentions in a note 
that the amount of lime of Class C is typically higher. Although recently being published the 
standard is again under revision where the lime content in the ASTM standard will be defined 
to 18 % /22/. With this it is doubted whether the lime levels and associated experiences can be 
compared as the lime content in class F may have been more than 10 % and only the reference 
to the used coal may be valid for this. In Europe, the cement standard EN 197-1 defines two 
types for calcareous fly ash: a W1 class with reactive lime content of 10 to 15 % and reactivity 
test as for siliceous type ash; and a W2 class with more than 15 % of reactive lime considered 
as a binder with own compres-sive strength requirement. In addition, there are rules for 
consideration higher sulphur contents. For durability reasons of concrete, especially when 
looking to alkali-silica reaction and sulphate attack, the lime content is of importance.  
The compilation of the formal parts of the standards is given in Table 6. 

Table 6  Scope and definitions of worldwide used standards for fly ash in cement and concrete 

The chemical and physical requirements of the standards are compiled based on their reactivity 
evaluation for siliceous (class F) or calcareous (class C) and for the fineness or the intended 
use for concrete types. The European and Japanese standard cover siliceous fly ash only. EN 
in addition covers also two categories for fineness.  The Australian/New Zealand, the Chinese 
and the Russian standard specify up to three different grades of fineness. In the Russian 
standard the different grades are decisive for the use in different types of concrete.  

Europe USA
Australia/

New 
Zealand

Japan India China Russia

EN 450-1 ASTM C 618 AZ/NZS 3582 JIS 6201 IS 3812-1 GB/T 1596 GOST 25818

type of coal coal anthracite, bituminous, 
subbituminuous, lignite 

coal coal anthracite, bituminous, 
subbituminuous, lignite 

anthracite, bituminous, 
subbituminuous, lignite 

coal or coal 
mixtures

co-combustion materials; 
-max 40 or 50 % by mass 
in case of green wood;
-ash amount from CCM 
max 30 % by mass

from burning of ground 
or pulverized or 
crushed coal or lignite

covers processing  (of 
FA from fresh prodution)

covers 
"conditioned" 
ash (humidity 
for handling)

covers processing to 
modify physical or 
chemical 
characteristics 

definition fine powder of mainly 
spherical, glassy 
particles, derived from 
burning of pulverised 
coal, with or without co-
combustion materials, 
which has pozzolanic 
properties and consists 
essentially of SiO2 and 
Al2O3

class F typicallly 
produced by 
anthracite and 
bitmuninous
class C typically 
produced by 
subbituminous and 
lignite

solid material 
extracted from 
the flue gases 
of boiler fired 
with pulverized 
coal

ash collected 
by the dust 
collector from 
the flue gas 
of the 
pulverized 
coal 
combustion 
boiler

siliceous pulverized fuel 
ash for use with 
CaOreact. less than 10 
%; from anthrazit or 
bituminous coal / 
calcareous pulverized 
fuel ash for use with 
CaOreact. Not less than 
10 %; from lignite or 
sub-bituminous coal  

class F fly ash from 
combustion of 
anthracite or bituminous 
coal; 
Class  C fly ash from 
combustion of lignite of 
sub-bituminous coal

siliceous fly ash 
from pulverized coal 
with CaOreact. less 
than 10 %;
calcareous fly ash 
for use with 
CaOreact with more 
than 10 %  

excluded municipal and industrial 
waste incineration ashes 
do not conform to the 
definition 

fly ash from 
fluidised bed 
combustion

ashes from municipal 
and industrial waste 
incineration; 
ashes from fluidised 
bed combustion  

comment also used in Israel 
(SI1209); deviating for 
fuel and conformity 
control

information in Note to 
definition class C: 
class C typically has 
higher CaO content 
than class F

requirement for bottom 
ash, pond ash and 
mound ash are given in 
IS 3812-2

ashes are 
subdivided by types 
of coal resulting in 
siliceous and 
calcareous ash, as 
well as for use in 4 
differnt applciations:
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Beside fineness requirements for particle density, water demand, reactivity with lime or in 
mortars (activity index), setting time and for soundness are defined in most but not in all 
standards.  
 
Other chemical requirements include proportion of main oxides (SiO2, Al2O3 and Fe2O3), as 
well as sulphur content. Requirements for MgO have to be considered in Europe, India and 
Russia and for alkali-equivalence in Europe and India. In Europe, phosphate content must also 
be tested in cases of fly ash from co-combustion.  
 
The compilation of the chemical and physical requirements is given in Annex 1. 
 
 

SUMMARY/OUTLOOK 

Coal is used for energy and steam production all around the world. The natural resources, the 
global development as economic and population growth will lead to increased primary energy 
consumption which is also likely to be based on coal. In the near future, the use of coal is 
expected to grow in South-East Asia and India and to stabilize or slightly reduce in China, 
Japan and Korea and to be further reduced in America, Europe and Australia. 
 
Coal use in energy production is under considerable scrutiny using current combustion 
technology and resulting CO2 emissions with the main driver being climate change. New 
technologies such as High Efficiency Low Emissions (HELE) afford significant emission 
reductions, but the energy policy uncertainty across the globe continue to retard investment.  
Clean Air Acts and agreements for effective use of coal and requirements for flue gas cleaning 
exist for long time. Only few of them are cited given the worldwide framework as followed of 
the countries. The most important is the United Nations Framework Convention on Climate 
Change (UNFCCC) with more precise outcome CO2 reduction by the KYOTO protocol and a 
temperature limit of 1,5° for global warming by the Paris Agreement. Signatory countries 
informed about their approaches to reduce CO2 emission.  
 
Consequences are observed with construction of more efficient coal-fired power stations, 
retrofits with de-NOx and de-SOx installations as well in switches to other fossil fuels and 
phase-out of coal by replacing production capacities by other less CO2 emitting technologies, 
e.g. nuclear or renewables. New construction and retrofits as well as associated legal 
requirements for emissions are subject to state-of-the-art technologies which are used 
worldwide. However, the so-called Best Available Technologies phrased and used in different 
parts of the world are only partly comparable and the use has to be tested and adjusted in every 
single station.  
 
The worldwide production of coal combustions production is greater than 1.2 billion tonnes, 
almost doubling over the last 5 years. The utilization rates vary widely in the countries due to 
different regulatory environments, market education and market conditions. Due to existing 
markets with lower production and less developed markets with high production it was 
expected that the international trade will rise. The most recent evaluation considering ship 
transports of the cement industry, ash transports into the US, across Europe and into the middle 
East results in reported trade volume of 6 million tonnes. This is only moderately higher than 
reported in 2017 though nearly double when compared to the first evaluation in 2013.  
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Besides quality, established standards and a favorable regulatory regime the availability of 
material and export/import infrastructure has to be considered. To overcome some of the 
challenges of dealing with dust emissions at ports of loading and unloading, some importers 
have begun conditioning ash with 12-15% moisture. This allows geared ships or ports with 
grab bucket facilities to load and unload vessels with minimal environmental impact. 

For the utilization of CCPs legal and technical requirements have to be considered. The 
dislocation between jurisdictions across the globe continues with some continuing to refer to 
CCPs either as waste, non-hazardous wastes, solid waste, inert waste, or resources, by-products 
or products and used widely in construction applications. Through the WWCCPN we continue 
to promote classify by-products of coal combustion as coal combustion ‘products’ (CCPs). 
This latter terminology is a more positive view and is in keeping with the concept of industrial 
ecology, an approach which seeks to reuse one industry’s by-products as another industry’s 
raw material.  A compilation of the definitions and the physical and chemical requirements in 
standards for fly ash for concrete round the globe showed comparable definitions for siliceous 
or Class F and calcareous or Class C fly ashes. The differentiation is partly based on the reactive 
or the total lime content being 10 %. With this the use of fly ash in different countries is possible 
but national requirements for application have also to be considered.       

The members of the World Wide Coal Combustion Products Network will continue to promote, 
coordinate and inform the public, industry and governmental entities about the beneficial 
environmental, technical and commercial uses of Coal Combustion Products. 
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Table A1  Compilation of chemical and physical requirements in fly ash standards 
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ABSTRACT. About half of the European energy production is based on fossil fuels. The 
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for clean air and market requirements regarding availability and economic production. 
The installation of de-dusting, de-SOx and de-NOx systems in the past and in parts of 
Europe also today to meet always stringent emission limit values demonstrates the 
industry’s obligation. The revised BREF LCP with state-of-the-art technology and related 
possible emission limit values is synonym for the ongoing development. As a result 
several old boilers were retrofitted or closed and new power plants have to be 
constructed. The energy strategies of the European Commission require CO2 reduction, 
increased production by renewables and energy savings. Each member state has its own 
answer for CO2 savings due to dependencies in coal-fired generation from zero to about 85 
%. Also energy security has to be considered starting with fuel availability, economics in 
production and grid stability. This results inter alia in increased production by imported 
coal due to closure of national mining and due to economic reasons. In a few countries 
the mandatory aims for CO2 reduction and increased production by renewable power 
resulted in a strong decrease in coal-fired power generation aiming in phasing out 
combined with increased imports or switch to biofuel or nuclear production in the long 
term. For grid stability coal-fired stations serve increasingly in non-continuous backup 
operation with economic risk in production and lifetime. In Europe, the energy production 
by coal still results in more than 140 million tonnes of Coal Combustion Products (CCPs) 
each year. Most of these CCPs are used as replacement for natural occurring raw and 
construction materials with environmental benefits in mining and production as well as 
increased durability of the constructions. The report gives an update on developments of 
regulations impacting the production of energy by coal-fired power plants and also quality 
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INTRODUCTION 

The developments in power production in Europe, and by this also the production of coal 
combustion products (CCPs), are very much depending on national situations for a safe 
energy supply, environmental commitments for CO2 reduction and new emission limit values 
by the Large Combustion Plant Directive. About half of the European energy production is 
based on fossil fuels with single country production by coal from zero to about 80 %. Over 
the last decades coal-fired power plants were continuously equipped with state of the art 
technologies to follow the requirements for clean air acts. With the Large Combustion Plant 
Directive several boilers not meeting the emission limit values any longer and not being 
retrofitted for different reasons were shut down. The state-of-the art is given with a revised 
Best available techniques REFerence document - Large Combustion Plant (BREF LCP).  

On top of the legal requirements on state-of-the-art technologies for coal power production 
the commitment on CO2 reduction has to be considered. The requirements on CO2 reduction 
are resulting in constructing of more effective coal-fired power plants, the increased use of 
biomass for co-combustion in coal-fired power plants, increased use of biomass in FBC- and 
dry-bottom boilers and increased production by renewables and also by nuclear. In countries 
with high installed renewable capacity coal-fired generation serves increasingly as backup 
resulting in non-continuous operation with economic risk in cost of production and 
maintenance and finally lifetime of the plant. 

The CO2 commitment resulted in energy strategies for the transition to a competitive, secure 
and sustainable energy system and for reducing greenhouse gas emissions by at least 80% by 
2050. Along with all scenarios on reduced power production and significant changes on 
power production in single member states the production of Coal Combustion Products in 
Europe still sums up to more than 140 million tons, about 40 million tonnes of this amount in 
EU15 member states in 2017 [1, 2]. CCPs are mainly utilised as a replacement for natural 
materials in the building material industry, in civil engineering, in road construction, for 
construction work in underground coal mining as well as for recultivation and restoration 
purposes in open cast mines. As the utilisation of CCPs is well established in some European 
countries, based on long-term experience and on technical as well as on environmental 
benefits, they are part of regular production and therefore requested on a regular base. 
Availability is becoming a major problem in some member states and the management of 
CCPs meeting market needs is a major task for power producers and marketers.  

 

ENERGY PRODUCTION IN EUROPE 

The European energy production is spread across a range of different energy sources: solid 
fuels (largely coal), natural gas, crude oil, nuclear energy and renewable energy (such as 
hydro, wind and solar energy). 

In 2018, the largest contributing to energy production was by nuclear (29%) followed by 
renewables (28 %) and solid fuels (17 %), natural gas (14 %) and crude oil (10 %) (see 
Figure 1). 

 

https://ec.europa.eu/eurostat/cache/infographs/energy/glossary.html#primary-production-of-energy
https://ec.europa.eu/eurostat/cache/infographs/energy/glossary.html#solid-fuels
https://ec.europa.eu/eurostat/cache/infographs/energy/glossary.html#solid-fuels
https://ec.europa.eu/eurostat/cache/infographs/energy/glossary.html#nuclear-heat
https://ec.europa.eu/eurostat/cache/infographs/energy/glossary.html#renewable-energy-sources
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Figure 1 Share of EU energy production by source in 2016 [3] 

 

However, the production of energy is very different from one Member State to another. The 
significance of nuclear energy is particularly high in France (80 % of total national energy 
production), Belgium (75 %) and Slovakia (62 %). Renewable energy is the main source of 
energy produced in a number of Member States, with over 90 % (of the energy produced 
within the country) in Malta, Latvia, Portugal, Cyprus and Lithuania. Solid fuels have the 
highest importance in Poland (78 %), Estonia (67 %), Greece and Czechia (both 59 %), while 
natural gas is the main source of energy produced in the Netherlands (83 %). Crude oil is the 
major source of energy produced in Denmark (47 %) and the United Kingdom (41 %). [3] 

 

 

Figure 2 Development of production of primary energy in EU 28 by source [4] 

The development of primary energy production by source is given in Figure 2. Only the 
renewable energy showed a uniform increased by 66.5 %, replacing, to some degree, the 
production of other sources of energy. By contrast, the production levels for the other sources 
fell, the largest reductions being recorded for natural gas (-41.2 %), crude oil (-39.0 %) and 
solid fuels (-30.8 %), with a more modest fall of 15.2 % for nuclear energy.  
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In 2016, the production of primary energy in the EU-28 member states totalled 755 
million tonnes of oil equivalent (Mtoe) (see table 1). This was a bit lower than in 2015 and 
continued the generally downward development observed over the past years following the 
relatively strong decrease after the global financial and economic crisis in 2008. The general 
downward development of EU-28 primary energy production may, at least in part, be 
attributed to supplies of raw materials becoming exhausted and/or producers considering the 
exploitation of limited resources uneconomical. [4]  

 

Table 1  Energy production in European countries in 2006 and 2016 (in million tonnes of 
oil equivalent) 

 

According [4], the highest share of production by solid fuels in 2016 was in East-European 
countries: Kosovo (81%), Poland (78 %), Bosnia-Herzegowina (74), Serbia (68%) and 
Estonia (67). Countries with production between 50 and 60 % are Czech Republic and 
Greece followed by Bulgaria (45%). In West-European countries the production The 
production in Germany was down to 34% and in Spain down to 2%.    

In 15 of the 28 EU Member States an expansion in of primary energy production during the 
past 11 years to 2016 was recorded. The largest expansion in the production was registered in 
Italy (an increase of 3.7 Mtoe), followed by Spain (2.8 Mtoe), Ireland (2.5 Mtoe), Austria 
(2.4 Mtoe), and Sweden (2.3 Mtoe). By contrast, the production of primary energy in the 
United Kingdom fell by as much as 66.0 Mtoe, while Germany, the Netherlands, Denmark 
and Poland also reported contractions in excess of 10 Mtoe. [4] 

 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:EU_enlargements
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Tonnes_of_oil_equivalent_(toe)
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Impacts by Energy Strategies  

In December 2008, the European Parliament and the Council agreed upon the so-called 
“Climate and Energy Package”, which entered into force in 2009 [5]. The legislative package 
put in place what is collectively known as the EU-20-20-20 targets to be met by 2020: 

- Reduction of greenhouse gas emissions of at least 20 % below 1990 level, 
- Increasing the share of renewable energy to 20% , and 
- Improving the EU’s energy efficiency by 20%.  

With this package additional legislation was installed for promotion of the use of renewable 
energy (RES), geological storage of carbon dioxide and a revised Trading Scheme for 
greenhouse gases (GHG). From 2013, the system for allocating emission allowances changed 
significantly compared to the two previous trading periods (2005 to 2012). At first, the 
emission allowances were distributed according to fully harmonized and EU-wide rules. At 
second, auctioning became rule for the power industry, i.e. the allowances will not be 
allocated for free any longer. In 2013, over 40% of the allowances were auctioned. Over the 
period 2013-2020, the share auctioned will be higher: it is estimated that up to half of the 
allowances may be auctioned [6]. With the auctioning the polluter pays principle is practised 
resulting in higher cost for power production by coal. 

EU countries have further agreed to meet at least a 40% reduction in greenhouse gas 
emissions, a binding target of at least 27% of renewable energy in the EU and an increase in 
energy efficiency increase of at least 27% by 2030. To reach this the completion of the 
internal energy market by reaching an electricity interconnection target of 15% between EU 
countries by 2030, and pushing forward important infrastructure projects have been agreed. 

A first report from November 2015 showed that much progress has been made since the 
adoption of Energy Union in February 2015. The greenhouse gas emissions were cut by 18%, 
the share of renewable energy consumption is 15.3% and the energy efficiency is predicted to 
improve by 18% to 19% by 2020 – barely missing the 20% target.  

On 30 November 2016, the Commission released draft legislative proposals designed to help 
achieve the set targets. The measures include draft proposals on electricity market design, 
renewables and energy efficiency. The EU aims to achieve an 80% to 95% reduction in 
greenhouse gasses compared to 1990 levels by 2050. Its Energy Roadmap 2050 analyses a 
series of scenarios on how to meet this target [7]. 

On 22 May, the Council of ministers of the EU formally adopted four new pieces of EU 
legislation that redesign the EU electricity market to make it fit for the future. This concludes 
the remaining elements of the “Clean energy for all Europeans package“ and represents a 
major step towards completing the Energy Union, delivering on the priorities of the Juncker 
Commission. The Clean energy for all Europeans package sets the right balance between 
making decisions at EU, national, and local level. Member States will continue to choose 
their own energy mix, but must meet new commitments to improve energy efficiency and the 
take-up of renewables in that mix by 2030. For example, the new rules on the electricity 
market, which have been adopted today, will make it easier for renewable energy to be 
integrated into the grid, encourage more inter-connections and cross-border trade, and ensure 
that the market provides reliable signals for future investment. Today’s rules also require 
Member State to draft plans to prevent, prepare for and manage possible crisis situations in 
the supply of electricity in coordination with neighbouring Member States, and to enhance 
the role of the Agency for the Cooperation of Energy Regulators (ACER) [8]. 

https://ec.europa.eu/energy/en/news/commission-proposes-new-rules-consumer-centred-clean-energy-transition
http://eur-lex.europa.eu/legal-content/EN/ALL/;ELX_SESSIONID=pXNYJKSFbLwdq5JBWQ9CvYWyJxD9RF4mnS3ctywT2xXmFYhlnlW1%21-868768807?uri=CELEX:52011DC0885
https://ec.europa.eu/energy/en/topics/energy-strategy-and-energy-union/clean-energy-all-europeans
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Impacts by Directives (IED, LCPD) 

Industrial activities, including the use of coal in coal-fired power plants, have a significant 
impact on the environment, which must be kept as low as possible. Emissions from industrial 
installations have therefore been subject to a EU-wide legislation. Individual member states 
may set their own national legislation but all member states must comply with EC Directives, 
although derogations may be permitted. Today, the most important Directive for emissions 
from coal-fired power plants is the Industrial Emissions Directive (IED).  

The IED [9] is the successor of the IPPC Directive [10] and the main EU instrument 
regulating pollutant emissions from industrial installations. The IED was adopted on 24 
November 2010. It entered into force on 6 January 2011 and had to be transposed by Member 
States by 7 January 2013.  

Since 1st January 2016, the IED also supersedes the Large Combustion Plant Directive [11] 
which aimed to reduce acidification, ground level ozone and particulates by controlling the 
emissions of sulphur dioxide, oxides of nitrogen and dust from large combustion plants (i.e. 
plants with a rated thermal input of equal to or greater than 50 MWth). All combustion plants 
built after 1987 had to comply with the emission limits in the LCPD and were either closed or 
retrofitted with more effective flue gas cleaning devices for de-dusting, de-nitrification (de-
NOx) and de-sulphurisation (de-SOx). The technologies influence type, amount and quality 
of the resulting coal combustion products (ashes and de-sulphurisation products). De-NOx 
technologies cover catalytic (SCR in high dust or tail-end installation) or non-catalytic 
reduction (SNCR). For the proper operation if the plant and to minimise the impact on the 
CCPs proper maintenance of the system is needed [12]. De-SOx technologies cover dry and 
wet desulphurisation technologies resulting in either spray-dry absorption (SDA) product or 
flue gas desulphurisation (FGD) gypsum. The wet process is mostly used and in some cases 
formerly installed SDA processes are meanwhile replaced with wet FGD systems. 

The IED aims to achieve a high level of protection of human health and the environment 
taken as a whole by reducing harmful industrial emissions across the EU, in particular 
through better application of Best Available Techniques (BAT) [13]. Around 50,000 
installations undertaking the industrial activities listed in Annex I of the IED are required to 
operate in accordance with a permit (granted by the authorities in the Member States). This 
permit should contain conditions set in accordance with the principles and provisions of the 
IED.  

The IED is based on several pillars, in particular an integrated approach, the use of best 
available techniques, flexibility, inspections and public participation.  

The integrated approach means that the permits must take into account the whole 
environmental performance of the plant, covering e.g. emissions to air, water and land, 
generation of waste, use of raw materials, energy efficiency, noise, prevention of accidents, 
and restoration of the site upon closure. To fulfill the approach also other Directives as the 
Waste Directive [14] for utilisation of waste and REACH Regulation [15] and several 
product standards and requirements for the use as products have to considered. It is a 
continuous task of ECOBA and its members to highlight that CCPs are valuable resources 
which can be and which are used as replacement for natural materials in several applications 
and to inform about related regulations.  

The permit conditions including emission limit values must be based on the Best Available 
Techniques (BAT). In order to define BAT and the BAT-associated environmental 
performance at EU level, the Commission organises an exchange of information with experts 
from Member States, industry and environmental organisations. This work is co-ordinated by 
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the European IPPC Bureau of the Institute for Prospective Technology Studies at the EU 
Joint Research Centre in Seville (Spain). This process results in BAT Reference Documents 
(BREFs); the BAT conclusions contained are adopted by the Commission as Implementing 
Decisions. The IED requires that these BAT conclusions are the reference for setting permit 
conditions. 

In 2011, the revision of the Best Available Techniques Reference Document for Large 
Combustion Plants (BREF LCP) BREF LCP was started and major commenting work via 
VGB and EURELECTRIC was organised in addition to meetings with the European 
Integrated Pollution Prevention and Control (IPPC) Bureau (EIPPCB) in Sevilla. 

In June 2016, the EIPPC has published the final draft of the BREF LCP and the conclusions 
(chapter 10 of BREF LCP) [16]. The conclusions will provide stricter emission limit values 
for all existing parameters. In addition, requirements for Hg, HCl abd HF will be 
implemented. Early 2017, the Comitology procedure for the BREF LCP will be started. After 
acceptance of the BREF LCP it will be translated and published in the Official Journal of the 
EU. With that the revision may be concluded by midth of 2017. After publication in the 
Official Journal members states have to implement the conclusions within four years, e.g. by 
midth 2021.  

In Germany, producers formed the ‘Hgcapture Initiative’ to publicly inform about the success 
when using BAT as defined in the BREF. This is of special importance as the CCPs from 
hard coal are used nearly completely in the construction industry and as changes in 
compositions may complicate continued use. The research work currently at lab and pilot 
scale demonstrate that the expected very low Hg emission values may not be reached with 
only one BAT. In addition, the systems has different effects in different power plants which 
has not been considered in the revision phase although commented several times [17].  

 

Impact by markets 

As coal-fired power plants do not only produce electricity and heat but also construction 
materials the market developments and demands for all markets have to be considered.  

To achieve the aims in CO2 reduction the side conditions for the operation of coal-fired 
plants were modified. In addition to the legal framework described above also national 
incentives for renewable production were established aiming in "renewables first" and based 
on this changing the merit order (ranking of available sources of energy production). In 
addition several national energy markets are based on stock prices. 

The merit order or ranking achieve that those with the lowest marginal costs are the first ones 
to be brought online to meet demand, and the plants with the highest marginal costs are the 
last to be brought on line. Dispatching generation in this way minimizes the cost of 
production of electricity. Sometimes generating units must be started out of merit order, due 
to transmission congestion, system reliability or other reasons driving costs. 

Furthermore, the spot markets for electricity in Germany, Austria, Switzerland, Belgium, 
Netherlands and the United Kingdom are managed by EPEX Spot. The trade for the spot 
market is all year through for 24 h of the next day, consist of intraday (business the same day) 
and day-ahead business (for the next day) and are especially designed for integration of 
renewable power. Phelix - the reference price for the European trade market - is published on 
a daily base for energy in base and peak load [18]. In future, also power-to-purchase-
agreements may be used. As long term direct marketing instruments they will influence also 
the existing market systems.   

http://eippcb.jrc.es/
http://eippcb.jrc.ec.europa.eu/reference/
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Impact on Coal Combustion Products  

For the utilisation of CCPs quality and availability are important parameters for the 
construction market. The quality is defined by technical and environmental requirements in 
standards and regulations which have to be met all the time. A continuous quality 
management including auto and third party control is required. The standards and 
requirements are subject of regular updates to meet regulatory as well as market needs.  

In addition to quality, availability is important to serve construction projects especially in 
member states with existing markets. Forecasting of production to serve market needs cause 
more efforts in CCP management. Stock management whether in silo or on site as well as 
beneficiation for fresh produced or stockpiled ash is being discussed together with cross 
border transport as options for safeguarding availability of CCPs.  

The figures for production and use in EU15/EU28/EU are given in Table 2. The toal 
production of CCPs in the EU is calculated to more than 140 million tonnes, that in EU18 
member states to more than 102 million tonnes. A regular statistics is compiled by ECOBA 
members annually and published as EU15 statistics. Beside the production also the utilization 
data for the coal combustion products are compiled. The utilization rate for CCPs used as or 
in raw material and construction materials and for reclamation is 92%.  

 

 

Table 2   Production and utilisation of CCPs in Europe 2014 (EU15, EU28, EU) [1] 

 

  EU15 EU28* EU* 

Production [mill.t] 

CCPs total 40,4 >102 >140 

Ashes 30,1 >84 >120 

desulph. Products 10,3 >20 >21 

    utilisation rate       

construction ind. 50% ** ** 

constr. + reclam. 92% ** ** 
   *   Estimate based on coal comsumption 
   ** Information on utilisation only partly available 
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Figure 3 Development of CCP production in EU15 countries from 1997-2017 [2] 

The development of CCP production in EU15 member states from 1997 to 2017 is given in 
Figure 3. The statistics are produced annually by the members and allow an evaluation of 
development for North and West-European countries. The impacts of the shifts in energy 
production are visible in a lower production of CCPs. An overview of the 10 year in CCP 
production in selected member states is given in Annex A. 

For further reduction of CO2 emissions some member states have already announced a coal 
phase-out in the coming years. An overview is given in table 3. This is accompanied by 
increased production by alternative sources (nuclear, renewables, …) and the market 
conditions.   

 

Table 3 Coal-phase out announcements of EU member states [19, own updates] 
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To serve the existing markets for CCPs as construction materials beside the fresh production 
the utilisation from stock by either direct use or processing and the import of ashes have to be 
considered.  

Over the last years several projects for the re-use of ashes from stocks or ponds were started. 
In Denmark, complete ash stock have been removed to prepare extension areas for 
constructions. The ash was re-used for cement production. In May 2015, the Hénâ project 
was started in Awirs, Belgium. From 1952 to 1972 about 1.7 million m³ of fly ash produced 
by the combustion of coal at the Awirs power plant were deposited. The ash is now removed 
and used for cement production in a nearby cement plant [20]. In the UK, the Gale Common 
Extraction Project is under preparation. The EP UK Investments Ltd (‘EPUKI’) is proposing 
to prepare and submit a planning application to North Yorkshire County Council for the 
extraction of ash from the Gale Common Ash Disposal Site.  The ash shall be used as a 
recycled aggregate, which is a sustainable solution in the building products industry and is 
supported by local and national planning policy. The Gale Common Site is located 
approximately 3 miles to the south-west of Eggborough Power Station. Already now about 
30.000 t of ash is re-used from stock each year. The project aims in recovering more than 1 
million tonnes per year for the period of 25 years. [21]  

In France, the re-use from stock is already practised since for more than 20 years. The ashes 
were partly removed from stock for dam construction for highway tracks. They are also re-
dried when used in cement and concrete.  

In addition to fresh production from coal-fired power generation also imports of ashes is 
practised. About 3 million tonnes of ashes are transported cross border each year to serve the 
existing markets (see Figure 4). 

 

 

 

Figure 4    Cross Border transport of ashes in Europe [22] 
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CONCLUSIONS AND OUTLOOK 

Environmental regulations and strict aims for CO2 reduction resulted in retrofits of coal-fired 
power plants, construction of new power plants and increased efforts for economic operation. 
With the revised reference document on best available technology new emission limit values 
have to be considered. Due to different situations in power production and agreements on 
reduced CO2 emission coal-fired power production was reduced over the years or a coal 
phase-out announced.  

In existing markets the demand for CCPs as raw and construction is high as also the 
construction industry has to save CO2. Therefore, beside production in power plants also re-
use from stock and imports from other countries are used to serve existing markets. 

The operation of coal-fired power plants and the utilisation of CCPs as raw and construction 
materials is a continuous challenge! 
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Annex A 
 

 
 
 
Annex A 10-year trend in CCP production in selected  EU member states  
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ABSTRACT: Concrete containing fly ash is safe with respect to leaching into soil, 
groundwater or surface water meaning that concrete meets all notified regulations in Europe 
provided all the other constituents are on the proven list. Nevertheless in a few countries there 
are regulations on fly ash to be used in concrete and for these markets certain criteria have to 
be met. These involve a leaching test and measurements of the content of dangerous substances 
in the eluate. The producer may supply this information in the form of declared values, classes 
or categories. The pros and cons of each approach are identified. None of these approaches is 
ideal and a manufacturer’s declaration is proposed as the most helpful solution. In a few 
situations where the other constituents of concrete contribute a significant amount of ionizing 
radiations, information on the gamma radiation from fly ash will be needed if the producer 
selects to check the performance of concrete based on the contributions from each constituent. 
An introduction is given to the ways in which to validate the declaration of performance using 
procedures given in a CEN Technical Report 16797, which in turn is based on the approach 
used in the Netherlands. 
 
Keywords:  Fly ash, Concrete, Dangerous substances, Regulations, Conformity. 
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INTRODUCTION 
 
In a few countries in Europe, manufacturers of construction products are required by law to 
comply with limits for the potential release of dangerous substances. Conformity to these limits 
is proven by testing and measuring the content of dangerous substances in the eluate or the 
emission into indoor air. In the past these few countries had different test procedures as well as 
different limits. As a step towards creating a free market for goods, CEN has developed (or are 
in the process of developing) common test methods. These test procedures will replace the 
national procedures. 
 
If a declaration of performance in a CEN standard includes potential release or emission of 
dangerous substances, the CEN standard is required to include a procedure for verifying that 
this declaration is valid. At present the procedures for verifying that any regulatory limits are 
achieved are set by national regulators and are part of the national law. The main purpose of 
European standards is to remove barriers to trade and different national procedures is a barrier 
to trade. Resolving this conundrum is not the task of the European Standardization Body 
(CEN), but it needs to be resolved before CEN product standards can sensible include 
procedures for declaring the potential release emission or content of dangerous substances. 
 
Limits on the potential release, content or emission of dangerous substances is a matter for the 
European Union (for example with respect to ionizing radiations, asbestos and mercury) and/or 
national authorities and they are not the concern of CEN. Nevertheless European product 
standards might be required to include a clause on dangerous substances and whether these 
clauses should contain the method for reporting the potential release of dangerous substances 
is an open question. Whether such a clause is required will be specified in the mandate for the 
products from the European Union to CEN. At present only a few mandates address dangerous 
substances although at national level environmental requirements exist. 
 
This paper describes the pros and cons of the different methods for giving information on the 
potential release of dangerous substances into soil, groundwater, surface water and emission 
into indoor air. Where potential release or emission cannot be determined, there may be 
alternative requirements in the form of content and the pros and cons of providing this 
information are also covered. This approach may be applicable to organic content. 
 
The Construction Products Regulation (CPR) [1] permits performance to be declared in terms 
of ‘declared values’ or ‘classes’, but both of these methods have disadvantages and so an 
alternative solution is proposed. If there are no notified regulations, the producer may use the 
‘No performance declared’ (NPD) option. 
 
To give confidence in CE-marking, a product standard has to include a system for the 
verification of any declared performance such that the declaration of performance may be 
accepted without further testing. 
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RELEVANT SCENARIOS 
 
To have the potential to release dangerous substances into soil, groundwater or surface water 
and indoor air, the tests have to be carried out taking into consideration relevant scenarios of 
release. The constituents of a product that is in contact with soil, water or indoor air, e.g. the 
cement, additions, admixtures and aggregates used to make concrete, should be covered by 
requirements taking into consideration the potential release from concrete. It is the release or 
emission from concrete that matters, but as the constituents of concrete may be used in many 
different products, it makes economic sense to test the constituent in, for example, a set 
concrete matrix and not the numerous concretes in which it will be used. 
 
 

NO PERFORMANCE DECLARED OPTION 
 
As shown by a report instigated by the European Concrete Platform [2] concrete containing fly 
ash in accordance with EN 450-1 [3] is safe. Nevertheless there are a few national regulations 
on fly ash for concrete and producers are required to comply with the law.  
 
Where there are no notified regulations, the manufacturer is free to use the NPD option. This 
option will apply to most Members States of the European Union. While this remains an option 
for Member States with no notified regulations, manufactures may choose to provide 
information using one of the other options. Unfortunately there is in some places a distrust of 
industry and the NPD option might be taken as meaning that the producer is hiding a damaging 
environmental performance. Consequently a producer may opt to declare a performance even 
if there are no relevant national regulations. In the medium term it is hoped that the European 
concrete standard, EN 206 [4] will contain a statement saying concrete containing fly ash to 
EN 450-1 is safe. 
 
 

DECLARED VALUES 
 
A declared value is a value that the manufacturer states as being unlikely to be exceeded and 
they are expected to have information to justify this claim. Where there are notified regulations, 
if the declared value is above the national limit value, this product cannot be legally placed on 
that market. Consequently declared values are unlikely to be above the limit values for the 
intended markets. 
 
The list of dangerous substances runs into thousands and for any one product, only a few of 
these substances may be relevant. The mandate will identify the dangerous substances to be 
declared, but the duty of care means that if the producer knows that the product contains other 
dangerous substances, these also have to be declared. 
 
These limits for release or emission for a specific substance are the same regardless of the 
product and therefore there is likely to be some substances to be declared that will always be 
well below the limit value and this gives the manufacturer the scope to declare values well 
below the limit values and use this information for marketing purposes. 
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Having a potentially long list of declared values is not very helpful for almost all consumers 
and many consumers will not be able, or willing to determine if the product conforms to the 
legal requirements. As there is a legal requirement for the manufacturer to comply with the 
law, they will assume the manufacturer complies with their legal responsibilities. This becomes 
an issue if the product is placed on a market without any requirements and used in a market 
with requirements. 
 
For markets where there are no notified regulations, the manufacturer is free to select this 
approach as an alternative to the NPD option. 
 
 

CLASSES 
 
Classes are created by regulation. Classes are only permitted in harmonised European standards 
if they have been instigated by the European Union in a product mandate or approved by them 
via a delegated act. At present there are no classes for potential release into soil groundwater 
or surface water and indoor air, but in the future there is likely to be classes for emission into 
indoor air. 
 
From a consumer or regulators viewpoint having classes or categories (see next section) that 
align with specific Member State requirements makes their life a lot simpler; however, the 
European Commission is reluctant to create classes as a Member State may change their 
requirements making the classification incorrect until the standard is amended. Another issue 
is that the European Commission do not like classes that identify a specific CEN Member e.g. 
for Germany, DS (DE) or for the Netherlands, DS (NL). They expect the classification of 
classes to be neutral, e.g. for Germany, DS (A) and for the Netherlands, DS (B). By making 
life difficult for users, it will only be a matter of time before the wrong classification is used. 
 
If classes are used in a product standard, the standard will have to include the list of dangerous 
substances covered by the classification and the limit values for the class. 
 
Classes are one of the options for declaring performance given in the CPR. As there are no 
classes for the potential release of dangerous substances into soil, groundwater or surface water 
and, at present, indoor air and as the European Commission is reluctance to issue delegated 
acts to introduce classes, the use classes is unlikely to be a realistic option. 
 
 

CATEGORIES 
 
Categories are classes of convenience introduced by CEN Technical Committees to make life 
easier for the users of its standards. What comprises a category could be anything, but the most 
useful to consumers and regulators would be categories that align with national limit values, 
but this has the same issues as classes, see previous Section. Categories should be described in 
a way that clearly identified which national limit values they satisfy, but whether this will be 
permitted is an open question. 
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Categories are not specifically identified in the CPR as a method for declaring performance, 
but using categories is a better solution for consumers and regulators than declared values. 
There remains the issue of categories in standards and regulations being out of alignment for 
periods of time. A solution would be to use a manufacturer’s statement of performance, see 
next Section. 
 
 

MANUFACTURER’S STATEMENT 
 
Manufacturers have to comply with the national law. This includes any requirements for the 
potential release of dangerous substances into soil, groundwater or surface water and indoor 
air. As regulations have a higher status than standards, it can be argued that a statement stating 
in effect the product complies with the legal requirements for the market is unnecessary. 
Nevertheless the manufacturer may not know the market into which the product is eventually 
used and therefore some statement as to which European or national regulations the product 
complies with is useful for both consumers and regulations. 
 
The advantage of a manufacturer’s declaration over the use of categories, it that the statement 
should always be true as the manufacturer will have to achieve any new limit values the 
moment they become law. 
 
The manufacturer’s declaration should states the national requirements that are fulfilled. As 
this is a matter of trust a test report should be cited and provided on request. 
 
 

VERIFICATION OF DECLARATION OF PERFORMANCE 
 
CEN Technical Report 16797 [5] provides guidance on the statistical assessment of declared 
values with respect to the release/emission/content of dangerous substances. This report 
provides statistically-based criteria for type-testing (TT), further-testing (FT) and where a 
product has been shown to be consistent with measured release/emission/content values that 
are significantly below the declared values, the point where no-further-testing (NFT) is 
permitted. 
 
A series of fundamental principles are defined in Part 1 and two statistical approaches are 
defined. The first approach is to use assessment by variables and this approach requires the 
data to be normally or log-normally distributed. This approach is recommended as the default 
option. The alternative approach based on assessment by attributes is appropriate for data sets 
that are not normally or log-normally distributed. The downside to this form of assessment is 
that more test data are needed for the same level of reliability. Part 1 introduces these 
assessment procedures and Part 2 provides more detail and the statistical proof that they satisfy 
the principles defined in Part 1. With both of these approaches the minimum frequency of 
testing is a function of the distance between the mean value and declared value and the 
variability of the data set, i.e. the sample standard deviation. 
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The procedures given in CEN Technical Report 16797 [5] are based on the established 
procedure used in the Netherlands with a modification that permits no further testing (NFT) 
when the product is shown to be safe. Statistically it makes no sense to continue to test a product 
that has been shown to consistently meet the declared value by a very large margin; however, 
NFT is only valid if the product does not change and the factory production control needs to 
ensure that the product has not changed. 
 
The reference test method for concrete containing fly ash will be the TS 16637-2 [6] test 
procedure once it is upgraded to a full European standard, i.e. it includes a precision statement. 
This is a leaching test on cubical specimens. Work is in progress to determine if it is possible 
to define content limits for heavy metals such that leaching tests are not required, but there is 
not a good relationship between content and release. 
 
The normal rule of application is assessment by variables using a running-mean of 5 or 10 
results assuming a log-normal distribution. Assessment by variables is a technique that uses 
the mean value of the last five or ten consecutive results and the spread of these results around 
the mean value. 
 
A normally distributed set of results is a bell-shaped set of results that is symmetrically spread 
around the mean value. Most measured values are normally distributed; however, experience 
with measuring the release/emission of dangerous substances from construction products, 
shows that the distribution of results is often skewed. If the log of the skewed values are taken 
the distribution of results becomes approximately normal. This is called a log-normal 
distribution. The main reasons for getting a skewed distribution for dangerous substances are 
the facts that test results are: 
 
 usually very low, but they cannot have negative values (values less than nothing); and, 
 
 frequently at the limit of detection of the test equipment. In cases of values below the 

detection limit, a value of 0.7 × limit of detection is assumed in the calculations for the 
mean and the standard deviation. 

 
The minimum test frequency is based on a coefficient kn, which is the number of standard 
deviations between the declared value and mean value; as the number gets larger the risk of the 
product exceeding the declared value gets lower and the minimum test frequency is lower. 
 
For determining the minimum test frequency, a coefficient kn has to be calculated, where, in 
general, n equals five or ten. Because a log-normal distribution is being assumed, it is the 
natural logs of these numbers that are used in the calculation of kn. Until five test results are 
available, kn is based on all the available test results. 
 
The equation is: 

 
s

xLk D
n

−
=

)ln(
 (1) 

where: 
ln  = natural logarithm of the value, 

x  = running-mean of the last consecutive n ln-transformed test values, 
s  = running-standard deviation of the last consecutive n ln-transformed test values, 

DL  = declared value. 
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This rule of application by variables comprises a period of type-testing (TT) followed by 
further-testing (FT) at a rate depending upon the value of the coefficient kn. If over time the 
specific production is consistently shown to be very 'conservative' in relation to the declared 
value and/or is safe in relation to a regulatory limit, no-further-testing may be applied. 
 
Type-testing comprises testing every batch until at least two test results are available. When 
there are at least two test results, the value of kn is calculated where n is the actual total number 
of test results obtained in TT. If the criterion for kn in Table 1 is satisfied, random testing of 
batches at the minimum test frequency given in Table 2 is permitted; if it is not satisfied, testing 
every batch is required. To end TT after 2 or 3 test results requires a high kn value, which means 
that there is a large difference between the mean value and the declared value and thus the risk 
of a non-tested batch exceeding the declared value is low. 
 
 

Table 1  Assessment by variables: Conformity criteria for TT [6]. 
 

NUMBER OF TEST 
RESULTS 

CONFORMITY CRITERION 
FOR THE BATCH 

CRITERION FOR ENDING TT 

1 x1 ≤ Declared value None, as the second batch has to 
be tested 

2 x2 ≤ Declared value If k2 ≥ 2.18 
transfer to Table 2 column I 

3 x3 ≤ Declared value If k3 ≥ 1.09 
transfer to Table 2 column II 

4 x4 ≤ Declared value If k4 ≥ 0.82 
transfer to Table 2 column III 

5 x5 ≤ Declared value If k5 ≥ 0.69 
transfer to Table 2 column IV 

6 to 9 xi ≤ Declared value If k5 ≥ 0.69 
transfer to Table 2 column IV 

10 a x10 ≤ Declared value If k5 ≥ 0.69 
transfer to Table 2 column IV 

or b 
If k10 ≥ 0.44 

transfer to Table 2 column V 

a If not already ended, TT ends when there are 10 test results. Testing every batch has to 
continue if it is required by the criterion given in Table 2. 

b The producer may opt to use the running-mean of the last 5 or the last 10 consecutive 
tests results for FT. 
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The criteria given in Table 1 are used to determine the conformity of the batch and the criterion 
for continuing with batch testing. If not already ended, TT ends when there are 10 test results. 
Testing every batch has to continue if it is required by the criterion given in Table 2. 
Assessment by attributes is an alternative to using variables. 
 

Table 2  Assessment by variables: Minimum test frequency for FT [6]. 
 

NUMBER OF TEST RESULTS MINIMUM 
TEST 

FREQUENCY b 2 3 4 Last 
consecutive 

5 a 

Last 
consecutive 

10 a 

I II III IV V VI 

k2 ≥ 24.58 k3 ≥ 9.65 k4 ≥ 7.13 k5 ≥ 6.11 k10 ≥ 4.63 
1 batch per 3 
year c, d, e 

18.50 ≤ k2 < 
24.58 

7.34 ≤ k3 < 
9.65 

5.44 ≤ k4 < 
7.13 

4.67 ≤ k5 < 
6.11 

3.53 ≤ k10 < 
4.63 

1 batch per 
year d, e 

10.25 ≤ k2 < 
18.50 

4.26 ≤ k3 < 
7.34 

3.19 ≤ k4 < 
5.44 

2.74 ≤ k5 < 
4.67 

2.07 ≤ k10 < 
3.53 

1:10 batches  
(≥ 5 batches per 
3 years) 

4.88 ≤ k2 < 
10.25 

2.23 ≤ k3 < 
4.26 

1.69 ≤ k4 < 
3.19 

1.46 ≤ k5 < 
2.74 

1.07 ≤ k10 < 
2.07 

1:4 batches  
(≥ 10 batches per 
3 years) 

2.18 ≤ k2 < 
4.88 

1.09 ≤ k3 < 
2.23 

0.82 ≤ k4 < 
1.69 

0.69 ≤ k5 < 
1.46 

0.44 ≤ k10 < 
1.07 

1:2 batches  
(≥ 5 batches per 
year) 

k2 < 2.18 k3 < 1.09 k4 < 0.82 k5 < 0.69 k10 < 0.44 Test every 
batch f, g 

a It is the producer’s choice to base the assessment on the running-mean of the last 5 or 10 
consecutive test results. 

b Where every batch is not being tested, the batch for testing is selected at random from 
within the period of production given in the last column. 

c If the last consecutive 5 test values are lower than the limit of detection of the test method, 
the minimum test frequency is 1 batch per 3 years. 

d If the last five consecutive test values are lower than 0.27 × declared value, the minimum 
test frequency is 1 batch per year; if they are lower than 0.17 × declared value, the 
minimum test frequency is 1 batch per three years. 

e If the last ten consecutive test values are lower than 0.37 × declared value, the minimum 
test frequency is 1 batch per year; if they are lower than 0.23 × declared value, the 
minimum test frequency is 1 batch per three years. 

f Any batch above the declared value is classified as non-conforming. 
g Where batch testing is required during continuous production, at least five new batches 

have to be tested and the results give a k5 ≥ 0.69 and a k10 ≥ 0.44 before it is permitted to 
change from testing every batch. 
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CONCLUSIONS 
 

1. Until the European commission and the national regulators agree that the procedures 
validating the declaration of performance are in the relevant product standard and not in the 
national provisions, there is little point in including a declaration of performance with 
respect to dangerous substances in harmonised product standards. 

 
2. A long list of declared values is not helpful to the consumer and in many cases not 

understood by the consumer. At present there are no classes for dangerous substances and 
both classes and categories may have periods where they are out of line with regulations. 

 
3. Declared values and declared classes have both pros and cons and neither easily satisfy the 

needs of consumers or regulators. The use of a manufacture’s statement is a practical and 
effective solution for the declaration of performance with respect to release into soil, 
groundwater and surface water and indoor air. 

 
4. CEN/TR 16797 provides statistically based methods for assessing the validity of the 

declaration of performance based on the established method used in the Netherlands. 
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ABSTRACT: Supplementary cementitious materials (SCMs), such as fly ash are commonly 
used in concrete in order to improve its sustainability and to reduce carbon dioxide emissions 
from the production of Portland cement clinker. The addition of Polymeric Fibres (PF) can 
enhance adhesive and frictional bond with a cementitious matrix and improve mechanical 
properties of composites. Despite these benefits self-desiccation processes and the following 
autogenous shrinkage may lead to formation of cracks and deterioration of cementitious 
materials. Polymeric fibres, commonly used to arrest crack propagation, are often insufficient 
and some form of internal curing is still required to provide water for continuous hydration. 
Superabsorbent polymers may provide a solution to this problem. However, their effectiveness 
in cementitious matrices depends on a number of parameters including water 
absorption/desorption kinetics and their particle sizes. This paper aim to evaluate the combined 
effect of PF and SAPs on the autogenous shrinkage and mechanical properties of PC-Fly Ash 
mortars. Two types of mortars reinforced by polymeric fibres (CEM I – PC Portland cement & 
CEM II – PC-Fly ash) modified by three types of SAPs were evaluated. Autogenous shrinkage 
and mechanical properties were analysed as a function of water absorption capacities of SAPs 
and their particle sizes. The experimental results show that addition of SAP to PC-FA fibre 
reinforced mortars has significant effect on the reduction of autogenous shrinkage. Although 
the mechanical properties of PC-FA mortars are temporarily reduced by SAP addition, this 
reduction diminishes with time due to progressive hydration facilitated by internal curing of 
SAP and pozzolanic action of FA. 
 
Keywords:  Superabsorbent polymers (SAPs), Polymeric fibres (PF), Fly ash; Autogenous 
shrinkage, Mechanical properties. 
 
Professor Agnieszka Klemm is Professor in Construction Materials at the Department of Civil 
Engineering and Environmental Management in Glasgow Caledonian University. Her research 
interests cover different aspects of high performance cementitious materials; she is an active 
member of the RILEM Technical Committees. 
 
Rohollah Rostami is a PhD researcher in Construction Materials at the Department of Civil 
Engineering and Environmental Management in Glasgow Caledonian University. 
  



Shrinkage of Mortars with Fibres   41 

INTRODUCTION 
 
The appropriate use of fly ash (FA) have various beneficial effects on both fresh and hardened 
properties of mortars, including reduced water demand, improved workability, reduced 
permeability and improved long term strength and durability [1, 2]. FA properties can also 
contribute to improvement of sustainability of Portland cement-based materials. The use of 
Polymeric fibres (PF) in cementitious matrix can enhance adhesive and frictional bond [3], 
improve compressive and tensile strength, and increased ductility and toughness [4]. However, 
due to the complex hydration reactions early age shrinkage of cementitious systems make take 
place. Autogenous shrinkage (AS) occurs predominantly as a result of emptying of capillary 
pores due to insufficient supply of water during hydration process [5], decreases in internal 
relative humidity of cement paste and consequently self-desiccation [6]. 
 
This may lead to formation of cracks and deterioration of cementitious materials, which in turn 
impair strength, durability and aesthetics [5]. Although, as widely documented [7-8], PF can 
reduce autogenous deformation and crack formation, it is often insufficient and some form of 
internal curing is still required. Superabsorbent polymers (SAPs) as an internal curing agent 
may provide a solution to this problem by providing additional water for the hydration process. 
However, their effectiveness in cementitious matrices depends on a number of parameters 
including water absorption/desorption kinetics and their particle sizes. One the other hand, the 
pozzolanic reaction of fly ash, particularly at early age, may affect the mechanical properties 
[2]. Therefore, the main purpose of this study is to assess the combined effect of PF and SAPs 
on the autogenous shrinkage and mechanical properties of PC-Fly Ash mortars. 
 
 

MATERIALS AND EXPERIMENTAL METHODS 
 
Two different binders were used in this study: Portland cement (CEM I, 52.5N (PC)), and 
Portland fly ash cement (CEM II/B-V 42.5N (PC-FA)). CEM I and II have been supplied by 
Hanson Cements (UK) and Lafarge (UK), respectively. Their chemical and physical 
characteristics are shown in Table 1. 
 
 

Table 1  Chemical and physical characteristics of PC and PC-FA. 
 

  SiO2 

(%) 

Al2O3 

(%) 

Fe2O3 

(%) 

CaO 

(%) 

MgO 

(%) 

SO3 

(%) 

K2O 

(%) 

TiO2 

(%) 

ZnO 

(%) 

LOI 

(%) 
PC  20.1  4.9  2.7  62.4  2.2  3.2  0.27  0.0  0.0  2.39 

PC-FA 32.69  8.99  1.76  43.48  1.33  0.4  1.26  0.58  0.02  0.0 
 
The micro polypropylene fibres used in this study (length of 6 mm, diameter 18 μm and density 
0.91 kg/m³) were provided by ADFIL Construction Fibres (UK); (Figure 1). 
 
Three types of cross-linked Superabsorbent polymers (called here: A, C and E), provided by 
BASF Construction Chemicals GmbH, were used in the experiments. SAP A is copolymer of 
acrylamide and acrylic acid. SAP C and SAP E have the same chemical composition (modified 
polyacrylamide) but different particle grading (Figure 2.a). 
 



42   Rostami, Klemm 

  

Figure 1   The SEM micrographs of (a) fibre and (b) fibre in cement matrix. 
 
 
SAP Characterisation 
 
SAP particle sizes were determined by laser diffraction. Figure 2(a) shows the results of particle 
size distribution tests of SAPs. The water absorption capacity (WAC) of SAPs in DI water and 
in two cement paste solutions used in this study have been evaluated by the tea-bag method [9, 
10] are presented in Figs. 2(b), 2(c) and 2(d), respectively. Shapes and size of SAPs have been 
characterized by the Scanning Electron Microscopy (SEM) techniques (Figure 3). The 
characteristics of used SAPs are summarised in Table 2. 
 
 

 
 

 
 

Figure 2   (a) Particle size distribution of SAPs (b) Sorption behaviour of SAPs in DI water 
(c) Comparison of SAPs absorbency in deionised PC and (d) PC-FA solutions. 
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Figure 3   The SEM micrographs of SAP A, C and E. 
 
 

Table 2  SAP characteristics. 
 

SAP TYPE 
PARTICLE 
SIZE, µm 

WAC1, g/g 
Deionized water 

WAC, g/g 
PC Solutions 

WAC, g/g 
PC-FA Solutions 

SAP A 
copolymer of acrylamide 

and acrylic acid 
30-140 340 35 32 

SAP C modified polyacrylamide 30-140 290 38 35 
SAP E modified polyacrylamide 10-110 340 40 45 

 1 WAC: water absorption capacity 
 
As seen in Table 2, different ionic concentrations in cement paste solution had a strong effect 
on SAPs absorption capacities. 
 
 
Mix Compositions 
 
Ten different compositions of mortar were designed to carry out research as shown in Table 3. 
All fibre reinforced mortars (FRM) were prepared with a binder to fine sand ratio of 1:2 (by 
weight). 90% of sand particles was smaller than 0.425 mm. Different water/binder ratios are 
explained by different amount of additional water absorbed by the SAPs [11]. Both SAPs and 
PF were added to mixtures in equal amounts of 0.25 % and 0.50 % by mass of cement, 
respectively. 

SAP A SAP C 

SAP E 
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Table 3  Mix proportions of materials. 
 

CEMENT TYPE PC PC-FA 
Sample name I I1 I1A I1C I1E II II1 II1A II1C II1E 

SAP type   A C E   A C E 

SAP content, %   0.25 0.25 0.25   0.25 0.25 0.25 

Fibre content, %  0.50 0.50 0.50 0.50  0.50 0.50 0.50 0.50 

W/B ratio 0.48 0.52 0.58 0.58 0.58 0.45 0.50 0.57 0.56 0.56 

 
Setting Times 
 
The initial and final setting times were determined by the Vicat apparatus, according to BS EN 
480-2 [12]. The initial setting time was measured until the distance between the needle and the 
base plate was 4.0 mm. The time at which the needle no longer penetrates 2.5 mm into the 
specimen, was recorded and used as the time of final setting. The samples were covered with 
a plastic during the measurement to limit evaporation from the surface. 
 
Autogenous Shrinkage 
 
Autogenous shrinkage tests were carried out using the corrugated tubes method according to 
ASTM C1698 [13]. The linear changes were recorded by a digital bench dilatometer from the 
time of final setting until the age of 180 days. The length change was recorded every 30 
minutes, during the first day then, at least twice a day until 28 days, following by daily 
measurements until 180 days. 
 

  

Figure 4   The autogenous shrinkage measurements (a) corrugated tubes and  
(b) digital bench dilatometer. 

 
The autogenous strain of each specimen at time (t) was calculated according to [13]. At least 
three specimens were tested for each mortar. 
 
Mechanical Properties 
 
The mechanical properties of the FRM were tested on samples 7, 14, 28, 90 and 180 days old, 
in compliance with the standard BS EN1015-11 [14]. All specimens were evaluated after 
unsealed curing in laboratory environment at 21±2%°C and RH 40±5%. At least three 
specimens for each mixture and age were tested. The compressive strength and flexural 
strength were measured on 40 × 40 × 160 mm³ prisms. 

a b 
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RESULTS AND DISCUSSIONS 
 
Figure 5 shows the results of initial and final setting times of mortars. Initial setting times for 
mortars with PF are slightly shorter than for the reference samples. However, the time of initial 
setting is increased for all SAP samples regardless the type of cement. The similar trends have 
been also observed for the final setting times, although it was more pronounced for PC-FA 
cement. As anticipated, due to the slower pozzolanic reactions of FA [15] samples with CEM 
II had longer setting times than those with CEM I. These times were further prolonged by 
addition of PF and SAPs. It was also observed that SAP C mortars had the longest final setting 
times, followed by SAP A and SAP E mortars. The bigger differences were recorded between 
mortars with SAP C and SAP E (of the same chemical composition). It can imply that the 
particle sizes are more important than the total water absorption capacities. 
 
 

 
Figure 5   Setting times of mortars. 

 
 
The final setting time was used as a starting point of autogenous shrinkage measurements. 
Figure 6 shows the autogenous shrinkage development during 180 days. Although the effect of 
fly ash on AS reduction is very prominent there are similarities between both reference samples 
(PC & PC-FA). After the initial sharp increase in shrinkage in both reference samples further 
linear changes are taking place but with the diminishing rate. As previously reported [7-8], 
fibre reinforcement significantly reduces AS and this reduction is more pronounced in matrices 
with CEM I cement. 
 
Addition of SAPs can further limit AS; the AS patterns for matrices with PC and PC-FA are 
almost identical, hence no effect of fly ash. However, the extent of mitigation depends very 
much on the type of SAP used. As seen on Figure 6, SAP C effectively eliminated shrinkage 
and no linear changes have been recorded. This differs from the effects of SAP A and E, where 
AS was not only mitigated but some initial swelling have been observed. This progressive 
swelling during the first week could be caused by re-absorption of bleeding water from the mix 
just after setting time [5, 16]. As shown on Figure 6 addition of both SAPs A and E resulted in 
a noticeable volume expansion. This expansion was higher for SAP E due to its smaller particle 
sizes and the faster absorption kinetics [17]. Nevertheless, this was not the case for SAP C 
which had the lower absorption capacity (Figure 2b) and larger particle size (Figure 2a). 
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Figure 6   Autogenous shrinkage (AS) development during 180 days. 
 
 
Figs. 7–8 show compressive and flexural strength developments as a function of mortars age. 
Figure 7 shows the similar trends of compressive strength development for all samples. 
However, the compressive strength of mortars with fly ash is lower than for mortars with 
Portland cement only; it may be related to the class and pozzolanic reactions of fly ash [2]. It 
is also evident that mortars with PF exhibited lower strengths than the reference samples 
because of increased porosity (compared to the reference). 
 
It was observed that all SAPs have a negative effect on strength development at early age 
because of the formation of pores after collapsing of SAP. However, this effect is reduced at 
later age due to further hydration facilitated by internal curing of SAP. Reduction of 
compressive strength by SAPs depends on their water absorption capacities. SAP A with lower 
WAC reduced the compressive strength less than SAP C and SAP E with maximum WAC 
respectively. 
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Figure 7   Compressive strength results of RFM mortars modified by SAPs. 

 
 

 
Figure 8   Flexural strength results of RFM mortars modified by SAPs. 

 
 

The similar patterns have been observed for the flexural strength (Figure 8). The results show 
that the flexural strength of PC mortars steadily increase during 180 days, while the flexural 
strength of PC-FA mortars initially increases and after 28 days remains almost unchanged. The 
effect of PF on young mortars (7 days), regardless the type of binder, is negative. The difference 
between binders is more noticeable with time; PF improve strength in PC mortars but decrease 
in PC-FA mortars. It can be related to a class of FA, length and dosage of PF and age of 
samples. All these parameters may affect microstructural properties in the transition zone 
between the matrix and the fibres [18, 19]. 
 
As can be seen in Figure 8, flexural strength decrease when SAP is added to FRM. As discussed 
before, this effect is more pronounced at early ages. Based on the flexural strength results, it 
was concluded that the flexural strength of all samples modified by SAP depends on their water 
absorption capacities. It was found that SAP E with higher WAC had the lowest strength. 
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CONCLUSIONS 
 
Based on experimental results, the following can be concluded: 
 
 Samples with PC-FA had longer setting times than with PC only due to slower 

pozzolanic reactions. Addition of SAP retards both initial and final setting times of 
FRM. SAP C mortars had the longest final setting times, followed by SAP A and SAP 
E mortars. The bigger differences were observed between mortars with SAP C and SAP 
E with the same chemical composition but different particle gradings. It can be 
concluded that the particle sizes are more important than the water absorption capacities 
(WAC); 

 
 Autogenous shrinkage in FRM can be completely eliminated by addition of SAPs. The 

effect of cement type is minimal; AS patterns for corresponding SAP mortars with 
different binders are almost identical. However, there are differences between 
individual polymers. SAP effectiveness depends on the particle sizes. The significant 
reduction of autogenous shrinkage was observed for mortars with SAP E with finer 
particle size. It can be concluded that the effect of WAC is of lesser importance; 
 

 SAP has a negative effect on compressive and flexural strength development of FRM, 
particularly at early ages. The gradual release of water for hydration by SAPs results in 
formation of pores (collapsed SAP) and in an inevitable loss of strength. Slow 
pozzolanic reactions in PC-FA cements also contribute to low early strength. However 
it should be noted that any initial differences in strength can be minimalised over longer 
period of time and the progress of hydration. 

 Although the presence of SAPs leads to increased porosity (collapsed SAP) and hence 
decreased strength at the early ages, the mitigation of AS outweigh this temporary 
problem. 
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ABSTRACT. Reduction of alkalinity of concrete due to the diffusivity of carbon dioxide and 
concrete carbonation is one of the major issues influencing the durability of reinforced concrete 
structures. Most of the previous studies have concentrated on the un-cracked / unloaded 
concrete although it has been acknowledged that structural cracks in concrete have an impact 
on the carbon dioxide diffusivity and carbonation - induced reinforcement corrosion as well as 
service life of concrete structures. Hence, this article aims to investigate the effect of cracks 
(produced by loading) in concrete exposed to the carbon dioxide environment condition, on the 
alkalinity level (apparent pH) and carbonation depth in concrete. Accelerated environmental 
test programme has been used on concrete prisms with four different crack widths. The depth 
of carbonation, apparent pH, and consumption of alkalinity (OH-) is investigated in accordance 
with the BS EN13295:2004 and the method proposed by Mc Polin et al.. The influence of 
replacing Portland Limestone cement (CEM II) by pulverized fuel ash and ground granulated 
blast furnace slag on the CO2 diffusivity in cracked concrete, is also analyzed and presented in 
this paper. The results have shown a strong relationship between depth of carbonation and the 
alkalinity level (consumed OH-) and pH of concrete structures. There is a considerable impact 
of crack width on the reduction in concrete alkalinity. The results also demonstrate a significant 
increase in consumption of OH- and reduction in pH owing to the addition of supplementary 
materials in the samples. 
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INTRODUCTION 
 
Carbonation is the chemical reaction between carbonic acid (H2CO3), resulting from a 
combination of atmospheric carbon dioxide (CO2) with water, and calcium ion (Ca2+) from 
dissolution of hydrated cement products such as calcium hydroxyl Ca(OH)2, calcium silicate 
hydrates (C-S-H) and calcium aluminates hydrates (C-A-H). This reaction results in the 
formation of calcium carbonate (CaCO3), as shown in Equations. 1 to 4 [1, 2]. 
 
𝐶𝐶𝐶𝐶2(𝑔𝑔𝑔𝑔𝑔𝑔) + 𝐻𝐻2𝐶𝐶 = 𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑔𝑔𝑎𝑎) (1) 
𝐶𝐶𝑔𝑔(𝐶𝐶𝐻𝐻)2 + 𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑔𝑔𝑎𝑎) = 𝐶𝐶𝑔𝑔2𝐶𝐶𝐶𝐶3 + 𝐻𝐻2𝐶𝐶 (2) 
3𝐶𝐶𝑔𝑔𝐶𝐶. 2𝑆𝑆𝑆𝑆𝐶𝐶2. 3𝐻𝐻2𝐶𝐶 + 3𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑔𝑔𝑎𝑎) = 3𝐶𝐶𝑔𝑔𝐶𝐶𝐶𝐶3 + 2𝑆𝑆𝑆𝑆𝐶𝐶2 + 3𝐻𝐻2𝐶𝐶 (3) 
4𝐶𝐶𝑔𝑔𝐶𝐶.𝐴𝐴𝐴𝐴2𝐶𝐶3. 13𝐻𝐻2𝐶𝐶 + 3𝐻𝐻2𝐶𝐶𝐶𝐶3(𝑔𝑔𝑎𝑎) = 4𝐶𝐶𝑔𝑔𝐶𝐶𝐶𝐶3 + 2𝐴𝐴𝐴𝐴(𝐶𝐶𝐻𝐻)3 + 10𝐻𝐻2𝐶𝐶 (4) 
 
The durability of concrete structures is controlled by their capacity to delay ion and fluid 
transport inside concrete. The transport properties of concrete are represented through 
permeability of concrete, which is likely to be significantly affected by the formation of cracks. 
Cracks in concrete structures are common due to its weakness in tension. Cracks maybe either 
non-structural or structural. Structural cracks have a tendency to be wider (> 0.1 mm), while, 
non-structural cracks are commonly finer. 
 
Structural cracks, or cracks due to stress, are typically produced due to excessive loading, low 
strength of concrete, inadequate reinforcement, impact loading, or movement of foundations, 
or a combination of these factors. On the other hand, non-structural cracks may occur due to 
plastic shrinkage, early-age thermal shrinkage, drying shrinkage and external chemical attack 
or carbonation shrinkage [3]. The carbon dioxide penetration and reaction with hydrated 
cement-based products often leads to carbonation shrinkage in concrete structures. It is a 
physio-chemical change in concrete that causes increment in weight and shrinking in volume 
(increment in density). This type of shrinkage is likely to generate shallow cracks on the 
concrete surface [3]. 
 
The cracks in concrete influence the diffusivity of aggressive species affecting durability. 
However, current modelling methods for durability assessment often exclude the effect of 
cracks, voids and defects in concrete, such as corrosion initiation, thereby reducing their 
effectiveness in predicting durability of concrete structures [4]. Therefore, it is important to 
study and consider how the presence of cracks may affect the rate of carbonation in concrete 
structures. Moreover, carbonation negatively affects the concrete alkalinity and reduces the pH 
of concrete pores solution from 13 to 9 [1], which is a considerable factor accelerating the 
chloride penetration as well as the corrosion of reinforced concrete structures [5, 6]. 
 
Some studies have examined diffusion of deleterious substances through cracked concrete [7, 
8]. All of these studies have concluded that cracks increase the total molar flux of gases/fluids 
through concrete. However, there is no agreement on how to model the movement of the 
carbonation front in cracked concrete. The concept of effective diffusion of CO2 or carbonation 
front based on the penetration of CO2 through un-cracked and cracked concrete is proposed in 
this study. The CO2 first penetrates the cracks within concrete, and then diffuses outwards into 
the sound un-cracked concrete perpendicular to the face of cracked surface. The focus of this 
paper is to examine the effect of size of cracks in reinforced concrete samples on the penetration 
depth of carbonation and the alkalinity level in concrete. The impact of replacing Portland 
Limestone cement (CEM II/ A-LL 32,5R) cement by PFA and GGBS on the depth of 
carbonation (DoC) in cracked concrete has also been investigated. 



52   Al-Ameeri et al 

EXPERIMENTAL WORK 
 
Materials and Concrete Mix Design 
 
Portland Limestone cement (CEM II/A-LL 32,5R) with specific gravity of 3.05 was used in 
this project. Chemical and physical properties of the cement are according to the BS EN 197- 
1:2011 [9]. Ground granulated blast furnace slag (GGBS) used in this study was produced by 
Hanson Cement, satisfying the chemical and physical property requirements of BS EN 15167-
1:2006 [10]. Pulverized fuel ash (PFA) was obtained from CEMEX UK, satisfying the 
requirements of BS EN 450-1:2012 [11]. Natural sand (particle size < 5 mm) was used, and 
coarse aggregate was crushed gravel with size range of 5-14 mm. The grain size analysis, 
chloride and sulphate content satisfy BS 882:1983 [12]. Building Research Establishment 
(BRE) method [13] was employed to design the mixes used in this study as shown in Table 1. 
Different water to binder ratios, and GGBS and PFA were used as supplementary cementitious 
materials, to investigate their effect on DoC. 
 

Table 1  Concrete mixes design using BRE (1988) [13]. 

 
Specimen Geometry 
 
Three cube specimens, 100 mm were cast to establish the compressive strength of concrete and 
porosity measurements. Reinforced concrete prisms of 100 × 100 × 500 mm³ were casted to 
measure the DoC in cracked specimen. Deformed steel (B500A) bars (8 mm diameter) at a 
cover depth of 2 cm was used to reinforce the concrete prisms to achieve the controlled crack 
sizes within the samples. The method of filling and preparation of moulds, compaction and 
levelling the surface of concrete, curing and transporting of samples were according to BS EN 
12390-2:2009 [14]. Samples were cast in two layers. Each layer was vibrated using an electrical 
vibrating device to achieve the homogenous concrete and avoid the segregation of concrete. 
The specimens were demoulded and cured using tap water until the time of testing, or exposure 
to CO2 environment condition at the age of 28 days. 
 
Specimen Conditioning 
 
The main objective of the study is to investigate the effect of the crack width on the DoC in 
concrete structures. Therefore, cracks of various sizes were produced in the concrete prisms, 
which were then exposed to accelerated carbonation environmental conditions. In this study, 
flexural method was used to induce the cracks in concrete samples as shown in Figure 1. Four 
different crack width ranges, (0, 0.05- 0.15 mm, 0.15-0.25 mm and 0.25-0.35 mm) were 
achieved in the concrete prisms. 

MIX SYMBOL w/(c +b) 
CEMENTITIOUS 

MATERIALS, kg/m³ WATER 
kg/m³ 

SAND 
kg/m³ 

GRAVEL 
kg/m³ 

Cement PFA GGBS 
M 0.4 0.4 513 - - 205 653 980 
M 0.5 0.5 410 - - 205 711 1023 
M 0.6 0.6 350 - - 205 711 1041 
M 0.5 + 0.35 PFA 0.5 266 144 - 205 711 1023 
M 0.5 + 0.30 
GGBS 

0.5 287 - 123 205 711 1023 
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Figure 1   Flexural method was used to create the crack in concrete sample. 

 
The crack width was measured by microscope meter with accuracy 0.01 mm. The crack depth, 
Dcrack, was computed by measuring the time of pulse transfer using the ultrasonic pulse velocity 
device according to the Eq. 5 [15]. Figures 2 and 3 illustrate the methods for crack width and 
crack depth measurement respectively. 
 

 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑥𝑥�𝑇𝑇𝑐𝑐2

𝑇𝑇𝑠𝑠2
− 1 (5) 

where: x is specific distance, Tc is the transfer time through cracked concrete distance (x) and 
Ts is transfer time through sound concrete distance (x). 
 

 
Figure 2   Microscope meter used to 

measure the cracks width. 

 
Figure 3   Measuring the crack depth by 
pulse velocity of the ultrasonic device. 

In this study, the one face of the specimens was exposed to accelerated environmental 
conditions (by sealing all other faces using isolated materials) in carbon dioxide incubator oven 
with CO2 concentration of 5%, temperature of 35°C and relative humidity of 65%, for 8 weeks 
[16]. 
 
Testing Methodologies 
 
Porosity and compressive strength test were performed on 100mm cube specimen in 
accordance with ASTM C642:2013 [17] and BS EN 12390-3:2000 [18] respectively. The test 
procedure given in BS EN13295:2004 [19] was used to determine the DoC using 
phenolphthalein indicator on the conditioned prism samples. 
 
The conditioned samples were split open into two parts as designated by Al-Amoudi et al. [20]. 
The first part was sprayed by phenolphthalein solution with one gram of phenolphthalein 
powder dissolved into a solution of 70 ml and 30 ml of ethanol and deionized water respectively 
according to CEN/TS 12390-10:2007 [21] to establish the DoC. The second part of sample was 
drilled (at the crack location) in order to collect concrete powder samples at eight different 



54   Al-Ameeri et al 

depths form the exposed surface, namely 0-6 mm, 6-12 mm, 12-18 mm, 18-24 mm, 24-30 mm, 
30-36 mm, 36-42 mm and 42-48 mm using drying drilling equipment. The powder was sieved 
by a 150 micro-meter sieve to reduce the amount of coarse grain particles resulted from 
aggregate, then dried in oven at 50°C for 24 hours, and kept in sealed plastic bags until tested. 
 
Apparent pH of concrete was measured by dissolving 1g of the concrete powder in deionized 
water This mixture (powder and water) was rotated about 30 second and stood about 24 hours 
[22, 23]. Then, the apparent pH of concrete was measured using pH meter according to BS EN 
ISO 10523:2012 [24]. The apparent pH can be used to compute the concentration of 
[OH-] for carbonated and uncarbonated sample (control) using Equation 6 [25, 26]. 

 𝑝𝑝𝐻𝐻 = 14 − 𝐴𝐴𝑙𝑙𝑔𝑔 log[𝐶𝐶𝐻𝐻−] (6) 

Method proposed in [22, 23] was used to establish the consumption of [OH-] (mole/kg of 
concrete) due to carbonation to uncarbonated powder. According to this procedure [22, 23] a 
typical profile of consumed [OH-] ions concentration with the depth of concrete is shown in 
Figure 4. This profile can be divided into three zones based on the consumption of [OH-] ions: 
fully carbonated, partially carbonated and non-carbonated zone. Where, Xp is the boundary 
between full carbonated and partially carbonated zone, and Xf is the boundary between 
partially carbonated and non-carbonated zone (indicating the carbonation front). 
 

 

Figure 4   Analysis of the profile of consumed OH- [23]. 

 
 

RESULTS AND DISCUSSION OF TESTS 
 
In this section, the results of the experimental work are presented and discussed. These results 
are mainly focused on three aspects; the impact of water to cement ratio (representing strength 
of concrete), crack width, and supplementary cement materials on DoC by two methods. The 
Carbonation depth, DoC, is a measure of diffusivity of carbon dioxide in concrete and reduction 
of alkalinity of pore water solution in concrete. 
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Carbonation Depth in Concrete Using Phenolphthalein Indicator 
 
The carbonation depths as a function of crack widths for the mixes used in this study are 
presented in Figures 5 and 6. The results illustrate that the penetration of CO2 from the exposed 
surface, reacts to form CaCO3, increases significantly with the increase in w/c ratio in concrete 
samples as shown in Figure 7. And the DoC is grown considerably with increasing crack width 
in concrete samples as shown in Figure 8. The percentage increases in DoC for samples having 
a crack with respect to the control concrete samples are presented in the Table 2. 
 
 

  
Figure 2   Effect of w/c on carbonation 

depth. 
Figure 3   Effect of supplementary 

cementitious material on carbonation depth. 
 
 
On the other hand, partial replacement of Portland limestone cement (CEM II/A-LL 32,5R) 
with the supplementary cementitious materials (PFA and GGBS) increases the DoC when 
compared to concrete samples without any replacement (Figure 6). 
 
 

Table 2  Percentage increase in carbonation depth for cracked samples with respect to un-
cracked samples. 
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SAMPLE 

INCREASE IN CARBONATION DEPTH (%) IN 
SAMPLES WITH CRACK WIDTH OF: 

0.05 -0.15 mm 0.15-0.25 mm 0.25-0.35 mm 

M 0.4 167 233 417 
M 0.5 100 160 240 
M 0.6 92 150 250 
M 0.5 + 30% GGBS 109 200 264 
M 0.5 + 35% PFA 114 186 214 
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The increase in DoC in the control concrete samples (i.e. uncracked samples) with the 
increase in the w/c ratio can be attributed to the increase in porosity of the concrete (as can 
be seen in Table 3) since the volume of permeable voids assist the CO2 to penetrate 
relatively deeper inside the exposed surface. Furthermore, the fundamental influence 
controlling carbonation rate is the diffusivity of the hardened cement paste, which is a 
function of the pore system of the hardened cement paste during the period when the 
diffusion of CO2 takes place [1]. 

 

 
Figure 4   Carbonation depth of mixes used in study. 

 
 

 
a: (M 0.5+PFA with crack width 0.25 mm) 

 
b: (M 0.4 with crack width 0.25 mm) 

Figure 5   Effect the crack on carbonation depth. 
 
 
The increase of crack width was found to be an important factor for the CO2 penetration in 
concrete samples [27]. The increase in w/c ratio leads also to the decrease in compressive 
strength of concrete and the rate of carbonation is inversely proportional to the strength [28]. 
The porosity and compressive strength of concrete significantly impacts the DoC as shown in 
Table 3. A relationship between the DoC, compressive strength (fcu), and porosity (∈) is 
established using non-linear regression analysis and is shown in Equation 7. 
 
 𝐷𝐷𝑙𝑙𝐶𝐶 = 0.021232 ∗∈3.198 exp(−0.0284𝑓𝑓𝑐𝑐𝑐𝑐) (7) 
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Table 3  Effect of Compressive strength, porosity on carbonation depth for the uncracked 
samples. 

SAMPLE w/(c+b) 
CARBONATION 

DEPTH, mm 
COMPRESSIVE 

STRENGTH, MPa 
POROSITY,

% 

M 0.4 0.4 8 53.2 10.1 
M 0.5 0.5 11.5 48.1 11.1 
M 0.6 0.6 15 39.7 11.5 
M 0.5+ GGBS 0.5 12 47.2 10.1 
M 0.5+ PFA 0.5 20 31.6 10.1 

 
Ca(OH)2 is the main source of the alkalinity of pore water solution [29] as measured using the 
phenolphthalein indicator. This rate of carbonation is controlled by the availability of Ca(OH)2 
within the pore water solution. The mixes incorporating supplementary cementitious materials 
utilised the Ca(OH)2 to form secondary hydration product, but in return reduces the quantity 
of Ca(OH)2 [30]. This can explain an increase in the DoC in samples with PFA and GGBS, as 
was also observed in [31]. 
 
 
Carbonation Depth by Apparent pH and Consumed OH- Ion Method 
 
The formation of CaCO3 and CaMg(CO3)2 in concrete sample and consumption of Ca(OH)2, 
are significantly influenced by the pH of pore water in concrete, where pH can reduce to 9 at 
the full carbonated samples. The results of measured apparent pH of the concrete powder 
samples are presented in Figure 9 (a, b, c, d and e). 
 
The results clearly depict the reduction in apparent pH value near the exposed surface for all 
samples but rises to over 12 at a depth of about 50 mm. This can be used as (control sample) 
to establish the consume [OH-] and the carbonation front. It is also worth noting that for the 
cracked samples, the apparent pH value converges to the value of uncracked samples at a depth 
of about 50 mm, which relates to the depth of cracks within the samples. The results also 
illustrate the effect of supplementary cementitious materials on pH level in pore water solution 
of concrete, where the replacing cement by these material leads to reduction in the pH values. 
 
The main reason of reduction in the pH is due to the reaction of the CO3

-2 and consumption the 
major contribution of alkalinity in concrete, Ca(OH)2, as well as C-S-H and formation CaCO3 
[1, 5]. The consumed OH- values (mol/kg) due to carbonation process for all samples are 
illustrated in Figure 10. Where, Xp is the boundary between the full carbonated and partially 
carbonated zone, and Xf is the boundary between partially carbonated and no-carbonated zones 
(that indicates the carbonation front). At the carbonation front, Xf, the OH- is at the verge to 
react with CO3

-2 dissolved in pore water solution to form CaCO3. 
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Figure 9   Effect of carbonation on pH level of concrete samples at (CO2=5%, T=35°C and 

RH=65% for 8 weeks). 
 
 
The depth of Xp and Xf are summarized in Table 4. The results of consumed OH- shows a 
significant influence of w/c ratio, crack width and supplementary cementitious materials on 
consumption of OH- and reduce the alkalinity level in concrete. The increase in w/c ratio lead 
to increase of consumption of OH- and increase the depth of carbonation front. 
 
The results also indicates the carbonation front measured in the cracked specimen is always 
deeper than the carbonation front obtained in un-cracked specimens for all mixes. The 
reduction in pH level (and increase in the consumed OH-) with increase in w/b ratio and 
replacement of supplementary cementitious materials can be attributed to increased porosity 
and decrease the compressive strength (as previous discussed in relation to data presented in 
Table 3). Hence, the reduction in apparent pH (and increase the consumption OH-) in samples 
with PFA and GGBS are higher than CEM II based concrete samples. 
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Figure 6   Analysis of the profile of consumed OH- for concrete sample exposure 

(CO2=5%, T=35°C and RH=65% for 8 weeks). 
 
Finally, the reduction in alkalinity level of concrete surrounding the rebars was observed in 
cracked concrete since the crack opening initially helps to transport the CO2 deeper inside 
exposed surface at the crack locations from where the CO2 diffuses inside the cracked surface 
[27] orthogonal to the surface of cracks as can be seen in Figure 8. 
 

Table 4  Carbonation depth and front according to intensities of XRD for samples. 

CRACK 
WIDTH 

DoC (Xp); CARBONATION FRONT (Xf ), mm 

Uncracked 0.05-0.15mm 0.15-0.25 mm 0.25-0.35 mm 

Sample Xp Xf Xp Xf Xp Xf Xp Xf 

M 0.4 6 35 16 40 20 44 31 44 

M 0.5 10 25 20 40 26 47 34 47 

M 0.6 12 40 23 45 30 49 42 52 

M 0.5+GGBS 11 32 23 40 33 45 40 52 

M 0.5+PFA 14 38 30 47 40 52 44 53 
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CONCLUSIONS 
 
The influence of cracks caused by loading on the DoC was investigated in this study. Concrete 
samples were subjected to an accelerated environment test programme. DoC (Xp and Xf) has 
been obtained using Phenolphthalein Indicator, whilst the carbonation front has been obtained 
through apparent pH and consumed OH- technique. The effect of partially replacing CEM II 
cement by the PFA and GGBS on the carbonation depth in cracked concrete was also 
investigated. The following conclusions can be drawn from the results: 
 
1 The crack width significantly increases the DoC and reduce alkalinity of concrete by 

consuming the OH- ions, and reduces the pH level for all mixes used in the study. 
2 DoC in the vicinity of the cracks are considerably higher due to relatively faster penetration 

of CO2 into the crack followed by orthogonal outward diffusion into the un-cracked concrete 
surrounding the crack. 

3 Results from the apparent pH and consumed OH- technique helps in identifying areas of 
fully carbonated and un-carbonated concrete in greater detail including the partially 
carbonated zones. 

4 The type of binding materials have vital role on the carbonation penetration depth, whereby 
the replacement of CEM II cement by supplementary cementitious materials such as PFA 
and GGBS have significant increase in the DoC and reduce pH level and consumed 
alkalinity compounds in concrete. 

5 The DoC, Xp and front Xf, are influenced by the material behaviours such as porosity, 
compressive strength and due to their impact of diffusivity of CO2. 
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ABSTRACT. ENGIE Laborelec investigated applications of ashes from the combustion of 
fresh wood and bark. These ashes can be used for making construction materials like fired 
bricks, calcium silicate blocks and geo-polymers. Water-leaching of the ashes, with recovery 
of potassium, prior to application in construction materials can be beneficial. With water-
leaching especially salts, molybdenum and chromium-6 are removed from the ashes.  The 
(water-leached) ashes can be used for replacing part of the clay with fired bricks. The ashes 
can replace hydrated lime with calcium silicate blocks. The ashes can be used as activator with 
geo-polymers. Here geo-polymers were based on the pozzolanic aluminium silicates ground 
granulated blast furnace slag (GGBFS) and bituminous coal fly ash. Excellent materials were 
obtained: high compressive strength, low water uptake and limited water-leaching.  The term 
pozzolanic has similar meaning as (latent) hydraulic, as they all mean hardening with water 
[2]. Reference [1] includes dozens of relevant literature references.  
 
Keywords: Geo-polymers, Fired bricks, Calcium silicate blocks, Roman concrete, Activators, 
Wood fly ash, Bark fly ash, GGBFS, Blast furnace slag, Bituminous coal fly ash 
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INTRODUCTION 

ENGIE Laborelec participates in the EU Biofficiency project, which is about drastically 
improving combustion of solid biomass fuels. Within this project, Laborelec is responsible for 
biomass ash analyses and valorisation of the biomass ashes. In agreement with EU policies and 
EU legislation, we look at applications of biomass ashes in top soils and in construction 
materials. We also consider the use of additives with fuel treatment, combustion and flue gas 
purification. We also consider pretreatment of biomass fuels and biomass ashes, especially 
water-leaching for removal of the elements K, Na, Cl and S from the biomass fuels, and salts 
containing K, Na, Cl and S from the biomass ashes. With water-leaching of biomass ashes, Cr-
6 and Mo are removed as well. Water-leaching of biomass fuels and biomass ashes should at 
least be combined with recovery of potassium, also from a financial point of view. 
 
In this paper mainly ashes from bark and fresh wood are considered. Biomass fuels with a 
relatively high phosphorus content should be combusted in mono combustion, which allows 
for special application of the ashes and/or recovery of phosphate. 
 
The construction materials fired bricks, calcium silicate blocks and geo-polymers are 
considered in this paper. Here, geo-polymers are based on pozzolanic aluminium silicates. The 
main compounds of fly ash from fresh wood or bark are CaO, K2O and SiO2, according to 
XRF analyses. The CaO is also present as calcite. The potassium is also present as KCl, K2SO4 
and K2CO3. 
 

RAW MATERIALS AND ANALYSES 

Most of the raw materials used, especially fly ashes of bituminous coal, wood and bark are not 
homogeneous on a microscopic scale. Simple analyses regarding the chemical composition is 
far from sufficient to characterise these raw materials. We applied XRF, XRD, ICP-AES, TGA 
& DSC, basic analyses and more [1, 3]. SEM & EDX is also applied for characterisation of fly 
ash [3]. Even this combination of analyses techniques proved not sufficient for complete 
characterisation of the fly ashes. The fly ash characteristics do not only depend on the fuel, like 
bituminous coal, wood or bark, but also on the type of combustion, like circulating fluidised 
bed combustion (CFBC) or pulverised fuel combustion (PFC), and on the fly ash treatment, 
like water-leaching. With combustion, especially the combustion temperature is important. 
This combustion temperature is about 900°C with CFBC and more than 1500°C with PFC. 
 
With water-leaching, some salts are removed, but there are also reactions, like: 
 

CaO + H2O = Ca(OH)2 
K2CO3 + Ca(OH)2 = CaCO3 + 2 KOH 

K2SO4 + Ca(OH)2 + 2 H2O = CaSO4.2H2O + 2 KOH 
 

KCl is completely dissolved and removed. Part of the potassium, part of the sodium, some of 
the calcium, part of the sulfate and almost all Cl are water-leached from the fly ashes of wood 
and bark. Mo and Cr-6 are also water-leached. From PFC wood fly ash some B is water-leached 
as well [1]. 
 
For some of the construction materials produced, we also applied SEM & EDX and TEM & 
EDX [1].  
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CONSTRUCTION MATERIALS 

Fired Bricks 

Two Dutch river clays were mixed with respectively 0, 5 and 25 wt.% wood fly ash, from PFC. 
Small bars were made, dried and fired at 1080°C, for 6 hours and at oxidizing atmosphere. 
Both, wood fly ash and water-leached wood fly ash were tested. With water-leaching the salts 
are removed, especially K, Na, SO3 and Cl, but also molybdenum and chromium-6. The wood 
fly ash was obtained from a large-scale PFC power plant in Belgium. 
 
Due to the high calcium content of the wood fly ash, the fired bricks changed colour, from red 
to yellow. Due to mobile Ca(OH)2 present, which moves to the outside of the bricks on drying, 
a coloured coating appeared on the bricks. The water-leaching behaviour of the fired bricks, 
with and without (water-leached) wood fly ash, remained similar. Different leaching tests were 
applied, like EN 772-5, EN 772-21, NEN 7375 and NEN 6966 [1]. 
 
Adding a filler to clay for making fired bricks is state-of-the-art with very fine clays, as it 
improves extrusion and drying of the shaped clay. Producers of fired bricks prefer water-
leached wood fly ash, as the presence of chloride and sulphate may cause problems regarding 
emissions with flue gases and corrosion of the ovens and dryers. They would also like to see 
the lime and hydrated lime of the wood fly ash reacted with CO2, for formation of calcium 
carbonate, which limits the mobility of calcium upon drying of the shaped bricks. 
    
Calcium Silicate Blocks 

Here, we had the intention of replacing hydrated lime by (water-leached) fly ash from wood or 
bark. The quartz sand and hydrated lime or (water-leached) fly ash from wood or bark were 
dry mixed, using a zirconia ball mill, for 15 minutes. The bark fly ash was obtained from a 
large-scale CFBC cogeneration plant in Finland. 
 
After mixing / desagglomeration / milling, the mixture was screened over a 300 µm screen. 
After addition of about 10 g of water to 100 g of dry mixture, small tablets were pressed with 
a weight of about 1.1 g each. The tablets had a diameter of 13 mm and a pressure of 4 tons was 
applied. The tablets were heated in steam at about 180 to 200°C and 12 bars, for about 16 hours. 
Next, we measured compressive strength, bulk density, water uptake and water-leaching.  The 
small samples size adds to obtaining a high compressive strength, according to Weibull 
statistics for ceramic materials. 
 
For water-leaching, the process was at room temperature, lasted at least 24 hours and the water 
to dry solids weight ratio was about 2. The small tablets were used for water-leaching. 
 
Some of the results obtained are presented in Table 1.  
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Table 1   Results obtained with calcium silicate tablets.  WL: water-leached. PFC: pulverised 
fuel combustion. CFBC: circulating fluidised bed combustion. 

 

Test  Type 
Compressive strength  

MPa 

Water uptake 

wt.% 

1 
2 
3 
4 
5 
6 
7 

20 wt.% PFC wood fly ash 
20 wt.% WL PFC wood fly ash 

13 wt.% hydrated lime 
30 wt.% PFC wood fly ash 

30 wt.% WL PFC wood fly ash 
20 wt.% CFBC bark fly ash 

20 wt.% WL CFBC bark fly ash 

68 
56 

>159 
92 
108 
75 

62, 68 

11.7 
8.5 

7.1, 5.1 
11.4, 10.0 

9.5 
12.0 

11.2, 9.6 
 

According to Table 1: 
 
With increasing binder concentration, the compressive strength increases. 

 
The apparent density was about 2050 g/l. As the concentration of the active ingredient in the 
wood fly ash and bark fly ash is rather low, a rather high concentration must be applied in the 
blocks. However, as the fly ashes are very cheap, this is hardly an issue.  
 
Water-leaching of cadmium and chromium-6 was not observed when using wood fly ash or 
bark fly ash. Leaching of Mo was observed when using wood fly ash or bark fly ash. When 
using water-leached fly ash, the salt leaching of the tablets was reduced, compared to using fly 
ash. The higher the salt content of the fly ash, the higher the water-leaching of the calcium 
silicate tablets. 
 
We concluded, that hydrated lime can be replaced by (water-leached) fly ash from wood or 
bark when producing calcium silicate blocks. When applying these fly ashes, the colour of the 
product turns from white to grey. The (hydrated) lime present in the (water-leached) fly ashes 
is probably the active ingredient. 
 
Geo-polymers 

We made geo-polymers based on either bituminous coal fly ash or GGBFS. Volcanic ash is 
also used as base material for geo-polymers. These two raw materials / aluminium silicates 
were mixed with an activator using dry mixing and a zirconia ball mill. The mixing lasted for 
15 minutes. Some samples were made from bituminous coal fly ash, activator and quartz sand. 
With dry mixing using the ball mill, some milling and much desagglomeration occurs. In 
general fine powders are agglomerated. This certainly holds for flue gas desulfurisation (FGD) 
gypsum, hydrated lime, bituminous coal fly ash, wood fly ash and bark fly ash.  
 
As activators we tested: bark CFBC fly ash, wood PFC fly ash, FGD gypsum, hydrated lime 
and sodium carbonate. Hydrated lime and sodium carbonate are also rather safe to handle on a 
large scale.    
 
As the concentration of the active ingredient(s) in the wood fly ash and bark fly ash is rather 
low, a rather high concentration must be applied in the bricks. However, as the fly ashes are 
very cheap, this is hardly an issue. 
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After mixing / desagglomeration / milling, the mixture was screened over a 300 µm screen. 
Tablets were made from the mixtures, either by casting or by dry pressing. For casting, to 100 
g of dry mixture 35 g of water was added (plus some soap in one case). For dry pressing, to 
100 g of dry mixture about 15 g of water was added. With dry pressing, tablets with a diameter 
of 13 mm, a height of about 4 mm and a dry weight of about 1 g were made. A pressure of 4 
tons was applied. With casting, tablets with a diameter of about 30 mm, a height of about 20 
mm and a dry weight of about 20 g were made. The tablets were cured for 28 days at 35°C and 
100% relative humidity, by placing them in sealed plastic pots with water.  
 
After curing, the density, water uptake, the compressive strength and water-leaching were 
determined. Some of the results obtained are presented in the tables 2 and 3. The small samples 
size adds to obtaining a high compressive strength, according to Weibull statistics for ceramic 
materials. 
 
For water-leaching, the process was at room temperature, lasted at least 24 hours and the water 
to dry solids weight ratio was about 2. The small, dry-pressed tablets and the bigger, cast tablets 
were used for water-leaching. 
 

Table 2   Results obtained with GGBFS geo-polymers. C: cast. DP: dry pressed 
 

TEST  TYPE 
COMPRESSIVE 

STRENGTH, MPa 

WATER 
UPTAKE 

wt.% 

1 DP 
1 C 
2 C 
3 C 
4 C 

5 DP 
5 C 

6 DP 
6 C 
7 C 
8 C 
9 C 
10 C 
11 C 
12 C 

10 wt.% sodium carbonate 
10 wt.% sodium carbonate 
10 wt.% PFC wood fly ash 
20 wt.% PFC wood fly ash 

20 wt.% WL PFC wood fly ash 
10 wt.% gypsum 
10 wt.% gypsum 

10 wt.% hydrated lime 
10 wt.% hydrated lime 

30 wt.% PFC wood fly ash 
30 wt.% WL PFC wood fly ash 

30 wt.% CFBC bark fly ash 
30 wt.% WL CFBC bark fly ash 

15 wt.% hydrated lime 
20 wt.% PFC wood fly ash, 10 wt.% 

gypsum 

153 
129 
16 
29 
43 
125  
81 
108 
28 

38-44 
50-64 

62 
61 
52 
44 

3 
8 
15 

14.5 
12 
7.5 
8.5 
6.5 
14 
24 

18.5 
15.5 
14 
19 
16 

 
According to Table 2: 
 

• Better results are obtained with dry pressing, compared to casting 
• All materials tested act as activator: bark fly ash, wood fly ash, gypsum, hydrated lime 

and sodium carbonate 
• With increasing activator concentration, the compressive strength increases 
• Gypsum is an excellent activator for GGBFS: a high compressive strength is obtained 

and gypsum is cheap [3].  
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With the GGBFS geo-polymers, the apparent densities varied about between 1600 and 
2100 g/l. Leaching of cadmium, chromium-6 and molybdenum was not observed when using 
wood fly ash or bark fly ash. When using water-leached fly ash, the salt leaching of the tablets 
was reduced, compared to using fly ash. The higher the salt content of the fly ash, the higher 
the leaching of the GGBFS geo-polymer tablets. 
 
With Table 3, FALG stands for (coal) Fly Ash, Lime and Gypsum, and the name comes from 
India. Quartz stands for quartz sand. ND stands for Not Determined. 

 
Table 3   Results obtained with FALG geo-polymers. 

 

TEST TYPE 
COMPRESSIVE 

STRENGTH 

MPa 

WATER 
UPTAKE 

wt.% 

1 DP 
1 C 

2 DP 
3 DP 
3 C 

4 DP 
5 DP 
6 DP 
7 DP 
8 DP 
9 DP  

10 DP 
11 DP 
12 DP 
13 DP 
14 DP 

20 wt.% PFC wood fly ash, 5 wt.% gypsum 
20 wt.% PFC wood fly ash, 5 wt.% gypsum 

20 wt.% WL PFC wood fly ash, 5 wt.% gypsum 
10 wt.% hydrated lime, 5 wt.% gypsum 
10 wt.% hydrated lime, 5 wt.% gypsum 

20 wt.% PFC wood fly ash, 5 wt.% gypsum, 30wt.% quartz 
20 wt.% WL PFC wood fly ash, 5 wt.% gypsum, 30wt.% quartz 

10 wt.% hydrated lime, 5 wt.% gypsum, 30wt.% quartz 
10 wt.% gypsum 

30 wt.% PFC wood fly ash, 5 wt.% gypsum 
30 wt.% WL PFC wood fly ash, 5 wt.% gypsum 

30 wt.% CFBC bark fly ash, 5 wt.% gypsum 
30 wt.% WL CFBC bark fly ash, 5 wt.% gypsum 

10 wt.% sodium carbonate 
10 wt.% sodium carbonate, 5 wt.% gypsum 

10 wt.% hydrated lime 

109 
18 
84 

144 
43 

107 
102 

>159 
14 
78 
80 
85 
81 
6 
3 

101 

8 
31 
7 
2 
22 
5 
6 
2 
17 
11 
10 
11 
10 
ND 
ND 
11 

 
According to Table 3: 
 

• Better results are obtained with dry pressing, compared to casting 
• Sodium carbonate, sodium carbonate plus gypsum and gypsum do not act as activator. 

Hydrated lime, hydrated lime plus gypsum, wood fly ash plus gypsum and bark fly ash 
plus gypsum act as activator. 

• The use of 30 wt.% quartz sand does increase the compressive strength and does not 
influence the water uptake of dry pressed tablets 
 

With the dry pressed FALG geo-polymers, the apparent densities varied about between 1900 
and 2050 g/l. Leaching of cadmium was not observed when using wood fly ash or bark fly ash. 
Leaching of Mo and chromium-6 was observed with all samples, indicating that the bituminous 
coal fly ash is also a source of chromium-6 and molybdenum. When using water-leached fly 
ash from wood or bark, the salt leaching of the tablets was reduced, compared to using fly ash.  
 
The results indicate that gypsum and sodium carbonate are an activator with GGBFS, but not 
with bituminous coal fly ash. Hydrated lime, gypsum plus hydrated lime, gypsum plus (water-
leached) fly ash from wood and gypsum plus (water-leached) fly ash from bark are activators 
with bituminous coal fly ash. Hydrated lime, gypsum, sodium carbonate, (water-leached) fly 
ash from wood and (water-leached) fly ash from bark are activators with GGBFS. The 
(hydrated) lime present in the (water-leached) fly ashes from wood or bark is probably the 
active ingredient. 



68   Van Dijen 

The results show that highest strengths are obtained by dry pressing, compared to casting. With 
dry pressing about 15 wt.% water is added to the mixture, compared to about 35 wt.% with 
casting. A low ratio of water/binder adds to a high compressive strength. Dry pressing also 
results in a high apparent density, compared to casting, which adds to a high compressive 
strength and a low water uptake. These results can amongst others be compared with those of 
reference [4], which used bituminous coal fly ash and sodium compounds for producing geo-
polymers. These results can also be compared with those of reference [3], which used GGBFS 
and gypsum, amongst others. 
 
When water-leached fly ash is used, water-leaching of the geo-polymers is reduced as well.  
 
 

CONCLUSIONS 
 

In agreement with EU policies and EU legislation, ashes from biomass fuels, like wood and 
bark, can be used in construction materials, like fired bricks, calcium silicate blocks and geo-
polymers. Water-leaching of ashes, combined with recovery of potassium salts, seems 
advantageous. With calcium silicate materials and geo-polymers, high compressive strength 
and low water uptake can be obtained. Leaching of salts and heavy metals can be limited 
indeed, including chromium-6, cadmium, and other toxic elements. 
 
Calcium silicate materials and geo-polymers with high compressive strengths of more than 50 
MPa, even more than 100 MPa, are obtained by good processing, including dry pressing. The 
small samples size used adds to obtaining a high compressive strength, according to Weibull 
statistics for ceramic materials. It is also demonstrated that the different “aluminium silicates” 
can behave very different regarding the production of geo-polymers. 
 
With the production of construction materials, the water-leaching should be reduced due to the 
formation of a new chemical matrix and reduction of the specific surface area. 
 
By using residues for the production of geo-polymers, the costs of the feedstocks are low, the 
emissions of CO2 are low and energy consumption is low, especially when compared to using 
ordinary Portland cement (as binder). These results also offer a positive outlook for valorisation 
of ashes from lignites and from sub-bituminous coals. 
 

REFERENCES 

1. VAN DIJEN, F K, Bio-Efficiency, work package 6, analyses and utilisation of biomass 
ash (with additives), ENGIE Laborelec, 2019, to be published  

2. LIVESEY, P, Hydraulicity, The building conservation directory, 
2003, http://www.buildingconservation.com/articles/hydraulicity/hydraulicity.htm 

3. SARABER, A, Ph. D. thesis, Fly ash from coal and biomass for use in concrete – Origin, 
properties and performance, Delft University of Technology, 2017 

4. RANGAN, B V, Curtin University of Technology, Low-calcium fly ash-based 
geopolymer concrete, Research reports GC 1, GC 2 and GC 3, 2006; and GC 4, 2008  

 

http://www.buildingconservation.com/articles/hydraulicity/hydraulicity.htm


 BIOMASS ASH AND OPTIONS FOR UTILIZATION:  
A EUROPEAN PERSPECTIVE 

 
 

N Bech 

Emineral A/S 

Denmark 

A Sarabèr 

Vliegasunie 

The Netherlands 

H-J Feuerborn 

VGB PowerTech 

Germany 

 
 

ABSTRACT.  Biomass is increasingly used for power and heat production in a number of 
EU member states. On one hand it is an option for CO2-neutral production and on the other to 
serve for heat in the winter month. The situation in the member states differs for fuel and 
combustion technology and also for the utilization options of the resulting ashes. Biomass ash 
is produced by combustion by a wide variety of biomass types in different types of boilers for 
energy and heat production of different size. That leads to biomass ashes of different 
properties which are decisive for their (potential) use in the different applications. A survey 
has been performed of potential applications of biomass ashes and the status of these. 
However due to several reasons, only limited applications are implemented on a large scale 
and in specific countries due to different regulations. Biomass ashes are used in forestry, 
agriculture (fertilizer, soil liming), building materials (e.g. asphalt filler) and civil engineering 
(e.g. road construction). Applications are addressed in some fertilizer acts (mostly coarse 
fraction of wood ashes) and in aggregate standards. Beside the requirements in the acts and 
standards they also have to meet environmental criteria. Main conclusion is that on EU scale, 
utilization of biomass ashes is at the beginning of the transformation process from waste into 
a useful product. The experience with this process for coal fly ash and the experience with 
biomass ash utilization in countries like in Scandinavia may be very helpful to accelerate this 
process in the single member states. 
 
Keywords:  Biomass ash, Ash utilization, European perspective,  
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INTRODUCTION 

Biomass is increasingly used for heat and power production in Europe. In 2017, the primary 
production of renewable energy was 226.5 million tons of oil equivalent (toe) within the 28 
EU member states. The total quantity of renewable energy in EU-28 member states increased 
by 64 % between 2007 and 2017, equivalent to an average increase of 5.1 % per year. Among 
renewable energies, the most important source in the EU-28 was wood and other solid 
biofuels as well as renewable wastes, accounting for 49.4 % of primary renewables 
production in 2016 (see Figure 1) [1].  
 
 

 
 

Figure 1  Renewable energy produced in the EU in 2007-2017 [1] 
 

The situations of using biomass for energy are different in the EU countries regarding fuel 
type, boiler type and capacity. Biomass is a synonym for different types of biofuels, from the 
well-known wood to different types of sludge or agricultural residues like straw. The biomass 
use results in increasing amounts of ash which are either produced in small units leading to 
small amounts or in higher amounts in e.g. converted formerly coal-fired units with up to 
50.000 tons of biomass ash in one plant.  

The use of biomass for sustainable energy encompasses many economic, social and 
environmental aspects. One aspect is how to deal with the residues from biomass combustion. 
In the past, the utilization of coal ashes has been developed from being a waste to a valuable 
secondary raw material for use in building materials, road construction and civil engineering. 
The challenge is to create a comparable development for biomass ashes, preferably in a 
shorter period. For the ash management requirements by the Industrial Emissions Directives 
as well as best practices for utilization according to the Waste Hierarchy in the Waste 
Directive have to be considered by the producers. On the other hand technical and 
environmental requirements for the application of such materials have to be met and end-
users need reliability in availability, quality and finally also on legal safety for use.  

 

 

http://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Primary_production_of_energy
http://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Primary_production_of_energy
http://ec.europa.eu/eurostat/statistics-explained/index.php?title=Glossary:Tonnes_of_oil_equivalent_(toe)
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In this article several aspects of utilization of biomass ashes will be discussed, especially 
circularity aspects, ash management and properties of biomass ashes. The results of a survey 
will be given on basic options for utilization, with the status of the development. Two cases 
are of special interest, namely the use of ashes for nutrient recycling in the forest and as a 
fertilizer for agriculture.  
 

Biomass ashes and circularity 

The most popular definition of sustainability originates from the Brundtland Report of 1987, 
which states that: sustainable development is development that meets the needs of the present 
without compromising the ability of the future generations to meet their own needs. This 
encompasses both environmental, social and economic aspects. In the national and in the EU 
policy, circularity is one of the ways to create a more sustainable society [2]. In the concept 
of a circular economy the value of products and materials is maintained as long as possible. 
In fact, waste generation and down cycling1 have to be avoided as much as possible.  

The concept of a Circular Economy distinguishes two basic cycles, namely the biological and 
the technological cycle [3]. The technological cycle involves the management of finite stock 
materials like iron, alumina, granite etc. The biological cycle involves basically renewable 
materials like wood and grass and includes the return of elements to the biosphere (especially 
return of nutrients). In a circular economy, biomass will be used according to the cascading 
approach. See also Figure 2. Energy conversion by combustion is mostly the last step within 
this cascade, whereby ashes will be generated.  

 

 

 

 
Figure 2 The use of biological materials in the concept of a circular economy [3] 

 
                                                      
1  Definition: process of recycling whereby the second utilisation has less quality than its first utilisation. 
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Management of biomass ashes  

In most cases, ashes from biomass combustion are seen as a waste, which has to be discarded.  

The Waste Frame Directive [4] contains a waste hierarchy as a priority order in waste 
prevention and management legislation and policy (see Figure 3): 

- prevention 
- preparing for re-use 
- recycling 
- other recovery, e.g. energy recovery 
- disposal 

However, from the point of view of circularity, it is proposed that recycling as part of the 
priority order is distinguished further:   

- nutrient recycling, by returning biomass ash to the same forest where the biomass 
originates from 

- nutrient recycling, by returning biomass ash to the forest, but elsewhere or in 
agriculture 

- utilization whereby the application is based on substitution of elements like P, K or 
Ca 

- utilization whereby the application is based on other properties (as volume or grain 
size)  

This approach pays more attention to the role of nutrients in biomass ashes and can be used in 
discussions about utilization of biomass ashes. 

 

 

 
 

Figure 3 Waste priority order according to the Waste Frame Directive [4] 

 

 

The management of ashes from biomass combustion has to meet at least the waste priority 
order of the Waste Framework Directive [4]. Key themes to create a successful ash 
management are: 

- removal of by-products from the power plants must be assured; otherwise storage 
capacity will be the determining factor for the operational period of a power plant. 
Therefore, assurance of utilization is an important aspect. In practice, a balance will 
be found between financial benefits and assurance. Assurance of utilization can be 
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promoted by closing long-term contracts with customers and risk spreading by having 
different applications and/or customers. 

- the by-product chain from generation at the power plant to end-user must comply with 
the current regulations. This applies to regulations concerning transport, waste 
legislation, health and safety, environment and technical aspects. 

- utilisation must be sustainable. 

- utilisation must generate maximum financial benefits (or minimum of costs). 

- utilisation options must be accepted by society and must comply with the power brand 
(green power, grey power). 

Properties of biomass ashes 

The properties of biomass ashes depend on three factors: the origin of biomass, the 
combustion process and the ash removal system.  Generally, the presence of ash forming 
matter in biomass is based on the uptake of inorganic elements by the plant due to its need for 
growth. There are fifteen inorganic elements which are essential for growth in higher plants. 
These can be divided (based on average concentration) in primary macro nutrients (N, P, K), 
secondary macro nutrients (Ca, Mg, S) and micronutrients (Fe, Mn, Zn, Cu, B, Mo, Cl, Ni, 
Co). The macronutrients are present in concentrations of 0.2-5 % or even higher, while 
micronutrient concentrations may be present at levels of 0.1-100 mg/kg [5]. The 
concentration of these elements in plants depends on several factors like the species, season 
of year, part of the plant and soil conditions. Furthermore, it is influenced by harvesting 
(contamination with soil minerals), processing and pre-treatment. Due to these influence 
factors biomass shows a wide range of compositions. When biomass is first used for other 
purposes (construction wood, paper), the ash forming matter is dominated by fillers and 
contaminations.  

Ashes from wood combustion in large scale combustion plants contain high amounts of 
calcium, silicon and potassium (see Table 1). The living parts of the trees (leaves, needles, 
twigs) contain more potassium, phosphorus and magnesia than stem wood. Therefore, the 
way of harvesting (whole tree or conventional harvesting) influences the composition of the 
ashes (see chapter nutrient recycling in the forests). Also bark has a higher ash content and 
different ash composition compared to stem wood and the living parts of the trees. Ashes 
from combustion of agro-residues differs from wood by its very high potassium content, 
although specific residues like rice husks have very high silicon contents and low potassium 
contents. All these ashes have one parameter in common: the alumina content is very low 
compared to coal fly ashes. Higher alumina contents are mostly caused by contamination. 
Examples are contamination with soil minerals during harvesting or during first use (like 
waste wood and paper sludge). 

A second important factor is the combustion process. The combustion temperature and 
residence time influences the ash formation. The higher the combustion temperature the more 
elements will be volatized and are able to react with other gaseous and non-gaseous 
components. The boiler type determines also the volume ratio fly ash/bottom ash. Grate-fired 
boilers and stoves generate relatively less fly ash and more bottom ash than fluidized bed 
boilers and pulverized fuel boilers. At the same time these fly ashes have higher 
concentrations of elements like potassium, arsenic, cadmium and zinc, which are volatilized 
during combustion and condensates before the fly ash is removed from the flue gases. A third 
factor is the ash removal system, included whether bottom ashes and fly ashes are mixed 
together. 
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It can be imagined that the chemical and physical properties of biomass ashes can be highly 
different from source to source. This is illustrated by table 1, which shows the concentration 
of macro elements and several trace elements in biomass fly ash and coal fly ash, 
and  Figure 4, which shows the different morphology of fly ash particles from wood and coal 
combustion.   

  

Figure 4 Morphology of coal fly ash (left) and wood fly ash (right). Both from 
pulverized fuel boilers (scanning electron photograph) [7].  

 
 

Table 1 Concentration of macro elements and trace elements in biomass fly ashes [6] and 
coal fly ash. 

 
FUEL UNIT WOOD WOOD RICE HUSKS MIXED  

BIOMASS1 
COAL3 

Boiler type2 % m/m PFB GFB Stove FBB PFB 
Al2O3 % m/m 4,76 1,73 0.30 7,65 27 
CaO % m/m 29,7 44,5  32,8 4.5 
   Cl % m/m 0,42 1,45  0,80 <0.01 
Fe2O3 % m/m 2,45 8,41 0.52 2,04 7.3 
K2O % m/m 12,3 16,5 3.29 2,05 1.6 
MgO % m/m 5,65 3,93  1,71 1.5 
Na2O % m/m 1,19 0,09  0,87 0.6 
P2O5 % m/m 2,86 4,97  1,11 0.77 
SO3 % m/m 5,78 18,2 0.47 2,70 0.7 
SiO2 % m/m 29,7 12,9 88.0 36,4 55,0 
TiO2 % m/m 0,32 0,09  0,93  
Cu mg/kg 143 160  509 100 
Mn mg/kg 11,000 1100  1160 630 
Pb mg/kg 22.3 100  3150 54 
Zn mg/kg 1040 5340  3180 190 

1)  mixed biomass is a mix of paper sludge, waste wood and green wood 
2)  boiler type:  

PFB = pulverized fuel boiler 
FBB= fluidized bed combustion boiler  
GFB= grate fired boiler 

3)  average values of Dutch coal fly ashes 
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Basic options for utilisation 

As wood ash is one of the first human related mineral products, it can be imagined that during 
many centuries wood ash is used for all kind of applications like fertilizer, raw material for 
soap production ice remover etc. If we take a closer look there is a wide range of more or less 
sound applications, like use for tooth paste, egg preservation, skunk smell remover from 
sprayed pets etc. A survey of more serious options for utilization of biomass ashes has been 
performed, using databases of international journals, interviews, internet and own research 
work. The results are presented in Table 2. In this survey only options are mentioned which 
are at least investigated on a laboratory scale with biomass ash. Investigations with coal ash 
are excluded.  

 

Forestry 

Ashes from combustion of clean wood (including forest residues, bark, cut-offs and saw dust) 
when not contaminated are basically suitable for recycling to the forests to restore the nutrient 
balance of the forest and also for soil liming to counteract acidification of the soil (both are 
closely related). These applications are practiced in e.g. Scandinavian countries and Germany 
[20; 21]. See further the case Nutrient recycling in forests. The utilization of wood ashes in 
forestry is covered by several national fertilizer regulations whereby also some requirements 
for trace element concentrations are given (see Table 3).  

 

Agriculture 

Due to its content of nutrients, biomass ashes can be used in agriculture. There are three main 
applications: 

- fertilizer; directly or indirectly (as raw material for fertilizer production)  

- soil improvement by improving the structure of the soil  

- addition to compost to improve the composting process and the final quality of the 
compost 

Ashes from clean wood are already used as fertilizer in Germany and Denmark (also straw 
ash), based on existing fertilizer acts. Ashes from combustion of poultry litter are used as 
fertilizer in UK.  

Regulations for use of secondary materials as fertilizer exist on EU level and national level. 
With the Circular Economy Strategy of the EU more compost is addressed and in the ongoing 
revision of fertilizer regulation also other types of waste material including wood ashes will 
be covered. If the use of biomass ash is covered in national acts, than it is mostly on wood 
ash and for the coarse ashes only (bottom ash and/or the first filter step).  

Table 3 gives a compilation of requirements on biomass ashes for fertilizers in several EU 
member states. It can be derived that the national regulations for use of biomass ash as 
fertilizer differs strongly (both limit values and parameters). 
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Table 2 Survey of (potential) applications for biomass ashes [8-23]. 

SECTOR APPLICATION FUNCTION LEVEL ASH TYPES 
Forestry Nutrient recycling Restoring nutrient 

balance 
IM Wood ash 

Soil liming Counteract 
acidification 

IM Wood ash 

 
Agriculture 

Fertilizer Ca, P, K, Mg, S 
fertilizer 

IM Wood ash 

Raw material 
fertilizer 

Ca, P, K, Mg, S 
fertilizer 

IM Wood ash 

Compost Improving 
composting process 
and quality 

IM Wood ash 

Soil improvement Improving structure 
soil 

IM Wood ash 

 
 
 
 
Building 
materials 

Binders, alternative 
for standard cement 

Component 
geopolymers 

LS Wood ash 

Ceramics Raw material LS Wood ash 
Clinker production 
(cement) 

Raw material IM Wood fly ash  

Concrete (products) 
low quality 

(Reactive) filler/ 
aggregate 

IM Paper sludge ash 
Bottom ashes 

Synthetic aggregates Raw material RS Sewage sludge ash 
Sand-lime bricks Filler/lime  RS Wood fly ash 

 
 
Civil 
engineering 

Infrastructural 
works 
(embankments, 
fillings) 

Filling material IM Wood ashes 

Road Construction 
material 

Binder/ 
filling material 

IM Wood fly ash 

Asphaltic filler Raw material IM biomass fly ashes 
Sludge stabilization Binder IM Wood ash 
Soil stabilization Filler/lime 

substitution 
IM Biomass fly ash 

Mining Back-filling Filler IM Waste wood fly ash 
 
Industry 

Phosphor 
production 

Phosphor source RS Sewage sludge ash 

Zeolites Raw material LS Biomass ash 
 
Energy  

Biogas purification Reagents PS Wood ash 
Synthesis of bio 
diesel 

catalyst LS Wood ash, rice husk 
ash 

Flue gas cleaning desulphurization 
sorbent 

IM Paper sludge ash 

LS=investigated at lab scale     PS=investigated at pilot-scale 
RS=investigated at real-scale  IM=implemented 
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Table 3  Compilation of requirements on biomass ashes for fertilizers and nutrient recycling 
in several EU member states [mg/kg] [22]. 

 Unit CZ D NL Se DK (new) FIN 
    fertilizer1  farming/forestry fertiliser/ 

agriculture 
forest 

As mg/kg 10 40 75-375 30  25 40 
B mg/kg    800    
Ba mg/kg        
Cd mg/kg 2 1,5 6,3-31,3 30   5 straw 

20 wood  
  5 mix 

2,52 25 

Cr mg/kg 100  375-1875 100 100 300 300 
Cr VI mg/kg  2      
Cu mg/kg 100  375-1875 400  600 700 
Hg mg/kg 1,0 1,0 3,8-18,8 3 0,8 1 1 
Mo mg/kg 50       
Ni mg/kg 300 80 150-750 70 60 100 150 
Pb mg/kg 100 150 333-2500 300 120 

250 wood ash 
for forest 

100 150 

Tl mg/kg  1,0      
V mg/kg    70    
Zn mg/kg   1500-7500 7000  1500 4500 
PFT mg/kg  0,1      
Dioxin
s 

ng/kg  30 3,8-19     

PCB mg/kg   75-375     
PAH mg/kg   2300-11500     
1 the concentrations shall be calculated to the ‘value determining’ component of the 

fertilizer/biomass ash like phosphorus, potassium or magnesium. The limit values itself 
depends also on the ‘value determining’ component. 

2  Limit of Cd as application doses: 1,5 g Cd in hectar per year and 7,5 g Cd in hectar per 5 
years in agriculture, 100g Cd per hectar Cd in 60 years in forestry 

 
 

Building materials 

Coal fly ash is widely used for the production of cement and concrete since decades. Also 
furnace bottom ash is used in concrete as a fine aggregate, especially in masonry blocks.  
Depending on properties and especially the chemical and mineralogical composition of the 
ashes, biomass ash can be used in building materials for production of cement, alternative 
binders and concrete. The technical suitability and feasibility depends highly on the 
properties of the ashes. Examples of applications which are at least investigated at real-scale 
are: 

- bottom ash from biomass fired fluidized bed combustion boilers for concrete blocks, 
especially when quartz sand is used as bed material. The utilization of coarse and fine 
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biomass ashes as inert aggregate or filler is already covered by the aggregate standards for 
different applications (e.g. EN 12620 Aggregate for concrete). 

- fly ash from paper sludge combustion as binder for non-structural concrete and sand-lime 
brick production. Important is to steer the combustion temperature to have a sufficient 
reactive lime. 

- fly ash from wood combustion as raw material for clinker production. However, the 
addition is limited due to the content of undesired components, like alkalis and sulphur  

- fly ash from wood combustion production of sand-lime bricks. Real-scale tests have been 
performed to use wood ash as partial replacement of lime and fine sand in sand-lime 
bricks. the addition was limited to less than 5% m/m. The implementation was put on 
hold due to the high transport costs.  

 
Coal fly ash from co-combustion with biomass is used as reactive (pozzolanic) filler in 
concrete in several countries. The European technical standard EN 450-1 Fly ash for concrete 
[24] allows co-combustion up to 50% m/m fuel based for virgin wood only, whereby the ash 
amount of the co-combustion material does not exceed 30% m/m ash based. The latter is 
normally no bottle-neck due to the low ash content of wood pellets compared to coal. Co-
combustion of other biomass is allowed up to 40% m/m (included mixes with virgin wood), if 
the biomass is listed in the EN 450 (see table 4) and all product requirements are met. Waste 
wood is excluded and thereby not allowed for certification according to EN 450-1.  
 

Table 4 Types of co-combustion materials according to EN 450-1 [24] 

1 Solid Bio Fuels conforming to EN 14588:2010 including animal husbandry residues and 
excluding waste wood 

2 Animal meal (meat and bone meal) 
3 Municipal sewage sludge 
4 Paper sludge 
5 Petroleum coke 
6 Virtually ash free liquid and gaseous fuels 
 
 
A European Assessment Document (EAD) is in preparation to cover fly ash from combined 
firing of wood and biomass. Thereby 45% ash amount from the co-combustion material is 
allowed, with no limit value for co-combustion fuel based [25]. However, most of the 
chemical and physical parameters for the fly ash are the same. The EAD will be used to 
support the utilization of this so-called bio-coal fly ash in non-structural concrete. The 
chemical requirements, as set in the EN 450-1, together with the range for coal fly ash and 
wood fly ash are presented in Table 5. It shows that wood fly ash is unable to meet the 
criteria for coal fly ash in EN 450-1.  
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Table 5   Chemical requirements of EN 450-1 and some chemical properties of coal fly ash 
and wood fly ash, generated in pulverized fuel boilers [7] 

 
COMPONENT  UNIT WOOD  

FLY ASH 
COAL  
FLY ASH 

EN 450 
CRITERIA 

Parameter     
CaO % m/m 30-33 4.2±1.2 ≤10.0 
Cl % m/m 0.16-0.42 <0.01 ≤0.10 
CaOfree % m/m 6.1-10.3 0.2±0.3 ≤1.51 
P2O5 % m/m 2.5-2.9 0.58±0.31 5.0 
SO3 % m/m 3.6-5.8 0.68±0.18 ≤3.0 
Na2Oeq % m/m 7.6-9.3 1.5±0.5 ≤5.0 
Al2O3+Fe2O3+SiO2 % m/m 28-36 88±2 ≥70 
1 If this limit value is exceeded the Le ‘Chatelier test has to be performed  
 
 

Civil engineering 

Fly ash can be used as a substitute for sand in embankments and structural fillings (earth 
works), road construction material, soil stabilization and production of asphaltic fillers. 
Implemented applications in civil engineering are: 

- ash from paper sludge combustion is used as lime replacement for soil stabilization to 
improve the geo-mechanical properties of soils (bearing capacity, plasticity).  

- fly ashes from combustion of sewage sludge, paper sludge and waste wood are used as 
raw material for composite fillers for asphalt, especially in the Netherlands. Most 
important properties of biomass fly ashes for this application are water solubility, bitumen 
binding capacity and content of hazardous components. For this application the biomass 
fly ashes are mixed with other ingredients and grinded to the required grain size. Basic 
requirements for fillers for asphalt are given in the standard EN 13043 Aggregates for 
bituminous mixtures and surface treatments for roads, airfields and other trafficked areas 
[18]. 

- use of biomass ashes in road construction (see Figure 5) as binder component in base 
course stabilization [23]. 

- bottom ashes from waste wood combustion are mixed with MSW bottom ash and used as 
road construction base material  

- sludge stabilization and neutralization, before landscaping. Biomass ashes are used to 
stabilize sludge to improve the geo-mechanical consistency for handling and application. 

 

Mining 

Coal fly ash and also biomass ashes are used for infill, which means filling of voids, mine 
shafts and subsurface mine workings. 
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Figure  5  Example of use of biomass ash in road construction [23] 
 

Industry 

Due to dependency of imports of phosphorus in most European countries there are several 
efforts and initiatives to satisfy the future use considering the processing of sewage sludge 
and also the reuse of ashes. Phosphorus is an essential element for today’s life. It is used in 
essential applications like fertilizers, steel production and pesticides. 

In November 2013, the German Phosphorus Platform was found as a network of stakeholders 
from science, industry and public bodies to establish sustainable phosphorus management in 
Germany through a more efficient use of phosphorus as well as effective recycling and 
reprocessing. Core to the approach of DPP is identifying and implementing innovative 
technologies that allow economically feasible recycling of phosphorus on a broad scale but 
also through improved use of phosphorus in already existing manufacturing processes. This 
includes increases in production efficiency as well as re-using production waste as input 
material were possible [27]. 

In October 2017, Germany has release a new sewage act. By this, after an interim period, no 
sewage sludge from medium and big sewage plants are allowed for fertilisation and 
phosphorus has to be recycled from the sewage sludge [28].    

Also in France it is expected that in 2020 100,000 tons/year of sewage sludge ash will be 
used to replace phosphate ore for the production of phosphorus [17].  

In Japan the option of the application of biomass fly ash for the synthesis of zeolites was 
reported. Potassium was wet extracted from biomass fly ash and the aqueous solution was 
used for hydrothermal synthesis of K-zeolites [13]. Zeolites are used for many applications 
like absorption, in detergents, and for cracking of crude oil. 

 

Energy 

The use of biomass ash for energy production is very specific. A few studies have been 
reported about the use of wood ash and rice husk ash as a catalyst to produce biodiesel from 
Jatropha oil [16] or palm oil [11] respectively.  
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Another study reported the use of wood ash for the purification of biogas by trapping CO2 
and H2S [12]. Fly ash from paper sludge combustion is used as desulphurization sorbent in 
some combustion processes. 

 
Case: Nutrient recycling in forests 

In a natural situation most of the biomass (leaves, needles, branches and finally the stem) will 
fall on the ground near the tree or plant. In this way the nutrients are kept within the 
ecosystem. The nutrient balance of an ecosystem is influenced by several factors especially 
by wash-off of compounds and soil erosion (weathering of minerals) whereby nutrients (like 
K, Ca, Mg and P) become available for organisms and by deposition from the atmosphere 
[29]. The latter is mainly relevant for nitrogen. Nitrogen can also be bound from the 
atmosphere by specific plants. Figure 6 gives a simplified illustration of the recycling of 
nutrients and inputs and outputs of a forest ecosystem.  
 

When biomass is harvested, the ecosystem is not closed anymore as nutrients are taken away 
together with the biomass. Alterra Wageningen UR assessed the nutrient balance on the 
sustainability of different timber harvesting scenarios in the Netherlands in relation to the 
nutrient balance for Ca, Mg, K and P [30]. Nitrogen was excluded in this study as no 
depletion is expected due to the high level of deposition in the Netherlands. A negative 
nutrient balance is hardly calculated for richer soil types (loamy and clayey soil types), but 
for poorer soils (sandy) depletion occurs, especially for Ca and K, for all growth classes. For 
some situations depletion of these elements was calculated even after one harvesting. It was 
remarked by the authors that the calculation shows high uncertainties, especially about the 
relation between uptake of nutrients in parts of the trees and the availability of nutrients and 
further the impact of deposition and weathering for phosphorus on the phosphorus balance.  
 

 
 

Figure 6  Simplified model for nutrient cycling in forest ecosystem [29] 
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Table 6 gives an indication of the removal of macro-nutrients N, P, K and Ca (data about the 
other macro-nutrients Mg and S were not given) due to extraction of biomass in several 
forests in the United States [30]. Two types of harvesting were compared, namely 
conventional harvesting (stem only) and so-called ‘whole tree harvesting’, whereby the 
complete tree including branches, leaves etc. is removed from the forest. As most nutrients 
are present in the living parts of the tree, whole tree harvesting leads to considerably higher 
nutrient loss than conventional harvesting where just the stems are taken away [31-33].  
 

Table 6  Removal of N, P, K and Ca due to whole tree harvesting and conventional 
harvesting in forests on poor (P) and rich (R) soils in the USA (harvested after 55 years of 

growth) [31] 

CONVENTIONAL HARVESTING WHOLE TREE 
HARVESTING 

Tree EXT* N P K Ca EXT. N P K Ca 
 ton/ha kg/h

a 
kg/h

a 
kg/h

a 
kg/h

a 
ton/ha kg/h

a 
kg/h

a 
kg/ha kg/ha 

Douglass (R) 281 478 56 225 23 318 728 96 326 411 
Douglas (P) 134 161 27 121 - 165 325 56 140 - 
High alder 
(R) 

137 287 41 151 388 147 347 47 174 426 

Low alder 
(P) 

111 311 22 122 - 120 242 27 143 - 

*EXT.=extraction of wood 
 
 

In several countries, like Denmark, Sweden and Finland, spreading wood ash in the forests is 
practiced to recycle nutrients or as liming agent. In this way macro- and micronutrients are 
recycled, with exception of nitrogen as this compound is not bound in the fly ash during 
combustion. However in many regions in the developed countries there is significant 
contribution to the nutrient balance by atmospheric deposition.   

 

Besides the nutrient balance, recycling of ashes in the forests encompasses many aspects to 
be taken into account, especially  

- biomass fly ashes have a very high pH, which may influence the flora and fauna of the 
top soil in the forest. Pretreatment by carbonation in open air may reduce this effect. 

- content and bio-availability of heavy metals. When the ashes are returned to the same 
area where the biomass originated from, the heavy metal burden is not influenced on a 
macro level. However, the bio availability may differ due to different speciation. 

- legislation. The spreading of wood ash can be seen as dispersion of waste, which is not 
allowed 

- contamination. If the biomass is first used for other applications according the cascade 
approach (which is the idea of a circular economy), the biomass may be contaminated 
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with fillers, coating etc. These contaminations are also spread in the forest, which may 
have a negative impact on the ecosystem 

- logistics. When the power plant is not situated near the forest it may not be efficient to 
recycle the ashes back to the forests. 

 

The above mentioned aspects shows that the evaluation for an effective and/or efficient return 
of ashes to the forest is very complex and needs to be evaluated within the context of a 
circular economy.  
 

EVALUATION AND CONCLUSIONS 

Due to the increase of energy production from biomass, more biomass ashes are generated in 
the EU than recent decades. According to the EU policy, generation of waste has to be 
avoided. Therefore, utilization of biomass ashes has to be developed further as a significant 
part of the biomass ashes are disposed. The re-use of these biomass ashes is also relevant 
because biomass ashes contain nutrients, which are taken away with the biomass.  

A lot of potential applications for biomass ashes have been identified. However, practice is 
stubborn and only a limited amount is implemented on a large scale. This can be attributed to 
several aspects as relatively small volumes per source, variations in (chemical) properties, 
lack of knowledge and the non-maturity of the market (not in all countries).  

The logistic chain for biomass ashes is a very important aspect in the development of 
utilization due to the relatively small volumes per plant compared to coal ashes. This chain 
may also include stockpiling and processing before supply to end user.  

Processing of biomass ash may help to improve specific properties and to create a more 
consistent and uniform quality. Examples are:  

- carbonation to lower the pH by weathering 
- forced leaching to remove heavy metals and/or nutrients 
- granulation to get ashes which can be spread in the forests without dust and acts as a slow 

release fertilizer 
- blending, which is performed on a routine base with coal fly ash 
- Milling to create a more reactive biomass ash. 

Another positive influence to promote the utilization of biomass ashes is to share the existing 
knowledge and experience in different countries. Especially regarding the use of wood ashes 
for nutrient recycling and soil liming in the Scandinavian countries.  

Main conclusion is that on EU scale, utilization of biomass ashes is at the beginning of the 
transformation process from waste into a useful product. The experience with this process for 
coal fly ash and the experience with biomass ash utilization in countries like in Scandinavia 
may be very helpful to accelerate this process in the single countries.  
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ABSTRACT.  In North-West Europe several coal-fired power plants are converted to biomass 
with co-firing coal or coal fly ash. This leads to fly ashes outside the European standard for fly 
ash in concrete (EN 450) as co-combustion is limited to 40% (fuel based) or 50% for virgin 
wood only.  The results of this study show that it is possible to generate fly ash from high share 
of co-combustion of Fuller’s Earth in combination with wood that meet the basic requirements 
of the EN 450, with exception of MgO (occasionally).  This is related by the co-combustion of 
specific Fuller’s Earth and to wood combustion. Additional testing shows that MgO is mainly 
in a harmless form and thereby not causing unsoundness. The performance requirements of EN 
450 (setting time, soundness and activity index) are met in all cases. All requirements of EN 
197 for siliceous fly ash are met for the fly ashes from the long-term co-combustion program. 
It was shown that even fly ash from 20% coal and 80% biomass combustion is able to meet 
these requirements. It all depends on the characteristics of the biomass and the coal.  
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INTRODUCTION 

The national and international policy is to reduce the emission of greenhouse gasses by society.  
The national power sector has challenging goals to reduce these emissions. The routes to 
achieve these goals are mainly by using renewable sources especially wind and biomass. Large 
scale use of biomass to substitute coal is a transition. One of the Dutch power stations has 
started to replace coal by biomass to an extent that requirements as prescribed in the European 
standard EN 450 [1] is sometimes exceeded by the co-combustion percentage or by the 
maximum content of MgO. Co-combustion is limited to 40% m/m of secondary fuels and 30% 
m/m ash-based or 50% m/m (fuel based) if only virgin wood is co-fired. The secondary fuels 
should be listed in the EN 450 (waste wood is not listed). The maximum MgO content is 4,0% 
m/m. However, the cement standard states that clinker may have up to 5.0 m/m [2]. 
 
An experimental study has been performed to the properties and to the regulatory aspects of 
fly ashes generated during a long-term co-combustion program with virgin wood and Fuller’s 
Earth and generated during a set of six co-combustion experiments with different combinations 
of these fuels. The fly ashes have been characterized and properties of paste and mortar have 
been assessed. The EN 450 and EN 197 were used as a starting point. Special attention was 
paid to the role of magnesium.  The results of these tests are discussed and the regulatory 
aspects especially, technical standards and the Dutch Decree on soil quality (Besluit 
Bodemkwaliteit). 
 
Since a few months, fly ash from combined combustion of the above-mentioned biomass and 
coal is certified as filler aggregate according EN 12620 (type I filler) [3] and brought into the 
market using the trade name Biocoal fly ash. The fly ash fulfils most of the requirements of the 
EN 450 and all requirements of EN 197 (as main constituent). There is no limitation on the 
share of biomass if most of the ash is derived from coal and essential requirements are met. 
 
 

MATERIALS AND METHODS 
 
Co-combustion program and co-combustion experiments 
 
A long-term co-combustion program (LCCP) of about four months and a set of six specific co-
combustion experiments were performed at one of the Dutch power plants (pulverized fuel). 
This power plant has a capacity of about 600 MWe. Its boiler is tangentially fired and is 
equipped with low NOx burners and over-fire air supply. Fly ash was removed from the flue 
gas with an electrostatic precipitator. During the experiments, fly ashes were obtained from the 
electrostatic precipitator when the combustion process was reasonably stable, which was 
normally several hours after starting. An overview of the regular co-combustion and the set co-
combustion experiments is given in Table 1.  The coals that were fired by the power plant were 
blends from typically ‘world traded’ coals. Virgin wood (pellets) and so-called Fuller’s Earth 
was co-fired. The latter is a by-product from food-industry and consist of a mix of vegetable 
oil and clay minerals. Crude vegetable oil needs often to be processed before consumption.  
Processing is applied to improve colour, taste, odour and composition [4].  One of the process 
steps is called bleaching and is meant to remove colouring components, metals and oxidants.  
Raw materials for this bleaching process are clay minerals, active coal, alumina-oxide, silica 
gel, alumina silicates and magnesia silicates. Mostly 40% of the used Fuller’s earth consist of 
oil. 
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As can be seen in Table 3, the different sources of Fuller’s Earths have different levels of 
magnesium contents. Co-firing was performed using 2:1 ratio low: high magnesium Fuller’s 
Earth.   The set of co-combustion experiments was performed to obtain more knowledge about 
the relation between maximum biomass firing at one side and the combustion process and ash 
properties on the other side (see Table 2). 
 

Table 1   Overview of long-term co-combustion program of wood and Fuller’s Earth 

 UNIT AVERAGE RANGE 
FUEL BASED 

Wood pellets % m/m 24 16-37 
Fuller’s Earth % m/m 4.5 0-7.4 

ASH BASED 
Wood pellets % m/m 1.3 0.1-10.6 
Fuller’s Earth % m/m 20 9-32.6 

 

Table 2   Overview of six co-combustion experiments 

 UNIT C3/25* C6/24 C11/17 C19/16 C4/0 C21/0 
FUEL BASED 

coal % m/m 44 28 20 11 46 12 
Wood pellets % m/m 53 70 79 88 54 88 
Fuller’s Earth % m/m 2,8 1,8 0,9 0,5 0 0 

ASH BASED 
coal % m/m 72 70 72 66 96 79 
Wood pellets % m/m 3 6 11 19 4 21 
Fuller’s Earth % m/m 25 24 27 16 0 0 

*first figure stands for co-combustion percentage wood and second for Fuller’s Earth; ash based 

 

Chemical analyses 

The concentration of the main components Al, Ca, Fe, K, Mg, Na, P, S, Si and Ti in fly ashes 
was analysed with X-ray fluorescence. XRF is the standard analysis method used in quality 
control of coal fly ash in the Netherlands. The concentration of macro-elements (Al, Ca, Fe, K, 
Mg, Mn, Na, P, S, Si and Ti) in the fly ashes from the co-combustion experiments and the fuels 
were analysed after total digestion/destruction with Inductively Coupled Plasma (ICP-MS) by 
TLR.  

 

The trace elements were also analysed with ICP-MS, after destruction with HF. Mercury was 
analysed with atomic fluorescent spectrometry (AFS). The concentration of free lime (CaO) in 
fly ash was determined in accordance with NEN-EN 451-1 [5]. The loss of ignition in fly ash 
was analysed in accordance with ISO 10694 by glowing at 950 or 975° C for 1 hour. The 
content of reactive SiO2 was analysed according EN 197-1 [2]. 
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X-ray diffraction 
 
The X-ray diffraction analyses were performed with a Bruker D8 Advance, using a Cu LLF 
X-ray tube. Further details: scan range 10-61 2θ, scan range 0,02θ, count time/step 0,2 sec. 
 
Physical analyses of fly ashes 
 
The physical analyses of the fly ashes consist of particle size distribution, particle density and 
morphology. The particle size distribution is measured with laser diffraction (Malvern 
Mastersizer 2000). Before measuring, the particles are dispersed in ethanol. Ultrasonic energy 
is used to avoid agglomeration effects of particles. The morphology of the fly ashes was 
investigated using a scanning electron microscope (SEM). The SEM was a JEOL 6300. The 
pictures were taken with an acceleration voltage of 15 kV. The samples were sputtered with 
gold. 
 
Tests on cement paste 
 
The following characteristics were used to assess the performance of fly ash:  
 

• Setting time was tested by Fugro in accordance with EN 450 [1]. This test is based on 
the penetration behaviour of a standard needle in a cement paste or cement fly ash paste. 
This cement fly ash paste consists of 75% cement and 25% fly ash. The amount of 
mixing water is adjusted to obtain a standard consistency. 

 
• The soundness of cement fly ash paste was tested by Fugro in accordance with EN 450 

using the LeChatelier test. This cement fly ash paste consists of 50% cement and 50% 
fly ash. The amount of mixing water is adjusted to obtain a standard consistency. This 
fresh cement paste is to fill a ring with two needles. After 24 hours of hardening, the 
distance between the tips of the needles is determined with a calliper. After that, the 
hardened cement paste together with the ring is stored in boiling water for a quarter of 
an hour. After that the distance between the tips of the needles is measured again. The 
increase of the distance before and after boiling is a measure for the unsoundness. 

 
• The autoclave test according to ASTM C618 [66] was tested by SGS Intron. This test 

is special developed for the assessment of soundness in relation to the presence of free 
MgO. 

 

Tests on mortar 
 
The concept of the activity index is used in the European standard for fly ash in concrete 
(EN 450) for the assessment of the pozzolanic properties and is defined as the relative 
compressive strength (as percentage) of a fly ash cement mortar compared to the strength of 
standard cement mortar. In the fly ash cement mortar, 25% of the cement is replaced by fly 
ash. The activity index is normally measured after 28 and 91 days. The workability of the fresh 
mortar was assessed using the flow table test.  
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EXPERIMENTAL RESULTS 

Characterization of coal and secondary fuels 

The estimated composition of coal ash and wood ash are given in table 3. Typically, wood ash 
has higher contents CaO, MgO and K2O, but lower contents of Al2O3 and SiO2 than coal ash. 
Samples from the six different sources of Fuller’s Earth were analysed using chemical and 
mineralogical methods (see table 3 and 4). Four sources have a low MgO content, 1.5-3.2 % 
m/m and two sources have a much higher MgO content, namely 8,2 and 27 % m/m. Compared 
to coal, Fuller’s Earth has lower Al2O3 contents, but may have much higher MgO contents. 
Also, one source contains very high concentrations of phosphorus. Fuller’s earth consists 
mainly of smectite’s, which is one of the main groups of clay minerals. Besides these, minerals 
like quartz and opal are present. Magnesia is present in smectites. From literature it is known, 
that Fuller’s Earth consists mainly of clay minerals with high adsorption capacity and specific 
surface, like bentonite, montmorillonite, paligorskite, hectorite, sepiolite [2, 6]. The amorphous 
part of the fuller’s earth will be the residual vegetable oil. 

 

Table 3   Chemical characterization of different sources  (A-F)of Fuller’s Earth [% m/m] 

 COAL1) WOOD1) FULLER’S EARTH 
   A-D E F 
SiO2 55.7±6.4 34.4±12.1 57.9-73.1 62.2 58.8 
Al2O3 23.2±4.4 5.2±2.7 3.4-13.2 3.4 13.2 
Fe2O3 7.3±2.8 3.4±2.6 2.9-4.3 1.3 10.0 
CaO-tot 4.1±3.1 27.7±10.1 0.9-3.5 2.77 2.17 
MgO 1.6±0.8 6.9±2.4 1.5-3.2 27.4 8.21 
Na2O 0.90±0.7

3 
2.0±3.3 0.5-0.6 1.04 0.37 

K2O 1.7±0.8 10.1±2.6 0.7-1.5 0.76 0.32 
P2O5 0.6±0.6 3.0±1.4 0.4-9.8 0.28 0.39 
Ash content 10.0±3.1 0.9±0.7 34.8-49.8 55.1 53.6 

1) estimated compositions  

 

Table 4   Mineralogical characterization of different sources (A-F) of Fuller’s Earth [% m/m] 

MINERAL A-D E F 

Quartz 2.0-4.7 1.7 0.9 

K Feldspar 1.0-2.4 1.2 - 
Muscovite/illite 0.6-5.6 traces Traces 
Dioctahedral Smectite (Al. Fe) 22-43 3.0  
Dioctahedral Smectite (Al. Fe) 
 and instratified illite/smectite 

- - 24 

Trioctahedral Smectite (Mg. Fe) - 36 - 
Opal-CT 0.4-4.7  2.7 
Amorphous 40-67 57 57 
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Chemical characterization of generated fly ashes 

Table 5 provides an overview of the content of macro-elements (expressed as oxides), LOI, 
ammonium and chloride. The EN 450 prescribes several chemical requirements especially the 
content of sum SiO2+Al2O3+Fe2O3, CaO total, CaO free, MgO, Na2Oeq, Chlorides, Loss on 
Ignition (LOI), total and soluble phosphate:  

• The sum SiO2+Al2O3+Fe2O3 should be at least 70% the sum of the LCCP fly ash varies 
between 87 and 93 % m/m. Also, fly ashes from the co-combustion experiments meet 
this requirement, but fly ash C19/16 and C21/0 have considerably lower contents. The 
EN 197 gives only a qualitative limit for siliceous fly ash, namely that it consists 
essentially of these compounds 

• The amount of reactive CaO is maximum 10% m/m. Also, the EN 197-1 gives this 
requirement. This requirement is met by LCCP fly ashes and by the CCE fly ashes with 
exception of C19/16 and C21/0 (measured as total CaO). 

• The amount of free lime should maximum 1.5%; above this value the requirement for 
soundness should be met (LeChatelier test). The EN 197 states that above 1.0 % m/m 
the requirement for soundness should be met, but he free lime content should remain 
below 2.5% m/m.  The requirement of the EN 197 is not passed for fly ash C19/16 and 
C21/0 

• The MgO content should be maximum 4% m/m. This limit value is in some cases 
exceeded by the fly ashes from the long-term co-combustion program (LLCP) and by 
fly ash C19/16.  

• The alkali content is maximum 5,0% m/m. This requirement is met by all fly ashes 

• Chloride content is maximum 0.1% m/m. This value is never exceeded by the 
investigated fly ashes. 

• Loss on Ignition is maximum 5.0 % m/m for category A fly as, which value is met for 
both LCCP fly ashes and fly ashes from co-combustion experiments. 

• The total amount of phosphate is 5.0% m/m. Also, this requirement is met. 

• Soluble phosphate. Three random chosen LCCP fly ash samples were tested. The 
amount of soluble phosphate was <10 mg/kg.  

The Dutch national guideline (BRL 2505) “KOMO product certificate coal fly ash for use in 
mortar and concrete” states that the average ammonium content should not exceed 75 mg/kg. 
An individual value may not exceed 100 mg/kg.  

The measured values are far below these limit values. In general, it can be stated that all 
chemical requirements of the EN 450 are met by LCCP fly ashes, with exception of MgO. It 
should be remarked that the amount of MgO passes the requirement for clinker as given in the 
EN 197. Both MgO and CaO are components of special interest because their potential to cause 
unsoundness of concrete if they are present as periclase and slaked lime respectively.  

 

  



92   Sarabèr and Haanappel   

Table 5   Chemical composition (macro-elements) of fly ashes from long-term co-combustion 
program and fly ash from co-combustion experiments [% m/m]. 

 LCCP1) C3/25 C6/24 C11/17 C19/16 C4/0 C21/0 

Al2O3 24.7 (21.4-27.7) 27.1 23.9 23.7 19.5 25.2 22.0 
CaO free 0.30 (0.07-0.64) 0.4 0.6 1.1 3.4 0.8 4.4 
CaO-tot 4.06 (2.42-5.92) 4.72 5.5 6.61 12.0 5.4 12.3 
Cl- 0.01 (0.00-0.01) 0.01 0.01 0.01 0.01 0.01 0.01 
Fe2O3 4.8 (3.82-5.37) 5.01 4.93 4.83 3.93 4.79 4.36 
K2O 1.96 (1.58-2.38) 1.66 1.86 2.19 4.65 2.08 5 
LOI 3.40 (2.11-4.65) 2.62 2.50 2.13 0.45 3.28 0.58 
MgO 3.55 (1.87-4.58) 1.48 2.35 2.22 4.07 1.45 2.44 
Na2O 0.46 (0.31-0.62) 0.30 0.32 0.32 0.33 0.27 0.29 
Na2O eq 1.75 (1.35-2.18) 1.40 1.50 1.80 3.40 1.60 3.60 
NH3 13 (1-58)2) 5 5 5 5 5 5 
P2O5 sol. <10 <10 <10 <10 <10 <10 <10 
P2O5 total 1.10 (0.49-1.74) 0.88 1.07 1.25 1.48 0.99 1.49 
SiO2 61.0 (56.7-66.4) 58.1 54.6 54.8 52.8 56.2 50.6 
SiO2 reactive        
SO3 0.26 (0.06-0.99) 0.40 0.45 0.44 0.91 0.4 1.99 
Sum Si+Al+Fe 90.4 (87.5-93.1) 90 84 83 76 86 77 

Average value; between brackets minimum and maximum values. 

 
Mineralogical characterization of generated fly ashes 
 
Table 6 provides an overview of the results of the X-ray diffraction analyses of the fly ashes: 

• A limited part of the CaO is present as free lime and to a small extent as anhydrite and 
anorthite. This means that a significant part of CaO will be present in the amorphous 
phases of the fly ashes. It seems that the XRD-analyses gives a bit of an overestimation 
of the amount of free lime, compared to the titrimetric method of NEN-EN 451-1 

• Only a limited part of the MgO is present as periclase. The major part will be present 
in the amorphous phase 

• Silicon is present in quartz, mullite anorthite and the amorphous phase. 

• Some metallic iron is present, which may be due to abrasion of milling and handling 
equipment for fuels 

• Phosphorus may be present in Silicocarnotite (Ca5(PO4)2SiO4) 

Physical characterization of generated fly ashes 

The results of the physical characterization are given in table 7. The particle size distribution 
was analysed after 5 minutes of treatment with ultrasonic energy. This period was sufficient 
to get a constant particles size distribution (0-1-2-5 minutes were tested). The fineness, 
expressed as <45 µm, is as average 72% with a range 78-85%. In the past, the fineness of 
coal fly ash from the same power station was 75% with a declared range 65-85%. So, the 
LCCP fly ashes fits within this range.   
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Table 6  Mineralogical characterization of fly ash from co-combustion experiments 

 LCCP C3/25 C6/24 C11/17 C19/16 C4/0 C21/0 
amorphous phase 64-72 55 61 60 60 55 52 
Free Lime (CaO) 0.1-0.6 0.5 0.7 1.3 5.6 1.3 4.8 
Periclase (MgO) 0.3-0.4 0.4 0.4 0.5 1.4 0.6 1.2 
Quartz (SiO2) 9.4-16 14 13 13 13 14 15 
Anhydrite (CaSO4) LLD1)-0.3 0.2 0.3 0.3 0.4 0.2 0.3 
Mullite (Al6Si2O13) 14-24 28 23 22 15 27 23 
Magnetite (Fe3O4) 0.5-1.0 0.6 0.6 0.5 0.2 0.7 0.3 
Hematite (Fe2O3) 0.1-0.2 0.4 0.4 0.5 0.1 0.5 0.2 
Rutile (TiO2) 0.2-1.1 0.4 0.2 0.2 0.2 0.2 0.2 
Iron Alpha 0.1-0.2 0.1 0.1 0.1 0.0 0.1 0.0 
Anorthite 
(CaO Al2O3 2SiO2) 

LLD-1.5 0.8 1.0 1.4 4.4 1.0 3.5 

Silicocarnotite 
(Ca5(PO4)2SiO4) 

    2)  2) 

Total  100 100 100 100 + 100 100 + 

1) LLD=lower limit of detection     2) A few percent may be present 

 

The maximum particle (D100) has never been monitored systematically in the past, but an 
inventory of measurements on two Dutch coal-fired power stations makes clear the range is 
about 180-400 µm. This should imply that Biocoal fly ash has a wider grain size range.  
Investigation with SEM showed that the morphology of the particles is mainly spherical, but it 
is less than in coal fly ash. Also, there are relatively more agglomerates present. See Figure 1 
and 2, which gives an impression of the morphology of the particles. 

 

 

Figure 1   SEM photograph biocoal fly ash from LCCP 5-11-2018 
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Figure 2   SEM photograph biocoal fly ash from LCCP 4-12-2018 

 

Table 7   Physical characterization of fly ash from co-combustion experiments and 
requirements EN 450 

 Unit LCCP C3/25 C6/24 C11/17 C19/16 C4/0 C21/0 

< 45 mu % 72 (78-85) 78 77 76 61 78 68 
D10 µm 3.1  (1.3-4.6) - 2,6 3,0 3,1 4,7 2,5 
D50 µm 25 (10-29) - 19 21 37 34 25 
D90 µm 106 (58-119) - 74 86 144 115 106 

D100 µm 536 
(420-597) 

- 431 433 471 498 542 

Particle 
density 

kg/m3 2185  
(2090-2310) 

- 2200 - 2250 2150 2220 

 

Properties of cement paste with fly ash 

The results of the LeChatelier test and the setting time tests are presented in table 8. According 
to the EN450 initial setting time may be retarded up to twice the time of the initial setting time 
of the cement paste without fly ash.  All fly ashes meet this requirement. Fly ash C4/0 causes 
an acceleration of initial binding. Setting time tests were repeated with a replacement of 5% 
cement instead of 25%, as the intention is to use the biocoal fly ash as minor constituent for 
cement (available samples were taken with different setting time behaviour). See table 9. There 
is only minor influence of biocoal fly ash on setting time behaviour at this replacement level. 

The soundness as measured by the LeChatelier test is 0-2 mm, which is far below the limit 
value of 10 mm. Even fly ashes with free lime content of 3.4 and 4.4 % m/m have low 
expansion values. The autoclave expansion test shows also low values compared to the 
requirement of the ASTM 618-12a being 0.8%. 
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Table 8   Results LeChatelier test and setting time test and requirements EN 450 

PARAMETER UNIT LCCP C6/24 C19/16 C4/0 C21/0 

Autoclave expansion % 0.042)  0,15   
LeChatelier mm 0-2 0 2 2 1 
WBF1) -/-  0.32 0.31 0.31 0.31 
Initial setting ref. min 160 160 160 160 160 
Initial setting min 201 (170-330) 165 200 145 185 
Final setting ref. min 210 210 210 210 210 
Final setting min 278 (240-450) 240 270 210 255 

1) WBF=water binder ratio;  ref.=reference: test cement only 
2) Sample was selected with 4.58% MgO 

 

Table 9   Results setting time test with 5% replacement of  
cement instead of 25% replacement 

 

PARAMETER UNIT TEST CEMENT LCCP1) C6/24 C4/0 

WBR -/-     
Initial setting  min 170 195 170 160 
Final setting min 225 225 225 225 

1) An LCCP fly ash sample was selected with an initial setting=175 min. at 25% replacement. 

 

Properties of cement mortar with fly ash 
Table 10 provides the results of the mortar tests. The requirements for the 28 days activity 
index test is met in all cases. The flow table results of the fly ash cement mortar are mostly 
comparable or better than the reference cement mortar. 

 

Table 10 Results Mortar prisms test with binder consisting of 75% cement and 25% biocoal 
fly ash and requirements EN 450 

PARAMETER UNIT LCCP C6/24 C11/17 C19/16 C4/0 C21/0 

Flow table ref mm 184 184 184 184 184 184 
Flow table mm 186 (179-194) 185 193 194 186 201 
CS1) ref 28d N/mm2 70.7 (68.9-70.5) 71.7 71.7 71.7 71.7 71.7 
CS 28d N/mm2 59.9  (58.1-62.8) 61.2 59.4 55.2 58.4 58.4 
AI 28d % 85 (82-89) 85 83 77 81 81 
CS ref 91d N/mm2 2)      
CS 91d N/mm2 2)      
AI 91d % (88-95)      

1) CS=compressive strength; AI=Activity index 
2) Tests were not completely ready at the date of reporting 
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REGULATORY ASPECTS 
 

Technical standard EN 450: Fly ash for use in concrete 

Coal fly ash is a widely used raw material to produce concrete and cement. Coal fly ash 
fulfilling the requirements of EN 450-1 is allowed to be used in structural concrete, whereby 
part of the cement may be replaced by coal fly ash due to its pozzolanic properties. The EN 
450 includes also fly ash from co-combustion if co-combustion (fuel based) under certain 
conditions (see introduction). The results show that also LCCP fly ash from high share of 
biomass co-combustion up to 32.6 % m/m (ash-based) are able to meet the chemical and 
physical requirements of this standard and performance related requirements. In some cases, 
the amount of MgO exceeds the limit value of 4.0%. It should be remarked that this requirement 
is stated as total MgO instead of free MgO for practical reasons.  Also fly ash C11/17 (derived 
from 20% coal and 80% biomass combustion) meet these requirements, but fly ashes C19/16 
and C21/0 fails also on CaO total. 

 
Technical standard EN 197 

Fly ash is listed in the European cement standard EN 197 as a so-called main constituent. The 
standard describes that fly ash is obtained by electrostatic or mechanical precipitation of dust-
like particles from the flue gases from furnaces fired with pulverized coal. A note is given to 
refer for the definition to the EN 450-1. Besides main constituents, also minor addition 
constituents are used. These are natural mineral materials, inorganic mineral materials from the 
clinker process or one of the listed main constituents. Fly ash should meet the definition and 
specific requirements of the standard. The investigated fly ashes can be used as a siliceous fly 
ash, which is defined is a fine powder of mostly spherical particles having pozzolanic 
properties. It consists essentially of reactive silicon dioxide (SiO2) and aluminum oxide 
(Al2O3). The remainder contains iron oxide (Fe2O3) and other compounds. Table 11 gives a 
survey of the requirements for the use as minor constituent. The investigated LCCP fly ashes 
meet these requirements. The analyses of the content of reactive SiO2 are under preparation. 
Based on the content of amorphous phases, as analyzed with XRD-analyses it can be concluded 
that this requirement will be met. 

 

Table 11   Requirements for siliceous fly ash in EN 197-1 and range for biocoal fly ash 
 

PARAMETER REQUIREMENT RANGE FLY ASH 
Content of reactive CaO  ≤10.0 % m/m 2.50-6.13 
Content of free CaO ≤1.0 % m/m1) 0.07-0.64 
Content of reactive SiO2 ≤25.0 % m/m 2) 

1) Fly ash having a content higher than 1,0 % m/m but less than 2,5 % m/m is also acceptable, 
provided that the requirement on expansion (soundness) does not exceed 10 mm when tested 
in accordance with EN 196-3. 

2) Analyses have been ordered, but not finished yet due organizational problems in the lab 

 
Besluit Bodemkwaliteit (Dutch Decree on Soil Quality) 

Most of the utilization of cement and concrete with fly ash should meet the requirements of the 
Besluit Bodemkwaliteit. Leaching tests on concrete with biocoal fly ash have been performed. 
Concrete with Biocoal fly ash was crushed after 28 days of hardening. The leaching behavior 
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was assessed using the standard upwards percolation test. The results are presented in Table 12. 
It is shown that most parameters are below the detection limit. Leaching of barium is critical. 
This may also be an effect of the other raw materials. 
 
Waste Frame directive 
 
Coal fly ash, that meet the limits of EN 197 for use in cement and concrete is acknowledged 
by the Dutch government being a byproduct as it fulfils all requirements of art. 5 in the Waste 
Frame Directive [9]. The same conclusion is applicable for biocoal fly ash.  
 

Table 12   Results upwards percolation test and requirements of Dutech Decree on soil 
Quality (Besluit Bodemkwaliteit) 

ELEMENT VALUE 
[mg/kg] 

BBK 
[mg/kg] 

ELEMENT VALUE 
[mg/kg] 

BBK 
[mg/kg] 

As <0.200 0.9 Mo <0.050 1.0 
Ba 19.000 22 Ni <0.200 0.44 
Br <4.000 20 Pb <0.300 2.3 
Cd <0.007 0.04 Sb <0.009 0.32 
Cl 20.0 616 Se 0.010 0.15 
Co 0.075 0.54 Sn <0.020 0.4 
Cr <0.100 0.63 SO4 38 2430 
Cu <0.100 0.9 V <0.300 1.8 
F 1.000 55 Zn <0.700 4.5 

Hg <0.0050 0.02    
 

EVALUATION 
 

Co-combustion of virgin wood and Fuller’s earth has been assessed during a long-term co-
combustion program and during a set of co-combustion experiments. Both types of biomass 
are non-contaminated.  Wood pellets is the most well-known secondary fuel in pulverized coal 
boilers, but Fuller’s Earth is less known as secondary fuel. Wood pellets have low amounts of 
ash forming matter, but it contains elements which are not desired for use in cement and 
concrete depending on the way they are present in the resulting fly ash (Ca, K, Mg, P). In 
contrary, Fuller’s earth has high amounts of ash forming matter, but it consists of clay minerals 
which contribute to the amorphous phases (as with the clay minerals in coal). However, some 
of the sources are rich in Mg and P. 

The ash-forming reactions during wood combustion have been already been described in 
literature and summarized in [8]. The SEM-photographs of the fly ash particles show that 
melting of the mineral matter in Fuller’s Earth occurs, which is confirmed by indicative 
viscosity calculations using the chemical composition of the Fuller’s Earth as starting point. 
The ash-formation process results in a mineralogical composition which is in general 
comparable with coal fly ash, with exception of the presence of anorthite and periclase (LCCP 
fly ashes).  In the case of fly ashes from the co-combustion experiments, a strong increase of 
free lime and periclase (relatively) can be observed and the possible presence of a phosphor 
containing phase.  
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The fly ashes that were generated during the long-term co-combustion program (LCCP) meet 
the chemical requirements of EN 450-1 with exception of MgO (occasionally). If Mg is present 
as periclase it may cause unsoundness. Some of the fly ashes from co-combustion experiments 
do not meet the requirement for CaO total,  CaO free and MgO. 

Autoclave tests on two fly ashes with >4.0% MgO confirmed that no unsoundness occurred. 
Mg is mainly part of the clay mineral and will become part of the glass structure during the ash 
formation (network modifier). The LeChatelier test was performed on fly ashes with high 
amounts of free lime (3.4 and 4.4% m/m). The expansion remained far below the limit value. 
The amount of free lime, alkalis and phosphor depends mainly on the share of wood 
combustion. 

Phosphor is a point of attention when it is present as a soluble phosphate because it may cause 
retardation of cement hydration.  Therefore, EN 450 gives a requirement for soluble phosphate. 
The concentration of soluble phosphate is below the detection limit and also no retardation of 
setting time occurred. 

The fineness and the morphology of fly ash is important for the behavior in (fresh) concrete.  
Both LCCP fly ashes as the fly ashes from the co-combustion experiments meet the 
requirement for fineness (>60% < 45µm) of EN 450. The EN 197 gives no physical 
requirement for siliceous fly ash as miner addition. The morphology of the particles is mainly 
spherical, but the amount is less than in coal fly ash. Also, there are relatively more 
agglomerates present. 

The EN 450 gives requirements for setting time, soundness and pozzolanic behavior. The EN 
197 gives only a requirement for soundness (only to be tested when the content of CaO free is 
above 1,5 and 1,0% respectively). 

The setting time of the biocoal fly ashes fulfills the criterium of EN 450, but it is remarked that 
there is more deviation than with coal fly ashes. This may be due to the availability of 
compounds that influence cement hydration. The deviations are small at a 5% replacement 
level. The activity index does not seem to be influenced. Also, some concrete mixtures were 
prepared. The workability appears to be slightly reduced. The compressive strength is not 
negatively influenced, which confirms the mortar test results. Significant correlations are 
identified between co-combustion of wood, ash based and the amount of CaO total, CaO free, 
P2O5 and Na2Oeq and SO3 to a less extent (see also figure 3-4). No significant correlations 
could be derived for the physical and performance properties of the fly ashes. The alkali content 
shows a very good linear correlation with wood combustion but the best fit for the SO3 content 
seems to be an exponential correlation.  

From literature it is known that in the case of biomass combustion potassium is volatilized 
during combustion (as potassium is mostly organically bound, in contrary to hard coal) and 
thereby able to react with SO3 and chlorine whereby potassium sulfate (arcanite) and to a less 
extent KCl is formed. This confirms the findings of [8]. It implies that with further increasing 
co-combustion, the content of SO3 may fail for the limit value for SO3 in the EN 450 (3.0% 
m/m).  
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Figure 3   Relation between CaO free in fly ash and co-combustion of wood (ash based)  

  

 

Figure 4   Relation between the content of several compounds in fly ash and co-combustion 
of wood (ash based) 

 

CONCLUSIONS 
 

The results of this study show that it is possible to generate fly ash from high share of co-
combustion of Fuller’s Earth in combination with wood, that meet the basic requirements of 
the EN 450, with exception of MgO (occasionally).  This is related by the co-combustion of 
specific Fuller’s Earth and to wood combustion. Additional testing shows that MgO is mainly 
in a harmless form and thereby not causing unsoundness. The performance requirements of EN 
450 (setting time, soundness and activity index) are met in all cases. All requirements of EN 
197 for siliceous fly ash are met for the fly ashes from the long-term co-combustion program. 
It was shown that even fly ash from 20% coal and 80% biomass combustion was able to meet 
these requirements. It all depends on the characteristics of the biomass and the coal.  
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ABSTRACT. Multiple national standards exist for fly ash used in concrete including: the U.S. 
Standard, ASTM C-618, the Indian Standard, IS 3812-1, and IS 3812-2, the Chinese standard, 
GB/T 1596, the European Standard EN 450 as well as standards in Canadian, Australia, Japan 
and the Russian Federation. These standards include differences in both classification and test 
methodology. Unfortunately, due to the variations in test methodology, these data are not 
comparable among the various national standards. To illustrate; ASTM requires that a strength 
index of 75% be achieved as measured at 7 or 28 days. EN 450 prescribes an activity index of 
75% be achieve at 28 days or 85% at 90 days. These requirements seem similar or at least 
comparable. This is not the case however as ASTM uses a flow table to set the water in the 
tests, i.e. the samples are prepared at constant flow, and the water variation is measured as 
water demand. EN 450 sets the test samples at constant water, and for Category S measures the 
flow separately to determine water demand. A standard series of tests were conducted using 
both ASTM and EU methods on a series of ash samples recovered from ponds and landfills. 
The results of these tests indicate that the ASTM methodology reflects early contributions to 
concrete such as improvements in rheology and particle packing, while the EN approach 
provides a measure of pozzolanic activity. 
 
Keywords:  Ash standards, Strength activity testing, Fly ash, ASTM C-618, EN-450 
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INTRODUCTION 
 
Fly Ash Standards 
 
Fly ash is a product of coal combustion. Due to variations in power plant operations and coal 
sources it has variable quality for use in concrete. At its best, fly ash makes a significant 
contribution to the strength and durability of concrete. Poor quality ash can however be a 
detriment and for this reason many nations have adopted standards for ash in an attempt to 
assure performance. 
 
Fly ash use in concrete dates back almost 80 years, but became a widespread practice in the 
1960’s. The earliest fly ash standards were the British BS3892, first published in 1965 and the 
ASTM C-618, which existed as a tentative specification in 1968 (ASTM C-618T), but was 
formally published as a standard in 1978. AASHTO M296-11 was based on the 1997 version 
of ASTM C-618. BS3892 was eventually divided into three parts. BS3892 Part 1 was published 
in 1982 and presented a standard for fly ash used in concrete as a cementitious addition. This 
has a stringent fineness criterion (12% retained on 325 mesh) that essentially required to the 
ash to be classified, a common practice in the UK [1]. This also guaranteed a high-quality 
product that commanded a premium price [2]. Part 2 of BS 3892 was published later and was 
intended for “run of plant” ash with up to 60% fineness [3]. 
 
The normalization of standards across the EU in the late 1990’s resulted in the development of 
EN-450. This was based in part on the British standards some elements of which are preserved 
within it. However, EN-450 allows the use of a broader range of ash with a fineness of up to 
40% and differs significantly in some testing methodology.  It is generally more complex in 
part due to provisions for ash that is derived from co-firing bio-mass and coal, and differences 
in marketing practices. 
 
Although others probably exist, a literature review found these ash standards currently in use: 
European standard EN-450 [4]; Japanese standard, JIS 6201 [5]; Australian standard, 
AS3582.1 [6]; Chinese standard, GB/T 1596 [7], (which is undergoing revision), Canadian 
standard, CSA A3000-13 [8]; Indian standards, IS.3812.1 [9] and IS.3812.2 [10] and Russian 
standard, GOST 25818-91 [11]. These standards vary from the relatively uncomplicated 
Australian standard with only 5 criteria, to the European standard which is the most complex 
of those examined. The Indian standard was the only one found to specifically address ash 
recovered from ponds and landfills (in part IS.3812.2) but only as an admix to concrete. 
 
In the U.S., ash quality criteria are determined by the American Society for Testing and 
Materials (ASTM) under its C-618 standard [12]. Although each national standard is different, 
many have similarities reflective of the original British Standard (i.e. India and Australia) or 
the ASTM approach (Canada and China). Other organizations may also be involved in 
specifying fly ash standards. For example, the America Association of State highway and 
Transportation Officials (AASHTO), publishes its own ash standard, M295 [13]. This standard 
was adapted from the 1996 version of ASTM C618 and, although minor revisions have been 
made since then, they remain very similar. In addition, state highway departments may have 
individualized requirements, such as lower LOI criteria than AASHTO or ASTM require [14]. 
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STRENGHT INDEX TESTING 
 
Comparison of ASTM C-618 and EN-450 Methods 
 
Both the American and European standards use compressive strength criteria to measure fly 
ash performance. However, methodology and materials differ greatly. Both are mortar tests but 
the ASTM-C618 is based on a constant flow approach, the water is varied in the control and 
test mortars until a constant flow is achieved. The European standard EN-450 uses a fixed 
water to cement ratio. As discussed below, the approach uses a different sand, ash substitution 
rate, water to cement ratio, test time interval, and different molds, yet both standards report a 
Strength Index value based on compressive strength. 
 
Sand 
 
The EN-450 and EN-196 specifies a sand (EN-196-1) with a broader size distribution than 
ASTM C778. The EN-196 has larger top size, up to 2 mm, and more significantly it allows 
fines up to 13% less than 160 µm. The ASTM test allows no more that 4% to fall above a 30-
mesh screen (600 µm) and no more than 4% to fall below a 50 mesh (300 µm) screen. This 
results in a very narrow size range, as shown in Figure 1. 
 
 

 
 

Figure 1. EN-196 sand (left), compared with ASTM sand (right). 
 
Molds and molding 
 
EN-196 uses a 40 × 40 × 160 mm³ prism mold, while ASTM-C311 uses a 50 × 50 × 50 mm³ 
cube (~2inch) (Figure 2). The EN sand is available in prepared bags of 1350 g (±5g), which 
produces 1 test. This is convenient and avoids problems with splitting subsamples. The ASTM 
sand is sold in 50 lb. bags. Due to the very narrow size distribution the separation of particle 
sizes is not an important concern. 
 
Test proportions 
 
A major difference between the two is the level of ash substitution used. The EN method uses 
25%, versus 20% for ASTM (Table 1). The water to cement ratio is also higher in the EN 
approach. The standard ASTM mortar water is 242 g however in the SAI testing it is adjusted 
to between 105 to 115 units on the flow table (Figure 3). 
 
Flow table determinations resulted in a 5.8% water reduction over the standard control mix for 
the ash used in these tests. 
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Figure 2   EN-196 prism mold (left), ASTM cube mold (right). 
 

 

Figure 3   ASTM Flow Table. 
 
 

Table 1  Comparison of Methods. 
 

 ASTM C-311 EN 196-1 

Control   
Water, g 242 225 
Sand, g 1375 1350 
Cement, g 500 450 
W/C 0.484 0.5 
Fly Ash Test Mixes   
Rate, % 20 25 
Ash, g 100 112.5 
Cement, g 400 337.5 
Sand, g 1375 1350 
Water   
Fixed, g  225 
Flow, mm 105 to 115  
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The mixing procedures and equipment for each method are essentially the same. ASTM C-109 
provides for filling the molds and using a tamper device (a rectangular rubber stick) to compact 
those, although alternate methods such as a vibrating table, are allowed. The EN-196 procedure 
uses a “jolting table”, similar in concept to the ASTM flow table [15], but of a different design 
to compact the molds. For our purpose, the ASTM flow table was used as a jolting table by 
clamping the molds on the surface of the table. The drop in the flow table is higher, 19 mm 
comparted to 14 mm in the jolting table, which has a higher mass. The flow table seemed to 
work fine and in the authors opinion was close enough for reasonable comparison. 
 
Testing Criteria 
 
The tests are run after different time intervals an have different pass-fail criteria. Under ASTM 
C-618 the ash mix must reach 75% of the strength of the cement control at 7 days, if it does so 
it passes, and no other testing is required. It can also be tested (or retested) at 28 days. The EN-
450 criteria require 75% of control at 28 days and 85% percent of control at 90 days and does 
not use 7-day strengths. Conversely ASTM does not recognize 90-day strengths. AASHTO 
does recognize a 56-day test interval as an optional requirement [13]. 
 
The EPRI 1 fly ash produced a 5.8% water reduction compared to the cement control which is 
in line with many previous tests of class F fly ash. Thus, physically it was expected that this 
ash would perform well in the ASTM test which favors the rheological benefits of the ash. 
 
The EPRI-1 ash that was screened at 200 mesh was used in the comparison of the tests. 
Although EPRI-1 had been ponded and landfilled for a long time, it still was found to have 
good fineness, with ~20% retained on a 325-mesh screen and additionally, about 18% of the 
ash was less than 5 µm in diameter. The LOI of this sample was 2.3% and the ash, as prepared, 
would be ASTM C-618 compliant. 
 

RESULTS, DISCUSSION AND CONCLUSIONS 
 
The results from the direct comparison of the two strength index tests are presented in Table 2. 
Also, in the table are results comparing the two different sands, as measured in ASTM methods. 
The EN-196-1 standard sand is found to be considerably stronger than the ASTM, by about a 
third at seven days and decreasing to about a fifth at 90 days. Both sands are essentially pure 
quartz and the difference is due to improved packing provided by the broader size range of the 
EN-196-1 sand. 
 

Table 2  Results of strength (MPa) and strength activity (%) tests. 
 

DAYS  7 28 90 

EN 450 Control, MPa 34.9 45.1 52.2 

 Test Mix, MPa 29.7 46.5 61.3 
ASTM 618 Control, MPa 22.8 47.7 46.4 

 Test Mix, MPa 22.9 40.4 53.0 
EN 450 SAI, % 85 103 117 
ASTM 618 SAI, % 100 85 114 
ASTM Sand MPa 32.7 45.9 51.3 
EN Sand MPa 44.9 57.0 61.0 
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There are substantial differences in the results from 7 and 28 days. At 7 days, the strength index 
for the ASTM test method is 100% while that from the EN-196 method is 85%. The results at 
28 days are reversed. The strength index for ASTM C-109 procedure drops while the EN-196 
increases. At 90 days, the results are similar. The test data reflect the methodologies for both 
tests. As the ASTM method is conducted on samples that are adjusted to constant flow. Thus, 
the early rheological and particle packing contributions to the strength are expressed. 
Alternatively, the EN methodology is at constant water and the pozzolanic contribution of the 
ash to mortar is emphasized. 
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ABSTRACT.  To produce oil and gas from tight, low permeable (unconventional) reservoirs, 
wells need not only to be drilled and completed, but formation also needs to be hydraulically 
fractured to create a network of conductive fractures with maximum possible surface area. This 
is typically achieved by pumping a slurry of natural or manufactured sand product suspended 
fracking fluid. Conventional proppant requires use of crosslinked polymers to suspend 
proppant, high pumping rates and huge horse power to deliver it into formation. The packed 
bed must maintain hydraulic conductivity to flow oil, gas, and water. Class F fly ash is an ideal 
candidate to be used as a proppant, as it is strong, smooth, round, relatively light weight and 
inert. With average particle size distribution round 50 micron, it can be suspended in pure or 
produced water and pumped without settling at very low rates and still deliver significant 
hydraulic conductivity. Ash is much finer than most other proppants and is thus capable of 
propping much smaller fractures. In the past few years, we have investigated fly ash recovered 
from ponds in Kentucky, Ohio, and Tennessee and have produced ash with hydraulic 
conductivity as high as 1.5 × 10-2 cm/s, void volumes of over 50%, and bulk densities of less 
than 1.1 g/cm3. Void volumes equivalent to northern white quartz were produced at pressures 
up to 13,000 psi. Utilization of fly ash as proppant is big and attractive market for fly ash from 
ponds and landfills. WellsX, Inc. is a Texas based start-up that has initiated pioneering efforts 
to use fly ash as the only proppant during fracking operations. Using a patented approach, they 
have successfully rejuvenated old wells using a fly ash-based proppant. Although still in its 
infancy, successes to date indicate that fly ash with characteristics described above can be 
utilized as a proppant with no viscosity modifiers resulting in “greener” fracking operations 
with much smaller footprint and still yielding of oil and gas production equal to or greater than 
conventional approaches. 
 
Keywords:  Fly ash, Fracking, Oil and gas recovery, Liquid frac. 
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INTRODUCTION 
 
Oil and gas production via fracking requires the fracturing of shale, siltstone, or limestone by 
various fracking methods, and the treatment of well to stabilize the fractures. This final step is 
typically accomplished by pumping a slurry of natural or manufactured sand product into the 
fractured zone to prop them open. Hence the term “proppant”.  A trade-off exists for the smaller 
size range of proppants which are capable of stabilizing smaller fractures that generate a lot of 
the oil and gas, but may result in a lowered permeable packing, as a drawback. The 
development of proppants that are small enough to prevent the healing of micro fractures (i.e. 
“micro-proppants”), but still demonstrate acceptable hydraulic conductivity as well as strength, 
represents both a challenge and an opportunity. 
 
The typical characteristics of fly ash suggest that it is suitable as a high-performance micro 
proppant. Fly ash consists of round particles with a reasonably narrow size distribution that 
facilitates the development of void volume when packed. The smoothness of the particles prove 
for lowered resistance to flow (Figure 1). The small size of fly ash — typically in the silt and 
fine silt range — suggests an ability to prop micro fractures. Thus, fly ash appears to represent 
an ideal material to base a micro proppant on. This paper discusses lab work. 
 

 

Figure 1   Comparison of surface properties of fly ash with clay minerals. 

 
RESEARCH OBJECTIVES 

 
The overall objective of this work is to examine the characteristics of coal-combustion fly ash 
as a fracking proppant from both laboratory testing and practical field trials. 
 
The laboratory work examined the effect of classification on the hydraulic conductivity of the 
ash. The proppant characteristics of fly ash materials was then determined using API and ISO 
methodology. This includes the determination of particle and packing density, void volume 
and crushing strength. 
 
Materials 
 
Class F fly ash, as defined by the ASTM C618 standard, were used in the lab work. Three 
different sources of ash were used, two from Kentucky and one from Ohio. The samples 
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included ash collected dry and from ponds including hydraulically classified ash and double 
screened ash. The composition of these fly ashes are typically and generally representative of 
Class F ash as defined by the ASTM Standard. Class F fly ash from sources in Texas was also 
used in the field trials. A sample of northern white quartz (NWQ) a highly rounded almost pure 
quartz sand mined in Wisconsin and one of the staples of the fracking industry was also used 
in the tests. 
 
Methods 
 
The falling head method was used to measure the hydraulic conductivity of fly ash and ash 
derived proppants. This approach is considered more appropriate for fine grain specimens than 
the constant head method and provides good reproducible and comparable data. The method 
defines hydraulic conductivity, K, is in units of time/length and is normally standardized to 
20°C (K20). Typical values for unprocessed Class F fly ash are in the range of 10-5 to 10-6 cm/s. 
The two raw ash samples tested produced permeabilities in this range. 
 
The proppant properties of the ash were tested using ISO 13503-2:2006, 2006, (Identical to 
ANSI/API 19c). 
 
Hydraulic conductivity test results 
 
A summary of the size data is presented in Table 1. Although only somewhat coarse than the 
raw ash, with a d50 (which is the particle diameter at which half of the particles are smaller 
than on a volume basis) of 35 microns (µm) versus ~23 µm, the improvement in permeability 
is large with a measured K20 of 7.8 × 10-4 cm/s or almost an order of magnitude better than that 
of the raw material (8.5 × 10-5 cm/s). 
 
The two hydraulically classified and double screened ashes had the highest hydraulic 
conductivity with the samples screened at 100 × 200 mesh (150 × 74 µm) having a permeability 
of 1.5 × 10-2 cm/s (~ 1 cm/min). This permeability is typical of fine to medium size sand, well 
within the range of proppants described in the API series [1]. The effect of fines on the overall 
hydraulic conductivity was examined by adding back the minus -200 mesh into 100 × 200 mesh 
material. 
 
 

Table 1  Size distribution and permeability for raw materials and proppant. 
 

SOURCE d10 d50 d90 HC, cm/s 

KY 1 Raw Fly Ash 2.2 24  70 8.6 × 10-5 

KY 2 Raw Fly Ash 3.5 23  65 8.5 × 10-5 

KY 1 Hydraulically Classified 12 35  60 7.8 × 10-4 

Ohio Screened 63 × 125 µm 18 73 115 4.7× 10-2 

MP 1 +20% Fines  8 80 133 7.7 × 10-3 

MP 1 Ohio Screened 74 × 150 µm  9 86 136 1.5 × 10-2 

MP-2 KY Screened 74 × 150 µm 11 83 136 - 

MP-2 5000 psi  8 59 110 - 

MP-2 13,000 psi  6 46 100 - 
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The reason for the improvement in hydraulic conductivity of the classified and double screened 
ash is readily apparent from the particle size distributions (Table 1). The micro proppants (MP-
1 and MP-2) are found to have a much higher d50 and d90 compared to that of the raw and 
hydraulically classified materials, i.e. lower surface area/volume. For example, the determined 
specific surface area for the Raw Fly Ash KY 2 in Table 1 is 0.34 g/m2 versus 0.14 g/m2 for 
the KY-1 Hydraulically Classified as a reduction of more than half. 
 
 
Void Volume of Ash Derived Proppants 
 
The void volume of the proppants can be calculated by their particle density, and packing 
volume. The latter is determined by test procedure 10.3 Bulk Density of ISO 13503-2:2006 
[1] which measures to volume and weight of powders that fill a standard cylinder from a 
standard funnel at a defined distance. The absolute density of the particle was measured by gas 
pycnometer (test procedure 10.5 Absolute Density of ISO 13503-2:2006). 
 

Table 2  Comparison of void volumes of proppants. 
 

 NWQ MP-1 MP-2 

Particle Density, g/cm3 2.63 1.98 2.16 

Particle Volume, cm3/g 0.38 0.51 0.46 

Bulk Density, g/cm3 1.63 0.76 0.95 

Bulk Volume, cm3/g 0.61 1.32 1.05 

Void Volume, % 38% 62% 56% 

 
The bulk, absolute (or particle) and calculated void volume are presented for the two 74 × 150 
µm micro-proppants, and 20 × 40 mesh Northern White Quartz (NWQ) in Table 2. The 
difference particle density is significant with the ash derived micro-proppants, being less dense 
by as much as 25%. A more remarkable difference is in the packing or bulk density. The NWQ 
sample had a measured bulk density of 1.63 g/cm3 which is close to the typical value of 
approximately 1.60 g/cm3 as cited in the ISO standard. The ash derived micro-proppants had 
bulk densities of 0.76 g/cm3 (MP-1) and 0.95 g/cm3 much less than half that of the quartz sand. 
These difference in density is significant. For example the Stokes law settling velocity of the 
NWQ is about 47 cm/s, while that of the micro-proppant is ~0.3 to 0.4 cm/s or two orders of 
magnitude lower, which means that the ash derived micro-proppants are more stable in a slurry 
form and will be easier to pump and emplace without the need for coatings to enhance 
buoyancy or fluid viscosity modifiers often needed for the gravel pack. 
 
Crush Resistance and void volume as a function of pressure 
 
After fracking and emplacement, the proppants are subjected to high pressures. An important 
parameter is the breakdown of the particles with pressure as defined by the 11.5 Crush-
resistance procedure, of ISO 13503-2:2006). Data comparing the 20 × 40 mesh NWQ and the 
100 × 200 mesh micro-proppants are presented in Table 3. Also in the table is the change in 
void volume as a function of pressure of the sample in the pressure cell. 
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Table 3  Comparison of fracture and void volume for proppants. 
 

 NWQ MP-1 MP-2 NWQ MP-1 MP-2 

psi Wt % Pan Void Volume % 

500 0 0 0 39 60 56 

2000 0 34 26 36 44 42 

5000 16 52 36 34 34 36 

7000 33 56 40 32 31 33 

9000 46 57 42 29 28 31 

11000 50 59 42 26 26 30 

13000 53 60 44 24 24 28 

 
 
The data is presented as weight percent of particles that pass through the smallest appropriate 
sieve, 40 mesh for the quarts and 200 mesh for the micro-proppant, after being subjected to the 
indicated pressure. These particles are referred to as the “pan” fraction. The micro-proppants 
are found to produce a higher proportion of fractured particles at lower pressures than the 
quartz.  However, in the high-pressure ranges from 5000 psi and above, the quartz degrades at 
a much higher rate increasing by 37% from 5000 to 13,000 psi (~35 to ~90 MPa) while the 
micro-proppants increase by about 8% over this range. At pressures above 9000 psi the MP-2 
micro-proppant shows less degradation than the quartz. Thus after an initial period of rapid 
fracturing for the proppant, the material becomes stiff and strong. The changes in size 
distribution is presented in Table 1 for the MP-2 proppant. At 5000 psi (34.5 MPa) the material 
still has a size distribution like that of the unstressed material with a d50 and d90 still twice 
that of the raw ash. Even at 13000 psi (90 MPa), the micro-proppant maintains a d50 well above 
that of the raw ash and should maintain a serviceable permeability even at extreme pressure. 
 
The relative changes in void volume for the proppants is plotted in Figure 2. The micro-
proppants have essentially the same void volume over the critical range of 4,000 to 8,000 psi 
as the quartz. At higher pressures the MP-2 micro-proppant actually maintains higher void 
volume than the NWQ. This is significant as even though the initial deformation of the micro-
proppant is higher, it still maintains significant void volume. 
 
The behavior of the ash derived proppant is best explained by the differences found in its 
absolute or particle density. The particle density for the smaller sized fractions of this ash is 
found to be higher than that of courser fractions. For example, for MP-1, the determined density 
of the less than 200 mesh (<74 µm) fraction was 2.51 g/cm3, while that of the 100 × 200 mesh 
micro-proppant was determined to be 1.97 g/cm3. This difference is due to the inclusion of 
bubbles in the glass themselves from gases trapped during formation as there are no significant 
differences in chemical composition. Assuming the smaller fractions have near zero internal 
air voids, the 100 × 200 mesh proppant is calculated to have 21.5% internal voids. Similarly, 
the MP-2 micro-proppant had a density of 2.16 g/cm3 and fine material was 2.6 g/cm3. A bubble 
content of 17% is estimated. The lower void content may explain why this material appears to 
be somewhat stronger than MP-1. These bubbles give the proppant buoyancy and increase the 
flowability of slurries. They also represent particles that are easily fractured early. However 
the glass itself appears to be very strong and is capable of supporting and holding open fracture 
that are very small in nature. 
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Figure 2   Plot of void volume versus pressure for ash proppant and NWQ. 
 
 

FIELD TRIALS 
Tests to Date 
 
Although the laboratory test based on API procedures indicates that fly ash has desirable 
characteristics for use as a proppant, the ultimate proof is in the application. A recently formed 
company, WellsX has begun a program that moves the use of fly from a laboratory concept to 
a real-world application, with the initiation of the use of fly ash as a proppant in fracking 
operations in Texas. 
 

 

Figure 3   Photo of Liquid Frac operation in East Texas: mixing tank and pumping equipment 
in front, ash trailers in background. 

 
Using patented methodology, Liquid Frac, WellsX has successfully fracked both new well and 
re-fracked and rejuvenated old wells, producing both oil and gas. Three different Class F fly 
ash sources have been used to date. Although still in initial stages of development, the 
following observations can be made: 
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• Field trials have shown that micro-proppants have impressive results on production and 

ultimate recovery (both gas and oil). Although very early, there is some indication that 
the use of micro-proppants may increase and extend production. 

• Liquid Frac requires much less hydraulic horsepower and much smaller foot print than 
conventional Frac 

• Liquid Frac technology is very green and can use produced water for fracking jobs, 
without chemical additives. 

• Liquid Frac jobs can be done through tubing which is perfect for re-fracking. 
• Technology is very forgiving, fracking can be restarted after a pause for several hours. 

 
 
Summary, Advantages of Fly Ash Based Micro-Proppant 
 

• Almost perfect spherical shape. The morphology of the material is derived from a 
suspended molten state producing perfectly round balls. The shape of these particles 
facilitates stabile flow with creating slurries that are pumpable long distances without 
settlement or phase separation issues. 

 
• High hydraulic conductivity. Testing to date indicates that hydraulic conductivities of 

ash derived proppants are relatively easy to modify using simple techniques hydraulic 
classification and screening. Conductivity of 10-2 cm/s was achieved in lab tests on 
double screened materials and thus a small silt size particle ash-based proppant (e.g. 
70-90 µm d50) demonstrated the permeability of a much coarser sand sized material. 

 
• Relatively low density. Ash derived proppant particle densities are in the range of 1.97 

to 2.4 g/cm3. The small size and low density result in low settling velocities, e.g. 0.3-
0.4 cm/s compared to 47 cm/s for 20 × 40 mesh quartz sand, for example. This allows 
the use of slurries without viscosity modifiers for transport with improved efficiency of 
placement and cleaner post fracking conditions, as demonstrated in the field trials. 

• High strength. The fly ash proppant are composed of a strong ceramic glass. These 
materials show exceptional strength and stiffness at pressures in the 5,000 to 13,000 psi 
range. 

 
• Very low surface area/volume ratio. Because of its origin, fly ash has one of the lowest 

specific surface area to volume ratio. The low surface area results in greatly improved 
fluid flow in a packed bed. 

 
• Simply modified surfaces. If needed, the fly ash based micro proppant has a glassy 

surface that readily accepts low cost, environmentally friendly dispersants such as poly 
carboxylate, and sulfonates. The proppant also accepts silanes which can be used to 
enhance its hydrophobicity, further increasing hydraulic conductivity. 

 
• Chemically inert. The Class F fly ash which the micro proppant is derived from is 

essentially inert in a very broad pH range (~2 to ~12). 
 

• Environmentally green material. The micro proppant is derived from ponded and 
landfilled Class F ash. There is somewhere between 1.5 and 1.8 billion tons of ash 
located in storage facilities (i.e. ponds and landfills) in the United States. The use of fly 
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ash as a source of micro-proppant, represents the recycling of what is currently an 
underutilized material. With a consumption rate of up to 2,000 lbs. per foot of fracked 
well, the potential utilization is on a par with that of construction materials. 
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ABSTRACT. A hydraulic ternary binder was produced by intergrinding fly ash, CFBC fly ash 
and calcium hydroxide. The binder shows similar strength evolution as slow-hardening 
cements and can reach compressive strength over 40 MPa at 28 days without long-term 
detrimental expansion. The ternary binder can be blended with OPC which gives rise to eco-
friendly concretes. Since the ternary binder generates large amount of ettringite during early 
hydration, the idea was to use this reaction for early-strength gain in shotcrete, in a similar way 
as reactions of alkali-free accelerators. A series of lab measurements showed that even 80% of 
OPC replacement by the ternary binder performs well for early strength gain. Based on those 
results, a full-scale mock-up experiment with 45% of OPC replacement proved to follow J2 
strength curve for early-strength gain, using standard 7.5-8.5% alkali-free accelerator. 
Shotcrete of 4 m3 proved early strength gain, low fallout, good adhesion and workability, 
confirming lab results. Compressive strength of shotcrete reached over 30 MPa at 28 days, 
classifying shotcrete to C20/25 strength class. 
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INTRODUCTION 
 

Concrete modifications by various additives and admixtures present a standard method of 
improving its properties while utilizing industrial by-products [1,2]. Shotcrete requires a 
specific mix design in order to achieve high early-age compressive strength within a few 
minutes. Further requirements include reasonable compressive strength at 28 days and good 
adhesion with small fallouts during spraying. Shotcrete for tunnel linings fall in concrete 
strength grades ranging from C25/30 to C35/45 [3]. The temperature of shotcrete plays an 
important role because it guarantees the reaction with commonly used alkali-free accelerator 
(AFA). By experience, the shotcrete temperature should remain at least 20℃ otherwise slow 
reaction of AFA occurs, leading to low early-age strengths and increased fallouts. 
 
Calcium sulfoaluminate (CSA) cement and fluidized bed combustion-based ternary binder 
(FBC-TB) produce ettringite and C-S-H/C-A-S-H phases as the main hydration products [4-6]. 
The appearance of primary ettringite may be beneficial due to its hydraulic properties with 
extremely high early-age strengths, reduced plastic shrinkage, lower drying shrinkage and 
excellent sulfate resistance [4]. The production of standard CSA cement follows the ye’elimite 
+ belite reaction or ferroaluminate clinker by the traditional approach, or the utilization of waste 
materials and industrial by-products such as blast furnace slag, fly ash, or kiln dust [7]. CSA 
cements were successfully used as shrinkage-compensating binders for mitigation of long-term 
shrinkage, cracking and warping [8]. 
 
A recent study analysed FBC-TB which is produced by grinding fluidized bed combustion fly 
ash, conventional fly ash and the Ca(OH)2 activator [5,6]. The chemical composition of FBC-
TB corresponds approximately to SiO2 39%, Al2O3 29%, CaO 16% and SO3 4%. No 
expansion occurred within 4 years of monitoring underwater/wet/air exposure conditions, 
supporting confidence in long-term volume stability [6]. Volumetric model of FBC-TB paste 
showed significant amount of ettringite followed by C-S-H, see Figure 1 [5]. 
 

 
Figure 1 Volumetric model of phase evolution during hydration of ternary binder [5] 
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Alkali-free accelerators (AFA) used in shotcrete are traditionally based on aluminium sulphate 
Al2(SO3)3·(≈12-15)H2O. They react with lime and water while producing ettringite, 
responsible for early-age strengths [9]. In this regard, early-age reactions of the FBC-TB mimic 
ettringite formation during alkali-free acceleration, showing a synergetic effect between AFA 
and the FBC-TB. This paper gives evidence that ordinary Portland cement (OPC) in shotcrete 
can be replaced by 50% FBC-TB and used with AFA for required high-early strength gain. 
 
 

MATERIALS AND METHODS 

Ternary Binder 

Fluidized bed combustion-based ternary binder (FBC-TB) was prepared from Circulating 
fluidized bed combustion (CFBC) ash (d50 36.3 µm, Blaine 603 m2/kg), conventional class F 
fly ash (d50 44.9 µm, Blaine 484 m2/kg) and calcium hydroxide in mass fractions 0.44:0.44:0.12 
[5]. The ternary blend was interground to achieve higher reactivity. Table 1 summarizes the 
chemical composition of the fly ashes. 
 
 
Table 1   Chemical composition of conventional and CFBC fly ashes used in FCB-TB, wt. % 

 

 SiO2 Al2O3 Fe2O3 CaO K2O TiO2 SO3 

CFBC ash 31.4 26.2 4.9 21.9 0.4 5.5 8.0 

Fly ash 52.4 35 5.1 1.8 2.1 1.5 0.2 

 
 
Laboratory Mix Design and Testing 

Trial laboratory samples were derived from shotcrete mixes used in tunnels. Ordinary Portland 
cement CEM I 42.5R was replaced with 0-80% of FBC-TB by mass, see Table 2. All laboratory 
mixes were prepared with 2% of alkali-free activator (BASF MasterRoc SA 193) as a mass 
fraction of the binder. The amount of AFA was 3-4× lower than in real shotcrete; the reason 
was prolonged workability for ordinary lab mixing and casting processes. 
 
 

Table 2   Composition of laboratory and mock-up concrete 
 

Component Laboratory, mass (kg/m3) Mock-up, mass (kg/m3) 

CEM I 42.5R 
FBC-TB (0-80%) 

Water 

90-450 
360-0 
200 

250 
200 
180 

Water/binder 0.44 0.40 

Aggregate 0-2 mm 450 250 
Aggregate 0-4 mm 740 760 
Aggregate 4-8 mm 418 480 

HRWR 3.6 4 
Alkali-free accelerator 9 (2%) 34-38 (7.5-8.5%) 
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Concrete cubes 150 mm served for compressive strength evaluation on an electrohydraulic 
loading machine with a constant stress-rate of 0.6 MPa/s [10].  
 
Mock-up Experiment 

For the mock-up experiment, a bretex frame (BTX frame, i.e. truss tunnel frame) was 
constructed, with steel reinforcing mesh 150×150 mm and a rebar diameter of 8 mm, 
(Figure 1a). The outer surface was covered with a geotextile membrane and fixed together with 
the BTX frame, (Figure 1b). The BTX frame was anchored into the ground by welding each 
frame into a reinforced concrete block underneath. The binder composed of 55% of CEM I 
42.5R and 45% of FBC-TB with w/b=0.40, see Table 1. 
 
 

 
Figure 2 Mock-up experiment: a) Bretex frame during construction, b) cover with a geotextile 

membrane 
 
 

Mock-up test used 4 m3 of shotcrete which was sprayed on Bretex frame with AFA dosage 
7.5-8.5%. Inserted wooden boxes of 500×500×150 mm size served for taking measurements 
of the sprayed concrete. 
 
The compressive strength of young sprayed concrete was tested according to ČSN EN 14488-2 
with the help of a shotcrete penetrometer with a penetration needle according to method A, 
where the penetrometer provides readings of the forces required to penetrate sprayed concrete 
during the first few hours up to 1.2 MPa. For strengths above 1.2 MPa, a stud driving into the 
concrete followed method B [11]. The final compressive strength at 28 days was determined 
from cores 100 mm in diameter and 100 mm in height. 
 
The penetration needle touched the shotcrete with 10 readings at 6 min, 15 min, 30 min, 1 h, 
2 h, 3 h. The results for 6, 12 and 24 hours were determined by a stud driving into the concrete 
with 10 readings. 
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RESULTS AND DISCUSSION 

Laboratory Mix 

Compressive strength measured at 24 hours showed a beneficial role of FBC-TB up to 20% 
replacement. Substitution beyond 20% led to a decrease in strength but even 80% yielded one-
third of OPC strength, see Figure 1. New Austrian Tunnelling Method defines so-called “J-
curves” which show an increase in strength of the young sprayed concrete. Three categories 
exist, J1, J2 and J3, with the objective to follow middle J2 curve [12,13]. 
 

 
Figure 3 Cube compressive strength for concrete incorporating the FBC-TB at 24 hours. The 
black dots represent the average of the measured values. The dotted line is the 70% strength 

and the dashed line is the limit given by the J2 curve at 24 hours. 
 
Laboratory results demonstrated a synergetic effect between FBC-TB and AFA in early-age 
strengths. This is attributed to ettringite formation [5], which benefits from an early-age 
reaction of the FBC-TB containing lime and sulfates. A limit for the FBC-TB substitution was 
dropping compressive strength no lower than 70%, leading to maximum substitution level of 
50%. 
 
Mock-up Experiment 

Low temperature during the day 11-14℃ required that mixing water was slightly heated. The 
temperature of the resulting mix 21℃, assuring sufficient reaction of AFA. The consistency  
was determined by the Abrams cone and fell in the range of 200-210 mm. AFA dosage varied 
in the range of 7.5-8.5% with a slight difference for early-age strength. Spraying the shotcrete 
went smoothly, see Figure 4.  
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Figure 4 Mock-up experiment: c) spraying concrete, d) sprayed concrete on the inner side of 

the frame, two rectangular footprints at the bottom of the frame are from the boxes from 
which the compressive strengths were derived. 

 
 
The penetration needle and stud gave strength gain from 6 minutes up to 24 hours, see Figure 5. 
Higher dosage of AFA is apparent in increased strength up to 3 hours. Both AFA dosages were 
able to meet standard J2 curve for strength evolution. 
 
The mock-up experiment showed that the mix with 45% substitution level had good adhesion 
and acceptable fallout, estimated less than 10%.  In view of the fact that the campaign was 
carried out directly under operation, there is a sufficient guarantee that even in the normal 
execution regime under strict adherence to the technological discipline, the required 
compressive strengths will be achieved. 
 
Compressive strengths at the age of 28 days were derived from i) cores with a diameter and a 
height of 100 mm and 100 mm that were taken from the boxes that were placed on the bottom 
of the BTX frame during spraying, ii) cubic specimens 150 mm in size that were taken directly 
from the mixer. It must be noted that the cubic specimens were directly cast into moulds and 
no vibration and no AFA was applied. By comparing the values in Table 3 the effect of spraying 
and AFA can be easily recognized. It is a well-known phenomenon that using a high amount 
of AFA results in a reduction of 28-day compressive strengths [12], which was also the case in 
this study. The mixture complied with strength class C25/30 where the mean value of cubic 
compressive strength is 36.7 MPa [14].  
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Figure 5 Compressive strength in mock-up experiment from 6 minutes up to 24 hours. J2 and 

J3 curves define standardized shotcrete strength gain. Note two dosages of AFA. 
 
 

Table 3 Average compressive strengths and bulk densities at the age of 28 days, AFA 7.5% 
 

Core drilled from boxes of shotcrete Strength 
Bulk dens. 

36.7±0.83 MPa 
2245±15 kg/m3 

Cubes taken directly from the mixer  
(not sprayed, not vibrated, no AFA) 

Strength 
Bulk dens. 

50.9±1.64 MPa 
2107±0.8 kg/m3 

 
 

CONSLUSIONS 

The paper showed utilization of coal combustion products (FBC-TB) as a ternary binder for 
shotcrete mock-up test. The results demonstrated feasible replacement of 45% of CEM I with 
FBC-TB while maintaining early-age strength gain. Early-age ettringite formation in FBC-TB 
and AFA shows synergetic effect where FBC-TB provides sulphates and aluminates at much 
lower cost. The mock-up test proved low fallout, good adhesion and minimal technological 
adjustments with regards to standard shotcrete.  
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PRODUCTION OF CONCRETE? 
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ABSTRACT.  Czech coal power plants produce around 8 million tons of high-temperature 
fly ash every year. A part of this ash is being stored together with slag in stockpiles or 
lagoons, turning into agglomerates. These deposits could, in fact, provide a source of 
valuable raw material for the construction industry. We compared the properties of 
agglomerates from stockpile Panský Les (Czech Republic), which was formed from the high-
temperature fly ash from Mělník power plant (Czech Republic), with fresh fly ash from the 
same power plant. The comparison was done according to the European Standard EN 450-1 
"Fly ash for concrete". Samples of agglomerates extracted from various depths of the 
stockpile complied with the requirements on chemical properties specified in the standard. To 
comply with physical requirements, the agglomerates must be dried, and coarse agglomerates 
removed. After such treatment, the agglomerates can be used in the production of concrete. 
 
Keywords: High temperature fly ash, Stockpile, Agglomerates, Deposited high temperature 
fly ash 
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INTRODUCTION 

In 2016, the European (EU-15) power plants produced totals 40 million tonnes of coal 
combustion products. In the calculation for the European (EU-28) power plants produced 
totals more than 105 million tons [1]. The production of coal combustion products decreases 
year-by-year due to the gradual decline in combustion technology. Coal combustion products 
is synonymous of fly ash, bottom ash, slag, and flue-gas desulfurization gypsum from various 
types of burning process [2]. Among these coal combustion products, fly ash has the largest 
volume, with a broad range of properties that exhibits large variability from power plant to 
power plant, even in different batches from the same power plant. Around 42% of fly ash is 
successfully used in construction industry and other 52% is used for reclamation. Only 1–2% 
is temporary stockpiled [1]. The subject of global interest is the characterization of stored 
products and their use [3–7]. 
 
Our samples were from the stockpile Panský les (Czech Republic, Figure 1), which has been 
in operation since the early 1960s. There were stored productions of the secondary energy 
product from local power plant Mělník (Czech Republic). At the beginning, the fly ash was 
only float to the lagoons, then due to the draining and evaporation of water the solidification 
of the stored materials occurred over time, which were subsequently covered with soil and 
underwent biological reclamation. Nowadays the stockpile Panský les is used for the 
controlled storage of two secondary energy products from a nearby power plant - fly ash in a 
form of agglomerates and slag [8]. Agglomerate is a mixture of freshly produced fly ash, 
Elbe water and a small fraction of slag. 
 
 

 
 

Figure 1   Location of borehole in stockpile Panský les (Czech Republic, map is from 2016) 
 
 

The present study was focused on characterization of drilled samples from the stockpile 
Panský les (Czech Republic). The experimental study included determination of the chemical 
and physical properties in comparison to fresh produced fly ash (Table 1). Which can help as 
to answer a question: Can Czech stockpiled fly ash be used in the production of concrete? 
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Table 1   European Standard EN 450-1 specifications of fly ash for concrete [9] 
 

PROPERTY STANDARD LIMITS 

loss on ignition 
category A ≤ 5.0% 
category B ≤ 7.0% 
category C ≤ 9.0% 

chloride Cl- content ≤ 0.10% 
sulphate content ≤ 3.0% 
free CaO ≤ 1.5% 
active CaO ≤ 10.0% 
active SiO2 ≥ 25.0% 
total SiO2, Al2O3 and Fe2O3 
content 

≥ 70.0% 

total alkali content ≤ 5.0% 
MgO ≤ 4.0% 
particle density ± 200 kg/m3 from the declared value  

 
MATERIALS AND METHODS 

Fresh and Stockpiled Ash 

The borehole was drilled at stockpile Panský les (Czech Republic). The samples were 
collected per meter vertically with B1A drilling rig on the T815 chassis. The drill was 
finished up to a final depth of 54 m. General geological profile of borehole was: 0.0–0.5 m 
soil cover, 0.5–47.0 m fly ash and 47.0–54.0 m underlying clay under the dimension of the 
current modified terrain. As a reference freshly produced fly ash from power plant Mělník 
(Czech Republic) was used. 
 
Methods 

The physical characterization, which was conducted, included the determination of natural 
moisture content, particle density, loss on ignition and particle size distribution. The standard 
ČSN 72 2071 [10] method was used for determining natural moisture content and particle 
density in ashes. The natural moisture content determination was based on mass loss during 
drying at 110 °C to a constant mass. Particle density was based on determination the specific 
gravity of fly ash by the pycnometric method. The standard ČSN 72 0103 [11] method was 
used for determining loss on ignition, which was determinate as constant weight loss at 
1 100 °C. A laser-light scattering analyser Mastersizer 2000 MU (Malvern Instruments Ltd., 
United Kingdom) was used to determine the particle size distribution. 
 
The chemical compositions were determined by X-ray fluorescence using a spectrometer 
ARL 9400 XP (Thermo ARL, Switzerland) with software Uniquant 4 for evaluation. 
A representative sample (about 100 g) of the dried material was taken for measurement, 
which was subsequently homogenized in a laboratory vibration mill BVM – 2 (BRIO 
Hranice, s. r. o., Czech Republic). 
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RESULTS AND DISCUSSION 

Natural Moisture Content 

The natural moisture content of the fresh fly ash was 6%. The first two meters of borehole 
were affected by weather conditions and its natural moisture content may fluctuate. The 
natural moisture content of the agglomerates (Figure 2) was about 20%. From 25 to 29 m the 
natural moisture content was higher, around 40%. Also the colour of these samples was 
change from grey to black (Figure 3). It can be caused, when the storage of ash was change 
from the lagoons to landfill. Coal was discharged into surface layers and absorbed more 
water than ash. Under 30 m of depth, the natural moisture content of the ash was about 25% 
with an occasional increase due to higher amounts of coal as well as the presence of 
groundwater. Underlying clay layers were from 47 to 54 meters with variable moisture 
content. 
 
 

 
 

Figure 2   The natural moisture content of samples by depth per meter 
 
 

 
 

Figure 3   Photographs of selected samples representing groups of similar meters in the 
borehole before the naturel moisture content measurement 

 
 
Loss on Ignition 

For the measurement of loss on ignition were used dry samples after determination of their 
natural moisture content and homogenization by laboratory vibration mill. The loss on 
ignition of the fresh fly ash was 1.5±0.0%, which can be classified in category A. The first 
meter of borehole has 5.6±0.1%, which can be classified as ash in category B. Under 2 m of 
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depth, the loss on ignition of the agglomerates (Figure 4) was under 5.0% and it was in the 
same category A as fresh fly ash. From 26 to 29 m loss on ignition was higher, around 15%, 
which can be explained by increase amounts of coal in these meters. Under 30 m of depth, 
the loss on ignition of the ash was a little bit higher than in upper levels but still under 5.0%, 
with except on depth of 36 m, in which was again a higher amount of coal. The 54 m was loss 
on ignition higher due to the limestone used as a substrate for stockpile. 
 
 

 
Figure 4   The loss on ignition of samples by depth per meter 

 
 
Particle Density 

For the measurement of particle density were used dry samples after determination of their 
natural moisture content. Because of the accuracy of the test method, the values were average 
of three independent measurements or more, if confirmation of the result was needed. The 
particle density of the fresh fly ash was 2 156±7 kg/m3. The range of particle density of the 
drilled samples was 2 019–2 639 kg/m3 with median in 2 152 kg/m3 (Figure 5). Median 
values of the density of drilled samples were comparable to the fresh fly ash. The drilled 
samples, which were secluded, were from the first two meters, meters in depth around 25 m 
and the under layer of stockpile. The differences around the depth 25 m could be cause by 
changing of storage technology and the necessary finding of new parameters in technology. 
 
 

 
Figure 5   The particle density of samples by depth per meter 
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Particle Size Distribution 

The particle size distributions of drilled samples were very variable per meter (Figure 6–7, 
Table 2). Significant differences suggest that material from depths will need to be seriously 
sorted or shattered for further use. 
 
 

Table 2   Particle size distribution of drilled samples 1–50 m and fresh ash 
 

 RANGE [%] MEDIAN [%] FRESH ASH 

Fineness, 45 µm sieve retention [%] 4.7–88.5 60.2 45.1 
D10 2.1–40.4 7.6 5.7 
D50 13.3–155.8 66.5 38.5 
D90 35.8–650.8 276.5 138.9 

 
 

 
Figure 6   The particle density of samples by depth per meter 

 
 

 
Figure 7   Fineness, the 45 µm sieve retention of samples by depth per meter 

 
 

Chemical Composition 

One of the requirements of EN 450-1 (Table 1) is that fly ash contains more than 70% Al2O3, 
SiO2 and Fe2O3. The fresh ash and drilled samples at all depths from 1 to 50 m fulfilled this 
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criterion (Table 3), even samples deeper than 47 m, which are underlying layers of stockpile. 
Another requirement for ash in concrete is to have a total amount of alkali less than 5%. This 
requirement was also met for all measured samples (Table 3). In addition, the requirements 
for maximum CaO, MgO, Cl- and SO3 content were also met (Table 3). The chemical 
composition of drilled sample of 54 m was quartz and limestone used as a substrate. 
 
 

Table 3   Chemical composition of drilled samples 1–50 m, 54 m and fresh ash by XRF 
 

 RANGE [%] MEDIAN [%] 54 M FRESH ASH 

SiO2 47.48–61.95 51.49 54.47 48.20 
Al2O3 23.02–36.22 33.61 8.23 35.03 
Fe2O3 4.06–12.34 6.65 2.68 7.68 
SiO2 + Al2O3 + Fe2O3 90.03–93.15 91.71 65.38 90.91 
CaO 1.53–3.15 1.98 31.27 1.9 
MgO 0.89–1.31 1.06 0.88 0.99 
SO3 0.02–0.64 0.33 0.02 0.55 
Na2O 0.24–0.65 0.42 0.08 0.48 
K2O 0.98–2.20 1.45 1.67 1.22 
total alkali content 1.01–2.09 1.38 1.78 1.28 
Cl- N/A*–0.04 N/A* N/A* N/A* 

* N/A means the element was not reported 
 
 

CONSLUSION 

It follows from the measured properties that it will be necessary to modify the drilled 
samples. Drilled samples have higher moisture content than fresh fly ash, so they must be 
dried. Some meters of drilled samples content a higher amount of coal, which can be 
excluded by measurement of loss on ignition. From similar density values of dry drilled 
samples and fresh fly ash, it can be assumed that the setting time and workability could 
remain similar. But that must be experimentally confirmed. From the particle size 
distribution, it can be seen that the material has to be sorted and the coarse fraction separated 
or shattered. From the chemical composition, the samples are similar to each other and they 
are in good agreements with the requirements in the standard EN 450-1. 
 
The plan of our future work is make all tests required in the standard EN 450-1. We believe 
that after samples treatment, most of the drilled samples can be used in the production of 
concrete. 
 
Acknowledgements 

This project was financially supported from the state budget by the Czech Ministry of 
Industry and Trade in the program TRIO FV30062 (Possibilities of utilization of coal-ash 
from power stations stored at stock piles). 
  



130   Peterová et al 
 

 
REFERENCES 

1. ECOBA. CCPs Production <http://www.ecoba.com/ecobaccpprod.html> [accessed 
13/03/19] 
 

2. ROBL, T, OBERLINK, A, JONES, R. Coal Combustion Products (CCPs): 
Characteristics, Utilization and Beneficiation, 1st ed., 2017, Woodhead Publishing, p 
107. 
 

3. JONES, M R, MCCARTHY, M J, ZHENG, L, ROBL, T L, GROPPO, J. Experiences of 
Processing Fly Ashes Recovered from United Kingdom Stockpiles and Lagoons, their 
Characteristics and Potential End Uses, WOCA Conference – Proceedings: 3rd World of 
Coal Ash, Lexington, United States, 2009, 24 pp. 
 

4. SHON, C-S, MUKHOPADHYAY, A K, SAYLAK, D, ZOLLINGER, D G, 
MEJEOUMOV, G G. Potential use of stockpiled circulating fluidized bed combustion 
ashes in controlled low strength material (CLSM) mixture, Construction and Building 
Materials, Vol. 24, No. 5, 2010, pp 839-847. 
 

5. MEJEOUMOV, G G, SHON, C-S, SAYLAK, D, ESTAKHRI, C K. Beneficiation of 
stockpiled fluidized bed coal ash in road base course construction, Construction and 
Building Materials, Vol. 24, No. 11, 2010, pp 2072-2078. 
 

6. MAHLABA, J S, KERSKLEY, E P, KRUGER R A. Physical, chemical and 
mineralogical characterisation of hydraulically disposed fine coal ash from SASOL 
Synfuels, Fuel, Vol. 90, No. 7, 2011, pp 2491-2500. 
 

7. CARROLL, R A. Coal Combustion Products in the United Kingdom and the Potential of 
Stockpile Ash, WOCA Conference – Proceedings: 6th World of Coal Ash, Nasvhille, 
United States, 2015, 15 pp. 
 

8. in PROJEKT LOUNY ENGINEERING s.r.o., Studie – Rekultivace odkaliště Panský les, 
15-2112-01, 2015. 
 

9. ČSN EN 450-1 Fly ash for concrete - Part 1: Definition, specifications and conformity 
criteria, Czech office for standards, metrology and testing, Prague, 2013, 28 pp. 
 

10. ČSN 72 2071 Fly ash for building industry purposes - Common provisions, requirements 
and test methods, Czech office for standards, metrology and testing, Prague, 2011, 32 pp. 
 

11. ČSN 72 0103 Basic analysis of silicates - Determination of loss on ignition, Czech office 
for standards, metrology and testing, Prague, 2009, 4 pp. 

 
 



MECHANICAL AND SOME DURABILITY STUDIES ON 
AMBIENT CURED FLY ASH BOTTOM ASH  

ALKALI ACTIVATED CONCRETE 
 
 

S Thakkar 

U Dave 

D Patel 

Nirma University 

India 

ABSTRACT. Bottom ash and fly ash are both waste residues from thermal power plants. 
While fly ash is widely accepted as a partial substitute of cement in concrete and for 
manufacturing of building blocks, bottom ash is not as effectually utilized and hence mainly 
serves as landfill, creating an environmental hazard. Since production of cement is 
environmentally hazardous and undesirable as it results in huge amounts of carbon dioxide, 
one of the methods to have a sustainable concrete by using the alkali activation method. In 
alkali activation, industrial waste and alkaline activators are reacted to produce a long chain 
of molecules which give strength by the process of the polymerisation. Two parameters play 
pivotal role in alkali activation, they are the choice of activators and temperature of alkali 
activation. Activators are generally expensive and play a vital role in strength development. 
The scope of the current study involves a combination of potassium hydroxide and sodium 
silicate as activators and alkali activation at ambient curing. The current study investigates 
process parameters affecting compressive strength, by varying the amount of source material, 
the molarity of potassium hydroxide and alkaline ratio. Durability studies were also 
undertaken, by evaluating resistance against acid and against corrosion for application in field. 
It was found that compared to Ordinary Portland cement concrete, alkali activated concrete 
had better resistance against acid attack, but lesser resistance in the accelerated corrosion test. 

Keywords: Ambient curing, Alkaline activators, Fly ash, Bottom ash, Acid resistance, 
Corrosion resistance 
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INTRODUCTION 
 
It is a well-known fact that cement is one of the most widely used building material after water 
due to its ease in availability, moulding ability and affordability. In real world, where 
development and sustainability should be together, one cannot ignore the facts about 
greenhouse gases emitted during the manufacturing process of cement and depletion of natural 
resources that will occur in the long run [1]. With rapid industrialisation, large amounts of 
industrial waste are produced which need judicious disposal. Thus, production of alternative 
concrete using these industrial wastes is an ideal solution for the modern world. One such 
technique is popularly known as geopolymer [2] or alkali activation. In developing countries, 
power production is mostly dependent on coal, which results in the production of a huge 
quantity of ashes [3]. These ashes are both fly ash and bottom ash. Fly ash being very fine and 
highly pozzolanic in nature is often used as a replacement of cement. Bottom ash, being coarser 
in nature is generally discarded along with other particles in the pond and therefore is also 
known as ‘pond ash’. Bottom ash as is very less reactive and coarser and has a lot of coarse fly 
ash particles and so is not used as pozzolanic material. It is generally discarded as land fill and 
leads to pollution of land and water. 
 
In this paper, an investigation was carried out on concrete using fly ash and bottom ash 
activated with a combination of potassium hydroxide and sodium silicate at ambient curing. 
Normally, elevated temperature curing is used in the process of alkali activation as it yields 
high early strength, but in the present work ambient curing was used i.e. samples were left in 
sunlight after preparation for curing. Generally, either combination of sodium hydroxide and 
silicate or potassium hydroxide and silicate are used, but here an attempt was made to use a 
combination of potassium hydroxide and sodium silicate and the parameters affecting strength 
were evaluated. 
 
 

MATERIALS 
 
Low calcium fly ash and bottom ash were used which were procured from the local power 
station near Ahmedabad. Table 1 shows the properties of both fly ash and bottom ash used in 
this investigation. A combination of potassium hydroxide and sodium silicate was used as 
activator. Potassium hydroxide was in the form of flakes with 99% purity and was of industrial 
grade. Sodium silicate was in liquid form with Na2O (16.73%) and SiO2 (36.6%). River sand 
was used as fine aggregate with a fineness modulus of 3.1, while coarse aggregate was a 
combination of 20 mm and 10 mm size. Specific gravity of coarse aggregate was 2.65 while 
its fineness modulus was 7.8 and 6.35 for 20 mm and 10 mm size, respectively. Naphthalene 
base superplasticizer was used to increase the workability of concrete. 
 

Table 1   Properties of fly ash and bottom ash. 
 

PROPERTIES UNIT FLY ASH BOTTOM ASH 

Colour - Light Grey Grey 
SiO2 % 61.44 60.48 

Al2O3 % 31.80 32.16 
CaO % 1.20 1.04 

Loss on Ignition % 1.1 2.96 
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MIXTURE DESIGN OF ALKALI ACTIVATED CONCRETE 
 
In the design of geopolymer concrete mix, at first the coarse and fine aggregates together were 
taken as 75% of the entire mixture by mass which is very similar to the level in OPC concrete. 
Fine aggregates were taken as 30% of the total aggregates [4]. The density of geopolymer 
concrete was taken similar to that of OPC as 2400 kg/m3. In order to evaluate the parameters 
affecting compressive strength, a variation was done in one parameter while others were kept 
constant. The target strength was kept as 31 MPa in order to design for M 25 grade of concrete. 
 
 

PARAMETERS AFFECTING COMPRESSIVE STRENGTH 
 
Variation was done on parameters like amount of fly ash and bottom ash, the molarity of 
potassium hydroxide, the ratio of silicate to hydroxide, amount of water to evaluate their effect 
of compressive strength. 
 
Variation in Source Material 
 
The study of compressive strength was carried out by varying the ratio of fly ash to bottom ash 
as 50:50, 60:40 and 80:20. For these trials the molarity of potassium hydroxide (KOH) was 
10 M, the ratio of alkaline solution to source material was 0.4 and the ratio of sodium silicate 
to potassium hydroxide was 2. Table 2 shows the mixture design parameters considered to 
evaluate the variation of source materials. Figure 1, shows 7 days and 28 days compressive 
strength for various trial mixtures. As observed in Figure 1, as the proportion of fly ash 
increases, compressive strength also increases. This is due to the pozzolanic reactivity of fly 
ash and hence it will yield more strength. For optimal use of bottom ash in alkali activated 
concrete, in subsequent tests, equal proportion of fly ash and bottom ash were taken as desired 
combination. 
 
Variation in Molarity of Potassium Hydroxide 
 
Variations in molarity of potassium hydroxide from 8 M, 10 M and 12 M lead to increase 
strength from 12.5 MPa to 28.9 MPa with an equal percentage of fly ash and bottom ash as 
shown in Figure 2. As more K+ ions are available for reaction, an increase in compressive 
strength is likely to occur. Due to ambient curing adopted, there is a large increase in 
compressive strength from 7 days to 28 days as the geopolymerisation process continues. 12 M 
gave strength required for M 25 grade and hence it was chosen for further studies. 
 
 

Table 2  Mixture design for variation in source material 
 

TRIAL 
MIX 

% OF FLY ASH 
AND BOTTOM ASH 

MOLARITY 
OF KOH 

RATIO OF 
ALKALINE 
SOLUTION 

RATIO OF 
SOLUTION TO 

SOURCE MATERIAL 

T1 
T2 
T3 

50:50 
60:40 
80:20 

10 
10 
10 

2 
2 
2 

0.4 
0.4 
0.4 
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Figure 1   Variation in compressive strength for different proportion of fly ash & bottom ash 

 
Figure 2   Variation in the compressive strength for different molarity of  

potassium hydroxide 
 
Variation in Ratio of Sodium Silicate to Potassium Hydroxide 
 
To study the effect of the ratio of alkaline solution, sodium silicate to sodium hydroxide was 
varied as 1.5, 2 and 2.5. An equal proportion of fly ash and bottom ash was used with the ratio 
of alkaline solution to the source material as 0.4. As observed in Figure 3, with the increase in 
the sodium silicate there increases the amount of Si++ ions which results in longer 
geopolymeric chains and gain in strength. 
 

DURABILITY STUDIES 
 
Resistance against Sulphuric Acid 
 
Nine cube specimens of 150 mm were immersed in 5% sulphuric acid, three specimens each 
for 30 days, 60 days and 90 days exposure after 28 days of curing. Along with the visual 
observation, change in weight and change in compressive strength was measured. As shown in 
Figure 4, with the increase of exposure period there is increased loss of weight. Weight loss in 
ordinary Portland cement concrete was more compared to alkali activated concrete. Figure 5 
shows a reduction in the compressive strength of alkali activated concrete and ordinary 
Portland cement concrete at different exposure periods. Due to inclusion of bottom ash, there 
is more loss in compressive strength in alkali activated concrete, but still it is lower than the 
loss of strength observed in ordinary Portland cement concrete at all ages. 
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Figure 3   Variation in compressive strength for different ratio of sodium silicate to KOH 

 

 
 

Figure 4   Percentage reduction in weight of OPC and alkali activated concrete at different 
exposure periods 

 
Resistance against Corrosion 
 
Reduction of life of the structure occurs in concrete due to reinforcement corrosion, which 
causes spalling and cracking. For coastal and marine structures, resistance of corrosion is an 
important factor. The accelerated corrosion test was used to study the corrosion of alkali 
activated concrete and ordinary Portland cement concrete. Cylinders of 150 mm diameter and 
300 mm height were prepared from both types of concrete. The cylinders embedded HYSD 
and stainless steel bars. These test specimen were then immersed in NaCl solution of 5% 
concentration up to 2/3 height after 28 days of curing. The steel bar was connected to the 
positive terminal to act as anode, the negative terminal was connected to the stainless steel bar 
which acted as cathode and these were connected to 60 Volt DC power supply. Cracks were 
initiated due to corrosion in the cylinders and the NaCl solution had free path to penetrate in 
the cylinder to the steel bar which then led to a sudden increase in current. This was recorded 
after different time intervals for the two concretes. It was observed that the first crack was 
initiated in the alkali activate concrete specimen after 130 hours of exposure, whereas in 
ordinary Portland cement concrete the crack developed at 216 hours, indicating that alkali 
activated concrete with fly ash and bottom ash is not suitable for reinforced concrete work, but 
can be effectively used for non-structural work. 
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Figure 5   Percentage reduction in compressive strength of OPC and alkali activated concrete 

at different exposure periods in acid 
 

CONCLUSIONS 
 
• Investigations show that alkali activation of bottom ash along with fly ash can yield M 25 

grade concrete with potassium hydroxide and sodium silicate as activators. Parameters like 
amount of source material, molarity of activator and ratio of alkaline solution have great 
effect on strength of fly ash bottom ash blend concrete. Therefore the choice of activator is 
very important. 

• Comparison of fly ash bottom ash blended alkali activated concrete with the same grade 
ordinary Portland cement concrete shows that at all ages the alkali activated concrete has 
lesser loss of weight and compressive strength compared to ordinary concrete. This shows 
its suitability in environments having acid attack. 

• When the accelerated corrosion results of ordinary concrete and alkali activated concrete 
with fly ash and bottom ash blends is compared, the latter shows inferior performance. 
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ABSTRACT.  This study presents an investigation of a Sorfix (SFX) binder exposed to 
freezing and thawing cycles (FT) in water and in 3% NaCl solution. The Sorfix binder is a 
specific binder on the basis of selected mixture of sulphocalcic and high temperature fly ash 
modified by intergrinding and additivation similarly like hydraulic ternary binder system 
prepared previously. The Sorfix pastes and mortars were prepared by different conditions result 
in water to binder ratio ranged from 0.3 to 0.4 and 0.4 to 0.6, respectively. Freeze-thaw 
resistance to water and salt solution was evaluated for mass loss according to ČSN 73 1326 at 
every 25 freeze–thaw circulations. All the mixtures showed low mass loss after 100 FT cycles, 
except the mixtures without a superplasticizer. To identify the products formed by chloride 
attack, X-ray diffraction was performed on the selected samples after freeze–thaw circulation. 
The degradation material was found to consist of secondary ettringite 
(3CaO.Al2O3.3CaSO4.32H2O). The formation of the secondary ettringite was accelerated by 
chlorides attack trough a Friedel's salt (3CaO. Al2O3.CaCl2.10H2O). 
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Dr Martina Šídlová is based at the Institute of Glass and Ceramics, Faculty of Chemical 
Technology, University of Chemistry and Technology Prague, working with inorganic binders. 
 
Assoc Professor František Škvára is a leading researcher at the University of Chemistry and 
Technology Prague. His work focuses on building materials incorporating waste products. 
 
Klára Pulcová is a bachelor student at the University of Chemistry and Technology Prague. 
She focuses on chemical, physical and mechanical properties of inorganic binders. 
 
Dr Adéla Peterová is based at the University of Chemistry and Technology Prague. Her 
research focuses on chemical, physical and mechanical properties of inorganic binders. 
 
Dr Rostislav Šulc is based at the Dept. of Building Technology at the Czech Technical 
University in Prague, focusing on chemical, physical and mechanical properties of binders. 
 
Dr Roman Snop. works at ČEZ Energetické produkty, s.r.o., which is part of the CEZ Group. 
He is Head of the R&D division of the company, and is focused on greening technologies. 
  



138   Šídlová et al 

INTRODUCTION 
 
Czech Republic produces about 1.5 million tons of sulfocalcic (SC, FBC) ash annually. The 
utilization of SC ash is still very limited in comparison to conventional fly ash (FA). However, 
the use of SC ash would be highly advantageous from the stand point of cost, economy, energy 
efficiency, durability, and overall ecological and environmental benefits. FBC boilers produce 
the SC ashes with different physico-chemical characteristics due to the differences in 
combustor operating conditions and due to the process of desulphurization by limestone 
injection to boilers. The SC ash contains a high amount of SO3, CaO and metakaolinite as an 
amorphous phase. SC ashes from Czech brown coal power plants were studied previously [1]. 
A ternary binder (TB) from SC ash, FA ash and Ca(OH)2 was prepared. This TB shows a 
volume stability and a compressive strength comparable to OPC after 4 years [2]. 
 
Considering the potential utilization of SC ash in building construction, the freeze-thaw (FT) 
resistance of the SC binder in the presence of water and salts is a very important criterion. 
During freeze-thaw deterioration of concrete, a variety of complex damage mechanisms occur. 
Freeze-thaw deterioration begins when water enters voids in concrete. When freezing, the 
water expands about 9% in volume and generates a hydraulic pressure. It has been observed, 
the resistance of concrete against the combined influence of freezing and deicing salts is lower 
in comparison to frost resistance alone [3]. In the presence of deicing chemicals, the 
crystallization of salt occurs. Deicing chemicals increase the degree of concrete saturation 
which leads to increasing of the frost damage [4]. It was found, the combined effect of the 
hydraulic, osmotic and crystallization pressures below the concrete surface caused the scaling 
of the concrete [5]. Salt scaling resistance can decrease by increasing the amount of 
supplementary cementing materials (SCM) [6]. However, concretes that are properly designed, 
placed, and cured, have demonstrated good scaling resistance even when made with high 
dosages of some of these SCM. Resistance of concrete to deicing salt is significantly improved 
with the use of a low water-cement ratio, a moderate Portland cement content, adequate air 
entraining admixture (AEA), proper finishing and curing, and a sufficient air-drying period 
prior to exposure to FT cycles. The effect of air entrainers on FT resistance is very significant 
and a total air content of about 3-5% is recommended. Bilodeau and Malhotra showed, that the 
water freeze-thaw resistance of high-volume fly ash concrete (HVFAC) is adequate as long 
sufficient air voids are incorporated [7]. On the other hand, deicing salt scaling has been shown 
to be a problem for HVFAC in the lab. They also concluded, that the causes of severe deicing 
scaling of HVFAC has not been determined and that further research is needed. 
 
This paper presents a study on the FT durability of non-cement binder made from modified SC 
ash and fly ash under the tradename Sorfix. The results are compared with those of the OPC.  
 
 

MATERIALS AND METHODS 
 
Paste and Mortar Preparation 
 
The Sorfix binder (SFX) on the basis of selected mixture of Czech sulphocalcic (SC) and high 
temperature fly ash (FA) modified by intergrinding with additives was prepared. Chemical 
composition of the Sorfix binder by XRF analysis (d50 =26.3 µm) is shown in Table 1. 
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Table 1   Chemical composition of Sorfix binder (wt.%) 
 

Sorfix 
SiO2 Al2O3 CaO SO3 Fe2O3 TiO2 OTHERS 

37.0 28.8 18.2 6.7 4.8 2.5 2.0 

 
Preparation of pastes and mortars from the Sorfix binder take place in a mixer with respect to 
the same workability. The mortars were prepared by using silica sand with continuing 
grainsize; the sand-to-binder ratio was 3:1. In addition, the cement CEM 42.5 R was used to 
prepare the reference paste and mortar specimens to be able to compare the results. A 
superplasticizer (on the basis of polycarboxylates) and an air-entraining admixture (AEA) were 
added in to selected mixtures. All the mixtures were put in moulds and were solidified in a 
humidity cabinet at the relative air humidity of 95%. The temperature of storage ranged from 
20 to 23°C. The pastes and mortars were prepared according to the following Table 2. 
 

Table 2   The composition of the Sorfix pastes (SFX P) and mortars (SFX M) 
 

SPECIMEN w SUPERPLASTICIZER 
AIR 

ENTRAINER 

SFX P1 
SFX P2 
SFX P3 

0.40 
0.30 
0.30 

- 
x 
x 

- 
- 
x 

OPC P1 0.28 - - 
OPC P2 0.28 - x 
SFX M1 0.57 - - 
SFX M2 0.44 x - 
SFX M3 0.42 x x 
OPC M1 0.39 - - 

 
Methods 
 
Freeze-Thaw 
The freeze-thaw cycling specimens were cured in a 100 mm wide plastic tube in humidity 
cabinet for 28 days to provide sufficient strength before the FT cycling. The water was poured 
onto the specimen surface for minimum of 24 hours before FT cycling. Then, the distilled water 
or 3% NaCl solution of about 20 mm thickness was poured onto the surface and placed into 
the FT chamber. Automatic cycling according to ČSN 73 1326, Z1, method C, took place in 
the environmental test chamber (Memmert CTC256) [8]. The temperature ranged from −18 ± 
2 °C to 5 ± 2 °C with a residence time of 3 hours. The waste was filtered, washed by distilled 
water, dried and weighed after each 25 FT cycles. The FT cycling took place up to 100 cycles 
or up to the disintegration of the sample.  
 
Compressive Strength 
Compressive strength of Sorfix samples were measured at the ages of 7, 28 and 90 days on the 
40x40x160 mm prism specimen according to ČSN EN 196-1 [9]. 
 
XRF and XRD Analyses 
ARL 9400 XP sequential WD-XRF spectrometer was used to perform XRF analysis. All peak 
intensity data were collected by software WinXRF in vacuum. 
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The diffraction patterns were collected at room temperature with an X'Pert3 Powder θ-θ powder 
diffractometer with parafocusing Bragg-Brentano geometry using Cu Kα radiation (λ = 1.5418 
Å, Ni filter, generator setting: 40 kV, 30 mA). An ultrafast PIXCEL detector was employed to 
collect XRD data. The data were evaluated with software package HighScore Plus V4.6 
(PANalytical, Almelo, Netherlands). 
 
Mercury Porosimetry 
A small fragments of Sorfix mortars were used for mercury intrusion porosimetry (Autopore 
9500, Micromeritics, USA).  
 
 

RESULTS AND DISCUSSION 
 
Sorfix Pastes 
 
The freezing and thawing resistance of the studied Sorfix pastes was evaluated for mass loss 
and the results are presented in graphs on Figures 1 and 2. Sorfix pastes showed a low mass 
loss after FT cycling in the presence of water, Figure 1. The highest mass loss values were 
obtained for the SFX P1 (218 g.m-2, 100cy), on the other hand the lowest value was achieved 
for SFX P3 (73 g.m-2) with a superplasticizer and air-entrainer. Mass loss of SFX P2 and P3 in 
the presence of water are comparable to OPC P1 (104 g.m-2, 100cy) and P2 (114 g.m-2, 100cy). 

  
Figure 1   Freezing-thawing resistance of SFX pastes in water after 25, 50, 75 and 100 FT 

cycles. 
 
As can be seen from Figure 2, mass loss of SFX P1 without superplasticizer was very high after 
the FT cycles in 3% NaCl solution. There is a significant increase in mass loss after each 25 FT 
cycles. After 100 FT cycles, the sample was highly disturbed (mass loss 5900 g.m-2). The lower 
strength of the SFX P1 binder after 28 days hydration, supplemented by the expansion reactions 
of secondary ettringite at FT, apparently caused binder destruction. Sofix mortars with 
superplasticizer SFX P2 and with air-entrainer SFX P3 showed a significant reduction in the 
mass loss up to the values 162 g.m-2 and 47 g.m-2, respectively. The mass loss values for SFX 
P3 are comparable to OPC P1 (56 g.m-2, 100cy) and OPC P2 (45 g.m-2, 100cy). 
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Figure 2   Freezing-thawing resistance of SFX paste in 3% solution of NaCl after 25, 50, 75 

and 100 FT cycles. 
 
It is assumed, the higher mass loss of Sorfix binder in the presence of 3% NaCl during the FT 
cycling is due to the formation of a secondary ettringite (3CaO.Al2O3.3CaSO4.32H2O), which 
is accompanied by an volume expansion up to 270 vol.%. In the presence of chlorides, ettringite 
is more easily formed via Friedel's (3CaO.Al2O3.CaCl2.10H2O) and Kuzel's salt 
(3CaO·Al2O3·1/2CaSO4·1/2CaCl2·10H2O) [10]. The formation of Friedel's salt was 
confirmed by XRD analyses, Figure 3. The diffusion of the chloride ions is faster compared to 
the sulphate. This allows a faster transport of chlorides in to the binder structure followed by 
the reaction with the aluminium phase. 
 
 

 
Figure 3   XRD analyses of Sorfix binder after 25 FT cycles. 
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Sorfix Mortars 
 
Sorfix mortars were prepared using the Sorfix binder, silica sand and in some cases 
superplasticizer and air-entrainer. The values for a bulk density and a mercury porosimetry are 
presented in Table 3. The bulk density was measured according to CSN EN 993-1 [11]. In 
addition, the compressive strength of the Sorfix mortars was determined at 7, 28 and 90 days, 
Figure 6. 
 
Table 3   The bulk density in kg.m-3 and mercury porosimetry in vol.% for Sorfix mortars at 

the age of 28 days. 
 

SPECIMEN w 
BULK 

DENSITY, 

kg.m-3 

MERCURY 
POROSIMETRY, vol.% 

SFX M1 
SFX M2 
SFX M3 

0.57 
0.44 
0.42 

1388 
1548 
1298 

29.9 
22.8 
38.2 

OPC M 0.39 1802 16.3 
 
As can be seen from the Table 3, an average bulk density before the FT cycling for the Sorfix 
mortars was the lowest for the air-entrained SFX M3 (1298 kg.m-3). In contrast, the mercury 
porosity of 38.2 vol.% was the highest for SFX M3, which correspond to the effect of air 
entrainer. Higher bulk density and lower mercury porosity of SFX M2 compared to SFX M1 
was attributed to the reduction of water to binder ratio due to the effect of the superplasticizer. 
For the given Sorfix mixtures, the highest compressive strength in MPa was observed for the 
mixture SFX M2. On the other hand the lowest value was achieved for the air-entrained SFX 
M3. The compressive strength loss of the prisms after the freezing and thawing cycling will be 
added in the future. 

 
Figure 6   Compressive strength of SFX mortars. 

 
The durability of the Sorfix mortars to the repeated cycles of freezing and thawing in water and 
3% NaCl solution was also determined from the mass loss, Figure 4 and 5. 
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Figure 4   Freezing-thawing resistance of SFX mortars in water after 25, 50, 75 and 100 FT 
cycles. 

 

    
Figure 5   Freezing-thawing resistance of SFX mortars in 3% solution of NaCl after 25, 50, 

75 and 100 FT cycles. 
 
In accordance with the SFX slurries, the Sorfix mortars showed higher resistance to water in 
comparison to 3% NaCl solution. The lowest FT resistance to water was observed for SFX M1 
(2960 g.m-2, 100cy); on the other hand, high resistance to FT in water was observed for SFX 
M2 (47 g.m-2, 100cy) and SFX M3 (52 g.m-2, 100cy). The SFX mass loss values were even 
lower compared to OPC M (120 g.m-2, 100cy). In the presence of 3% NaCl solution, there was 
a significant increase in waste for the SFX M1 (90000 g.m-2, 100cy) and the SFX M2 
(6300 g.m-2,100cy). Mass loss values for SFX M3 (104 g.m-2,100cy) are comparable to OPC 
M1 (149 g.m-2,100cy). 
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CONCLUSIONS 
 
The specific binder under the trademark name Sorfix on the basis of selected mixture of 
sulphocalcic and high temperature fly ash modified by intergrinding with additives was 
prepared. The FT durability of the Sorfix was determined by the mass loss of Sorfix mixtures 
after the freeze-thaw circulation. It can be concluded, the selected Sorfix binders have a good 
FT durability both in water and in 3% NaCl solution after the 100 freeze-thaw cycles. The mass 
loss values of the Sorfix binder (SFX 3), that was prepared by using of superplasticizer and air-
entrainer, were comparable to that of OPC. 
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ABSTRACT. The benefit of recycling industrial by-products in the construction industry has 
led to an increased interest in studies and research regarding the applications of fly ash as 
primary source material in the field of civil engineering, for the production of new 
sustainable materials. In Romania, over 80% of the industrial waste is stored, which is the 
most used waste disposal method; therefore, large quantities of fly ash, generated by local 
electricity production, are not used. Consequently, new opportunities for studying and 
developing Geopolymer composites with local materials are opened. The aim of this paper is 
to review the results of the laboratory tests conducted in order to obtain alkali-activated fly 
ash-based geopolymer materials using Romanian source fly ash and to investigate the 
parameters that affect the mechanical properties of the geopolymer material. 
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INTRODUCTION 

Considered the most versatile, durable and reliable building material, concrete is the second 
most widely used material in the world, therefore the need to produce large quantities of 
Portland cement (PC) as binder for concrete are constantly increasing. The cement industry is 
considered to be the second carbon dioxide generator, being preceded only by the automotive 
industry. Each tonne of produced cement requires between 60 and 130 kg of liquid fuel or its 
equivalent, depending on the type of cement and the manufacturing process used, and 
approximately 110 KWh of electricity [1]. Also, one tonne of produced cement releases 
between 0.8 and 1.1 tonnes of CO2 into the atmosphere, as a consequence of combustion and 
calcareous calcination [2]. In 2014, the world cement production represented approximately 
4.2 billion tonnes [3], indicating an obvious increase related to the previous years. 
Environmental problems associated with Portland cement production are well known and 
represent an issue which is worldwide carefully monitored.  
 
Alkaline activation of the fly ash represents a procedure able to generate the solidification of 
fly ash powder by mixing it with a certain type of alkaline activator, creating a new binding 
material and consequently a new building material when incorporating aggregate, as an 
alternative to traditional concrete and cement-based composites. The concept of Alkali 
Activated Materials (AAM) as an alternative to Portland cement has been known since the 
1980s. Also, the sustainability of the materials obtained through this process has been 
demonstrated over the years in Belgium, Finland, Russia, China and recently, Australia. 
Since the 1990s, most research in the field of alkali-activated materials has focused on the 
microstructure of these materials and less on predictive studies on the possibility and 
exploitation of these types of materials, their durability and engineering properties [4-6]. 
Until recently, the field of activated alkali materials has been regarded as an academic 
curiosity, with potential niche applications, but never as a substitute for Portland cement in 
the construction industry. 
 
Any new and unconventional technology is difficult to be translated to the usual practice, as 
the existing standards and regulations established for concrete production and use do not 
cover the particular aspects for AAM materials regular production [7]. Standards usually 
regulate products that are already implemented in the industry, providing specific 
performance criteria which make them easy to evaluate, in terms of quality control and 
specific product characteristics [8]. 
 
When fly ash is used as a main binding material in the production of alkali activated 
geopolymer concrete, a careful consideration is needed when choosing the primary materials 
used for the mix. Certain chemical properties have to be taken into consideration so that the 
geopolymerisation reaction can properly occur [9]. The solid part (the alumino-silicate 
elements) and the liquid part (the alkaline activator) in alkali-activated systems should not be 
considered as additions, as they represent the main constituents of the geopolymer binder 
[10].  Fly ash resulting from the combustion of coal in the power plants has two main 
components: the fly ash (consisting of particles which are discharged together with 
combustion gases) and the slag which is collected in the boiler funnel (which becomes 
unusable and is stored in the dumps near the power plant, and represents a major concern for 
the environment). Fly ash is generally captured by the electrofilters before the combustion 
gases reach the basins of the power plants. Pollution control equipment owned by most of the 
power plants retain the fly ash before releasing the combustion gases into the atmosphere. 
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The typical fly ash retention equipment in the combustion gases are the electrofilters, as 
shown in Figure 1 (a, b, c and d). As a result of coal combustion, the electrofilters capture the 
fly ash which, by the means of the pneumatic transport, is transported in dry conditions to the 
specific silos in order to be distributed according to its destination, depending on the obtained 
granulometry (fly ash for cement, fly ash for concrete, etc.) [11].  The sale of fly ash as a by-
product / waste resulted from coal combustion to produce electricity is not the main purpose 
of the power plants but its potential as an economic source has been identified as being 
beneficial for generating additional revenue for companies in the field. 
 

a)  b)  
 

c)  d)  
Figure 1   a) Fly ash capturing device, b) Pneumatic transportation line for fly ash, c) Fly ash 

collecting device, d) Fly ash distributing silo 
 

The energy needs of the population are steadily rising, this leading to an increase in the 
production of fly ash, but the quality of this type of waste should also increase, as the amount 
of fly ash with a low content of L.O.I. (Loss on Ignition) available on the market is 
continuously decreasing. This is the effect of the new environmental requirements on 
emissions and the fact that low-NoX burner-fired power plants have lower combustion 
temperatures. Paradoxically, although the new environmental protection rules should come in 
the environmental advantage of fly ash, they have an adverse effect on its quality.  Most 
power plants produce fly ash with L.O.I. less than 5% [12]. Although certain properties may 
be common, fly ashes may have different chemical and physical characteristics, depending on 
the type of burned coal as raw material, on the typology of the processes and also certain 
operating conditions to which they are subjected. Their chemical composition and 
consequently their behaviour can be distinct from one batch to another, therefore their 
standardization is considered a very challenging procedure [13].  



148   Lăzărescu et al 

In Romania, over 80% of industrial waste is landfilled stored, which is the most commonly 
used waste disposal method. At the level of 2002, the number of landfills in the country was 
about 680, occupying more than 10000 ha. Only six of them from the total number of 680 are 
equipped with all facilities to fulfil the necessary conditions for compliance with the 
environmental protection rules [14, 15]. In Romania, by the year 2002, from the total quantity 
of 8.578.729 tonnes of industrial waste (fly ash, boiler slag, etc.), only 5422 tonnes were 
reused in different fields [14], which means about 0.06% of the total industrial waste 
generated, a very small amount. 
 
In 2017 only one power plant in Romania produced nearly 650,000 tonnes of fly ash, 50,000 
tonnes of slag and 50,000 tonnes of gypsum. Despite the slag recovery by recycling means its 
reuse into the coal supply of boilers (43,000 t/year) and the fly ash delivery to the 
construction industry (cement, concrete, mortar for stabilizing soils, roads etc.), representing 
approximately 162,000 t/year, the unused quantity of fly ash from the power plant is still an 
important environmental problem, with almost 565,000 t/year stored in the waste dumps [11]. 
Alkali-activated geopolymers are on-going developing materials, their research being 
strongly connected to the worldwide need of global CO2 emissions reduction. Characterised 
by excellent mechanical properties and resilience in aggressive environments, these materials 
represent an opportunity for both the environment and the engineering fields of novelty as an 
reliable alternative to the traditional technology [16, 17]. 
 
There are some good reasons why these materials have not received the same attention in the 
construction materials industry as Portland cement concrete. First of all, limestone is an 
abundant material all over the world, making Portland cement very accessible. On the 
contrary, the production of the materials necessary for the alkaline activated materials, like 
thermal ash, slag, etc., are not easily available everywhere. The second and probably one of 
the most important reasons why the research on alkali-activated materials is not so wide-
spread is the conservatism governing the construction industry, where Portland cement and 
the PC concrete own a history of more than 150 years, while applications of alkali-activated 
materials are still limited and isolated, with just a few notable examples. In the same time, all 
standards for the development of concrete-based building materials show a clear dependence 
on the use of Portland cement, considering that it represents the main binder. 
 
The aim of this paper is to present the preliminary results obtained on alkali-activated fly ash-
based geopolymer paste using different Romanian power-plant source materials for 
producing innovative cementitious compositions based on efficient source materials, 
available at national level and also identifying their potential applicability by investigating 
the basic parameters affecting mechanical properties of the obtained materials.  
 

MATERIALS AND METHODS – EXPERIMENTAL METHOD 

This chapter summarizes both the state-of-the art information about the raw components used 
for the development of alkali-activated fly ash-based geopolymer pastes (FAGP) and also 
about the applied particular experimental methodology, involving the mix design, the 
moulding methods, the curing and also the testing methods for the material mechanical 
properties specific evaluation. 
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MATERIALS 

Fly ash 

As a by-product, fly ash (FA) is obtained by electrostatic or mechanical precipitation of the 
pulverized particles resulting from the coal-fired combustion gases of the furnaces in power 
plants. It is a fine powder, consisting mainly of spherical shaped glass particles [18, 19]. 
Although some certain characteristics proved to be common for all fly ash types, due to 
factors like coal type as raw material for FA production and the burning process as well, fly 
ash powders show significant differences when coming to their chemical composition, 
sometimes even in the same production batch. The raised variation of the chemical 
composition, leading to different performance of FA as binding material, concrete addition or 
raw material for alkali-activated fly ash-based binding paste, represents an essential aspect 
for the general development of the concept [20]. Considering the differences in the FA 
chemical compositions, several FA classes were established. The Class F fly ash used for the 
present experimental study, is characterized as follows [21]: SiO2 + Al2O3 + Fe2O3> 70%, 
SO3 <5% and L.O.I. <6%. 
 
Figure 2a and Figure 2b present the low-calcium fly ashes (FA1 and FA2) used in the current 
research consisting in the development and implicit comparative analyses of fly ash-based 
geopolymer pastes [22]. FA1 and FA2 were delivered by two different Romanian power 
plants, and their chemical composition were established by X-ray fluorescence analysis (XRF 
analysis), presented in Table 1. 
 
 

a)  b)  
Figure 2   a) FA1, b) FA2 

 
 

Alkaline liquid 

When the reactive solids from the fly ash and the alkaline solution react, a hard, water-
resistant material is generated due to formation of an alumino-silicate network [23]. The 
geopolymerisation occurs when the fly ash is mixed with the alkaline liquid, resulting the 
dissolution of the Si and Al compounds of the fly ash [24]. 
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Table 1   XRF analysis data for the fly ash samples 

 

XRF ANALYSIS 

Oxides FA1 FA2 

- % % 

SiO2 53.61 54.32 
Al2O3 26.16 22.04 
Fe2O3 7.58 9.02 
CaO 2.42 5.85 
MgO 1.49 2.48 
SO3 0.26 0.20 

Na2O 0.59 0.54 
K2O 2.60 2.23 
P2O5 0.12 0.16 
TiO2 1.04 0.86 

Mn2O3 0.08 0.06 
L.O.I. 3.57 3.05 

 
The physical properties of the fly ash samples, namely the colour, the fineness (residue 
retained on the 45 μm sieve) and the moisture content, were also established (Table 2).  
 

Table 2   Physical properties of fly ash samples 
 

Properties FA1 FA2 

Colour Light grey Grayish white 
Residue retained on 45 μm, % 37.6 59.4 

Moisture content, % 0.5 0.6 

 
 
The alkaline activator used for this experimental study (Figure 3a and Figure 3b), was a 
combination of sodium hydroxide solution (NaOH) and sodium silicate solution (Na2SiO3). 
The sodium silicate solution was purchased from the local market and its chemical 
composition was SiO2=30%, Na2O=14% and H2O=56%. The sodium hydroxide solution 
was prepared by dissolving the NaOH flakes into water until the desired concentration of the 
solution was achieved. Two distinct NaOH solutions, of 8M and respectively of 10M, were 
prepared for the alkali-activated fly ash-based geopolymer paste (FAGP) mixes. The 8M 
NaOH solution was prepared by dissolving 320g of NaOH flakes into water for 1 litre 
solution (40g x 8 = 320g NaOH/litre, where 40g is the molecular weight of NaOH). It was 
determined that for a mass of 1 kg of NaOH solution, the mass of NaOH flakes was 262 g, 
resulting the proper proportion: 1 kg of NaOH solution, 8M = 26.2% NaOH + 73.8% water. 
The same algorithm was used to obtain 10M NaOH solution for the mix design. 
 



Geopolymers using Romanian Materials   151 

a)  b)  
Figure 3   a) Sodium hydroxide flakes, b) Sodium silicate solution 

 
Mix design, moulding and curing treatment 

The technology of producing the alkali-activated fly ash-based geopolymer pastes implies, as 
in the case of conventional mortars, the use of a pallet mixer. Preliminary results obtained on 
alkali-activated fly ash-based geopolymer paste by using Romanian local raw materials, 
indicate that an alkaline activator/fly ash ratio of 0.5 for FA1 and 1.0 for FA2 of fly ash 
provides the alkali-activated geopolymer binder good workability [25]. The Na2SiO3/NaOH 
solution ratios ranged between 0.5 and 2.5, for a comparative analysis regarding the effect on 
the material behaviour under this parameter variation. Table 3 summarizes the fly ash-based 
geopolymer paste mixes developed in the current experimental work.  The alkaline activator 
was prepared 24 hours prior to the mixing, by combining the sodium hydroxide solution with 
the sodium silicate solution. The sodium hydroxide solution was prepared 24 hours prior to 
the preparation of the alkaline activator, as well. The fly ash and alkaline activator were then 
mixed together for three minutes, until a homogeneous paste was obtained. The mixtures 
were then placed in 40 mm x 40 mm x 160 mm moulds and heat cured at 70°C for 24 hours. 
A glass film was applied on top of every mould in order to prevent excessive water release 
from the mixtures. After demoulding, the alkali-activated fly ash-based geopolymer paste 
specimens were stored in the climatic chamber at the temperature T (20±1)°C and relative 
humidity RH (60±5)% until the age of 7 days, when their mechanical performances were 
tested. Figure 4 (a, b, c, d and e) shows aspects related to the preparation of the alkali-
activated fly ash based geopolymer paste samples. 
 

Table 3   Mix design of fly ash-based geopolymer paste (FAGP) 
 

MIX DESIGN 

Fly ash type 
Alkaline 

liquid/ Fly 
ash 

Na2SiO3 / 
NaOH 

NaOH molarity 

- % % - 

FA1 0.5 

0.5 
8M 
and  
10M 

1.0 
1.5 
2.0 
2.5 

FA2 1.0 

0.5 
8M 
and 
10M 

1.0 
1.5 
2.0 
2.5 
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a)  b)  c)  

d)  e)  

 
Figure 4   a) Mixing sequence, b) Final mixing sequence, c) Moulding of the mixes, d) Heat 

curing treatment of the samples, d) FAGP prismatic specimens after removal from the moulds  
 

Testing method 

The FAGP flexural strength (as shown in Figure 5) and compressive strength (as shown in 
Figure 6)  testing were performed at the age of 7 days, using three prismatic specimens for 
each type of alkali-activated fly ash-based geopolymer paste; and the mean value of the 
results was considered relevant for the data interpretation. The testing method was in 
accordance to EN 196-1:2006, namely the standard testing methodology for Cement mortars. 
The early age testing of 7 days was considered relevant for the comparative evaluation, as 
previously experiments proved that generally the FAGP reach most of their compressive 
potential by this age [22]. 
 

a)  b)  
Figure 5   Alkali-activated fly ash-based geopolymer paste – Flexural test 

 

 
Figure 6   Alkali-activated fly ash-based geopolymer paste – Compressive test 

 



Geopolymers using Romanian Materials   153 

RESULTS AND DISCUSSIONS 

Alkali-activated fly ash-based geopolymer materials properties can be notably influenced by 
several important factors such as the source and quality of the fly ash used as the precursor 
material, the NaOH solution concentration and the Na2SiO3/NaOH solution ratio. The 7 days 
FAGP compressive strength was consider relevant for the comparative evaluation of the 
above nominated parameters. 
 
Fly Ash Influence on the FAGP Mix Design and Compressive Strength 

The effect of fly ash type on the FAGP mix design, namely the fresh state workability, and its 
influence on the FAGP compressive strength was evaluated by the means of two samples of 
fly ash (FA1 and FA2), delivered by two different power plant stations in Romania. Their 
chemical composition was established by XRF analysis, as previously mentioned (Table 1). 
Since the burnt coal used in power plants to obtain energy is usually obtained from different 
quarries, the quality and the chemical composition of the fly ashes can varry significantly, 
therefore the fresh and hardened properties of the fly ash-based geopolymer materials are 
consequently affected. 
 
Although the chemical composition and the L.O.I. parameters of the used fly ash samples 
(FA1 and FA2), are only slightly different, as shown in Table 1, it can be easily noticed 
(Table 3) that the FAGP mix design for each FA sample is significantly different. In order to 
achieve the desired workability and to obtain a proper geopolymerisation process, the 
alkaline activator/fly ash ratio for FA1 was 0.5 and for FA2 was 1.0. The FAGP samples 
prepared with FA2 showed slightly lower compressive strength values for all the 
Na2SiO3/NaOH ratios and for both, 8M and 10M NaOH solution concentration. The fact that 
the fineness of the two fly ash samples are different (Table 2), shows that this paramater also 
plays an important role in the workability of the mix and, later, in the compressive strength 
development of the alkali activated material – the finer the fly ash, the better the workability 
of the mix, therefore, a lower alkaline activator/fly ash ratio.  
 
Influence of the Sodium Silicate Solution to Sodium Hydroxide Solution Ratio 

The effect of sodium silicate solution to sodium hydroxide solution, by mass, on the 
compressive strength of the FAGPs specimens has been observed by analysing it for each of 
the molar concentration of the sodium hydroxide solution and for each fly ash sample, FA1 
and FA2. The results are graphically presented in Figure 7 and Figure 8, both proving that the 
best compressive values were obtained for the Na2SiO3/NaOH ratio of 2.5 (for both samples 
of fly ash). For the mixtures prepared using FA1, the ratios that induced lower compressive 
strength were generally generated by a lower geopolymerisation reaction during the mixing 
of the components. The compressive strength evolution strongly depends the complexity of 
the geopolymerisation reaction and the concentration of the alkaline activator constituents.  
 
Influence of Sodium Hydroxide Solution Concentration 

Figure 7 and Figure 8 also illustrate the effect of sodium hydroxide solution concentration on 
the compressive strength of the FAGP specimens. The compressive strength of the 
geopolymer binder increases with the increase in the concentration of the NaOH solution and 
is also significantly affecting the micro structure of the alkali-activated geopolymer binder in 
terms of geopolymer synthesis [24]. 
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In the geopolymerical system’s aqueous phase, the sodium hydroxide solution is mainly 
involved in the dissolution process, but as well, it acts like a bonding agent for the solid 
particles in the final geopolymer matrix. A higher concentration of sodium hydroxide 
solution leads to a greater dissolution of precursor (fly ash), hence a higher compressive 
strength being achieved. 
 

 
Figure 7   Effect of Na2SiO3/NaOH ratio on the FACP compressive strength (8M NaOH 

solution) 

 
Figure 8   Effect of Na2SiO3/NaOH ratio on the compressive strength (10M NaOH solution) 

 
CONCLUSIONS 

The experimental procedures for obtaining alkali-activated fly ash-based geopolymer paste 
(FAGP) using Romanian local raw materials were performed in controlled laboratory 
conditions, regarding the temperature, the relative humidity, the pressure and the air flow 
velocity, in order to collect proper data that would be used for future studies in the topic. 
Careful investigation of specific ratio variations within the paste when using fly ash from 
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different sources provides important conclusions regarding further approaches of the mix 
design of the geopolymer material, namely the transition from the geopolimer paste (GP) to 
the geopolymer concrete (GC). Optimal dosage of the geopolymeric paste for superior 
compressive performance would be used in geopolymer mortar and concrete design. 
 
The best results were provided by the alkali-activated FAGP when using FA1, on mixes 
developed by using the 2.5 Na2SiO3/NaOH solution ratio and 8M NaOH concentration: 25.3 
MPa, respectively 10M NaOH concentration: 29.2 MPa. 
 
The large variation, in terms of the physical and chemical properties of the fly ash obtained 
from different sources and the various sampling dates, namely different FA batches, may 
generate large variations in the fresh state behaviour and the compressive strength as well of 
the alkali-activated fly ash-based geopolymer materials. Fly ash FA1 provided both proper 
workability of the mixes and better compressive strength of the material. 
 
The presented results obtained on FAGP specimens contribute to the necessity of ongoing 
and up-to-date research on the identification and exploitation of the various Romanian 
sources of by-products, resulted both from secondary materials and as well as wastes from 
technological processes in various industries. Besides the economic advantages, an important 
aspect is the ecological one, namely the re-use of industrial wastes and by-products (sources 
of environmental pollution) into the economic circuit. Likewise, total replacement of cement 
in innovative, smart materials strongly contributes to the reduction of carbon dioxide 
emissions. 
 
Further similar studies will be performed using different types of fly ash, from different 
Romanian power-plants, in order to obtain the confirmation of present conclusion. The 
influence of fly ash chemical composition on geopolymer paste matrix, with respect to the 
evaluated NaOH concentration and the Na2SiO3/NaOH solution ratio and the optimization of 
the mix design, represent the near future challenges of the ongoing research. 
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ABSTRACT.  This paper deals with the current issue of the usability of high-temperature 
power fly ash after the process of denitrification of flue gas through selective non-catalytic 
reduction of nitrogen oxides (SNCR). With the onset of new European legislation, nitrogen 
oxide emissions were severely reduced, which resulted in almost all power fly ash producers 
within the Czech Republic and neighbouring countries being introduced to the SNCR 
incineration process. The impact of the SNCR mechanism on the usability of fly ash for the 
production of concrete is the topic of many current research papers, which attempt to clarify 
the impact of SNCR on the properties of fly ash or the concrete produced from it. This paper 
summarises present knowledge and gives an overview of the production of concrete with this 
type of fly ash in the real conditions of the plant. It further measures and assesses its impact on 
air contamination by ammonia and groundwater contamination caused by concrete leachates 
with respect to safety limits. In addition, the results are supplemented by tests carried out in 
accordance with the EN 450-1 standard for fly ash used in concrete production. 
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INTRODUCTION 
 
When high-temperature fly ash for concrete production is used in accordance with EN 206+A1 
[1] as an active ingredient of Type II, it must meet the requirements of EN 450-1. [2] In 
previous experiments, it has been demonstrated that ash that has been through the SNCR 
mechanism can meet all the requirements of EN 450-1. Additionally, fly ash after SNCR may 
show slightly higher activity in the first days of maturation [3] due to the morphology of its 
grains, which are often disturbed after application of SNCR. These existing results show that, 
as far as physical-mechanical parameters and chemical composition are concerned, fly ash can 
be used in the production of concrete despite the introduction of SNCR. 
 
However, from the chemical point of view, after denitrification of exhaust gases fly ash also 
contains ammonium salts. Upon contact with the alkaline medium (cement) these begin to be 
released from the mixture in the form of gaseous ammonia. In general, the fly ash produced 
after SNCR at present contains 0 to 250 ppm of ammonia. Some research papers [4–6] show 
that ammonia from deNOx processes is bound to the fly ash surface in the form of ammonium 
salts (1, 2). The dominant reaction is the formation of ammonium sulphate ((NH4)2SO4) 
powder. On the other hand, the minority product, ammonium hydrogen sulphate (NH4HSO4), 
is sticky and partly liquid and adheres to the surface of the fly ash. However, the ratio of these 
two components is variable and depends on the composition of the exhaust gases and the 
temperatures at which the reaction takes place.  
 

2 NH3 + H2O + SO3 → (NH4)2SO4  (1) 
NH3 + H2O + SO3 → NH4HSO4  (2) 

 
Comparison of ammoniacal ash with model mixtures of uncontaminated fly ash with salt 
(NH4)2SO4 or NH4HSO4 shows that the ammoniacal ash from the selective non-catalytic 
reduction process predominantly contains (NH4)2SO4 [4]. 
 
The presence of ammonia in fly ash may cause problems in its storage and further use. The 
odour threshold of ammonia in the air is in the range of 1–50 ppm. [7] The permissible exposure 
limit for ammonia concentration in the air valid for the European Union is set at 14 mg/m3, i.e. 
at 20 ppm. The maximum allowable concentration in the working atmosphere is reported at 
36 mg/m3, i.e. at 50 ppm [8]. 
 
The main potential problems with ammoniacal fly ash can be summarised in two basic points: 
 

• development of ammonia during handling and transport, which creates odours for 
service personnel when dealing with alkalis; 

• contamination of drinking water sources by ammonia, caused by leakage from landfills 
of ammonia fly ash. 
 

Both of these parameters were monitored directly during the production of concrete in a real 
plant as well as over the long term after a concrete mixture was used in real construction.  
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PRODUCTION AND LAYING CONCRETE MIXTURE 
 
A concrete mixture of class C 25/30 was produced in this experiment. High-temperature fly 
ash with 165 ppm ammonia was used to produce the concrete mixture. This fly ash came from 
the production of a brown coal thermal power plant in the Czech Republic. The other 
subchapter of this paper contains the results of an analysis of its physical and mechanical 
parameters.   

 
Physical and Mechanical Parameters of Fly Ash 

Brown coal fly ash was tested in particular for the requirements of EN 450-1. Besides the tests 
listed in the cited standard, the fly ash was tested for rheology using a rotary viscometer. The 
analysed ash, which was used to make the concrete mix, contained about 165 ppm of 
ammonium salts. This high value was chosen with respect to the proven values of fly ash in 
terms of safe use for concrete production. 
 
In terms of physical and mechanical parameters, the fly ash was expected to meet the 
requirements of EN 450-1. As a result, its fineness, efficiency index, ignition loss and starter 
and setting times were determined. Based on previous experiments and the impact of SNCR 
on the physical and mechanical parameters of fly ash, it was expected that the analysed fly ash 
might negatively affect the rheological behaviour of the cement paste and, conversely, 
positively affect the efficiency index in the first days of maturation [3]. 
 
The ash’s impact on cement paste rheology was determined using a rotary viscometer at a 
constant 60 rpm for 90 minutes. For comparison, one cement paste was made from only 
Portland cement and water, while another was produced with 25% cement replacement by the 
analysed high-temperature fly ash and the same water dose, Fig. 1. In this experiment, 
rheological behaviour is determined by the torque value generated on the viscometer agitator 
blade. A higher torque value corresponds with a higher viscosity of the mixture.    
 

 
Figure 1   The course of the rheological behaviour of the analysed cement pastes. 

 
The analysed fly ash had a negative effect on the rheological behaviour of the cement 
composite, which is in line with the results of previous research and related to fly ash grain 
morphology.  
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Further results of the tests carried out on the analysed fly ash are contained in Table 1.  
 

Table 1   Physical and mechanical parameters of analysed high-temperature fly ash 

 

PARAMETERS OF FLY ASH 

Physical parameters Efficiency index, % 

Fineness, 
% 

Loss of 
ignition, % 

Start of 
solidification, 

min 

Time of 
solidification, 

min 
7-days 28-days 90-days 

38.9 0.8 255 360 80.8 76.5 88.7 
 
All results in Table 1 show that the fly ash used, containing approximately 165 ppm ammonia, 
complies with the requirements of EN 450-1. The efficiency index after seven days of standard 
maturation also indicates good pozzolanic activity of the fly ash at the early stage of maturation 
of the composite.  
 
Production and Laying of Concrete Mixture 

For the production of concrete mix of the C25/30 strength class, fly ash containing 
approximately 165 ppm of ammonia was used. Cement replacement with this fly ash was 35%. 
The concrete mixture was produced in a concrete plant under real-life conditions using an 
Ammann Elba mixer, type EMS 1000F. The produced concrete mixture was transported to the 
place of laying by the automix, where the concrete was used to create a floor in a closed room. 
During the production and subsequent laying of the concrete mixture, the level of ammonia 
leakage in the air was measured with the help of an accredited hygiene laboratory, the health 
institute. The measurements were carried out in the locations at which there was possible 
contact with the staff of the concrete plant, including automix as well as concrete workers. The 
limits were then set and compared with the guideline values of hygiene standards. A detailed 
description of the measurements and results are included in the following subchapter of this 
paper. 
 
Air Quality During Work with Ammoniacal Fly Ash 

In the experiment, air quality was monitored during the work with ammoniacal fly ash with 
respect to the hygiene limits for substances contained in the working atmosphere and air quality 
in habitable rooms. The second named parameter was tracked at the place of concrete laying. 

 
The air quality analysis and the subsequent evaluation and comparison with standard normative 
values were performed by the staff of the accredited testing hygiene laboratory. The analysis 
was carried out by means of these basic methods: 
 

• Determination of ammonia concentration using a Casella CEL sampling apparatus with 
subsequent spectrophotometric analysis. 

• Detection of ammonia by the Gatec suction with detection tubes. 
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The hygienic limits of these substances in the working atmosphere are prescribed by 
Government Decree No. 361/2007 Coll. as amended, laying down the conditions for the 
protection of heath at work. 
 

• Government Regulation No. 361/2007 Coll. sets the conditions for the protection of 
health at work. Annex No. 2 to Government Decree No. 361/2007 Coll., Part A, as 
amended [9]. 
 

According to the cited documents, the permissible exposure limits (PELs) and maximum 
admissible concentrations (NPK-P) of chemicals over eight hours are set. The values for both 
parameters are shown in Table 2. 

Table 2   Permissible exposure limit (PEL) and maximum admissible concentration (NPK-P) 
of ammonia 

 

SUBSTANCE 
PARAMETER, mg·m-3 

PEL NPK-P 

Ammonia 14 36 
 
Measurements were taken during real-time operation and concrete production. They were 
carried out at the locations of anticipated exposure to ammonia for the concrete plant operator 
and the automix driver. These places included the landing of the mixing device when opening 
its lid in a room with a surface area of about 6.5 x 5 meters and a hopper of the automix. For 
experimental measurements, 3.5 m3 of concrete mix was produced, which was then placed as 
a concrete floor in a room measuring 3.7 x 3.7 x 2.7 meters. Measurement of ammonia 
concentration was also determined during the deposition of the mixture, when the measuring 
probes were placed directly on the worker who laid the concrete in the room. 

 
After the concrete was placed in the centre of the room, a measuring probe was placed about 
130 cm above the surface of the concrete and the room was sealed with chipboard and mounting 
foam. The air quality in this habitable room was monitored until the concrete age of 14 days. 
Determination of air quality in the habitable room has been included in the experiment with 
respect to the customer. The concrete supplier is obliged to ensure that the limits set by Decree 
of the Ministry of Health of the Czech Republic No. 6/2003 Coll. [10] are not exceeded by the 
application of the delivered concrete mix. This Decree sets limits on chemical, physical and 
biological indicators for the indoor environment of the habitable rooms of a given building. 
The limit for ammonia is set at 200 μg/m3. 
 
Determination of Aqueous Leachates from Concrete with Ammoniacal Fly Ash 

Samples were taken from the produced concrete to determine the concentration of ammonia in 
the aqueous leachate. The withdrawn concrete mixture was sealed in a plastic container and 
opened only at the time of the analysis. Concrete in this container was cured without water in 
lab condition. Determination of the concentration of ammonium ions in the aqueous leachate 
was carried out at the ages of two, seven and 28 days. The quantity of ammonium ions in the 
1:10  (mass of ratio) aqueous leachate was determined according to the standard ISO 7150 1 
[11] for the different ages of the produced concrete samples. Powdered concrete kept in water 
for five days was used for these analyses. The limit for drinking water set according to the 
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Decree of the Ministry of Health of the Czech Republic No. 83/2014 Coll. [12] can be used as 
the strictest safety criterion. 
 
Results of the Analyses 

Test bodies to determine bulk density and compressive strength according to EN 12390-7 [13] 
and EN 12390-3 [14] were formed from a concrete mix containing ammoniacal fly ash treated 
with the SNCR process with an ammonium ion content of about 165 ppm. The results 
determined at ages 28 and 90 days are shown in Table 3. 

Table 3   Results for mechanical parameters of concrete 

 

 DENSITY, kg·m-3 
COMPRESSIVE 

STRENGTH, MPa 

Age, days: 28 90 28 90 

 2190 2250 36.1 42.5 
 
Table 4 contains the results for the specified concentrations of ammonia in the working 
environment and in the habitable room with descriptions of the locations from which the 
sample was collected. In addition, the table compares these data with the guide values 
mentioned above. 

Table 4   Results of hygienic limits of ammonia in the air 

 

PLACE OF SAMPLING 

AMMONIA 
CONCENTRATION 

IN THE AIR, 

mg·m-3 

COMPARISON 
WITH THE 
MAXIMUM 

PERMISSIBLE 
VALUE  

Landing of the device when the lid is 
opened 

Automix hopper 
Habitable room – during laying 
Habitable room – after sealing 
Habitable room – after 7 days 
Habitable room – after 14 days 

0.829 
3.477 
4.044 
0.045 

<0.033 
<0.032 

Low order 
3 times lower than 

PEL 
3 times lower than 

PEL 
Low order 
Low order 
Low order 

 
The results in Table 4. give a picture of the safety of working with ammoniacal fly ash when 
used for concrete production. The resulting values determined by the hygiene laboratory are of 
a lower order than the limit values for working atmosphere cleanliness and for habitable rooms.  
Table 5. contains results for the determined ion content in the aqueous leachate. 
 
The results for the concentration of ammonium ions in the aqueous leachate show the 
harmlessness of the concrete produced with ammoniacal fly ash. Compared with the strictest 
limits for drinking water, the set values are lower after 28 days. 
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Table 5   Results for contamination of aqueous leachate with ammonia 

 

 CONCENTRATION OF AMMONIUM IONS, mg·l-1 

Age, days: 2 7 28 

 7.50 3.11 0.14 
 
 

CONCLUSIONS 
 
In an extensive experiment on the impact of the use of ammoniacal fly ash that has undergone 
selective non-catalytic reduction of nitrogen oxides, concrete incorporating this fly ash was 
produced in real-life operation. During its production and laying, as well as in the long term, 
the possible effects of its use with respect to hygiene limits were monitored. 
 
When fly ash that has been subjected to SNCR is used, contact with the alkaline medium 
(cement) results in release of gaseous ammonia, which is negative from an olfactory viewpoint. 
If the fly ash after SNCR process used meets all the requirements for ash in concrete according 
to EN 450-1, the application of this substance to concrete production technology is virtually 
seamless. Fly ash, after the SNCR process, may have a different grain morphology compared 
to classical ash, and may be slightly more water-demanding, but its effectiveness in terms of 
efficiency index may, in contrast, show more favourable values within the first days of 
maturation of a mixture. 
 
Extensive results from a hygiene laboratory have demonstrated the safety of working with this 
type of fly ash in terms of working atmosphere quality. The maximum observed measurement 
of ammonia concentration in the working atmosphere is more than three times lower than the 
maximum allowable limit. The measured air contamination in the habitable room is thus also 
proportionately lower than the maximum allowable limits. 
 
Looking at the possible hazardous leachates of ammonium salts from concrete to groundwater, 
after 28 days of maturation, the determined value was lower than that permissible for drinking 
water. At the same time, it has been shown that the ammonium ions in the aqueous leachate 
dramatically decrease with the maturation of concrete. After 28 days of maturation this value 
is only about 2% of the value it was at the age of two days. 
 
Concrete with approximately 35% replacement of cement by fly ash that has been treated with 
the SNCR process and contains about 165 ppm of ammonia, at strength class C 25/30, is 
hygienically safe in terms of production and laying. 
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ABSTRACT:  Hydraulic road binders are very popular in soil treatment industry especially 
due to their low costs in comparison with traditional binders like lime or cement. 
Composition and main parameters of hydraulic road binders are summarized in EN 13282-1, 
- 2. Research on binders with high content of fly ash started in Czech Republic a long time 
before the finishing of EN standards.  The RSS5 binder consisting of 80% of calcareous fly 
ash from fluid burning of black coal and 20% of quick lime has been used since 2010. It is a 
very good alternative for treatment of clays and sandy clays instead of lime.  The ViaCalco 
binder is composed of fly ash and lime kiln dust. It is used for stabilisation especially of 
capping layers and pavements with high demands for their stiffness (e.g. airport runways).  
Finally, now under testing is a new hydraulic road binder consisting of siliceous fly ash after 
denitrification (SNCR) with max. 200 ppm of ammonia and cement kiln dust with high 
content of chlorine (max. 13%). 
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INTRODUCTION  

Hydraulic road binders are very popular in soil treatment industry especially due to their low 
costs in comparison with traditional binders like lime or cement. Composition and main 
parameters of hydraulic road binders are summarized in EN 13282-1, - 2 [8], [9].   
 
Hydraulic road binders can contain various components and admixtures. European standards 
EN 13282-1, - 2 only reacted on the situation on the market and tried to envelope as much as 
possible binders around the Europe. 
 
However, the way to these standards was very long. First attempts with rapid binders 
containing fly ash were tested during the Vietnam War at the beginning of 70 of 20th century. 
In Czech republic mixtures of fluidised fly ash and lime were used at the beginning of 90 of 
20th century as fill, even in transition zones to bridges. Marginal conditions of their utilisation 
in earthworks were summarized in Technical specifications (TP) 93 firstly published in 1997 
[12]. The stress was put on their strength parameters and their volumetric stability. 
 
First hydraulic road binders with some fly ash content were developed by foreign companies 
(Holcim, Carmeuse). The first Czech binder with high fly ash content was prepared in 2006 
with 80% of fluidized ash and 20% of quick lime and named as RSS5 [2]. 
 
In 2012-2013 new binders containing fluidized ash and lime and/or cement kiln dusts from 
the Carmeuse company were prepared. 
 
 

THE RSS5 HYDRAULIC ROAD BINDER 

In the Czech Republic, laboratory and pilot tests were run in 2006 to verify the possibility of 
treating soils (medium-plasticity clays) with a mixture of fluidized fly ash (from Třinec 
Ironworks heat generating plant) and lime (the fly ash to lime ratio was 80:20). 
 
Laboratory tests were performed to check on a recipe for the content of mixed binder used in 
the treatment of clays of medium plasticity and of moisture w=wopt+3%. The results of the 
laboratory CBR tests are shown in Figures 1 and 2. 
 
During the course of curing the CBR bearing capacity increases, too; after no more than 
7 days of curing and 4 days of soaking it has already passed the value of CBR>15% at all the 
binder concentrations tested, thus meeting the minimum requirements stipulated in the Czech 
standards and regulations for soils placed in the capping layer [11]. 
 
For the different binder concentrations, the shapes of the CBR curves for as-soaked samples 
were similar to one another. The growth of CBR values after 28 days of curing on the figure 
for 7 days of curing was no longer so distinct, yet the tendency of the CBR value to increase 
persisted. 
 
Binder material was applied under pilot-scale conditions and the potential for treatment of the 
medium-plasticity clays on the test sections was verified. The deformation modulus values 
(Edef2) obtained by measurements on the treated layer which remained unprotected in any 
way from inclement weather were 140 N.mm-2 and 150 N.mm-2 after 28 days and 60 days, 
respectively. 



Hydraulic Road Binders   167 
 

 

 
Figure 1  Values of soil CBR for soils treated with a binder mixture (fly ash/lime =80/20%) 

as a function sample saturation, binder content and curing time 
 

 
Figure 2  Results of the CBR (California bearing ratio) test for soil treated with a binder 

mixture (fly ash/lime = 80/20%) as a function of sample saturation, binder content and curing 
time 
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The binder composed of a mixture of fluidized fly ash from Třinec Ironworks and lime 
(80:20) was recommended for application in the treatment of soils destined for subsequent 
incorporation in the embankments. Finally, the binder material was certified and is marketed 
under the designation RSS 5 as an agent for the treatment of soils not just in the Czech 
Republic but also in Poland. This binder is classified as normally hardening hydraulic road 
binder. It is used for treatment of fine soils, where low and intermediate plastic clays 
predominated. Dosage of this binder is usually 4-6% depending on plasticity and moisture of 
treated soils (see fig. 3)  [4]. 
 
 

 
Figure 3  Laboratory tests of eluvial clays (MS) treated by the RSS5 binder (wopt=11%, wn= 

15-20%), Road I/11 Oldřichovice- Bystřice (2015) 
 
 

THE VIACALCO BINDERS 

In 2014-2015 new binders consisting of fly ash and/or lime and cement kiln dusts were tested 
with co-operation with lime producer Carmeuse Czech republic.  
 
Following recipes were tested: 

- ViaCalco S: 50% LKD + 50% fly ash 
- ViaCalco F: 30% LKD + 70% fly ash 
- ViaCalco X1: 30% LKD + 60% fly ash +10% CKD 
- ViaCalco X2: 30% LKD + 40% fly ash +30% cement 
- Reference: ViaCalco C50: 50% LKD+50% cement (30% cement +20% CKD) 

 
In the first stage of laboratory tests, mixtures were prepared with the Nováky power station 
calcareous fly ash. Prepared binders were mixed with silty clay (CL) with optimum moisture 
(wopt=18%).  Results are presented in the table 1 [5]. 
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Table 1   Results of laboratory tests of mechanical properties of mixtures of binders with soil 

(red values did not comply standard requirements) 
 

Mixture IBI 
(%) 

CBR after 7 
days curing 

and 96 
hours 

soaking (%) 

CBR after 
28 days 

curing and 
96 hours 

soaking (%) 

UCS after 
7 days 
curing 

(N.mm-2) 

UCS 
after 28 

days 
curing 

(N.mm-2) 

Swelling 
in the 
CBR 

mould 
(%) 

silty clay (without 
binder) 

28,3 0,0 
 

0,3 
 

1,9 

ViaCalco S (2%) 31,8 26,9 19,4 0,4 0,4 0,1 
ViaCalco S (3%) 30,8 38,3 31,6 0,4 0,5 0,1 
ViaCalco F (2%) 28,3 12,0 11,1 0,3 0,3 0,5 
ViaCalco F (3%) 30,1 25,0 15,5 0,4 0,3 0,3 

ViaCalco X1 (2%) 25,3 23,5 14,3 0,3 0,3 0,3 
ViaCalco X1 (3%) 27,2 27,1 23,4 0,4 0,4 0,2 
ViaCalco X2 (2%) 33,6 13,7 17,0 0,4 0,4 0,4 
ViaCalco X2 (3%) 26,2 36,3 33,7 0,5 0,5 0,1 
ViaCalco 50 (2%) 18,2 72,8 55,4 0,6 0,6 0,3 
ViaCalco 50 (3%) 29,5 115,3 81,1 0,6 1,1 0,2 

 
 
Results of laboratory tests of new binders prepared from fly ash, LKD, CKD and cement used 
for treatment of silty clay can be summarized in following points: 
 

1) Regarding the IBI values all treated soils with 2% or 3% of new and reference binders 
comply demands of Czech standards and specifications (CSN 73 6133 [11], TP 94 
[13]). An effect of new binders on the IBI values of treated soil (with optimum 
moisture) was small. 

2) CBR values (after 96 hours soaking) of soils treated by new binders increase with 
dosage of binder. Expected dependence that with increasing time of curing CBR 
values increase was not observed in all cases (see fig. 4 and 5).  

3) The lowest value of CBR of treated soils used in capping layer is 15% (roads with low 
traffic load). CBR values after 7 days treatment were in two cases (ViaCalco F – 2%, 
ViaCalco X2 – 2%) lower than 15%, after 28 days curing it was also in two cases 
(ViaCalco F – 2%, ViaCalco X1 – 2%). 

4) UCS value of untreated silty clay was 0.3 N.mm-2. After treatment of new binders and 
7 and 28 days curing UCS value increased maximally to 0.5 N.mm-2. A dosage of 2% 
of 3% of new binders does not influence UCS values of treated soils. 

5) Treated soils by new and reference binders are stable without swelling. Addition of 
binders reduces swelling potential of untreated soils that show maximum swelling 
(1.9%). Swelling of treated soils was 0.1%-0.5%. Treated soils by new binders are 
volume stable [6]. 
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Figure 4  Dependence of CBR values of treated soils on the binder dosage (after 7 days 

curing and 96 hours soaking) 
 
 

 
Figure 5  Dependence of CBR values of treated soils on the binder dosage (after 28 days 

curing and 96 hours soaking) 
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FLY ASH AFTER DENITRIFICATION AND LIME KILN DUST WITH HIGH 

CHLORINE CONTENT AS A BINDER 

In 2018 first laboratory tests of new binder consisting of siliceous fly ash after denitrification 
by the SNCR method from the Třebovice power station and cement kiln dust form the Horné 
Srnie cement factory started [7].  
 
Siliceous fly ash contains max. 200 ppm of ammonia ions. Cement kiln dust contains about 
13% of chlorine. Both materials were dry with predominant share of grains to 1 mm (see 
fig.6). Prepared mixtures were used for treatment of silty clays (CI) with optimum moisture 
wopt=16%.  
 

  
 
Figure 6  Grains of siliceous fly ash after denitrification (magnified 500x) – left and grains of 

cement kiln dust (magnified 400x) - right 
 
Following mixtures were tested 

- 100% of fly ash 
- 80% of fly ash +20% of CKD 
- 50% of fly ash +50% of CKD 
- 20% of fly ash +80% CKD 
- 100% of CKD  

 
Prepared mixtures were tested with amounts of 3%, 5% and 7% with soil and IBI and CBR 
values after 96 hours of soaking were analysed.  
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IBI values increased with amount of mixture and the amount of CKD in the mixture (fig. 7). 
The same trend was obtained also in CBR values after 3 days and 28 days of curing and 96 
hours soaking in both cases (fig. 8). However, tests with overwetted soils have not been 
carried out, yet. 
 

 
 
Figure 7  Dependence of IBI value of soil treated by the fly ash after SNCR and CKD on the 

amount of mixture 
 

 
 

Figure 8  Dependence of CBR values after 3 days of curing and 96 hours of soaking of soil 
(CI) treated by mixture from fly ash after SNCR and CKD 
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The increase of CBR values after 3 days curing and 28 days curing was observed only in case 
of the mixture with 80% of fly ash and 50% of CKD. In case of other mixtures the increase 
was not significant. 
 
The mixture of soils with fly ash only obtained demanded value of CBR (min. 15%) just only 
in case of 5% and 7% dosage.  The positive influence of CKD in mixture was observed. 
However, soil treatment by these CKD only was not so effective like in case of mixture with 
20% of fly ash.  
 
Due to low pozzolanity of fly ash and quick hardening of CKD mixtures with high content of 
CKD (60-100%) it was not possible to make all demanded tests for hydraulic road binders.  
Mixtures were disintegrated and unconfined compressive strength higher than 2.5 N.mm-2 
was not measured (fig.9).  
 

 
 

Figure 9  Sample of mixture consisting of 80% of fly ash after SNCR and 20% of CKD 
 

 
Next research will be oriented to mixtures with fly ash after SNCR, CKD with high content 
of chlorine and Portland clinker. 
 
 

CONCLUSIONS 

Hydraulic road binders with fly ash content are used in Czech republic more than 10 years.  
Commercially the most successful was the RSS5 binder containing calcareous fly ash from 
fluidized burning of coal and quick lime. This binder was used in many applications for soil 
treatment in road construction or other earthworks 
 
The producer of the ViaCalco binder (fly ash and LKD) tried to prepare new binders with 
positive results. However, new binders were not commercially used. 
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Finally, the last research was concentrated on preparing of a new binder consisting from fly 
ash after SNCR and CKD with high content of chlorine. This research has not been finished 
so far.  
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ABSTRACT. Present pressure on ecological behavior brings promising ternary blends into 
view. They can be prepared from Portland cement, limestone and other mineral admixtures 
which contain aluminate ions. The mineral admixture compound can be fly ash - collected 
from power and heating plants where selective non-catalytic reduction (SNCR) is installed. 
The paper deals with ternary blends with a high amount of ammonium salts in fly ash from 
power plants where SNCR method is used. Portland cement is the main component in this 
ternary blend system. Microsilica and metakaolin were used as further components. The 
compressive strength development of mixtures with a replacement of cement with SNCR-
treated fly ash + limestone is presented and the results are compared with those with fly ash 
without the treatment. 
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INTRODUCTION 

Ternary binders are a promising way of decreasing the amount of global CO2 emissions. 
Given that environmentally friendly cement clinker manufacturing technologies that can 
reduce CO2 emissions cannot be expected in the near future, see [1], other actions need to 
take be taken, such as designing concrete with ternary binders. They are prepared from 
ordinary Portland cement (PC) and from two other well combined mineral admixtures. In 
particular, fly ash (FA) with an appropriate chemical and mineralogical composition is very 
popular as a promising mineral admixture. With ground limestone (LS), it can affect the 
increase of early strengths (and sometimes also late strengths) of concretes. This is caused by 
the reaction of calcium carbonate from LS and aluminate ions from FA or from other 
supplementary cementing materials. The strength increase reaction is explained in K. De 
Weerdt et al [2]. Calcium carbonate can also be found and used from recycled concrete filler 
and alumina from supplementary cementing materials such as ground granulated blast 
furnace slag (GBFS), bottom ash, metakaoline (MK) or other burned clays.  
 
As stated in Bílek [3], this combination of ground limestone LS and metakaoline MK or fly 
ash FA can bring a positive effect not only on strengths but also on durability – especially 
frost resistance and alkali-silica reaction resistance are enhanced. A method of inhibiting the 
alkali-silica reaction was also described by Kazim Turk et al [4]. 
 
When cement is partly replaced by two other mineral admixtures, a positive ecological 
impact is made. By producing one tonne of cement, approximately one tonne of CO2 is 
produced and with the risk of everyday global warming it is necessary to exploit all the 
possibilities to reduce the nasty impact on the world. However, our efforts to reduce the 
amount of emissions to the air also brings some negativity. These days, power and heating 
plants are installing so called selective non-catalytic reductions (SNCR) or selective catalytic 
reductions (SCR) to respond to the demand for the reduction of nitrogen oxide emissions 
(NOx). These requirements influence fly ash properties. The fly ash from these power and 
heating plants contains a higher amount of ammonium salts and its morphological structure 
may be damaged by thermal shock when the reducing agent is injected. This may cause 
worse workability, see Hela et al [5]. However, no positive or negative effect of ammonium 
salts in fly ash on the concrete strengths has been proved satisfactorily. Further research on 
this subject is necessary.  
 
High performance concretes (HPC) were designed for some subtle constructions. In these 
concretes FA was also used as a component of ternary binders together with LS. But formerly 
it was FA without any SNCR treatment. A big portion of PC in these HPC concretes was 
gradually replaced with (FA + LS). At the start it was only 75 kg/m3, later it was up to 225 
kg/m3. The strengths of the concretes remained nearly the same. The reason is the low portion 
of hydrated cement grains as a consequence of low water/binder ratio which is approximately 
0.20. In mixtures with a higher portion (FA+LS), which react slowly, there is more water 
available for hydration of cement grains. This means (FA+LS) is an important part of the 
binder. The target of this paper is to verify if FA can be replaced with SNCR treated fly ash 
(SNCR FA) and if the combination (SNCR FA+LS) has a similar influence as the (FA+LS) 
combination 
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MATERIALS AND EXPERIMENTAL PROCEDURE 

SNCR-treated fly ash was obtained from the power plant in Opatovice (Czech Republic). Its 
basic properties are presented in Table 1 and a view of the fly ash is shown in Figure 1.  
There are hardly any perfectly smooth grains. Most of the grains show damaged morphology 
resulting from SNCR treatment. As mentioned above, this damaged morphology can worsen 
workability, but on the other hand – it may also affect the leaching of alumina from the grains 
of fly ash and affect the synergy in the ternary binder concept. 
 
 

Table 1   SNCR FA properties 
 

TEST STANDARD   
Loss on ignition EN 196-2 [%] 0,64 
SO3 content EN 196-2 [%] 0,48 
Cl- content  EN 196-2 [%] 0,02 
SiO2 content EN 196-2 [%] 53,04 
Free lime content CaO EN 459-2 [%] 0,13 
Specific surface area  [m2/kg] 501,00 

 
 

  
 

Figure 1   Grains of fly ash after SNCR method  
 
 
To prepare mortars, cement CEM I 42.5 R from CEMMAC Horné Srnie (Slovakia) was used.  
Metakaoline (MK) Metaver I (Newcem company) or Microsilica (CSF) from Chryso 
company were used to reduce the stickness of the mortars. Also, a combination of SNCR 
treated fly ash (SNCR FA) and ground limestone (LS) with specific surface area 360 m2/kg 
was used. CEM + SNCR FA + LS represents a ternary binder. Binder properties are affected 
by MK or CSF. It is necessary to use them to enhance of the workability of the mixture. 
Because MK contains aluminate ions, it can significantly affect synergy between ternary 
binders. Drinkable water, PCE superplasticizer, steel microfibers and sand were also used for 
the preparation of the mortars. 
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The compositions of the binder of the prepared mortars are shown in Table 2 and Table 3. 
 
Workability was measured as a micro-cone flow on the prepared mortars; low base diameter 
of cone is 100 mm, upper base diameter 60 mm, height 60 mm. After the measurement of 
workability, the prepared mortars were put into molds (40 × 40 × 160 mm). The mortars were  
self-compacting and were not compacted. At the age of cca 20 hours the specimens were 
unmoulded, two prisms were used for 24-hour strength testing and the rest (2 prisms) were 
stored in water (t = 20oC) up to the age of 28 days when the next tests were performed.  
 
 

Table 2   Composition of binder in mortars with (SNCR FA + LS) = 75 g 
 

CEM I 42.5 650 650 650 650 650 650 
MK or CSF 75 75 75 75 75 75 
SNCR FA 0 19 38 56 75 0 
LS 75 56 37 19 0 37 
FA - - - - - 38 

 
 

Table 3  Composition of binder in mortars with (SNCR FA + L) = 225 g 
 

CEM I 42.5 500 500 500 500 500 500 
MK or CSF 75 75 75 75 75 75 
SNCR FA 0 56 113 169 225 0 
LS 225 169 112 56 0 112 
FA - - - - - 113 

 
 

RESULTS AND DISCUSSION 

The development of compressive strengths in mortars with MK admixture are presented in 
Fig. 2 and 3. In the case of mortars with (SNCR FA + LS) = 75 g, no synergy effect of 
ternary composition is recorded. The source of aluminate ions is MK and the fly ash content 
is very low to influence synergy.  
 
In the case (SNCR FA + LS) = 225 g (28 %) - see Figure 2 - there is not any significant 
synergy for early strengths but quite a significant synergy for 28-day compressive strength. 
There is also the result for a mortar with a replacement of SNCR fly ash with similar non-
treated fly ash CH450. The results are the same as for SNCR treated fly ash.  
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Figure 2 Compressive strengths of mortars with MK addition, (SNCR FA + LS) = 75 g, last 

columns are for non-treated fly ash CH450 
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Figure 3 Compressive strengths of mortars with MK addition, (SNCR FA + L) = 225 g, last 

columns are for non-treated fly ash CH450 
 
 
The results for mortars with CSF instead of MK are shown in Figure 4 and 5. As with MK 
mortars, there is not a clear tendency for early strengths to increase depending on the SNCR 
FA and LS ratio. The highest strength at the age of 24 hour is reached on the mortar with 56 g 
of SNCR FA and 19 g of LS. At the age of 28 days all of the strengths are similar, without 
any synergy.  
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Figure 4 Compressive strengths of mortars with CSF addition, (SNCR FA + L) = 75 g 
 
 
In the case of mortars with CSF and (SNCR FA + LS) = 225 g the situation is slightly 
different. The synergy is very poor at the age of 24 hours - the highest strength is shown by a 
mortar with 169 g of SNCR FA and 56 g LS. This means - if (SNCR FA + LS) = 225 g = 
100%, the dosage of SNCR FA = 75 % and LS = 25 %. For the same composition, 28-day 
strengths are also the highest. The synergy in this case is relatively significant. There is a 
gradual increase and decrease of the strength depending on SNCR FA / LS ratio is. This 
means that no maximum content of fly ash is optimal for 28 days, but an optimum ratio 
between SNCR FA and LS is in this case 75 % of SNCR FA and 25 % of LS. This is the 
same ratio as the ratio in the previous case for early strengths for (SNCR FA + LS) = 75g. 
This dosage is probably optimal in terms of composition. The last columns in Fig. 4 are again 
for the non-treated fly ash FA. The strengths at the age of 24 hours and 28 days are similar to 
those for SNCR FA.  
 
The workability of mortars with CSF and both dosages of (SNCR FA +LS) = 75 g and 225 g 
are presented in Fig. 6. Generally, the cone flow was in a relatively narrow interval between 
310 and 340 mm for all of the mortars. There is some tendency for worse workability for a 
higher content of SNCR in the binder, but  not very significant.  
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Figure 5 Compressive strengths of mortars with CSF addition, (SNCR FA + LS) = 225 g,  
last columns are for non-treated fly ash FA 
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Figure 6  Workability of mortars with CSF and different (SNCR FA + LS) 
 
 

CONCLUSIONS 

The aim of the paper is to verify that high performance concrete with ternary (or quarternary) 
binders containing ground limestone and SNCR treated fly ash shows similar properties to 
that with non-treated fly ash. The results show that: 
 
- compressive strength development of high performance mortars with SNCR FA and LS is 
similar or higher than that of non-treated fly ash and LS. This may be the result of the 
damaged surface of SNCR FA due to treatment. 
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- as expected - synergy between LS and fly ash occured in mortars with CSF; in blends with 
metakaoline the effect of fly ash is overcome by a more efficient source of aluminate ions - 
MK. 
 
- workability of  mortars with an increasing content of SNCR FA generally decreases, but the 
decline is not strong. 
 
This means that SNCR treated fly ash does not pose any problems in terms of workability and 
strength development, and  can be used to produce high performance concrete and mortars. 
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ABSTRACT.  Construction of any type of structure on clayey ground could be problematic 
due to the high swelling potential and/or low strength characteristics of the soil. This can lead 
to low stability or differential settlement of the ground. Many soil stabilization techniques have 
been proposed to prevent the uneven settlement and failure of the soil. Stabilization of soil with 
class C fly ash offers many advantages such as improving engineering characteristics, being 
cost-effective and being environmentally friendly. Class C fly ash chemically reacts with clay 
which results in a more durable and stronger soil. It has been shown by various researchers that 
fly ash-stabilized soil is typically stiff and strong even though there is no available standard or 
guidelines for the use of fly ash in construction industry. This paper presents the results from a 
program of experimental research on stabilization of a fine-grained soil with fly ash. 
Laboratory experiments, including Atterberg limits, compaction, uniaxial, and consolidation 
tests, were conducted on samples of a clay soil with different percentages of fly ash. The results 
show that adding fly ash decreased the plasticity index, increased compressive strength, and 
decreased the swelling and compressibility index. The maximum dry density increased and 
optimum moisture content decreased with addition of over 5 % fly ash by dry weight of the 
soil. 
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INTRODUCTION 

Fine-grained soils are generally weak and their stability is low under heavy loading [1]. 
Traditionally, this type of soil is considered too incompetent for construction and in many cases 
is entirely replaced with soil with better properties. However, this solution is not only expensive 
and time-consuming but it is also a difficult task. Many soil stabilization techniques have been 
proposed to improve the characteristics of fine-grained soils. These techniques can be 
categorized into the 3 groups; mechanical stabilization, chemical stabilization, and geo-
synthetic stabilization [2]. 
 
Several mechanical stabilization techniques have been proposed to improve the properties of 
fine-grained soils, especially problematic clayey soils. However, it has been found that there is 
also need to alter the physicochemical characteristics of clay to provide permanent stabilization 
[3]. Chemical stabilization involves the utilization of chemical binders to improve the 
properties of soils. Chemical stabilization is an effective method due to its ease of adaptability 
[4]. After the chemical reaction of soil particles and the chemical additives, strong bond is 
created between soil particles, improving the soil structure [5]. 
 
The most commonly used chemical binders in soil stabilization are lime and cement [6]. Many 
waste materials are also used as the alternative materials for the stabilization such as fly ash, 
bottom ash, and rice husk ash, owing to the many environmental benefits [3]. 
 
Fly ash is a waste material obtained from burning of coal and generated from thermal power 
plants [7]. The use of fly ash for soil stabilization is encouraged by many researchers based on 
understanding of its effective characteristics such as pozzolanic reactions, ease of adaptability 
and economic viability and many other benefits [8].  
Fly ash has been generally utilized in subbase or base layers of road construction, railway or 
highway embankments, and as an aggregate or mineral filler in the construction industry [9]. 
  
The advantages of using fly ash are:  
• The amount of coal fly ash in the world is estimated at approximately 500 million tonnes 

annually. At present, a large amount of ash is still discarded into landfills [9]. Thus, the 
use of fly ash in geotechnical projects can decrease the disposal costs of fly ash.  

• The disposal of considerable amounts of fly ash creates huge environmental problems, 
such as, air, surface water and ground water pollution due to the leaching of its heavy 
metals to underground water, surface and deep soil. In addition, fly ash disposal in ponds 
or sea can create significant damage to aquatic life [10].  

• The use of fly ash in soil stabilization can help to reduce CO2 emissions. If fly ash is used 
for soil stabilization instead of cement, CO2 emissions could be significantly reduced [11].  

• Fly ash stabilized soil is an effective material for geotechnical applications [12].  
 
From the geotechnical point of view, the advantages of using fly ash in construction industry 
are:  
• Significant decrease in swelling-shrinkage and plasticity potential of high plasticity soil 

[13].  
• Improvement in compressive and tensile strength, and bearing capacity of fine-grained 

soils [7]. 
• Better performance under ‘wet and dry cycles’ based on durability tests [10]. 
• Decrease of permeability and improvement of transfer properties of soils [9]. 
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In this paper, the effects of fly ash in improving the mechanical properties of a clayey soil is 
investigated through a program of laboratory tests. The liquid limit and plastic limit, 
compaction characteristics, and strength, and swelling behaviour are presented for different fly 
ash contents.  
 
 

LITERATURE REVIEW  

Laboratory and field studies have been carried out by many researchers to improve the 
understanding of the effects of fly ash in improving the properties of soils.  
 
Phani Kumar and Sharma [14] assessed plasticity, strength, swelling potential, hydraulic 
conductivity, and compaction characteristics of a clayey soil stabilized with 0 %, 5 %, 10 %, 
15 %, and 20 % fly ash. It was revealed that both plasticity index and swelling characteristics 
of the stabilized soil decreased by about 50 % with addition of 20 % of fly ash. With fly ash 
content beyond 20 %, there was no significant decrease in swelling potential. In addition, 
undrained shear strength increased by approximately 27 % with inclusion of 20 % fly ash. 
Based on compaction test results, it was concluded that the optimum moisture content 
decreased by about 25 % and the maximum dry unit weight increased by about 5 % with 20 % 
fly ash inclusion. The results from variable-head permeability tests revealed that the hydraulic 
conductivity decreased with the inclusion of fly ash. Cokca [15] studied the effects of 3 
stabilizers, including high calcium and low calcium class C fly ash, lime, and cement, on the 
swelling potential of an expansive soil. The amounts of lime and cement used were at 0 - 8 % 
while amount of fly ash used was between 0 - 25 %. Both fly ashes were cured for 7 and 28 
days. It was concluded that the plasticity index and swelling potential of all the stabilized soils 
decreased significantly. Furthermore, there was a remarkable decrease in swelling potential of 
fly ash stabilized soil from 7 to 28 days curing times. Prabakar et al [4] conducted a number of 
experiments with addition of different percentages of fly ash from 9 % to 46 % on different 
soil types. Compaction, shear strength, CBR, and swelling characteristics were evaluated on 
CL (inorganic clay with low plasticity), OL (organic soil with low plasticity), and MH 
(inorganic silt with high plasticity) soils. Based on the experimental results, dry density of all 
soil types reduced by between 15 % and 20 % by addition of the fly ash. The shear strength of 
the soils increased non-linearly with the addition of fly ash. Another important finding was that 
the swelling behaviour of the soils decreased due to the particle size, shape, and non-expansive 
structures of fly ash. Moreover, the CBR values of the soils improved with the addition of fly 
ash in comparison with the pure soil. Brooks [16] investigated the impacts of class C fly ash 
and rice husk ash on high plasticity clayey soil by conducting unconfined compressive strength 
(UCS), California bearing ratio, compaction, and swell-shrinkage tests. According to the UCS 
tests results, the failure stress increased about 106 % with the addition of 25 % fly ash, although 
the stress decreased with adding over 25 % of fly ash. The swelling potential of the stabilized 
soil also decreased in consolidation tests. It was recommended that 12 % of rice husk ash or 25 
% of fly ash are the best ratios for stabilization of the clayey soil.  
 
In general, there is some evidence from laboratory and field tests indicating that the use of fly 
ash can be effective in stabilization of soils. The main benefits of using fly ash for soil 
stabilization include improvement in compressibility and strength, and decrease in the swelling 
behaviour. 
 
This paper presents some results from a comprehensive program of experiments to study the 
effects of fly ash and alkali activators in improving the mechanical properties of a clay soil. 
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The experiments include Atterberg limits, compaction, uniaxial compressive strength, and 
consolidation/swelling tests on samples stabilized with different fly ash contents. In what 
follows the results from some of the experiments are presented and discussed. This is an 
ongoing project and more results will be available and presented at the conference.  
 
 

MATERIALS AND METHODS 

Soil 

The soil used in this study was kaolinite, China clay. Its properties are presented in Table 1.  
 
Scanning electron microscopy (SEM) analysis was also carried out on pure kaolinite with 
different magnification factors (Figure 1). The results show that the kaolinite has a flat 
structure. 
 
 

Table 1   Kaolinite clay properties 
 

GEOTECHNICAL PROPERTIES OF KAOLINITE 

Cone penetrometer  
Liquid limit (%) 54 

Plastic limit (%) 27.15 

Liquidity index (%) 26.85 

Classification  CI-CH 
Specific gravity (g/mL) 2.6 

Maximum dry unit weight γdmax (kN/m3) 1.51 

Optimum moisture content wopt (%) 21 
 

 
 

      

Figure 1   SEM images of pure kaolinite with 50 µm and 10 µm magnification factors 
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Fly Ash 

The fly ash used in this study was obtained from the MUEG Company in Germany. Its chemical 
composition is presented in table 2. The fly ash has 32.4 % CaO (high calcium content) and is 
classified as a class C fly ash according to ASTMC 618 standard. 
 
SEM analysis was carried out on the pure fly ash with different magnification factors (Figure 
2). It is seen that the morphology of fly ash is spherical. 
 
 

Table 2 Fly ash chemical compositions 
 

PARAMETERS  AVERAGE  MINIMUM MAXIMUM 

SiO2 (%) 28.3 16.3 40.4 
CaO (%) 32.4 23.7 43.2 
Fe2O3 (%) 6.6 3.7 10.8 
Al2O3 (%) 15.8 8.2 22.5 
K2O (%) 0.5 0.3 0.9 
MgO (%) 4.2 2.5 6.6 

Na2O (%) 0.31 0.19 0.76 
P2O5 (%) 0.72 0.38 1.26 
SO3 (%) 8.6 5 13.2 

TiO2 (%) 0.9 0.5 1.5 
 

 

      

Figure 2   SEM images of pure fly ash with 50 µm and 10 µm magnification factors 
 
 

EXPERIMENTAL PROGRAM 

The program of experiments included Atterberg limit tests, compaction tests, unconfined 
compressive tests, and consolidation tests. 
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Atterberg Limit Tests 

Atterberg limit tests were conducted on fly ash stabilized soil with 0 % to 30 % fly ash to 
determine the liquid limit, plastic limit, plasticity index of the soil based on the British standard 
(BS 1377-2).  
 
Compaction Tests 

Standard Proctor (compaction) tests were carried out to determine the dry density and moisture 
content relationships of the fly ash stabilized soil. Compaction tests (BS 1377-4) were applied 
using 2.5 kg rammer and 1 L compaction mould. For the tests, dried kaolinite powder (China 
clay) was mixed with different percentages of fly ash binder considering dry weight of the soil 
as the first step. After that, water was added to obtain a homogenous mixture which was then 
left for one day in a sealed bag to allow for the uniform absorption of water into the soil.   
 
Compaction tests were conducted with different percentages of fly ash; 
Control sample (pure kaolinite), 5 % of fly ash + soil, 10 % of fly ash + soil, 15 % of fly ash + 
soil, 20 % of fly ash + soil, 25 % of fly ash + soil, and 30 % of fly ash + soil.  
 
Unconfined Compressive Tests 

For the strength tests, specimens of the fly ash stabilized soil were prepared by static 
compaction in layers in an Instron 3382 Floor Model Universal Testing System which provides 
a constant loading up to a specified load. The prepared specimens were 50 mm in diameter and 
100 mm high. The samples were also sealed and cured for 1 day.  
 
Consolidation Tests  

One-dimensional consolidation tests were conducted in oedometer to evaluate swelling and 
compressibility indices of the fly ash stabilized soil with 0 %, 15 %, and 25 % fly ash and with 
1 day curing time. The volume change of the sample against time was recorded during the 
oedometer tests. The results showed that there was no considerable volume change after 24 
hours. Thus, each stage of the consolidation test was conducted for 24 hours. The loading was 
sequenced in the order of 100 kPa, 200 kPa, 400 kPa, 800 kPa, 400 kPa, 100 kPa. The loading 
stage was done to determine the compression index, while the unloading stage was conducted 
to determine the swelling index.  
 
 

PRELIMINARY RESULTS 

Atterberg Limit Tests 

The results of plastic limit and liquid limit tests are presented in Figure 3. Plasticity index was 
calculated as the difference between liquid limit and plastic limit. The value of plasticity index 
is a critical indicator of the swelling characteristics of the soil; the lower the plasticity index 
value, the less is the swelling potential [17]. It is seen that the plasticity index of clay (and the 
potential of swelling) decreased with the addition of fly ash. In this way, it could be said that 
the potential of swelling also decreased. According to the plasticity chart, the classification of 
the soil changed from CH to ML with addition of 25 % fly ash. 
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Figure 3   Consistency limits of fly ash stabilized soil 

 

Compaction Behaviour 

Table 3 and Figure 4 demonstrate optimum moisture content and maximum dry density 
relationships for the soil stabilized with different fly ash contents. It is seen that the maximum 
dry density initially decreased at 5 %. The initial decrease may be caused due to the difference 
of the particle density between kaolinite and fly ash. However, there was a gradual increase 
with addition of fly ash, from 5 % to 30 %. This may be due to the fly ash particles starting to 
fill the voids of kaolinite resulting in higher density. Nonetheless, the mixtures, up to 15 % of 
fly ash, still had a lower density than pure kaolinite. The optimum moisture content increased 
with 5 % of fly ash, thereafter, it generally decreased with further increase in fly ash content. 
This could be due to chemical reactions starting with enough fly ash that leads to excess heat 
and loss of water.  
 
 

 
Figure 4   Compaction curves of the fly ash stabilized soil 
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Table 3 Compaction properties of the fly ash stabilized soil 
 

Properties 0% 5% 10% 15% 20% 25% 30% 
Optimum moisture 
content (%) 21 25.5 24 23.5 22.5 19.8 21.5 
Maximum dry density 
(g/cm3) 1.51 1.464 1.47 1.502 1.512 1.513 1.518 

 
 
Unconfined Compressive Strength Tests 

The effects of fly ash on improving the strength of the stabilized soil with different percentages 
of fly ash are shown in Figures 5 and 6. The results of the UCS tests show a gradual increase 
in peak compressive stress of 226, 237, 242, 254.2, 270.7, 275, and 294.5 kPa with one day 
curing with addition of 0, 5, 10, 15, 20, 25, and 30 % fly ash, respectively. The values of the 
elastic modulus of the soil were obtained from the gradient of the linear-elastic part of stress-
strain curves and they were 9.5, 16.7, 20.5, 19.1, 22.8, 22.1, and 25.1 MPa for 0, 5, 10, 15, 20, 
25, and 30 % fly ash, respectively.  
 
The results of the UCS test demonstrate that class C fly ash improved the strength of the soil. 
The fly ash was found to be an effective stabilizing material owing to its pozzolanic and 
cementitious characteristics.  

 
 

 
Figure 5   Stress-strain relationships of fly ash stabilized soil 
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Figure 6 Effects of fly ash content on unconfined compressive strength of the soil 

 
 
Consolidation Tests  

Stabilization of the soil with 15 % and 25 % fly ash showed a decrease in compressibility, 
indicating lower rate of settlement in the soil compared to the unstabilized soil (Figure 7). The 
reason of decrease in Cc and Cs values could be that the fly ash and soil particles compact well 
due to the morphology of the soil and fly ash.  
 
 

 
 

Figure 7 Compression and swelling indices of pure clay and fly ash with 15 % and 25 % 
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CONCLUSIONS 

In this paper, the effects of consistency, swelling and strength characteristics of class C fly ash 
with one day curing period were determined. The following conclusions can be drawn from the 
results: 
 

• The values of the plasticity index decreased with inclusion of fly ash.  
• The maximum dry density of the soil decreased with addition of 5 % fly ash, and 

thereafter increased. The optimum moisture content increased with 5 % of fly ash, and 
showed a decrease with further increase in the fly ash content.  

• Unconfined compressive strength of fly ash stabilized soil with 1 day curing time 
increased gradually with increasing the fly ash content.  

• Swelling and compressibility indices of fly ash stabilized soil generally decreased. 
 
These findings show that fly ash would be an effective method for decreasing swelling potential 
and increasing strength parameters of soils.  
 
The results presented here are part of a large program of research on the effects of fly ash and 
alkali activators on the mechanical behaviour of fine grained soils. 
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ABSTRACT:  Coal is one of the vastly used raw materials in electricity generating power 
plants. Approximately 300 million tons of fly ash is generated annually from thermal power 
plants in the world and only 10-30 percent of it is used in the construction industry and for 
various other purposes. Using fly ash as a raw material for lightweight aggregate helps 
removing fly ash from thermal power plants by large quantities and developing economic green 
technology. Substituting natural raw materials by reutilizing fly ash as by-product from power 
plants is the way of saving natural resources and reducing industrial waste. Lightweight 
aggregate is suitable for extreme climate conditions because of its superior insulation 
performance, eco-friendly character, variable particle size, deformation property and 
freeze/thaw resistance. In this research work, lightweight aggregate with fly ash which is 
acquired through heat treatment at high temperature was prepared and their physical and 
mechanical properties were studied. The Japanese fly ash with low calcium content was mixed 
with expandable clay as a binding agent and limestone was used for making fly ash lightweight 
aggregates by sintering at 1000-1150°C. The physical properties such as bulk density, specific 
gravity, porosity, water absorption of the lightweight aggregates were determined. Scanning 
electron micrograph has been taken to study the microstructure of the lightweight aggregates. 
The strength properties and porosity of the lightweight aggregates depend largely on the 
sintering temperature, bentonite content and agglomeration process. 
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INTRODUCTION 
 
The production of lightweight aggregate with fly ash has the ability to consume waste ash in 
high amounts for the construction industry. Development of new techniques for managing 
wastes is one of the major areas of interest of researchers in recent days. This is due to the need 
for reusing the materials to avoid exhausting natural resources that are depleted abundantly 
with growing population. There are numerous lightweight aggregates available commercially 
which are obtained through expensive methods of manufacturing [1]. Also, these deplete 
natural resources for their raw materials. The best way to avoid this problem is to use the 
lightweight waste materials as raw material for aggregates in concrete. Beyond reducing the 
overall cost, this also finds a way to utilize this waste material that produces environmental 
problems. Dhir et al. [2] mention that the use of lightweight aggregate concrete in structures 
offers many advantages over the conventional normal-weight concrete, including an increased 
strength/weight ratio and improved thermal and sound insulation and fire resistance properties. 
Fly ash aggregates have been produced through palletization or compaction techniques. 
Various organic and inorganic binders or hardening methods such as cold-bonding (curing at 
room temperature), autoclaving or sintering have been further employed for enhancing its 
properties [3-9]. 
 
The choice of binders and hardening techniques was based on chemical composition of fly ash 
and performance requirement. The aggregate properties are substantially enhanced for 
temperature above 1000°C, which is attributed to the activation of liquid phase sintering [10]. 
Among the binders, aggregate with bentonite has a lower specific gravity compared to lime 
and cement. The addition of bentonite, which contains a high amount of very fine organic 
matter, increases the quantity of gases evolved during sintering, thereby reducing the density 
of the aggregates Ramamurthy and Harikrishnan [11] have reported that the significant 
improvement in strength and reduction in water absorption of sintered fly ash aggregate is 
observed when bentonite is added with fly ash. Various types of lightweight aggregates such 
as expanded clay and sintered fly ash can be produced through heat treatment from 1000 to 
1200°C [12]. 
 
In general, when the Al2O3 + SiO2 content is high, the melting point and viscosity tend to be 
high. Thus, it is expected that the melting point of the fly ash would be higher than those of 
bentonite and glass powder. There are also fly ash aggregates that are produced using a 2 step 
thermal treatment where the first step is at 750°C for 10-15 minutes and second (the expansion) 
step is at 1150-1175°C for 10-15 minutes [13]. The present study is conducted on production 
of sintered fly ash lightweight aggregate with bentonite as a binder. Also, the properties of 
sintering fly ash lightweight aggregate as density, strength, water absorption, porosity, and 
morphology (by SEM analyses) were determined to study the characteristics of aggregates. 

 
 

MATERIALS AND METHOD 
 
Class-F as a low calcium fly ash was obtained from Sakata thermal power plant and used as 
raw material with bentonite and powdered limestone as binder for the production of sintered 
fly ash lightweight aggregates (SFALWA). The physical and chemical properties of raw 
materials used for the production of lightweight aggregates are shown in Table 1. 
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Table 1  The physical and chemical properties of raw materials. 
 

NAME FLY ASH BENTONITE 

Physical properties:   

Specific gravity, g/cm³ 
Surface area, cm²/g 

2.25 
4030 

2.6 
- 

Chemical properties:   

SiO2 
Al2O3 
Fe2O3 
MgO 
CaO 
Na2O 
K2O 
LOI 

64.5 
23.9 
4.8 
1.5 
5.3 
- 
- 
- 

66.9 
15.1 
3.0 
2.3 
3.3 
2.1 
1.1 
5.8 

 
This study tried using a large amount of fly ash for the production of lightweight aggregate. 
The mixing composition applied bentonite at 10, 20, 30 and 40% and powdered limestone at 
10 and 20% of the weight of fly ash as a main raw material. Basically, production of artificial 
aggregate is using the same principle which is mixing of raw materials, agglomeration, 
hardening or binding of the particles and then further processing like curing and sintering. A 
desired size of artificial aggregate is obtained according to the application by agglomeration of 
any raw waste materials during the production process of artificial aggregate [14]. 
 
Raw materials were mixed in a ball mill for 15 minutes. The water content for producing 
aggregate was optimized at 28-45% of the total mixture and then sprayed into the mixture 
during making pellets. The compositions of 8 different mixtures are shown in Table 2. 
Lightweight aggregates are usually produced using an agglomeration machine. In this study, 
lightweight aggregate pellets were made by hand, rolled on a smooth surface for cylinder shape 
and then cut into pellets. 
 
When pellets are rolled, it’s loading itself weight without force. When fly ash lightweight 
aggregates with bentonite are dried at 105°C, large number of cracks was formed. Therefore, 
specimens were first appropriately dried at room temperature of 30-40°C for 24 hours. Fly ash 
lightweight aggregates are suitable for sintering at 1000-1200°С. Also, some researchers 
studied that using the 2 step thermal treatment is more favourable.  
 
Based on it, lightweight aggregates are sintered in a furnace at 2 different temperatures i.e. in 
2 steps, at first heating at 750°C for 15 minutes followed by a temperature of 1150°C for 15 
minutes. An alternative treatment used a temperature of 1000°C for 30 minutes followed by 
1150°C for 15 minutes. 
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Table 2  Mix proportion for lightweight aggregate. 
 

MIX 
IDENTIFICATION 

FLY ASH CLAY LIMESTONE WATER 

by weight, g 

T1 
T2 
T3 
T4 
T5 
T6 
T7 
T8 

100 
100 
100 
100 
100 
100 
100 
100 

10 
20 
30 
40 
10 
20 
30 
40 

20 
20 
20 
20 
10 
10 
10 
10 

28.9 
31.0 
31.3 
35.6 
38.0 
44.9 
33.9 
36.1 

 
The heating rate used was 9°C per minute. The properties of sintered fly ash aggregate as 
density, bulk density and specific gravity; strength of pellets, water absorption and porosity 
were determined. The bulk density of sintered lightweight aggregate was determined using a 
standard test method as per JIS A 1104, the specific gravity and water absorption were 
determined through the submerging method that soaked for a period of 24 hours as per JIS A 
1135. Additional materials such as waste glass, Al powder and sodium carbonate have 
experimented for basic research that chooses the raw materials. 
 
 

RESULTS AND DISCUSSION 
 
First, this study tested 2 different sintering temperatures for production of SFALWA. 750°C 
for 15 minutes and 1150°C for 15 minutes showed good results, better than at 1000°C for 
30 minutes.  Therefore, the following experiments were sintered at 750°C for 15 minutes and 
at 1150°C for 15 minutes. Also, additional materials as waste glass, Al powder, and sodium 
carbonate were studied to reduce the water absorption and density, as presented in Figure 1. 
 
 

 
 

Figure 1   View of the aggregates with 5 different additions. 
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However, there was no effective result in reducing the density. The sodium carbonate melted 
on the surface area of the aggregate and covered it like glazed materials, this has influenced 
water absorption. Sodium carbonate was used by 5 and 10%, but 5% sodium carbonate covered 
half of the surface area of pellets, 10% covered it fully. The waste glass did not reduce water 
absorption effectively and increased the density of aggregate. However, a mix of Al powder 
and waste glass has resulted in minimum water absorption (1.4%) and highest density 
(2.1 g/cm3). That is not suitable for the production of lightweight aggregate, but in the future, 
it is possible to test for production of normal weight aggregate, with the benefit that both main 
raw materials i.e. fly ash and waste glass are also waste materials. The result of density, specific 
gravity and water absorption of aggregate made using additional materials are presented in 
Figure 2. 
 

Figure 2   Effect of additional materials on density, specific gravity, and water absorption. 
 
 
All of these additions were not suitable for the production of lightweight aggregate. Therefore 
this study continued on with clay and lime. The properties of sintered fly ash lightweight 
aggregate are as follows. 
 
Density 
 
The choice of binder material and sintering temperature influence the properties as density, 
porous structure, water absorption and strength of sintered fly ash lightweight aggregate. The 
density of pellets is measured on the bulk size of pellets. In this study, it has been proven that 
when the dosage of the binder as bentonite and the sintering temperature increased, the bulk 
density of sintered fly ash lightweight aggregate also increased. Figure 3 shows that the suitable 
amount for production of sintered fly ash lightweight aggregate is 10-20% of bentonite and 
20% of lime. The minimum value of density resulted in T1 and T2 composition that contained 
a high amount of fly ash and low amount of bentonite. 
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Figure 3   Effect of addition content of clay on density. 

 
 
Specific gravity 
 
The specific gravity of sintered fly ash aggregate is determined using formula 
 

(𝐷𝐷𝑠𝑠 = 𝑊𝑊𝑠𝑠
𝑊𝑊𝑠𝑠−𝑊𝑊𝑤𝑤

) 

 
where WS is weight of sample in saturated surface-dry condition, WW is weight of sample in 
water. The porosity was determined by the formula 
 

(Q= 𝑊𝑊𝑠𝑠−𝑊𝑊𝐷𝐷
𝑊𝑊𝐷𝐷

× 100) 

 
where WS is weight of sample in saturated surface-dry condition, WD is weight of sample after 
drying, after subjecting the aggregate samples inside Aspirator Gas-1N for 2 days as per to JIS 
A 1135. 
 
Figure 4 depicts the variation of specific gravity and porosity, and addition content of sintered 
fly ash lightweight aggregate. A mix of 20% bentonite and 10% lime has resulted in the 
minimum value of specific gravity (1.74), but when lime was changed to 20% this resulted in 
the highest value of specific gravity (1.87). Increasing content of bentonite and lime increased 
the specific gravity of aggregate. 
 

 
Figure 4   Effect of clay content on specific gravity and porosity. 
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Bulk density 
 
Bulk density was determined on only 2 compositions, based on a value of density, chosen as 
T1 and T2 with low density. In order to measure the bulk density, pellets of small size 
(diameter) were made, but at a large amount, by hand. After sintered aggregates were sieved 
and their bulk density measured on 5-10 mm size, the outcome is presented in Table 3 and 
Figure 5. 
 

Table 3  Bulk density of T1 and T2 composition lightweight aggregates. 
 

TYPE DENSITY, g/cm³ BULK DENSITY, g/cm³ 

T1 
T2 

1.39 
1.35 

0.89 
0.84 

 

 

Figure 5   View of the sintered and sieved lightweight aggregates. 
 
Water absorption 
 
One problem of the lightweight aggregates is water absorption. Lime powder increases the 
water absorption of lightweight aggregate. Many researchers reported that the increase of the 
sintering temperature decreases water absorption of lightweight aggregates. The water 
absorption capacity of the aggregate is contributed by the open and closed porosity of the 
artificial aggregates. In this study, the water absorption of the sintered fly ash lightweight 
aggregate has resulted as 18.5-25.8% as is presented in Figure 6. 
 

 
 

Figure 6   Influence of bentonite content on water absorption. 
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In the case of the main 8 compositions, an increase of bentonite content reduced the water 
absorption on both of the 2 different sintering temperatures. The minimum water absorption 
was observed in T8 which contained 40% bentonite and 10% lime, sintered at 1150°C. The 
highest sintering temperature is affected by the microstructure, due to reduce water absorption. 
Generally, the water absorption of lightweight aggregates sintered at 1000°C is a higher 
percentage. 
 
Strength 
 
The compressive strength of sintered fly ash lightweight aggregates was determined using 
Amsler Type Universal Testing Machine in chosen pellets from each composition. The highest 
crushing strength of 9.3 MPa was recorded for composition that contains Clay 40% and Lime 
10% in Figure 7. When the high content of bentonite increasing, adhesiveness of aggregate is 
improved. All of the samples were no outward expanded porous structure like an expanded 
clay lightweight aggregate. Figure 7 shown the change of lime content is not influenced 
insufficient to the strength of SFALWA. One of the main factors that influence the strength is 
content of bentonite. When the content of bentonite is increased constantly, the composition 
with 40% bentonite and 10% lime (T8) resulted in a sharp increase in strength and had lowest 
water absorption. It’s demonstrated that bonding properties of bentonite to fly ash was 
improved and resulted fusion of particles at high temperature. 
 
 

 
Figure 7 Effect of clay content on compressive strength of lightweight aggregate 

 
 
SEM analysis 
 
The prepared sample with 6 mm × 6 mm dimensions was observed with a JEOL JSM 6500F 
Scanning Electron Microscope. The microstructure of sintered fly ash lightweight aggregate 
by 8 different compositions is seen in the SEM image of aggregates at 2500 times 
magnification, presented in Figure 8. The sintered fly ash lightweight aggregates are melted at 
high temperature and then interconnected due to the created fusion of particles. As the bentonite 
content is increased, the particles become connected to bentonite influencing the microstructure 
and developing fused particles at high temperature. Composition T8 shows a microstructure of 
high bentonite content like melted and developed by fusion. This kind of fusion of particles is 
to decrease the density and water absorption, and increase the strength. The low bentonite and 
lime content compositions as T1, T2, T5, and T5 developed an interconnected structure due to 
creating open and closed porosity. Therefore these compositions resulted in low density and 
high water absorption compared to other compositions. The fly ash is melted and changed 
shape above 1000°C. 
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Figure 8   SEM image of sintered lightweight fly ash aggregate. 
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EDS analysis 
 
The chemical composition of one chosen sample (T2) that contained 20% bentonite and lime 
was determined using the EDS method. Took approximately 10 points on the sample and 
estimated the average results, presented in Table 4 and Figure 7. The chemical composition 
results exhibit a high amount of Si, Ca and Al depending on raw materials like fly ash and 
bentonite and lime. 
 
 

Table 4  Average chemical composition of T2 sample for EDS analysis of 10 points. 
 

POINT 
No. 

O Na Mg Al Si K Ca Ti Fe 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

32.3 
33.2 
37.6 
27.8 
21.5 
27.8 
13.8 
37.0 
11.8 
27.5 

0.9 
0.2 
0.8 
0.4 
0.8 
0.6 
0.4 
1.0 
0.5 
0.3 

0.1 
1.7 
0.3 
0 

1.0 
0.1 
0.5 
0.5 
1.1 
1.5 

22.1 
5.7 
13.9 
0.9 
12.2 
15.3 
5.2 
13.7 
9.1 
18.7 

35.1 
49.4 
35.0 
68.9 
44.6 
44.6 
71.4 
34.2 
44.3 
29.0 

0.9 
1.3 
0.7 
0.2 
1.5 
3.1 
2.1 
0.5 
1.6 
0.3 

6.1 
3.6 
8.2 
0.9 
11.8 
3.8 
2.8 
9.1 
14.5 
17.0 

0.4 
1.2 
0.7 
0.3 
1.7 
3.8 
0.3 
0.7 
3.4 
1.7 

2.2 
3.7 
2.8 
0.7 
4.9 
1.0 
3.5 
3.4 
13.8 
4.0 

Average 27.0 0.6 0.7 11.7 45.65 1.21 7.8 1.41 4.0 

 
 
While reducing density, water absorption of the sintered fly ash lightweight aggregate is 
increased. Therefore, before using the sintered fly ash lightweight aggregate for concrete mix, 
it should be pre-soaked in water. 
 
 

 
Figure 9   SEM and EDS image and analysis data of T2. 
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CONCLUSIONS 
 
The composition with bulk density of 1.35 g/cm³ was sintered in a furnace at 750°C for 
15 minutes and at 1150°C for 15 minutes. This study provided that high sintering temperature 
has resulted in good properties on the production of SFALWA. The experimental results 
exhibited that the type and content of the binders and sintering temperature influence the 
properties of the sintered fly ash lightweight aggregate. When the bentonite content is 
increased, water absorption reduces and density and strength both increase. The sintering 
temperature at more than 1000°C influences the properties of sintered lightweight aggregate 
effectively. The absorption of all of the compositions with addition as bentonite and lime is 
18.5-25.8% in the 2 step heating process. The composition with 40% bentonite and 10% lime 
resulted in the maximum strength (9.3 MPa) and the minimum water absorption (18.5%). The 
minimum density (1.35 g/cm³) and bulk density (0.84 g/cm³) was obtained with the 
composition with 10% bentonite and 20% lime. 
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ABSTRACT. Development of the country can be demonstrated by its construction sector. In 
this sector, fast-growing globally, the quality of building materials is one of the most important 
factors. It is important to recycle waste materials to produce environmentally friendly 
construction materials. Widely used polystyrene boards as thermal insulation material have 
poor fire resistance and are difficult to recycle, making it harmful to the environment. In order 
to overcome these drawbacks, eco-friendly foam glass having superior fire resistance and 
recyclability has been proposed as insulation material using fly ash and waste glass. In this 
research work, the possibilities of producing such material was investigated. Fly ash foam glass 
with 20 to 40 wt.% fly ash was prepared using Type 2 Japanese fly ash, glass powder, sodium 
silicate and sodium carbonate as the foaming agent. The sample was given a heat treatment at 
800 to 1000°C for 30 to 60 minutes as the foaming stage. The effect of the amount of glass 
powder and fly ash on the mechanical strength and apparent density, porosity, thermal 
conductivity, and microstructure was studied. Optimum fly ash content and foaming 
temperature for foam glass with superior mechanical, physical and thermal insulation 
properties have been proposed. 
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INTRODUCTION 
 
In recent years, recycling waste materials became obligatory beyond the matter of choice and 
producing environmentally friendly materials around the world. One of the important materials 
is thermal insulation acoustic material. Especially for countries with the extreme weather 
conditions, application of high quality thermal insulation materials is obligatory. Hence, the 
construction sector is facing a problem that needs to be solved urgently by producing high-
quality insulation materials using low-cost raw materials. To increase the thermal insulating 
properties without increasing its volume weight, various types of insulation material are being 
used on the wall structure of buildings. Therefore, the re-use of power plant’s fly ash, to 
produce waste glass is one of those economical materials. As a result, environmental pollution 
and unit-cost of material can be reduced. 
 
Lightweight insulation materials are widely used in the construction sector. Fly ash foam glass 
has several advantages in comparison with other insulation materials i.e. it is environmentally 
friendly and waterproof, has high compressive strength and steam resistance. Moreover, it is 
inflammable and thermal stable, maintaining its mechanical properties also at elevated 
temperatures. This lightweight material is made of fly ash and glass powder as the main raw 
material by a firing process, divided into 4 stages, as follows: preheating stage, melting stage, 
foaming stage, and cooling stage. In the foam glass producing processes, a mixture of fly ash 
and glass powder and a foaming agent is heated to temperatures above the melting point of the 
glass powder. Therefore, the foaming agent decomposes and releases gases, which operate the 
expansion of the glass. The foaming agents are sodium carbonate, sodium silicate, and 
aluminium. 
 
Numbers of insulation materials are being used on wall structures of buildings to increase their 
thermal insulating properties without increasing the volume weight. This research work is 
intended to investigate the possibilities of obtaining an environmentally and economically 
friendly thermal insulation product in the low-temperature process using waste ash and waste 
glass to make foam glass. 
 
 

MATERIALS AND METHODS 
 
The main raw material of fly ash was collected from Tohoku Electric Power Engineering & 
Construction Co. Inc. in Japan. Recycling glass was bought from a Japanese limited liability 
company. It was thoroughly dried and ball milled for 1 hour 30 minutes and was sifted through 
200 mesh screens. The chemical composition of fly ash and glass powder in this study are 
shown in Table 1. The foaming agent is made up of Na2CO3=105.99, Na4SiO4=184.04, 
Al=26.982, Na3PO4·12H2O=380.12 produced by Nacalai Tesque Inc. Iron pipe of the required 
size was bought from Mori Industrial Co, in Saitama and cut into the pieces with the help of a 
cutting machine in the laboratory, resulting in moulds of 4×40×40 mm³ and 3×30×30 mm³. 
 

Table 1  Chemical composition of fly ash and glass powder. 
 

DESIGNATION 
MASS RATIO, % 

SiO Al2O3 Fe2O3 CaO MgO 

Fly ash 
Waste glass 

64.50 23.9 4.8 5.3 1.5 
73.5 1.6 0.15 12.1 0.4 
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Firstly, fly ash and glass powder were sifted through 200 mesh screens of 0.074 mm aperture. 
The glass powder, fly ash and foaming agent were weighed according to a certain proportion, 
and then the mixture was put into the ball mill for 20 minutes. The compositions of foam glass 
in this study are shown in Table 2. The temperature control of the firing process was divided 
into 4 steps as follows. 
 
The first heating step was from room temperature to 400°C, during which the mixture of glass 
and fly ash foaming agent got dried. 
 
At the sintering stage, the temperature increased gradually from 400 to 600°C for 30 minutes. 
 
At the foaming stage, the temperature increased further from 600 to 900°C which caused the 
release of CO2 from decomposition, due to the high fluxing temperature of fly ash. 
 
At the pre-cooling stage, the temperature was dropped from 600 to 450°C, cooling relaxed at 
the annealing point for approximately 20-30 minutes. The bubbles formed a pore structure [1]. 
 
When the mill was turned off, the sample was naturally cooled to room temperature in the mill. 
 
Characterization techniques 
 
This part determined the mechanical-chemical composition of the sample. The apparent density 
of samples was determined by direct measurement of volume. The percentage of pores in the 
foam volume was calculated from the apparent and pycnometer densities of foam samples. 
 
 

Table 2  Mix composition and curing conditions of foam glass. 
 

TYPE COMPOSITION, wt.% FOAMING 
TEMPERATURE, 

°C 

FOAMING 
TIME, 

min Foaming 
agent 

Fly ash 
Glass 

powder 

1 2 20 78 800 30 

2 4 30 66 850 30 

3 6 40 54 900 30 

 
 

    
 G78F20 G66F30 G54F40 

Figure1   Cut-section of foam glass samples made from glass and fly ash sintered at 900°C. 
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RESULTS AND DISCUSSION 
 
The fly ash and foaming agent contents, foaming time, and foaming temperature were selected. 
The density strongly depends on temperature and foaming agent, decreases with the increasing 
concentration of the foaming agent. Heat treatment at 800°C for 30 min of glass and fly ash 
ratio G78F20, G66F30, resulted in well-sintered bodies of lighter green colour. Composition 
G54F40 kept a yellow-brownish tone. Treatment at slightly higher temperature of 900°C for 
30 min resulted in a significant decrease in apparent densities of the samples containing 20 and 
30% fly ash. When the samples were foamed at the higher temperature, the pores become 
larger, while the densities were lower. These samples had a lower density and the colour of the 
sample was lighter green. 
 
To find the optimal concentration of the foaming agent and optimum firing conditions, the 
experiment had samples with different amounts of foaming agents and fly ash, heat treated at 
different temperatures. The compressive strength increased along with the increase of fly ash. 
Figure 2 shows a dependence of the apparent density and compressive strength on Na2CO3 

addition and temperature [2]. It shows that for all the different temperatures the apparent 
density curves go through a minimum [3]. At 800°C, the minimum of Na2CO3 is found at 
6 wt.%, while at 850-900°C the minimum appears at 4 wt.%. The lowest obtained density was 
0.7584 kg/m3. The average values of compressive strength were 6.4 MPa, while at 850-900°C 
the maximum of compressive strength appears to be at 13.17 MPa. 
 
It is observed that the compressive strength weakens when density decreases and porosity 
increases. Figure 3 shows the dependence of the apparent density on Na4SiO4 addition and 
temperature. At 900°C the minimum of Na2CO3 is found at 2 wt.%, while for 800 and 850°C 
it was found at 2 wt.% and at 6 wt.%, respectively. The lowest obtained density was 
1.0269 kg/m³. The average values of compressive strength were 5.7 MPa, while at 850-900°C 
the maximum appears at 13.7 MPa. The amount of gas released was slower to react and smaller 
at lower temperatures, while at high temperature the pores were growing faster, coalesce and 
become open, and led to the collapse of the foam. As it is shown, the possible concentrations 
at 900°C were Na2CO3 2 wt.% and Na4SiO4 also 2 wt.%. 
 
 

  
 
Figure 2   Influence of Na2CO3 addition on the apparent density and compressive strength of 

foam sample prepared at 2-6 wt.% at different foaming temperatures for 30 min.
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Figure 3   Influence of Na4 SiO4 addition on the apparent density and compressive strength of 

foam sample prepared at 2-6 wt.% at different foaming temperatures for 30 min. 
 
 
Pore structure analysis 
 
The type of porous structure, namely cells size and thickness of cell walls, play an important 
role in the resulting mechanical strength [3]. For example, Figure 4 illustrates the evolution of 
microstructure for the samples comprising 2-6 wt.% of heat treatment at 900°C [3]. The amount 
of foaming agent had a significant influence on the pore structure. When the amount of foaming 
agent was 2%, the foaming duration was 30 min and the glass fly ash ratio was G78F20. The 
number of pores increased slightly. As the amount of foaming agent was 4%, foaming time 
was 30 min, porosity greatly increased and generated large pores (1.5-2 mm in diameter). This 
was seemingly achieved due to a lowering of liquid phase viscosity and an enhancement of 
sintering inside the struts [3]. 
 
Figure 5 shows the influence of querying temperature. The porosity generated on the samples 
varies depending on the temperatures; for the sample at 800°C the gassing was less, thus it 
made small porosity; as the firing temperature reached up to 900°C, the number of connected 
pores in the sample increased significantly. The rapid increase in open porosity with 50°C 
increase in temperature shows that the transition from closed to open pores is rapid and the 
system is sensitive to small changes in the heat treatment parameters [2]. 
 
 

   
 2% 4% 6% 

 
Figure 4   Influence of the foaming agent content at 900°C. 

 
 



212   Pareek et al 

   
 800°C 850°C 900°C 

 
Figure 5   Influence of foaming temperature. 

 
 
Microstructure analysis 
 
Figure 6 shows the closer and precise look/shape of crystal precipitation of fly ash foam glass 
as we scan the samples by the electron microscope. There exist a lot of pores with different 
diameters [4]. As foaming glass is fired at 900°C, hollowed-out fly ash particles of a large 
amount of fly ash developed in the samples as shown in Figure 6(D). This phenomenon 
highlighted a stronger chemical reaction as the temperature gets higher [5][6]. 
 
 

   
 (A) (B) 

   
 (C) (D) 

 
Figure 6   SEM photographs of the precise look/shape of foam glass samples. 

(A) Incompletely reacted fly ash particles G54F40; (B) A small amount of granular crystals 
G78F20; (C) A large number of granular crystals G66F30; (D) Massive crystals G78F20. 

Fly ash 

Massive crystals 
Large crystals 

Small crystals 

Melted fly ash 

S-1 
S-2 

S-3 

S-4 S-5 
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When foam glass was fired at 800°C, fly ash particles were found in the sample as shown 
Figure 6(A). The main chemical composition was SiO2 and Mg whose total amount was more 
than 80%. The querying temperature used in the experiment was 800-900°C, with solid state 
reaction occurring in the material at this temperature [4]. In Figure 6(B), only a small amount 
of granular crystals was observed in the sample, the small pieces of crystals were found 2% fly 
ash. The reaction between mullite and calcium carbonate in fly ash at moderate temperature 
produced nepheline, whose crystals were gathered together to form granules as shown in 
Figure 6(C) [7]. Figure 6(D) was obtained by scanning electron microscopy after corroding the 
sample with 2% G78F20. According to the above macro and microanalysis, the mechanical 
properties of foam glass could be improved remarkably by increasing the fly ash content. 
 
EDS analysis 
 
We chose the chemical composition sample (D) of Figure 6 that contained 20% fly ash and 
78% glass powder using the EDS method. Then selected 5 points for point analysis and 
determined the chemical composition by their average. As pictured in Figure 7, EDS analysis 
showed that the sample mostly consisted of Si, and less of Fe, Ca, K and Mg. 
 

 
Figure 7   SEM and EDS analysis data of (D). 

 
 

CONCLUSION 
 
The result showed that the moderate foaming effect of the agent is greatly improved by the 
addition of Na2CO3 or Na4SiO4. With the addition of Na2CO3 or Na4 SiO4, an apparent density 
of 0.7584 kg/ m³ or 1.0269 kg/m³ could be achieved, respectively. The optimum concentration 
of foaming agent and Na2CO3, Na4 SiO4 were found to be 2 wt.%, respectively. On the other 
hand, foam glass is very sensitive to the foaming temperature and time. The optimum foaming 
condition was found at 800-900°C and 30 minutes which depends on the type. Assuming the 
maximum possible incorporation of ashes to form porous structures, the composition 
containing 80 wt.% of glass and 20 wt.% of fly ash was considered for foam production to 
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which amounts foaming agents were added [3]. The influence of the amount of foaming agent 
is most important on generating the average pore size of the sample. The distribution of 
foaming agent particle size in the sample was random, and porosity and pore structure change 
were random as well. The randomness would be reflected in the physical and mechanical 
properties of the samples, which have a certain discreteness [8]. There was a certain amount of 
crystal precipitation in the process of firing. The increase in the amount of fly ash could 
increase the amount of crystal precipitation. 
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ABSTRACT.  The Construction Products Regulation (CPR) entered force in July 2013 and 
requires i. a. the implementation of Basic Work Requirements No 3 on "Hygiene, Health and 
the Environment" into harmonized product standards. A precondition for this work is the 
availability of horizontal test standards which are developed in CEN/TC 351. CEN/TC 351 
„Construction products: Assessment of release of dangerous substances“ developed Technical 
Specifications for harmonized test methods over the past years, which are necessary for the 
implementation BWR 3 into harmonized product standards (e. g. EN 450 for fly ash for 
concrete or EN 13242 for aggregates for unbound and hydraulically bound materials). For the 
basic evaluation of bound and unbound products three technical specifications (TS) in series 
16637 “Construction products - Assessment of release of dangerous substances are developed 
as Part 1: "Guidance for the determination of leaching tests and additional testing steps”; Part 
2 “Horizontal dynamic surface leaching test” and Part 3: "Generic horizontal up-flow 
percolation test for determination of the release of substances from granular construction 
products” have been developed. Another method is for the release of volatile organic 
compounds into indoor air. Also for testing radioactivity a horizontal test procedure was 
developed. As the standards are available as CEN/TS the work for implementation of existing 
regulations for construction products can be started. TC 104/WG 4 "Fly ash for concrete" 
started the work on existing (notified) regulations and prepared a proposal for the 
implementation of BWR3 into EN 450-1 for fly ash for concrete. This contribution is an update 
of [1] and sums up the development in CEN/TC 351 and CEN/TC 104/WG4 taken place since 
2017. 
 
Keywords: Construction Products Regulation, BWR 3, Mandate M/366, Fly ash, Concrete, 
Monolithic product, Percolation test, Release, Soil and ground water, Tank test. 
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INTRODUCTION 

Since 1st July 2013, the Construction Products Regulation (CPR) is fully in force. The CPR 
requires implementation of basic requirements in harmonized product standards. The Basic 
Work Requirement No 3 on Health, Hygiene and Environment has to be implemented into 
harmonized product standards.  
 
The implementation is very much depending on horizontal European test standards, which are 
under development by TC 351. The test procedures for BWR 3 today are published as 
CEN/TSs. The final validation process resulting in figures on reproducibility and repeatability 
has been concluded in the beginning of 2019. The transfer from TSs to ENs is expected by the 
year 2020. Therefore, implementation has to be considered in the revision of harmonized 
product standards.  
 
TC 104/WG 4 for Fly ash for concrete already had an intensive discussion during the last two 
years on the implementation of existing notified regulations into EN 450-1. 
 
 

CONSTRUCTION PRODUCT REGULATION - BASIC WORK REQUIREMENT 3 

The Construction Products Regulation (CPR) [2] states about Basic Work Requirement 3 
(BWR3): 
 
The construction works must be designed and built in such a way that they will, throughout 
their life cycle, not be a threat to the hygiene or health and safety of workers, occupants or 
neighbours, nor have an exceedingly high impact, over their entire life cycle, on the 
environmental quality or on the climate during their construction, use and demolition, in 
particular as a result of any of the following: 
 
(a) the giving-off of toxic gas;  
(b) the emissions of dangerous substances, volatile organic compounds (VOC), greenhouse 

gases or dangerous particles into indoor or outdoor air;  
(c) the emission of dangerous radiation;  
(d) the release of dangerous substances into ground water, marine waters, surface waters or 

soil;  
(e) the release of dangerous substances into drinking water or substances which have an 

otherwise negative impact on drinking water;  
(f) faulty discharge of waste water, emission of flue gases or faulty disposal of solid or liquid 

waste;  
(g) dampness in parts of the construction works or on surfaces within the construction works. 
 
The CPR states further that:  
the essential characteristics of construction products shall be laid down in harmonised technical 
specifications in relation to the basic requirements for construction works.  
 
By now, CEN/TS 15864 and CEN/TS 14405 are available or cited in standards, which describe 
test methods for leaching of monolithic and granular waste. For testing of products however, 
different test methods are used in the CEN Member States. 
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Essential Requirement 3 / Basic Work Requirement 3 / Mandate M/366 
Already in 2002, the Commission Services invited interested member states and stakeholder 
groups into an ad hoc working group on regulated dangerous substances and started preparing 
for a proper implementation of Essential Requirement 3 (ER3 according the Construction 
Products Directive (CPD) [3], now BWR3 according CPR [2]) on health, hygiene and 
environment. As best option for all construction products a horizontal approach was chosen 
meaning that test methods do not need to be developed for all different construction products 
separately. Instead, existing test methods are harmonised to cover the most relevant release 
scenarios for dangerous substances for most generic construction products [4].  
 
The assignment for the development of horizontal test methods was elaborated in Mandate 
M/366 sent to CEN in 2005. The mandate gives the priority to release scenarios and not to 
individual substances. The test methods harmonised for the release scenarios emissions into 
indoor air, leaching into soil and water, radiation and for the supplementary scenario content 
analysis should be able to cover all relevant substances. Both CPD and CPR refer to dangerous 
substances. The broad understanding of the term is that all substances corresponding with the 
definition of the Dangerous Substances Directive of 1967 which have been repealed by the 
CLP Regulation in 2012 [5] and the term substituted through hazardous substances. In the 
context of CPD, CPR and this article the earlier established term dangerous substances is used 
further. 
 
The Commission Services, together with its Expert Group Dangerous Substances, gathered the 
substances and parameters explicitly covered in member states’ laws, regulations and 
administrative provisions for construction products into an “Indicative list” [6] which was 
given to CEN/TC 351 to elaborate which substances the harmonised test methods should cover.  
Additionally, the Commission Services decided to amend the already issued product mandates 
to include more precise details on dangerous substances. The first three mandate amendments 
for aggregates, floorings and thermal insulation products were sent to CEN in 2010. Several 
product mandates followed since that time, especially after a blockage of several years due to 
formal reasons. The mandate amendments for dangerous substances list for each mandated 
product standard the substances, the release scenarios and the member state provisions to be 
addressed. For example, fly ash according to EN 450 for the use in concrete is expected to be 
addressed in the described manner in the amendment to Mandate M/128 “Products related to 
concrete, mortar and grout”. Until the requirements from the amended mandates are 
implemented into product standards the CP-DS database remains in place. As the first round 
of mandate amendments does not necessarily cover all legitimate requirements of member 
states the CP DS database [7] can be used as a gap solution for the left over requirements still 
for a number of years. 
 
A detailed report about the development of test methods was published at the 
EUROCOALASH 2014 conference [8]. The information in this report serves as an update on 
TC 351 activities and the status of the developed test methods. 
 
CEN TC 351 
In November 2005, CEN established a new Technical Committee CEN/TC 351 "Construction 
products: Assessment of release of dangerous substances" to development horizontal 
standardised assessment methods for harmonised approaches relating to the release (and/or the 
content when this is the only practicable or legally required solution) of regulated dangerous 
substances under the Construction Products Directive (CPD) [3] taking into account the 
intended conditions of use of the product. It addresses emission to indoor air, and release to 
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soil, surface water and ground water. For the later ones three release scenarios were considered 
in a guidance for construction products (see Figure 1). 
 
 

 
Figure 1   Horizontal release scenarios considered for leaching into soil and water in test 

standards for construction products [9] 
 
 
Two test methods with regard to soil and water were developed for the determination of the 
leaching of inorganic and organic substances from monolithic (e. g. ceramic tiles, concrete, 
cement stabilized coal fly ash for road base) or, respectively, granular construction products. 
The standards are available as Technical Specification (TS) [10, 11]. The specification for 
monolithic construction products was already published in 2014 (Figure 2), the one for granular 
construction products in 2016 (Figure 3) due to a longer negotiation phase. In detail, the 
following CEN/TSs are published: 
 

- CEN/TS 16637-1: Construction products - Assessment of release of dangerous 
substances - Part 1: Guidance for the determination of leaching tests and additional 
testing steps (2014), [9]; 

- CEN/TS 16637-2: Construction products - Assessment of release of dangerous 
substances - Part 2: Horizontal dynamic surface leaching test (2014), [10]; 

- CEN/TS 16637-3: Construction products - Assessment of release of dangerous 
substances - Part 3: Horizontal up-flow percolation test (2016), [11]. 

 
Before the test methods can achieve the status of European Standards (EN), robustness testing 
and as a second validation step round robin tests are necessary. The robustness programmes, 
where the sensitivity of changes in test parameters (e. g. temperature, air exchange rate 
(indoor), flow rate (soil and water), fineness of the granular products (soil and water), etc.) on 
the result of a release test were successfully finalized. The validation procedure based on round 
robin tests was combined for both procedures and for the standards on content and eluate 
analysis developed in parallel and has been – with the exception of the validation programme 
on organic substances - finished in the beginning of 2019. The test protocols are expected to 
be available as ENs in 2020.  
 
Another method handles the testing of the release of volatile organic compounds into indoor 
air. For testing radioactivity, a horizontal test standard was developed and published as 
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FprCEN/TS 17216 [12] which will become an EN after validation. Also a method on dose 
assessment of emitted gamma radiation from construction product was developed and 
published as CEN/TR 17113 [13], and a tender regarding the drafting of an EN was recently 
released.     
 

 
 

Figure 2  Test method for monolithic 
products (dynamic surface leaching test) 

according to [8, 10] 

Figure 3  Test method for granular 
products(upflow column percolation test) 

according to [8, 11] 
 
 
BWR 3 in product standards - CEN TC 104/WG 4 - status of discussion 
CEN/TC 104/WG 4 is responsible for revision of EN 450-1 for fly ash for concrete [14] and 
started the discussion on the implementation of existing notified regulations. Up to now there 
are no general limit values for the release of dangerous substances into ground water, marine 
waters, surface waters or soil. There are only two EU countries, Germany and the Netherlands, 
which have notified regulations placed on DG GROWTH website 
(http://ec.europa.eu/growth/tools-databases/cp-ds/index_en.htm) [7]. The data base entries and 
answers to an enquiry were compiled in a first draft background report consisting of 
environmental regulations for fly ash in Europe [15]. 
 
In Germany, the proof of the environmental compatibility of fly ash according to DIN EN 450-
1 is (at present) still given by a national approval which serve as a technical proof to 
demonstrate compliance with the environmental requirements for fly ash. A regular testing is 
required when fly ash is obtained from co-combustion. For fly ash from coal only no tests are 
required. This differentiation is due to the possibility of introducing dangerous substances by 
using co-combustion materials. 
 
Due to a judgement of the European Court of Justice (CJEU C-100/13 from 16th October 2014) 
regarding additional requirements for products covered by hEN Germany had to change the 
construction regulations.  
 
On 31st August 2017, the German building authority (DIBt) has published the "(model) 
Administrative Provision – Technical Building Rules" (Muster-Verwaltungsvorschrift 
Technische Baubestimmungen (M-VV-TB)) which include "Requirements on constructions 
regarding impact on soil and water" (ABuG) specifying requirements on constructions 
regarding environmental protection which by now were regulated in national technical 
approvals (https://www.dibt.de/en/DIBt/DIBt-EuGH-Judgement.html) [16]. 
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A regular testing regarding BWR3 is further required when fly ash is obtained from co-
combustion (see Table 1). For fly ash from coal only and from co-combustion of up to 5 % by 
mass of sewage sludge no tests are required due to proofs over the last 20 years. As the ABuG 
defines requirements only, a guideline of the German Committee for Structural Concrete is 
under preparation which will define the details for initial type, autocontrol and third party 
testing as well as for single value exceedances.  The conformity evaluation consists in 
autocontrol testing of the producer and third party control (by parties accredited for this test). 
The autocontrol testing has to include at least the requirements according EN 450-2. In 
addition, for fly ash from co-combustion specific parameters have to be tested once a month 
(at present) in autocontrol and twice a year in the third party control [16].  
 
 

Table 1  Limit values for content and concrete for fly ash from co-combustion in Germany 
(emission E64d) [16] 

PARAMETER CONTENT [mg/kg] CONCRETE LEACHING [mg/m²] 

antimony (Sb)  5,5 
arsenic (As) 150 11 
barium (Ba)  375 
lead (Pb) 700 7,7 
bromium (Br)   

cadmium (Cd) 10 0,56 
chromium VI (Cr)  6,6 
Chromium, total(Cr) 600 7,7 
cobalt (Co)  8,8 
copper (Cu) 400 15,4 
molybdenium (Mo)  38,6 
nickel (Ni) 500 15,4 
mercury (Hg) 5 0,22 
selenium (Se)   

thallium (Tl) 7 0,88 
vanadium (V) 1500 4,4* 
zink (Zn) 1500 63,9 
tin (Sn)   

chloride (Cl-)  275515 
fluoride (F-)  826 
sulfate (SO42-)  264495 
PAK16 30  
PCB6 0.5  
PCDD/PCDF 100 ng/kgTE**  
* evaluation adjourned;  
** TE = toxicity equivalent 

 

 
 
In the Netherlands, building materials that are used have to fulfil the requirements of the Decree 
on Soil Quality [17] (the former Building Materials Decree). The decree gives limit values for 
the maximum leaching of inorganic compounds and for the maximum content of organic 
compounds (see Table 2). The leaching behaviour has to be tested with the upward column 
percolation test for unbound materials or with the tank test for bound materials like concrete 
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and bricks which in most cases is a surface-related diffusion process. Leaching of final products 
has to be tested on a regular base. So, in the case of fly ash for concrete, concrete has to be 
tested and not the constituent for producing concrete. 
 
 

Table 2  Limit values maximum leaching inorganic compounds for bound 
applications in NL (emission  E64d) [17] 

PARAMETER CONCRETE LEACHING [mg/m²] 

antimony (Sb) 8,7 
arsenic (As) 260 
barium (Ba) 1500 
lead (Pb) 400 
bromium (Br) 670 
cadmium (Cd) 3,8 
chromium VI (Cr)  

Chromium, total(Cr) 120 
cobalt (Co) 60 
copper (Cu) 98 
molybdenium (Mo) 144 
nickel (Ni) 81 
mercury (Hg) 1,4 
selenium (Se) 4,8 
thallium (Tl)  

vanadium (V) 320 
zink (Zn) 800 
tin (Sn) 50 
chloride (Cl-) 110.000 
fluoride (F-) 2500 
sulfate (SO42-) 165000 

 
 
The so-called NL BSB Productcertificaat (Dutch Building materials Decree product certificate) 
is used in the market to prove that the requirements of the decree [16] are fulfilled. A product 
certificate can be declared for the product (group) of one company or for a cluster of companies 
with the same product (group). The minimum test frequency has to be derived based on the k-
concept (different from the k-value for use of fly ash in concrete) or the gamma-scheme [17]. 
It is obvious from Table 1 and 2 that the limit values for leachates from concrete in the two 
countries are different. But also the evaluation systems are different as they were developed 
separately with different background consideration (place of evaluation, sorption capacity of 
soils, …). 
 
The implementation of BWR3 into harmonised product standards requires: 
 

- Parameters, methods and limit values,  
- Evaluation scheme for auto control and third party control. 

 
It further requires producers to declare the environmental performance of products according 
harmonized product standards. Based on the CPR [2], this can be done by declared values or 
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by classes with the consequence that the customer finally has to decide whether the product 
can be used according national limit values. In both cases the required parameters have to be 
listed in the Declaration of Performance (DoP) and CE-mark. The EC and CEN prefer declared 
values or classes as required by the CPR. The use of declared values is also the easiest way to 
prepare a standard. But placing a product on the market is not the responsibility of the EC as 
free trade is the overall aim. Therefore, the consequences of such requirements regarding 
perception of customers for products on the existing and long term served market is not 
sufficiently considered by now. A list of trace parameter with maximum declared values or 
with classes based on minimum and maximum values in the DoP and/or CE-mark will result 
in confusion in the market, will not promote free movement of goods and use of secondary 
materials, and is finally against competition for materials with testing needs as not for all 
materials environmental requirements exist. It is obvious that a fly ash with a long list of 
environmental parameters like arsenic, cadmium, chromium, …. , will not be used when the 
competing material does not need such a declaration. The confusion or mistrust will further 
grow if such a fly ash has to place always NPD indicating that the producer may  not be willing 
to declare the values or to perform such tests. Competing construction materials without testing 
needs will be preferred as causing no additional work for constructors regarding environmental 
requirements and work load to control whether declared values are meeting national 
requirements.   
 
Based on the requirements of existing environmental regulations WG4 has proposed a system 
of categories to allow neutral information on BWR3 in DoP and CE-mark [18]. By this, a 
“category” is defined as “a set or parameters, test procedures (as developed by TC 351) and 
limit values to be considered in a member state”. For each type of requirement (organics, 
content, leaching, concrete leaching) a category has to be defined for requirements in a member 
state leading to maximum three lines (organics, content, concrete leaching) for declaring 
environmental performance. In member states without respective environmental requirements 
NPD (no performance determined – or better: no test required) can be placed. This process 
however requires the preparation of a delegated act by the EC. As this is a time consuming 
process which will lead to a further postponement of the revision work of the standard, WG 4 
has also proposed to consider the existing experience in the countries where requirements for 
either release into soil and ground or for radioactivity have to be provided in a test report which 
is considered “neutral”, and in case of radioactivity also to be declared by partly nuclide 
concentration or an index.  
 
At the last TC 104 meeting in June 2018, WG4 was ordered to update the discussion paper on 
pros and cons of the information systems by the systems existing in the place of use.  The report 
is under discussion in WG4 and will be provided to TC 104 for the next meeting. It will also 
serve as a tool of information for all TCs dealing with the revision of harmonized product 
standard to develop a common view for an acceptable solution of environmental information 
in DoP and CE-mark for all construction products.   
 
Examples for the Declaration of Performance and/or CE marking by the four options  “Declared 
values” , “Classes”, “Categories” and “Existing Systems”  are given in Figure 4. It is obvious 
that the declaration via declared values and classes leads to a long list of parameters for 
environment which are predominant to the few technical parameters. The declaration via 
categories and by existing systems however, allow the information on environmental 
parameters by a few lines only.     
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Declared values  Categories 

 
 

  

Classes Existing systems 

 
 

 
Figure 4 Declaration of environmental performance of construction products (BWR3) 

by Declared values, Classes, Categories and Existing systems 
 
 

SUMMARY/OUTLOOK 

The horizontal test procedure for leaching from concrete is available as Technical Specification 
and expected to be available as EN in 2020. CEN/TC 104/WG 4 discussed the implementation 
of the Basic Work Requirement 3 on Hygiene, Health and Environment. Beside parameters, 
test methods and limit values also the evaluation schemes for auto and third party control are 
of importance.  
 
The environmental performance has to be declared in the Declaration of Performance (DoP) 
by the producer. However, based on the Construction Products Regulation the declaration can 
be given by listing of Declared values  or minimum and maximum values via classes. To avoid 
confusion to users and distortion of the market for construction products in competition a 
system for Categories being “a set or parameters, test procedures (as developed by TC 351) 
and limit values to be considered in a member state” have been proposed. In addition, the 
existing systems demonstrate that a free movement of goods is possible already now. A 
“neutral” information via Categories or Existing systems is seen the best way to avoid 
competition struggles for products on the market and to further allow the use of products with 
environmental testing needs. 
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ABSTRACT: Commercial aerogel slurry was introduced into cement system to prepare 
thermal insulation materials by volume substitution method. Then the hardening properties and 
pore structure of the commercial aerogel-cement composites (CACCs) were investigated. The 
results indicate that aerogel slurry can achieve the preparation of homogeneous lightweight 
aerogel-cement composites. Composite with thermal conductivity as low as 0.0608 W/m K, 
compressive strength of 0.65 MPa and density of 280 kg/m3, was successfully prepared by 
68vol% replacement of cement paste with aerogel slurry, indicating good thermal insulation 
property. In addition, the total pore volume and specific surface area of the composite are 
0.2040 cc/g and 46.052 cm2/g, respectively. 
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INTRODUCTION 

Buildings account for over 30% of the world's total annual energy consumption[1, 2]. Using 
thermal insulation materials is the main method to reduce energy consumption of building. 
Compared with inorganic insulation materials, organic insulation materials are generally 
flammable. Among the numerous inorganic materials, cement products with realizable low 
thermal conductivity (lower than 0.1 W/m K) are considered as the most potential energy 
saving materials. Many methods can be used to develop cement-based materials for thermal 
insulation. Adding lightweight aggregates is the simplest and the most reliable approach to 
achieve the controllable preparation, which has been highly concerned. Expanded polystyrene 
(EPS) granules, hollow ceramic granules, expanded perlite are the most common lightweight 
aggregates to prepare cement-based materials for building insulation. However, their thermal 
conductivities are about 0.033-0.070 W/m K, showing poor thermal insulation performance [3-
5]. 

Aerogel promotes to produce multifunctional thermal insulation materials. The unique 
structures of aerogel result in excellent thermal insulation property. Aerogel, especially silica-
based aerogel, has attracted increasing attention in traditional building materials. The 
applications of silica-based aerogel to adding conventional construction materials, such as 
gypsum, slurry and concrete, have also been reported for improving thermal insulation 
properties [6]. In current researches, there are two main methods to prepare cement-based 
thermal insulation materials in combination with aerogel. Aerogel powders were dispersed to 
obtain gel-type aerogel, then mixed with cement paste to prepare mortar. The other is to 
incorporate block aerogels into the cement paste in the form of lightweight aggregates, then 
insulation cement-based material was prepared [7]. In 2010, Ratke proposed the preparation of 
aerogel concrete by incorporating silica aerogel particles as thermal insulation lightweight 
aggregates into the cement matrix [8]. Due to the poor mechanical properties of aerogel, the 
applications of aerogel in concrete are still in the pre-stage, basic mixture ratio design and 
performance optimization, thus Fickler and Ng recommended adopting HPC (high 
performance concrete) or UHPC (ultra-high performance concrete) to prepare aerogel-based 
concrete [9-11]. Some researchers tried to add aerogel to lightweight concrete (such as foam 
concrete) to improve the insulation property of the concrete [1, 12]. Júlio prepared amphiphilic 
aerogel instead of silica sand for light aggregate in concrete. The interface between aerogel and 
hydrated cement was greatly improved by adding trace amounts of anionic surfactant [13]. 
Júlio et al. also prepared thermal insulation slurry by using fly ash as binder, silica aerogel, 
softwood, expanded clay, and perlite as aggregates. The product had acceptable mechanical 
strength and good deformation with a thermal conductivity of 0.084 W/m K [14]. Jarosław et 
al. studied the effect of aerogel on the properties of lightweight concrete, when the sample 
contained 20vol% of aerogel, the thermal conductivity of the concrete was as low as 0.36~0.53 
W/m K with the compressive strength of 6~13 MPa [15]. Besides, adding aerogel into cement-
based materials can significantly reduce the thermal conductivity of the materials. By 60vol% 
replacement of the slurry mixture with aerogel particles, Stahl et al. had developed a 
commercialized thermal insulation slurry with the thermal conductivity as low as 0.025 W/m 
K [16]. In general, no matter what method uses to prepare cement-based materials, adding 
aerogel is an effective approach to achieve improvement of cement-based materials. However, 
aerogel floating and the frangibility of aerogel aggregates are the main problems currently. 
Introducing aerogel slurry into cement paste directly may be used to avoid the drawbacks.  
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In this paper, aerogel slurry was directly used to replace cement paste to prepare cement-based 
composites. The effect of aerogel slurry content on the thermal conductivity, the mechanical 
property and water absorption of the cement-based materials was investigated. Besides, pore 
structure of the cement-based composites was also studied. 

MATERIALS AND METHODS 

Raw materials 

PO 42.5 cement (corresponding to the Chinese standard GB 175-2007) supplied by Lafarge 
Shuangma Cement Plant (Jiangyou, Sichuan Province, China) was used as the only binder to 
prepare thermal insulation materials. The mineral phases and chemical composition of the 
cement are shown in Figure 1 and Table 1 respectively. Commercial silica-based aerogel slurry 
(AEROGEL TECHNOLOGY, ShenZhen China, see Figure 2) was added into the matrix to 
tune the CACCs. The detailed parameters of it are represented in Table 2. 

 

 

Table 1   Chemical composition of cement 

 

Compositions (%) SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O 

 19.26 4.45 3.06 65.46 1.60 4.33 0.77 0.13 

 

Table 2   Chemical and physical properties of aerogel paste 

SOLID 
CONTENT 
(wt%) 

WET 
DENSITY 
(kg/m3)  

DRY 
DENSITY 
(kg/m3) 

MEAN 
SIZE 
(μm) 

THERMAL 
CONDUCTIVITY  
(W/m K) 

OPTIMUM 
TEMPERATURE 
RANGE (℃) 

12.5 340 60-100 15 0.019-0.021 (25 ℃) <200 

 

 
 

Figure 1   XRD pattern of cement Figure 2   Commercial aerogel slurry 
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Preparation of aerogel-cement composites  

Commercial aerogel slurry (CA) was added into cement paste to prepare commercial aerogel-
cement composites (CACCs). The mix parameters of CACCs are displayed in Table 3. Aerogel 
substitution (S) was determined by the target density (ρ). In formula (1)-(3), Va , Vc and VPaste 
stand for the volume of aerogel slurry, cement paste and the mixed paste, respectively. ma and 
mc stand for the quality of aerogel slurry and cement paste. When the water/cement ratio is 
0.29, the corresponding density of cement paste is 2100 kg/m3. 340 refers to the density (kg/m3) 
of aerogel slurry. The empirical constant of cement hydration is 1.2, which stands for the ratio 
of the unevaporated solids and raw materials after curing. 12.5% is the solid content of CA. 
 

Table 3   Mix parameters of CACCs 

 

 

The cement, water and superplasticizer were mixed at low speed and high speed for 120 
seconds in turn to obtain the net pulp with good workability. A variation of aerogel slurry was 
added into the paste and get different mixes. The introduction of aerogel slurrry can effectively 
avoid flying dust in mixing process, resulting in a gentle working environment. The aerogel 
and mixture were mixed for another 60 seconds to obtain mixed slurry. Due to the good 
dispersibility of CA, the mixture was homogeneous. Cubic specimens with the dimensions of 
40×40×40 mm3 were prepared for the test of compressive strength, thermal conductivity and 
water absorption.  

SN TARGET 
DRY 

DENSITY 
(kg/m3) 

COMPOSITION PER 
m3 

AEROGEL 
SUBS 
(vol%) 

WATER/
CEMENT 

RATIO 
(wt%) 

SP/CEMENT 
RATIO 
(wt%) Cement 

paste (m3) 
Aerogel 

slurry (m3) 
CACC0 1950 1.00 0.00 0  

 
 
 

0.29 

 
 
 
 

0.3 

CACC10 1500 0.90 0.10 10 
CACC18 1300 0.82 0.18 18 
CACC26 1100 0.74 0.26 26 
CACC36 900 0.64 0.36 36 
CACC44 700 0.56 0.44 44 
CACC52 500 0.48 0.52 52 
CACC60 400 0.40 0.60 60 
CACC68 300 0.32 0.68 68 

 (1) 

  

 (2) 

  

 (3) 
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Due to the presence of hydrophobic aerogel, the hydration and hardening process of cement-
based composites was slowed down dramatically. Therefore, all samples were demoulded after 
3 days curing. For 80 ℃ is the best curing temperature for cement-based aerogel insulation 
materials [11], the composites were steamed for 48 hours at 80℃ to obtain CCACs. 

Test methods 

The properties of the specimens were evaluated via compressive strength tests (TYE300, Wuxi 
Jianyi Instrument and Machinery Co., Ltd., Wuxi, China) performed at a loading rate of 2.4 
kN/s and currency of ±1%, in accordance with ISO 679:1989. The thermal conductivity tests 
were based on Chinese standard GB/T32064-2015. The thermal conductivity was assessed by 
using the DRE-2C thermal conductivity measuring apparatus (Xiangtan instrument co. LTD, 
Xiangtan, China). The contact angles of CACCs were measured by using surface tension tester 
K100 (Kluz, Germany) to reflect the water repellency of the materials. The water absorption 
tests of the samples were measured in accordance with GB/T 11970-1997. Water absorption 
rate (W) is calculated according to formula (4). Mg stands for the quality of the sample after 
water absorption test and M0 stands for its drying quality.  

 

Fourier transform infrared spectroscopy (FTIR, SPECTRUM ONE AUTOIMA, PerkinElmer, 
USA) analysis was performed. In FTIR analysis, the spectra was traced from 400 to 4000 cm-

1. Due to the fragile structure of aerogel, the technique of NAD was applied to explore the pore 
information in this paper via Nitrogen adsorption/desorption (NAD; NOVA 3000, 
Quantachrome, USA). The total pore volume is reflected under the relative pressure P/P0=0.99 
according to the isothermal curve at 77K. When the value of parameter C is during the validity 
range (-5~300), surface area can be calculated from the low-pressure section 
(P/P0=0.05~0.3) of the BET isotherm. Using the Barrett-Joyner-Halenda (BJH) method, the 
corresponding pore size distributions were determined from the amount of adsorbed nitrogen. 

 

Results and Discussion 

Characterization of aerogel 

The FIIR spectra of CA is shown in Figure 3. The band at 3434 cm-1 is assigined to the νO-H 
mode in aerogel. The most intense absorption band in CA, the νasSi-O-Si mode (at ~1081cm-

1), is related to the silica network. The band at 950 cm-1 is assigned to the νSi-OH mode. The 
νSi-O-Si mode is at 800 cm-1. The νC-H mode at 2971 cm-1, νC=C mode at 1647 cm-1, ωCH3 

mode at 1257 cm-1, γCH3 mode at 840 cm-1 and ρCH3 mode at 757 cm-1 are related to the 
hydrophobic property of CA. This can be confirmed by the contact angle test and the contact 
angle of CA is 142. 

%100
0

0 ×
−

=
M

MM
W g  

 

(4) 
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The pore structure of CA is inferred from the N2 adsorption-desorption isotherm (Figure 4(a)). 
The isotherm of CA without a high relative pressure plateau is type II. Simultaneously, it 
exhibits H3 hysteresis loop which associated with inter-particle capillary condensation, 
characteristic of plate-like particles giving rise to slit-shaped pores. These combined 
characteristics enable classifying it as type IIb. The tested results are shown in Table 4. The 
total pore volume of CA matches its specific surface area, and the value of parameter C (BET 
equation) indicates that aerogel is not microporous and proves the applicability of the BET 
model. CBET is low for CA, consistent with the presence of larger mesopores (Figure 4(b)). The 
existence of mesopore average dimension is also confirmed by ФBJH . 

 

Table 4   Total pore volume (Vp), surface area (SBET), parameter C(BET equation), and 
average mesopore diameter (ФBJH ) of CA 

Vp (cc/g) SBET (cm2/g)) CBET ФBJH (nm) 

3.847 706.711 21.274 12.464 

 

 

 

 

 

 

Figure 3   FIIR spectra and contact angle of CA 

 

(a) 

 

 

(b) 

 

Figure 4   (a) N2 adsorption-desorption isotherms of CA. (b) pore size distribution of CA.  
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Hardening properties of CACCs 

Figure 5 gives information on the compressive strength and thermal conductivity of CACCs. 
The compressive strength of CACCs decreases with the increasing of aerogel slurry content, 
finally resulting in a compressive strength of 0.65MPa at volume replacement of 68vol% 
aerogel. Thermal conductivity shows a considerable decrease when the aerogel content 
increases form 0vol% to 68vol% and finally drops to 0.0608 W/m K, indicating excellent 
thermal insulation performance. Besides, the relationship between thermal conductivity and 
dry density of CACCs is shown in Figure 6. Density and pore size are two primarily important 
factors affecting the heat transfer through a porous material. The air leads to the lightness of 
materials. So it is generally considered the lower density or the higher porosity, the lower 
thermal conductivity of the material [17]. Besides, due to decreased thermal conductivity of air 
caused by nanopores in aerogel, the thermal conductivity of sample can further decrease. Figure 
6 reveals that the increasing dry density caused by the deceasing introduction of aerogel leads 
to the significant increase of thermal conductivity, generating the thermal conductivity of 
0.6544 W/m K at the density of 1800 kg/m3.  

 

Fly ash consists mainly of amorphous aluminum-silicon phase, which widely used to further 
decrease thermal conductivity of lightweight cement-based materials because transfer from 
crystalline phase to amorphous state reduces thermal conductivity of material. Figure 6 also 
compared the thermal conductivity of CACCs with other green lightweight materials, including 
aerated concrete based on fly ash, composites incorporating aerogel and fly ash cenospheres 
[18], aerogel-based renders with a cement-fly ash matrix[14] and strain hardening geopolymer 
composites based on fly ash[19], EPS-foamed concretes, foamed concrete, lightweight 
aggregate concrete, aerated concrete based on sand and polythylene based-lightweight concrete. 
As the comparison displayed, the CACCs show better thermal insulation performance. 
Especially, when the dry density of CACCs is higher than 1100 kg/m3, CACCs show 
dominated decrease at the same dry density. 

 

 

  

Figure 5   Compressive strength and thermal  
conductivity of CACCs. 

Figure 6   Effect of the dry density on the 
thermal conductivity. 
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Due to low content of cement paste, CACCs with high replacement of aerogel represent low 
strength and low density. The reduction of the cement paste leads to dramatic compressive 
strength reduction directly. Aerogel with thermal conductivity as low as 0.019 W/m K is the 
most excellent material for thermal insulation, while the thermal conductivity of cement paste 
is about 0.6544 W/m K. Thus, increasing phase with high thermal conductivity generates high 
thermal conductivity of CACCs, leading to the increasing trend. Moreover, aerogel slurry can 
increase the free water in cement paste, which generates high content of large capillary pores, 
and the ratio of nanopore decreases significantly. Therefore, CACCs with low percentage of 
nanopores showed undesirable improvement of thermal insulation. Instead, CACCs with dry 
density large than 1100 kg/m3 shows better thermal insulation performance than others at same 
density, which encouraged the application of CA in cement-based materials. The introduction 
of nanostructures contribute to the thermal conductivity decrease. Therefore, CACC shows 
excellent thermal insulation performance than most other lightweight insulation materials, 
although fly ash is also used to improve thermal insulation performance. 

 

Figure 7 compares the compressive strength of CACCs and lightweight insulation materials 
incorporating aerogel and fly ash. With the increase of density, the strength changes of CACC 
can be divided into three stages: slow growth (280~630 kg/m3), ascending period (630~1320 
kg/m3) and rapid growth period (1320~1800 kg/m3). At the first stage, the compressive strength 
of CACCs increases from 0.65 MPa to 3.5 MPa, indicating better mechanical property than 
aerogel-based renders. Compared with composites incorporating aerogel and fly ash 
cenospheres, the compressive strength of CACCs at the second stage ascends from 3.5 MPa to 
24 MPa, showing relatively low compressive strength. At the third period, the strength exceeds 
strain hardening geopolymer composites and rise to 97 MPa, which shows satisfactory 
mechanical performance. 

 

 

In general, CACC possesses a suitable mechanical property. The effect of aerogels on cement-
based materials under a certain aerogel content was studied: the influence of aerogel on the 
compressive strength of the composites is multifaceted. On the one hand, the aerogel repels the 
surrounding aqueous solution in the cement paste to hinder the reaction between aerogel and 
cement paste, affecting the development of strength [20]. On the anther hand, aerogel slurry is 

 

Figure 7   Compressive strength comparison chart. 
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widely distributed in cement paste, resulted in smaller pores than other lightweight cement-
based or geopolymer-based materials, this can enhance its mechanical performance. What is 
more, the high surface activity of aerogel might promote the hydration of cement matrix, 
namelythe Si-O-Si bond of aerogel would be fractured to form hydrated silicate monomer in 
the alkaline environment, and then combined with Ca2+ and OH-, generated by C-S-H and 
Ca(OH)2, to form high-polymeric C-S-H, which was able to improve the strength of concrete 
[21]. Therefore, although the overall strength of the material shows a trend of decreasing with 
the density, it still represents desirable mechanical property under a certain condition. 
Compared with other materials incorporating aerogel and fly ash, the CACC with a synergistic 
effect of thermal insulation and mechanical properties allows less use of raw materials, 
simplification of preparation process. 

 

 

The FIIR spectrums of CACCs are shown in Figure 8. A broad band (between 3650 cm-1 and 
3200cm-1) is assigned to the stretching mode of O-H groups, which include contributions from 
different hydroxyl groups (aerogel and cement silicates). The superposition of the νasSi-O-Si 
mode of aerogel related bands of the other silicates present results in broadening the strong 
band at ~980 cm-1. More aerogel brings about broader band at this region. The strong band 
centered at ~1448 cm-1 and the sharp ones at 875 cm-1 are assigned to carbonate groups, 

respectively to the νasCO -2
3  mode and the ωCO -2

3 . Their presence attests to a carbonation of 

cement. The relative intensity of νC-H mode (at 2971 cm-1), the νC=C mode (at 1647 cm-1) and 
the ωCH3 mode (at 1257 cm-1) are gradually increased with the mounting of aerogel paste 
content. This phenomenon provides objective evidence of that the increasing hydrophobicity 
of CACCs is related to the increasing of the aerogel content.  

 

Figure 9 indicates the variation of water absorption rate and contact angles of CACCs with the 
aerogel content. The water absorption rate increases from 10% to 76% with the aerogel content 
increasing. The water absorption rate is fitted with a quadratic function as the aerogel content 
increases. The contact angle test result is also given in Figure 8. The increasing of aerogel 

  

Figure 8   FIIR spectra of CACCs (The 
remarks “i vol%” indicate the volume of 
aerogel paste substituted for cement paste.) 

Figure 9   The effect of aerogel content on 
water absorption rate and contact angle of 
CACCs 
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content leads to the improvement of the hydrophobic properties, which confirmed by high 
contact angle. The contact angle shows a dramatically mount. When the aerogel content 
increases form 0vol% to 68vol%, the contact angle increases from 12° to 86°. 

 

The hydrophilicity, structure and density of the material can affect the water absorption rate. 
As it described in the curve of contact angle and aerogel content, the CACC with higher content 
of hydrophobic aerogel shows higher hydrophobicity. However, the contact angle was tested 
on the sample powder repressed into shape, and the porous structure of CACCs was ignored. 
As a matter of fact, porous structure is an important factor to affect water absorption. The 
higher the aerogel substitution brought in porous structure to CACCs, which means high water 
absorption. Considering the calculation formula of water absorption, the result is also related 
to a sharp drop in the density of CACCs. Lightweight materials always have a higher water 
absorption rate. 

 

Pore Structure of CACCs 

 

Figure 10   N2 adsorption-desorption isotherms of the CACCs. 

 

The N2 adsorption-desorption isotherms of CACCs (Figure 10) present the specific pore 
volume of the materials and on the pore type and structure. CACCs with different aerogel 
content show similar laws on adsorption curves. The incipient plateaus gradually climb with 
the mount of aerogel content. All the isotherms are type II with H3 hysteresis loops (IIb), which 
follows the behavior of CA's isotherm. The phenomenon proves that CA is compatible with 
cement-bases materials. The hysteresis loops are indicative of inter-particle capillary 
condensation for the CACCs, while the reference sample has almost no hysteresis. The 
hysteresis loops show the pore structure of the aerogel is survived in the mix. In fact, the pore 
structure of aerogel was preserved upon incorporation in the cement paste resulted from the 
hydrophobicity of aerogel. The result is that CACCs follow the behavior of the aerogel’s 
isotherm, showing the aerogel pore structure prevails.  

 

From the quantitative analysis of the isotherms, the total pore volume and the specific surface 
area of CACCs were estimated, as represented in Table 5. As expected, the effect of the aerogel 
was notorious. Total pore volume increases drastically with the increasing aerogel content. The 
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ФBJH does not be given in the table, for the BJH model is no longer applicable to the pore (non-
cylindrical mesopores) in cement system. For CACC0, the index of CBET may be related to 
micropores, whereas the value is still in the valid range and fits BET mode. Lower CBET of 
CACCi (i≠0) refers to larger mesopores, which consistent with previous discussion. 

 

Table 5   Total pore volume (Vp), specific surface area (SBET), parameter C(BET equation) of 
the CACCs. 

SN Vp (cc/g) SBET (cm2/g) CBET 

CACC0 0.039 6.209 82 

CACC18 0.074 10.736 59 

CACC36 0.116 21.352 45 

CACC52 0.163 37.443 41 

CACC68 0.204 46.052 46 

 

 

CONCLUSIONS 

High aerogel content that yield the lowest thermal conductivity is also responsible for very low 
mechanical strength. Fortunately, this phenomenon was better improved in this paper by 
introducing aerogel slurry. The aerogel in the form of slurry used in this paper can avoid flying 
dust in mixing process. The detailed characterization of the aerogel allows understanding the 
essential role of the aerogel nature and content on the final performances of the CACCs. 
Volume replacement of cement paste by aerogel slurry leaded to successfully produce 
lightweight (ρ=280 kg/m3) cement-based material with acceptable mechanical property (0.65 
MPa) and excellent thermal insulation property (0.0608 W/m K). 
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ABSTRACT.  At 182 m the Statue of Unity is the tallest statue in the world and is located on 
the banks of the river Narmada in Gujarat, India. The statue is a structural system consisting of 
two reinforced concrete cores, a reinforced concrete podium and foundation resting on a solid 
rock in the middle of the river. Above the podium level, the statue clad in bronze is supported 
by structural steelwork fixed on to the concrete cores. This is the first major structure in India 
to have an intended service life of 100 years specified in the contract.  Concrete durability 
design has been done on the lines of BS8500 for a service life of 100 years. In the absence of 
chlorides, carbonation-induced corrosion was identified as the predominant mechanism to 
induce corrosion of the reinforcement. This was mitigated in the design stage itself, by using 
concrete of low water-cement ratio, specifying concrete grade and providing adequate cover to 
reinforcement.  This paper discusses the challenges in placing the concrete vertically, while 
simultaneously achieving faster cycle times and visual finish quality by appropriate choice of 
formwork system. Some of the site experiences in pumping concrete and control of the concrete 
properties in hot weather is highlighted. As this is a tall structure, long-term engineering 
properties such as creep and shrinkage of the concrete have also been tested conforming to 
current international best practice. 
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INTRODUCTION 

The Statue of Unity is a 182-m tall statue located on the banks of the river Narmada in Gujarat, 
India. The statue is a structural system consisting of two semi-elliptical reinforced concrete 
cores, a reinforced concrete podium and foundation resting on a solid rock in the middle of the 
river. Above the podium level, the statue is clad in bronze supported by structural steelwork 
fixed on to the concrete cores. About 210000 m3 of concrete, 18500 tonnes of reinforcement, 
6500 tonnes of structural steel and 1800 tonnes of bronze was used. The concrete used was 
produced onsite by captive batching plants. It took 13 months for the design process to be 
completed and the actual construction was completed in just 33 months. 
 
 

STRUCTURAL SYSTEM 

Statue 

The primary gravity and lateral force resisting system comprises of two vertical reinforced 
concrete (RC) oval shaped cores up to 153 m height on top of raft foundation. The two core 
walls are enclosed by an outer oval concrete wall up to the podium roof at +83 m. These cores 
are buttressed with additional RC walls to the outer oval wall. Above the podium level, where 
the façade geometry of the statue permits, the cores are coupled together with two RC walls up 
to the entire height of core walls. The cores are designed with a self-compacting concrete (SCC) 
concrete of M65 grade. 
 
Structural steel is used to form the primary, secondary and tertiary structures that support the 
bronze façade off the RC cores. The floor system at viewing gallery level is made of composite 
deck slab on structural steel beams. 
 
Base of statue 

The substructure of statue base is of shallow foundations i.e., isolated and combined footings 
either placed over the rock or structural fill. Grade level varies from +45 m level to +52.5 m 
level. The ground floor at +58 m level is made of structural slabs supported by columns and 
walls. Both concrete and steel are used extensively from +58 m level to +83 m Level. Vertical 
gravity loads are transferred by concrete columns whereas slabs at +78 m, +83 m and inclined 
roofs are made of composite deck slabs resting on structural beams/ trusses. The lateral stability 
is provided by RC walls and moment resisting frame. 
 

CONCRETE DURABILITY DESIGN 

This is the major structure in India to be built on the concept of durability for a service life 
design of 100 years. Since, the structure is located on the river bed there is no threat of attack 
from sulphates and chlorides to the reinforced concrete foundation. However, the foundation 
is expected to come in contact with water only during the annual monsoon flooding which is 
free of pollutants. The superstructure consisting of two reinforced concrete cores are clad in 
bronze which unintentionally acts as a primary shield and moreover, there is no source of 
airborne chlorides in the immediate vicinity since the site is far away from the coastline.  
 
The minimum acceptable performance parameters assumed are limited surface cracking, small 
areas of spalling and maintenance of minimum cover. For the durability considerations, the 
Indian Standard available i.e. IS456 [1] has no specific service life defined, though it is assumed 
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to be valid for 50 years. In this context, BS8500-1 [2] was referred as it relates durability 
specifications to exposure classes for a well-defined service life of 50 and 100 years. 
Considering local construction practices and climatic conditions, an expert judgement was 
made in using the specifications of BS8500-1 [3], as the exposure conditions in India are quite 
different from the UK and outright use of those specifications in India is not advisable [4]. 
 
Though there is no major durability threat to the structure, this is the first major structure in 
India to have a contractual requirement for an intended service life of 100 years. In the absence 
of chlorides, carbonation-induced corrosion was identified as the predominant mechanism to 
induce corrosion of the reinforcement. This was mitigated in the design stage itself, by using 
concrete of low water-cement ratio (w/c), specifying compressive strength and adequate cover 
to reinforcement. Since, IS 456:2000 does not have any specific recommendations for an 
exposure condition, BS 8500-1 which contains explicit provisions for a service life of 100 
years, has been used for designing concrete to resist carbonation-induced corrosion. As seen in 
Table 1 the actual concrete grade adopted and cover provided exceed the requirement. 
 

Table 1 Summary of concrete grade and cover provided 

STRUCTURAL 
COMPONENT 

CONCRETE GRADE NOMINAL COVER, mm 

Required Provided Required Provided 
Retaining wall M50 M50 40 50 

Foundations (Main) M50 M60 40 75 

Foundations (Auxiliary) M50 M60 40 75 

Concrete cores M50 M65 40 50 

From the concrete grades used and nominal covers provided, it is expected that the structural 
performance will exceed the design service life of 100 years. The aggregates used are not 
reactive and hence, there is no chance of alkali-silica and alkali-aggregate reactions.  
 

CONCRETE PRODUCTION AND PUMPING 

Onsite facilities were established for production of concrete. Two Schwing Stetter M1C 
batching plants of 56 m₃/hour production capacity was installed. In each batching plant, silos 
were erected for storage of the cementitious materials viz.  for Portland cement 3 silos of 200 
t each; for fly ash 1 silo of 120 t; and for microsilica 1 silo of 50 t. For storage of coarse and 
fine aggregates, four compartment bins of 40 m3 capacity were also established, two each for 
fine and coarse aggregates. Two ice making units of 20 tpd and two chiller units with 100TR 
capacity each were also used to produce temperature-controlled concrete. 
 
The concrete produced onsite was placed using equipment owned by Larsen & Toubro. Ten 
transit mixer trucks of 6 m3 each and concrete pumps (400 kW) with a displacement capacity 
of 116 m₃/hour operating at a maximum pressure of 220 bar were deployed. The reach of the 
placing booms used is 32 m, one static and three mobile booms (SPB35) were used. Steel 
pipeline of 125 mm diameter was used for transporting the concrete from the pump to the 
placement location. During concreting of the raft 440 m of pipeline was used to transport 
concrete horizontally and for core walls vertical pipeline of 320 m was installed to transport 
concrete vertically using appropriate number of bends in the line arrangement. 
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To achieve a good temperature-controlled concrete, it is important that one of the primary 
ingredients of concrete, the coarse aggregate is precooled before coming in contact with other 
mix ingredients. Generally, the aggregate will be at a temperature between 40 – 45 °C in 
summer, which needs to be lowered to the minimum possible level by way of passing chilled 
water (between 5 - 8 °C) through the stored mass. In this project a very effective arrangement 
to achieve cooling of the aggregate was installed. Two fully insulated silos of 3.9 m diameter 
and 12 m high as in Figure 1 were used as a secondary storage facility for the aggregate, while 
the standard stock yard was used for the primary storage. The aggregates were fed into these 
silos, using a secondary belt conveyor and chilled water was pumped to the top of the silos 
using rubber hoses. The water after cooling the aggregates flows out through the cone end at 
the silo bottom and after cooling the chilled water was recirculated back into the silo. The 
aggregate temperature cooled down to 20 – 23 °C is passed through pneumatically operated 
gates on to the primary belt conveyor for feeding the concrete batching plant (Figure 2). This 
arrangement greatly optimised the usage of ice flakes and chilled water capacity for the 
temperature control of M65 grade concrete used in the construction of core walls. 
 

 

Figure 1   Fully insulated silos used for cooling the aggregates 

 

Figure 2   Belt conveyor arrangement for feeding aggregates to the fully insulated silos 
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CONCRETE MIX DESIGN 

The mix constituents for the various grades of concrete used in this project are listed in Table 
2. Grade M50 refers to a characteristic strength of 50 N/mm2 at the age of 28 days when tested 
on a cube of 150 mm. Even within a particular grade of concrete, depending on the end 
application such as for slip form, the mixes have been modified 

Table 2 Concrete mix constituents in kg/m3 

Concrete 
Grade, 
N/mm2 

CEM I 
52,5 

Fly ash Micro 
silica 

Fine Aggregate Coarse 
Aggregate 

Free 
water 

Super 
plasti
ciser 

w/c 

    B. Sand P. Sand 20 mm 10 mm    
M65 
SCC 

450 190 40 721 0 353 529 160 1.2 0.24 

M60 
SCC 

440 160 35 763 0 365 530 160 1.1 0.25 

M50 
SCC 

400 170 20 779 0 373 542 160 1.15 0.27 

M50 
Slip form 

400 120 20 741 0 511 511 162 0.9 0.30 

M30 320 117 0 854 0 607 379 170 0.08 0.39 
M15 280 120 0 896 0 485 485 168 1.2 0.42 
M15 280 120 0 0 842 514 514 168 0.5 0.42 
M15 280 120 0 588 252 514 514 170 1 0.43 
CLSM 60 250 0 1521 0 0 0 250 0.6 0.81 

 
RAFT FOUNDATION 

Self-compacting concrete of M60 grade and SF2 flow was used and produced for a placing 
temperature between 18 °C – 22 °C. Ice flakes were used to replace part of the mixing water 
and additionally water cooled to 5 °C was used for mixing the concrete ingredients. After 
completion of the pour, finishing activity was carried out, curing compound was immediately 
applied on the surface as in Figure 3 and the surface covered with a polythene sheet . On top 
of the polythene sheet, a layer of 100 mm dry sand was spread to prevent any thermal variance.  
 
The concreting of the main raft was completed in a single continuous pour of 4354 m3 in 132 
hours (Figure 4). The concrete mix constituents such as Portland cement, fly ash were procured 
using just-in-time concept, and in co-ordination with the vendors knowing their production 
capacity and lead time. To match the production rate of concrete and the actual stockholding 
capacity of the materials at site, the procurement was effectively co-ordinated onsite. Though 
the concrete was planned to be poured in 158 hours, it was finished 26 hours ahead of schedule.  
 
During the continuous single pour of the raft, two onsite batching plants were continuously 
used to produce concrete and placement of concrete was done by a combination of static pumps 
and boom placer. From the nearest location of the pump, concrete was pumped horizontally for 
420 m through a 125 mm diameter steel pipe using BP1800 pump from Schwing Stetter.  To 
account for the slump loss due to heat generated from the horizontal travel, the mix was 
designed and produced in a controlled temperature. Moreover, the temperature within the mass 
concrete was monitored continuously by thermocouples installed at locations prior to 
commencement of the pour. The removal of the formwork was done when the differential 
temperature between the core and the surface of the concrete was less than 20 °C. The 
formwork removal was planned such that the concrete would have attained enough strength to 
withstand any stresses arising from temperature differentials. 
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Figure 3   Finishing activity of raft foundation after completion of pour and concrete pipeline 
cooled by water spray on hessian covering 

 

 

Figure 4   Raft foundation after completion 
 

CORE WALLS 

The main two vertical core walls of 182 m tall statue are elliptical shaped size 11.30 m x 8.40 
m. The elliptical cores are 154 m high with openings for lift lobby and fire stairs. The core wall 
starts from +56.575 m level and continues up to +209.50 m level (Figures 5 and 6). The 
coupling wall is connected to the core walls from +115.0 m level to +193.0 m level. Core wall 
thickness is constant throughout the height and coupling wall varies from 1.30 m to 0.55 m. 
Apart from the difficulty in installation of formwork at heights, the rebars of diameter 32 mm 
had to be bent around to match the elliptical cross section shape of the core wall. 
 
Automatic climbing system 

Concreting for the internal core walls was achieved by use of a separate placing boom vertically 
mounted on the formwork supporting system. Rail climbing system (RCS) was used for the 
construction of core wall and the formwork along with boom placer was lifted from one lift to 
the next by hydraulic jacks (Figures 7 and 8). By this method, a cycle time of seven days was 
achieved consistently. In the case of coupling wall, the first lift was cast with the help of a truss 
spanning across the core walls and from second lift onwards, auto climbing system was 
installed for coupling wall. The construction of the core and coupling walls was done 
independently (Figure 9). 
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Figure 5  Perspective view of core wall       Figure 6  Typical cut section of core wall above 83 m 

 

 
 

Figure 7  Rail climbing system section    Figure 8  RCS in action 
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Figure 9  Construction of core wall in progress    Figure 10  Rebar congestion in core wall 
 

 

Figure 11  Site batching plant for producing concrete 

Concreting of core wall 

The maximum free fall height of concrete pour allowed was 4.40 m and the grade of concrete 
used is M65 SCC as the rebar congestion is quite high that during the day even light could not 
pass through as in Figure 10. The mix was designed based on powder type SCC to have SF2 
flow and a freefall height of 4.40 m was considered. Most of the core wall concreting (Figure 
12) was done during warmer months of the year, evening and night times preferred for pouring 
concrete and the temperature of the concrete was kept in control by using ice flakes, chilled 
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water and the aggregates were cooled to achieve a placement temperature of 18-22 °C as in 
Figure 13. However, no concreting activity was done if the ambient temperature exceeds 38 
°C. Similarly, no activity was carried out during rains or if the wind speed exceeded 72 km/hr 
which is the maximum allowable wind speed for tower cranes. Polythene sheets were used to 
cover the fresh concrete to minimise evaporation of water due to low humidity and wind effects. 
After pouring of the concrete, curing compound was applied on all the vertical faces of the core 
walls. Whereas for horizontal surfaces water curing was done with the aid of hessian material. 
 

 

 
Figure 12 Construction of core along with coupling wall 

 

Figure 13 Use of crushed ice to control temperature during construction of core wall 
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Figure 14 Statue of Unity after completion 
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ENGINEERING PROPERTIES 

Whilst everyday routine tests for fresh and hardened concrete properties such as slump-flow, 
cube strength were done at site, engineering properties of the concrete such as creep, shrinkage 
and modulus of elasticity for M50 and M65 were done in controlled conditions at the concrete 
laboratory in IIT Madras [5]. 150 mm cube and cylinder (150 mm Ø x 300 mm) specimens 
stored in water at the site for 7 days were transported to the laboratory in a carefully wrapped 
condition as in Figure 15. The specimens were placed under water curing in the laboratory until 
the test. Compressive strength of concrete was determined by testing on both cube and cylinder 
specimens. Variation in the compressive strength results is within acceptable limits (Table 3). 
Using cylinder specimens, elastic modulus was determined as per ASTM C469 and found to 
be within acceptable limits as well (Table 4). 
 
Compression creep test 

To ensure surface planeness the two ends of the cylinder specimens were made even by 
grinding. After preparing the specimens, two reference pins were fixed using a reference gauge 
along three generatrices of the cylinder at 120° to each other. RILEM TC 107-CSP procedure 
was followed for doing the creep tests (drying and basic) under compression in a controlled 
environment of 25±1 °C and a RH of 65±3%. The set up consisting of a frame mounted on four 
springs at the corners is shown in Figure 16. Each frame consists of a load cell arrangement on 
top of two concrete cylinders stacked. The specimens were loaded axially by a 100 t capacity 
hydraulic jack and the bottom end of the specimen rests on a movable platen to eliminate 
eccentricity in loading. Prior to the loading, DEMEC readings were recorded for strain 
calculations. The maximum load applied was one-third of the compressive strength determined 
by testing specimens from the same concrete batch. To maintain the loading at a constant level, 
the frame was locked by tightening the screws of the horizontal plate above the load cell. The 
hydraulic jack was then removed and data from the load cell was recorded by a logger. 
 

 
 

          Figure 15 Typical storage of specimens          Figure 16 Creep testing frame 
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Shrinkage tests 

Two reference pins were fixed by a 150 mm gauge bar along two opposing generatrices on the 
concrete using epoxy. The specimens used for autogenous shrinkage study was sealed with 
aluminium foil on all surfaces, while those for drying shrinkage was sealed only at the end 
faces. RILEM TC107-SP procedure was adopted to perform the shrinkage test in a controlled 
environment of 25±1 °C and a RH of 65±3%. All the strain measurements were done using a 
calibrated DEMEC gauge. The companion shrinkage specimen readings were taken along with 
the creep readings, immediately after the preparation of sample and thereafter, until the age of 
210 days. On the first day, readings were taken every 30 minutes, and thereafter at 12 hour 
intervals for 4 weeks, which was then whittled down to once every week. The test results are 
given in Table 5. 

Table 3 Summary of Compressive Strength Results 

SPECIMEN 
CONCRETE 

GRADE 

COMPRESSIVE STRENGTH, N/mm2 

(Standard deviation, N/mm2) 

28 days 90 days 180 days 210 days 

150 mm cube 
M65 

80.6 

(2.1) 

88.1 

(4.2) 

93.0 

(3.5) 

95.0 

(2.5) 

M50 
73.1 

(4.1) 

81 

(3.5) 

85 

(4.3) 

86.9 

(1.3) 

150 mm x 300 
mm cylinder 

M65 
57.4 

(4.3) 

74 

(3.8) 

76.5 

(2.1) 

77.6 

(3.0) 

M50 
54.9 

(5.0) 

71.1 

(9.4) 

75.0 

(1.9) 

74.9 

(0.92) 

 

Table 4 Summary of Modulus of Elasticity Results 

SPECIMEN 
CONCRETE 

GRADE 

MODULUS OF ELASTICITY, kN/mm2 

(Standard deviation, kN/mm2) 

40 days 90 days 120 days 210 days 

150 mm x 300 
mm cylinder 

M65 
40.7 

(0.8) 

40.7 

(0.7) 

40.9 

(0.5) 

40.7 

(0.2) 

M50 
38.8 

(1.9) 

40.3 

(0.4) 

40.5 

(0.4) 

40.9 

(0.8) 
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Table 5 Shrinkage, Creep and Creep Coefficient at 200 days 

SPECIMEN CONCRETE 
GRADE 

AUTOGENOUS 
SHRINKAGE 

(microstrains) 

TOTAL 
SHRINKAGE 

(microstrains) 

CREEP 
COEFFICIENTS 

150 mm x 300 
mm cylinder 

M65 200 304 0.84 (total) 

0.34 (basic) 

M50 259 302 0.72 (total) 

0.54 (basic) 

 

CONCLUSIONS 

The world’s tallest statue i.e. the Statue of Unity is the first project in India to have concrete 
durability design at its core for an intended service life of 100 years. Based on international 
standards such as BS8500 a detailed durability study was undertaken, based on which the 
concrete cover to the reinforcement was decided. Being a tall structure, pumping concrete 
vertically to a height of 156 m and using appropriate formwork technology to achieve shorter 
cycle times and hence, faster execution of the project were some of the challenges encountered 
by Larsen & Toubro. Equally, the concrete mix design and formwork planning done in house 
were successfully implemented in this project, which demonstrates the technical competency 
of the organisation in building projects of huge scale.  
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ABSTRACT.  One of the problems that hinder the widespread use of inorganic polymers in concrete is the lack 
of adequate durability tests and long term performance data. This paper contributes to durability issues of alkali 
activated mortars based on calcareous fly ash (CFA). Mixtures of CFA with steel Ladle Furnace Slag (LFS) and 
cement CEM II42.5 (C) at the following percentages by mass CFA 100%, CFA:LFS 80:20, CFA:LFS 50:50, 
CFA:C 80:20 were prepared. As aggregates glass cullet and sand (60:40 by mass) were used as well as a 
solution of NaOH 10M + Na2SiO3 as alkaline activator. The mortar samples were cured in the moulds at 25o C 
for 2 days and they were stored at an environment of 20o C and RH 95±5% up to 28-d age. Physico-mechanical 
properties were determined before mortars’ exposition to specific test conditions related to durability. The 28-d 
compressive strength of alkali activated fly ash based mortars ranged from 12-18MPa while at 90-d age the 
strength reached 16-25 MPa respectively. Previous investigation made by authors showed that in the case of 
calcareous fly ash two mechanisms proceed in parallel this of alkali activated polymerization contributing 
mainly to early strength development and that of pozzolanic reaction by which calcium silica hydrates enhance 
long term strength.   The aforementioned mortars were tested in wet-dry cycling, freezing-thawing, chloride 
penetration and exposition to temperature and sulfuric acid attack by following existing standards or known 
from literature test methodologies. The resistance of mortars to wetting-drying was very good with very low 
mass loss 1-2% after 50 cycles and 4-5% after 100 cycles. Chloride penetration was measured by following 
wetting-drying cycles in sea water. After completion of 100 cycles the strength of mortars was not sensibly 
changed. In freeze-thaw cycling (ASTM C666) the tested mortar samples showed adequate performance up to 
21-28 cycles by keeping their shape and losing only 0.35-1.06% of their mass but furthermore cycling resulted 
in significant mass loss and strength drop. The behaviour of the above mentioned mortars to exposure to high 
temperature (200, 400, 600, 800oC) was quite good taken into account that they contained glass cullet aggregate 
which are strongly influenced by temperature. Up to the temperature 400oC the residual strength of them after 
heating was ranged from 65-70% of their initial strength. After exposition to heating at 800oC of their strength 
they have lost around 80% of their strength. The tested mortars have also presented relatively good resistance to 
sulfuric acid. After one month immersion into solution of H2SO4 5% by mass a drop of strength around 50% 
was measured but after 90 days this drop was greater and deterioration of the specimen was obvious due to 
sulfuric acid reaction with crystallic calcitic phases as well as amorphous C-S-H  and Al-Si based phases. 
 
Keywords: Fly ash, Ladle furnace slag, Alkali-activation, Durability 
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INTRODUCTION 

The perspective of using concrete products based on alkali activation of industrial waste 
materials such as fly ashes, slags and calcined clays is environmentally very advantageous, 
not only because of essential reduction of CO2 emissions (that produced during manufacture 
of Portland cement clinker) but for the elimination of the deposition of waste streams in the 
ground. Furthermore, the added value of their exploitation is increased. Moreover, technical 
benefits and cost effectiveness make inorganic polymer concrete products very attractive to 
the market. Some of technical advantages mentioned in literature are good resistance to fire at 
higher temperatures [1] than those (700-800oC) at which cement concrete is damaged, the 
resistance to chloride penetration [2] and sulfate attack [3], the acid resistance and relatively 
good resistance to freeze thaw cycling [4], as well as good adhesion and low shrinkage [5]. 
 
However, there are many barriers to the worldwide acceptance of this geopolymerization 
technology in construction industry [6] such as lack of relative regulations and adherence to 
building codes the conservatism of engineers with regard to new products and technology. 
Among them, the lack of adequate data concerning durability is of greatest importance. 
 
The scope of the research presented is to provide experimental results concerning with regard 
to the durability of mortars resulted from alkali activation of calcareous fly ash (CFA) and 
combinations of it with ladle furnace steel slag (LFS) or Portland cement (PC). Both 
alternative binders CF and LS are marginal materials from local industries which are not 
covered by a European regulative frame. However, huge quantities of them (around 10 
million tons fly ash annually and 1 million tons of slag) burden the environment. 
 
 

EXPERIMENTAL PART 

The characteristics of the local CFA, LFS and CEM II 42.5 used for the alkali-activated 
mortar mixtures are given in Table 1. As aggregates for all mixtures glass cullet and sand of 
(0-4) mm granulometry were used in a mix of 60:40 by mass respectively. The alkaline 
activator was consisted of NaOH (10M) + Na2SiO3 (M=122.07). The prepared mortar 
mixtures are given in Table 2. The mortar samples were cured in moulds at 25oC for two days 
and then were stored at a climatic chamber of 20oC and 95±5% RH up to 28 days.  
 
 

Table 1   Physical and chemical properties of raw materials (wt. %) 

 

RAW 
MATERIAL 

SIO2 AL2O3 CAO FE2O3 MGO SO3 NA2O K2O L.O.I CAOF 

FINENESS 
RETAINED 
ON 45ΜM 

SIEVE 

CFA 35.70 11.08 36.78 5.07 3.21 5.08 0.44 0.91 0.59 9.41 35 
LFS 38.78 1.74 39.18 2.19 3.33 0.12 0.63 0.04 11.4 1.59 22 
PC 25.84 5.67 59.19 3.23 1.53 1.24 0.84 0.89 2.81 2.52 2 

Glass 73.53 0.79 10.12 0.90 3.58 0.50 9.57 0.22 0.29 - - 
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Table 2   Composition of mortar mixtures 
 

*mixture with tap water 
 
Two types of specimens were produced: prisms of 40x40x160 mm and cubes of 50x50x50 
mm for the needs of testing procedures. Physical and mechanical characteristics of the 7-d, 
28-d and 90-d are given in Tables 3 and 4. 
 

Table 3   Physical and mechanical characteristics of the prismatic specimens 
 

MIXTURES 
(40X40X160) MM 

COMPRESSIVE 
STRENGTH (MPa) 

FLEXURAL 
STRENGTH 

(MPa) 

pH POROSITY 
(%) 

UPV 
(km/s) 

 7 d 28 d 90 d 7 d 28 d 90 d 28d 28d 28d 
C 8.75 23.22  2.69 3.32  13.2  4.26 

CFA 100 9.27 11.18 16.12 4.06 6.55 6.28 12.33 13.56 3.96 
CFA:LFS 80:20 12.94 13.07 20.85 4.46 4.37 3.82 12.55 8.65 3.83 
CFA:LFS 50:50 11.25 16.63 19.13 3.23 7.82 4.58 13.02 10.27 4.26 

CFA:C 80:20 12.89 17.76 24.38 4.45 5.73 6.08 13.06 8.8 4.19 

 
 

Table 4   Physical and mechanical characteristics of the cubic specimens 
 

MIXTURES 
28 D-AGE(50X50X50) 

mm 

COMPRESSIVE 
STRENGTH 

(MPa) 

UPV 
(km/s) 

C 23.00 4.15 
CFA 100 15.78 3.21 

CFA:LFS 80:20 31.51 3.33 
CFA:LFS 50:50 24.83 3.68 

CFA:C 80:20 24.01 3.79 

 
The geopolymerized mortars were subjected to testing procedures according to standards or 
well known methodologies from literature. These procedures were: - wetting - drying cycles 
in water and sea water for measuring chloride penetration, in freezing thawing cycles 
following ASTM C666 as well as exposition to high temperature and sulfuric acid attack. A 
short description of each procedure is followed: 
 

- Wetting – drying in distilled water: 2 days in water, 2 days at 40oC. Measure of 
weight loss and compressive strength at 0, 50 and 100 cycles. 

- Freezing – thawing cycles: 4 hours at -14oC, 20 hours at 14oC in water. Measure of 
weight loss, compressive strength and UPV after 0, 21, 49 cycles. 

MIXTURES 
FLY ASH 

(G) 

LADLE 
FURNACE 

SLAG 
(G) 

CEMENT 
Ι42.5 
(G) 

 

SAND 
(G) 

GLASS 
CULLET 

(G) 

ALKALINE-
ACTIVATOR 

(G) 

LIQUID/ 
BINDER 

L/B 

C - - 500 600 900 350* 0.70 

CFA 100 500 - - 600 900 330 0.66 

CFA:LFS 80:20 400 100 - 600 900 320 0.64 

CFA:LFS 50:50 250 250 - 600 900 280 0.56 

CFA:C 80:20 400 - 100 600 900 300 0.60 
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- Wetting – drying in sea water: 8 hours in sea water, 16 hours at 40oC, as in the first 
procedures. 

- Exposure to sulfate attack: immersion into solution of H2SO4 (5% by mass). Measure 
UPV and compressive strength at 0, 28 and 90 days after exposition. 

- Exposure to high temperatures: 2 hours at 200oC, 400oC, 600oC and 800oC. Measure 
of mass loss and compressive strength drop after heating at high temperatures. 

RESULTS AND DISCUSSION 

As shown in Table 3 and 4, there is a continuous strength development up to 90 days and the 
best compressive strength achieved were at 90-d from CFA:LFS 80:20 and CFA:C 80:20 
mortar compositions. Since the specimens were stored in climatic chamber RH95±5%, 
temperature 20o C up to 28 days after the curing at 25o C, it seems that apart from alkali 
activation mechanism, the self hardening and pozzolanic character of the binders are proceed 
in parallel. These two mechanisms in the cas of CFA been also detected previously [7] [8]. 
 
Wetting – drying 

The measurements of the mass at the interval of 0, 50 and 100 cycles are shown in Table 5, 
while in Figure 1, the compressive strength of tested specimens is given. Each measurement 
represents the mean value of three specimens. 
 

Table 5   Mass loss of alkali-activated specimens after 50 and 100 wetting-drying cycles 
 

MIXTURES 
28 D-AGE 

(40X40X160) mm 

MASS LOSS (%) IN WET-DRY CYCLING 

50CYCLES 100CYCLES 

C 1.79  
CFA 100 1.15 3.86 

CFA:LFS 80:20 0.90 4.63 

CFA:LFS 50:50 0.72 2.10 

CFA:C 80:20 0.20 1.41 

 

 
Figure 1   Compressive strength of alkali-activated mortars compared with cement mortar 

after wetting-drying cycles 
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The behavior of alkali-activated CFA based mortars in wetting-drying cycles could be 
characterized as very good since after 100 cycles the compressive strength of mortars (except 
for CFA:LFS 80:20 composition) has not essentially reduced and mass loss is also low. 
 
Freezing – thawing  

The loss of mass is given in Figure 2, while in Table 6 the drop in strength is indicated. 
 
Table 6  Physical and mechanical properties of prismatic specimens after freeze-thaw cycling 

 
MIXTURES 

28 D-
AGE(40X40X160)mm 

COMPRESSIVE STRENGTH 
(MPa) 

UPV 
(km/s) 

0cycles 21cycles 49cycles 0cycles 21cycles 49cycles 
C 23.22 22.55  4.26 3.65  

CFA 100 11.18 2.97 1.95 3.96 1.23 - 
CFA:LFS 80:20 13.07 2.45 1.89 3.83 1.15 - 
CFA:LFS 50:50 16.63 12.11 3.51 4.26 1.72 - 

CFA:C 80:20 17.76 9.55 8.32 4.19 1.93 1.03 
 

 
Figure 2. Mass of specimens during freeze-thaw cycling 

 
 

As shown in Figure 2, up to 21 cycles of freezing – thawing the mass loss is greater than that 
of net cement composition C, but relatively low. The compositions CFA:LFS 50:50 and 
CFA:C 80:20 kept their 50% up to 75% of their compressive strength up to 21 cycles but 
after 49 cycles a considerable mass loss and strength decrease has been measured for CFA 
based mortars. The net cement composition C, showed a small change around 3% after 21 
cycles of freezing –thawing. 
 
Wetting – Drying in sea water 

The loss of mass of samples tested is shown in Table 7, while the compressive strength 
changes are depicted in Figure 3. The content in chlorides at a penetration depth 15 mm was 
determined by analytical methods and is included in Table 8. 
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Table 7   Masses loss of mixtures during wetting-drying cycles in sea water 
 

MIXTURES 
28 D-AGE 

(40X40X160) mm 

MASS (G) IN WET-DRY CYCLING IN 
SEAWATER 

50 CYCLES 100 CYCLES 
C 0.002  

CFA 100 0.010 0.025 
CFA:LFS 80:20 -0.001 0.009 
CFA:LFS 50:50 -0.002 0.003 

CFA:C 80:20 -0.009 -0.006 

 
Table 8   Chloride concentration of mixtures in 15mm depth from the exposed surface 
 

MIXTURES 
(15 mm DEPTH) 

TOTALCl- 

(% W.T.) 
FREE Cl- 

(% W.T.) 
C 0.48 0.32 

CFA 100 0.61 0.55 
CFA:LFS 80:20 0.73 0.68 
CFA:LFS 50:50 0.54 0.41 

CFA:C 80:20 0.52 0.39 
 

 
Figure 3  Compressive strength of mixtures after wet-dry cycles in sea water 

 
Up to 100 cycles of wetting-drying in seawater (containing 3.5% NaCl) the CFA based 
mortars have not presented a significant change in their compressive strength or in their mass 
loss. However, the content in chlorides (% w.t), in a depth of 15 mm from the exposed 
surface, was higher in all alkali-activated mortars in comparison to that of the net cement 
mortar. Of course, the CFA based mortars have a lower strength capacity around the one third 
of that of cement mortar. That means the CFA based mortars are of higher porosity than that 
of cement mortar and absorb more chlorides. Taking into account the high alkalinity of the 
mortar’s matrix (PH = 13) the threshold concentration of chlorides is higher and the behavior 
of alkali-activated could be characterized as adequate. 
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Exposure to high temperatures 

The mass loss of specimens after exposition to 200, 400, 600 and 800oC are shown in Figure 
4, while the measurements of strength reduction and UPV are given in Table 9 and Figure 5. 
 

Table 9   Ultrasound velocity after exposure in high temperatures 
 

MIXTURES 
28 D-AGE(50X50X50) mm 

UPV 
(km/s) 

25οC 200οC 400οC 600οC 800οC 

C 4.15 4.01 3.92 2.84 1.85 
CFA 100 3.21 3.07 2.92 1.8 1.1 

CFA:LFS 80:20 3.33 3.23 3.1 2.05 1.1 
CFA:LFS 50:50 3.68 3.35 3.14 1.88 1.08 

CFA:C 80:20 3.79 3.25 3.01 1.95 1.2 
 

 
Figure 4  Loss of mass of mixtures after exposure at high temperatures 

 

 
Figure 5  Compressive strength of mortars exposed at high temperatures 
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As shown in Figure 4 and 5, the behavior of alkali-activated CFA based mortars after 
exposure to high temperatures (200, 400, 600 and 800o C) was quite god taken into account 
that they contained glass cullet as aggregate which is strongly influenced by temperature. Up 
to the temperature of 400o C the residual compressive strength ranged from 65-70% of their 
initial strength. After heating at 800oC they have lost around 80% of their strength. 
 
Exposure to sulfuric acid (5% by mass) 

The results of all measurements by ultrasonic waves’ velocity, by determining compressive 
strength and the percentages of strength decrease are given in Table 10 and Figure 6. 
 

Table 10  Physical and mechanical characteristics of the mortars after exposure to  
sulfuric acid 

 

MIXTURES 
28 D-AGE 

(50x50x50) mm 

UPV 
(km/s) 

 

COMPRESSIVE 
STRENGTH 

(MPa) 

CHANGE OF 
COMPRESSIVE 

STRENGTH 
(%) 

 0days 28days 90days 0days 28days 90days 28days 90days 
C 4.15 2.48  23.00 8.71  -62.1  

CFA 100 3.21 2.13  - 15.78 10.24 4.72 -35.1 -70.1 
CFA:LFS 80:20 3.33 2.65 1.92 31.51 15.22 5.58 -51.7 -82.3 
CFA:LFS 50:50 3.68 2.98 1.63 24.83 23.31 6.58 -6.1 -73.5 

CFA:C 80:20 3.79 2.35  - 24.01 11.42 2.44 -52.4 -89.8 

 
 

 
Figure 6  Compressive strength of mortars after exposure in sulfuric acid 

 
 

Based on Table 10 and Figure 6 the alkali-activated CFA based mortars have presented good 
resistance to sulfuric acid solution (5% by mass). After one month immersion in the solution 
they kept 50% of their strength while the net cement mortar has lost 62% of its initial 
strength. After 90 days, their deterioration was obvious due to sulfuric acid reaction with 
crystallic calcitic phases, amorphous C-S-H and Al-Si based phases.  
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CONCLUSIONS 

The alkali-activated mortars were exposed to a series of accelerated test methods commonly 
used for evaluating the durability of cement based mortars/concretes. Although, the 28-d 
strength of them was relatively low 12-18 MPa, their resistance to the repeated exposure to 
the very aggressive conditions of the applied test methods was very good. Furthermore, 
experimental work is needed to find limits in strength required for resistance to each specific 
class of exposure according to EN 206 Manual of Concrete. Based on this research work 
done as well as on literature it could be said that up to now the results are very encouraging.  
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ABSTRACT.  Calcareous Fly Ash (CFA) is produced at power plants by combustion of lignite 
or sub-bituminous coal. It constitutes more than half of the total fly ash output in Europe. It is 
selected dry for its use in cement/concrete industry, or it is sprayed with water (around 30% of 
its mass) and deposited in old lignite mines. In this paper, dry and moist CFA were tested as 
soil stabilizers. The common uses of CFA in this sector are for drying effect on moisture 
content of soils, limiting shrink-swell potential of clay soils, increasing strength properties of 
soils or stabilizing aggregate pavement bases. An adequate volume of soil was taken from 
excavations done for the construction of the subway in the area of Micra, in Thessaloniki, 
Greece. Properties of both (dry and moist) CFAs were also determined by chemical analysis, 
XRD diagrams and testing their pozzolanicity. Then, modified Proctor and CBR test methods 
were applied to plain soil and dry and moist CFAs and mixtures of soil. From the comparison 
of the CBR values, it seems that the CBR value of soil is 5% and increased up to 15% with the 
addition of 5% of moist CFA, and 35% with 10% addition of it to the soil. The CBR values for 
net dry and moist CFAs are 95% and 46% respectively. None of the tested samples presented 
unacceptable expansion (more than 2%) after water impregnation for 72 hours in CBR mould. 
It can be concluded that not only the dry CFA but even the moist one, which is deposited in 
lignite mines, can be used for soil stabilization. That is of great importance for reducing the 
accumulation of CFA as waste material in the basin of Ptolemaida area in Northern Greece, 
where most of the power plants are located. 
 
Keywords: Calcareous fly ash, Deposited fly ash, Soil stabilization, Modified Proctor, CBR 
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INTRODUCTION 

Main Fly ash is well-known by-product deriving from the burning of either lignite or sub-
bituminous coal in power plants, for the production of energy. Due to the fineness of its 
particles, fly ash is collected by electrostatic filters and stored in piles or containers (Figs. 1 & 
2). In order to avoid air contamination with high amount of very fine particles, fly ash is mixed 
with water before its storage and, typically, in the power plants of Northern Greece, the amount 
of water used to stabilize fly ash is 30% wt. This type of fly ash is called deposited or landfilled 
fly ash, in part of the literature,or ponded ash when deposited in ponds. 
   

            

   Figure 1  Conveyor belt for the deposition of CFA        Figure 2  Deposited CFA in piles 
 
Calcareous fly ashes (CFA) are produced in vast amounts, in various areas of the world [1] and 
their utilization rate, despite considerable research efforts is still low [2;3]. Most of the 
literature available regards their use in engineering applications, as produced, in dry state [4; 
5]. The unutilized fly ash, however, as stated above, is usually mixed with water and deposited 
as landfilling. The growing amount of this deposited moist fly ash has become an increasing 
environmental concern over the past years [6]. The problems associated with the use of 
landfilled fly ash are similar to those of dry fly ash, however, they are even more pronounced 
[7]. The chemical composition and physical properties of landfilled fly ash may vary 
significantly, including its self-cementing and pozzolanic properties. Compared to dry fly ash, 
deposited moist fly ash seems to have larger grain size and to be less reactive [8], however 
Cheerarot & Jaturapitakkul [9] found that the pozzolanic properties of disposed fly ash may be 
restored by grinding.Therefore, it seems that the common uses of CFA in thesoil stabilization 
sector could be performed with the deposited fly ash, as well. At the Laboratory of Building 
Materials of the Aristotle University of Thessaloniki, there is previous experience in improving 
soil bearing capacity by adding dry fly ash [10; 11]. 
 
The present research investigated the possibility of using deposited fly ash for the improvement 
of properties of unstabilized soils. Fly ash was tested, both in dry and in moist condition, for 
its chemical and physical properties, as well as its strength development (pozzolanicity). Then, 
it was used as an additive for improvement of a poor soil, regarding modified Proctor density 
and CBR value.The potential improvement of poor soils with the otherwise discarded fly ash 
would have considerable benefits regarding fly ash utilization, both financial, as deposited fly 
ash bears no cost, as well as environmental, since landfilling and raw material consumption 
would be reduced. 
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MATERIALS AND METHODS 

Materials used in this research consisted of soil from excavations for the construction of a 
subway station in Micra, Thessaloniki, Greece, and CFA from the Ptolemaida area in Northern 
Greece and in particular from Power Plant “Agios Demetrios”. CFA was received in dry 
condition and was used either as received (dry CFA), in order to serve as reference, or mixed 
with 30% wt. of water (moist CFA), in order to replicate deposited fly ash. The fly ash mixed 
with water was left to hydrate for a short period of time (1 day) before being tested.Portland 
cement type I 42.5N, lime and standard sand were used for the pozzolanic activity testing. The 
soil was classified by determining its characteristics, such as chemical composition and 
Atterberg limits, according to ASTM D4318-00 [12]. The granulometry of CFA before and 
after the wetting process was measured using a Malvern laser particle analyser. Properties of 
both (dry and moist) CFAs were also determined by chemical analysis and pozzolanicity 
activity testing according to ASTM C593-95 [13] and EN 450-1 [14]. Soil and mixtures of soil 
with the addition of moist CFA were tested for modified Proctor density and CBR values, 
according to ASTM D1557-02 [15] and ASTM D1883-14 [16], respectively. Specifically, the 
testing was carried out for the original soil, in order to characterize its performance and also 
for 100% dry and moist CFA. Then, mixtures of soil with 5% wt. and 10% wt. moist CFA 
addition were tested in order to investigate the possibility of improving the properties of the 
soil. 
 

EXPERIMENTAL 

Material characterization 

The chemical analyses of the soil used, as well as that of the dry and moist fly ash are shown 
in Table 1. CFA contains a high amount of free lime, which is reduced with hydration, while 
the sulfur content is reasonable (about 3%). High amounts of free lime and sulfur are not 
desirable in fly ash, because they are causes of instability. At the same time, free lime provides 
self-cementing properties for fly ash and, therefore, higher strength. Hence, the moist fly ash 
is expected to be less reactive, but more stable.Table 2 shows the Atterberg limits measured 
for the soil. Following ASTM D2487-11 [17], it is classified as sandy silt. 
 

Table 1    Physicochemical characteristics of binders used in tested concretes 
 

CHEMICAL COMPOSITION (%) SOIL DRY CFA MOIST CFA 

Na2O  0.90 0.46 0.54 
K2O  0.98 0.48 1.16 
CaO  8.67 39.88 24.49 
MgO  5.39 3.28 1.79 
Fe2O3  3.79 4.60 5.46 
Al2O3  6.88 11.11 11.56 
SiO2  63.14 34.12 45.88 
L.O.I.  10.25 2.34 1.01 
Cl-  0.08 n/d n/d 
NO3  0.02 n/d n/d 
SO3  0.02 3.07 2.40 
CaOfree  n/d 12.76 4.50 
App. specific gravity (kg/m3) n/d 2380 2155 
Fineness R45 (%) n/d 43 n/d 
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Table 2    Atterberg limits of soil 
 

PROPERTY SOIL 
Liquid limit WL 55.6 
Plastic limit 29.4 
Plasticity index 26.2 

 
Regarding fly ash fineness, it can be seen from Figs. 3 and 4 that the process of wetting results 
in coarser material, probably due to the hydration of free lime, which leads to hardened 
products and/or aggregation of CFA grains. However, the overall change in fineness is small 
(50% of the particles are below 25.0 μm and 32.8 μm in dry and moist fly ash, respectively) 
and no grinding was employed. 
 

 
Figure 3   Particle size distribution of dry fly ash 

 
 

 
Figure 4   Particle size distribution of moist fly ash 

 
 

Strength activity index (pozzolanicity) 
 
In order to assess the strength activity of fly ash before and after wetting, four test mortars were 
prepared; two with lime and two with Portland cement (Table 3). Three 40 x 40 x160 mm 
specimens were prepared for each day of testing, and were cured at 20°C and 95% RH. 
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Table 3. Strength activity of dry and moist CFA 
 

MIXTURE NO. 1 2 3 4 
Lime (g) 180 180 - - 
CEM I 42.5 (g)  - - 315 315 
Dry CFA (g) 360 - 135 - 
Wet CFA (g) - 360 - 135 
Water (g) 1350 1350 1350 1350 
Standard sand (g) 355 355 255 255 
7-d flexural strength (MPa) 3.18 1.92 - - 
7-d compressive strength (MPa) 8.31 3.80 - - 
28-d flexural strength (MPa) 3.25 2.95 7.64 3.80 
28-d compressive strength (MPa) 6.93 4.92 24.03 22.22 
90-d flexural strength (MPa) - - 9.16 7.42 
90-d compressive strength (MPa) - - 28.70 27.38 

 
Each strength value in Table 3 is an average of three specimens tested regarding flexural 
strength tests and an average of six specimens regarding compressive strength tests. The results 
show that dry CFA shows very high pozzolanic activity (7 and 28 day compressive strength 
equal or higher than 7 MPa), while moist CFA shows considerable strength development 
although lower than that of dry CFA (7 and 28 day compressive strength between 4 and 5 MPa). 
Regarding strength activity with cement, it seems that 30% cement replacement with either dry 
or moist fly ash results in similar strength levels for 28 and 90 day compressive strength, with 
only a small reduction occurring due to the hydration of fly ash. 
 
Modified Proctor and CBR tests 
 
The modified Proctor and CBR tests are used to evaluate the properties of compacted soils. 
Maximum density, optimum moisture content, strength measured in terms of bearing ratio and 
swelling potential were the properties measured. Figure 5 shows the modified Proctor test and 
the results are presented in Table 4. Firstly, the test was carried out on the three materials 
separately (soil, dry CFA, moist CFA), in order to assess their properties. Then, two more tests 
were carried out with soil and an addition of 5% or 10% wt. of moist CFA, in order to assess 
its potential for soil improvement. 
 

 
 

Figure 5   Particle size distribution of moist fly ash 
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Table 4  Modified Proctor test results 
 

MATERIAL 
MAXIMUM DRY 

PROCTOR DENSITY 
(kg/m3) 

OPTIMUM MOISTURE 
CONTENT 

(%) 
Soil 1730 14.8 
Dry CFA 1110 38.0 
Moist CFA 1110 37.2 
Soil + 5% Moist CFA 1750 14.8 
Soil + 10% Moist CFA 1620 15.8 

 
The results show that fly ash (dry or moist) has a high water requirement and results in lower 
maximum density. Accordingly, its addition to the soil at a 5% rate does alter the density and 
optimum moisture content of the soil, but at 10% addition rate, a reduction of the maximum 
dry density and an increase of the optmimum content are observed. 
The results of the Proctor tests were used in order to prepare the specimens for the CBR test 
were strength-penetration tests were carried out in order to determine the maximum CBR value, 
while 72 hour swelling of specimens immersed in water was also recorded. The results of the 
CBR tests are presented in Table 5. 

 
Table 5   CBR test results 

 

MATERIAL 
CALIFORNIA BEARING 

RATIO (CBR) 
(%) 

MAXIMUM 
SWELLING AT 72h 

(%) 
Soil 5 0.20 
Dry CFA 95 1.32 
Moist CFA 46 1.52 
Soil + 5% Moist CFA 15 1.21 
Soil + 10% Moist CFA 82 1.48 

 
The results show that there is a significant improvement in the CBR values with the use of 
CFA. Moist CFA at 5% rate improves the CBR of the soil from 5% to 15%, but 10% rate 
further improves the CBR value to 82%. Swelling is generally increased when CFA is used, 
but in all cases it remained below the threshold of 2%. 
 

DISCUSSION AND CONCLUSIONS 

Regarding the tests for material characterization, the soil tested was classified as CH, or sandy 
silt, according to ASTM D2487-11. The dry fly ash had very high reactivity with lime (~7 MPa 
compressive strength at 28 days), which is a measure of strong pozzolanic activity. The moist 
CFA, which depicts the properties of the deposited fly ash had also considerable pozzolanic 
activity (~4 MPa compressive strength at 28 days). Reduction of free lime content was also 
observed after wetting the dry fly ash, while total sulfur content was reasonable (~3%) in both 
cases. 
 
Regarding the potential use of the deposited fly ash for soil stabilization, the following 
conclusions were drawn: 
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● The soil used had a bearing ratio (CBR value) of 5%, which lies in the lower categories 
of soils for roadways subbases. 

● When 5% deposited fly ash was added to the soil, its CBR value increased to 15% and 
when 10% deposited fly ash was added, its CBR value increased to 82%. In both cases, 
the strength of the soil is improved, but at 10% CFA rate it can also be used as a subbase 
for more demanding applications, like airport runways subbase. 

● The CBR value of the deposited fly ash is almost half of that of the dry CFA, but both 
have high CBR values and can be used alone as pavement subbase (typically with CBR 
> 15%).. 

● Higher amounts of CFA addition are expected to improve soil properties further. 
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ABSTRACT. Most of calcareous fly ashes possess pozzolanic and also self-hardening 
properties, to be used for underground grouting, contributing to the economy and sustainability 
of the projects. Huge volumes of fly ash based grouts can be used for underpinning works, for 
protection of open excavations or deep foundations from large ground movements and 
groundwater, by strengthening the ground beneath or lowering the water table, affording an 
impervious substratum. In most cases of tunnel and dam construction, these underpinning 
works are necessary/common practice. The suitability of calcareous fly ash as alternative 
binder for grouts has been proved by research work by using local fly ash in two types as 
described in national specifications. The characteristics of both types were determined - 
especially the contents in free lime, sulfates and fineness. An adequate number of grout 
specimens was prepared by replacing Portland cement (CEM II 32.5) with 30, 50, 80 and 100% 
ratio by mass, of fly ash. Properties at fresh and hardened state (compressive and flexural 
strengths at 28 and 90 days) were measured. Grouts with 30% substitution of cement by fly ash 
had higher 28-day strength compared with net cement grout mixtures. Grouts with 30% fly ash 
had 28 day strength >2.5 MPa. Local fly ash was used in slurry walls for the construction of 
upper and down tunnels on the Hydroelectric Project of Ilarion. A limited experimental work 
was done onsite to conclude about the proportioning of the grout applied. The environmental 
and economical benefits have been estimated and presented in this paper. For the 
environmental impact the Life Cycle Assessment methodology has been implemented. The 
results have shown, as expected, an improvement, if the energy and emissions intensive cement 
is partially replaced by the fly ash. The pattern remains the same for the economic assessment. 

Keywords: Calcareous fly ash, Grouts, Slurry walls, Underpinning works 
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INTRODUCTION 
 
Calcareous Fly Ashes (CFAs) constitute more than half of the coal fly ash output (88 million 
tons) produced in EU28 [1]. They are coming from the combustion of lignite or other sub-coal 
found mainly in south and southeastern Europe. The increased contribution of natural gas and 
renewable sources to energy production led to the decline of lignite usage in energy plants and 
consequently of the fly ash production although the cost of coal combustion energy remains 
the lowest of all other alternatives of energy production [2]. In Greece, one of the major 
producers of CFA in Europe, about 60% of consumed energy comes from lignite power plants 
and 9 to 10 million tons of CFA is produced annually. Almost 80% of it is co-deposited with 
other waste materials (bottom ash, FGD) for landfilling and less than 10% is used by cement 
industry for blended type cements manufacture. 
 
Most of CFAs possess pozzolanic and self-hardening properties [3] but they remain marginal 
materials since their use in the concrete industry is not covered by European standards, as in 
the case of siliceous fly ash for which EN 450-1 is valid. To overcome the need for a regulative 
frame about the use of CFA, National Technical Specifications were established in 2007 [4, 5] 
about the use of CFA in concrete mass construction, road pavements, grouts for underground 
works and precast concrete products. According to these Specifications, Greek CFA can be 
used in two types (EIT1, EIT2) for different applications as shown in Table 1. 
 

Table 1  Categories of Hellenic fly ashes (values in %) 
 

 R45 SO3 CaOf 
EIT1 ≤45 ≤7 - 
EIT2 ≤30 ≤5 ≤3 

 
In this paper the work done for justifying the use of CFA in grouts for underpinning projects is 
presented. It refers to experimental work about the performance of grouts in which Portland 
cement has been partially replaced by CFA, as well as the use of CFA in the Hydroelectrical 
Project of Ilarion for water-tightness of the Elati basin (a project of the Greek Public Power 
corporation) where CFA replaced 30% of Portland cement in grout mixtures of slurry walls of 
upper and down tunnels. In addition, to highlight the environmental and economic benefits, an 
assessment of both aspects has been conducted. For the environmental profile of the used 
mixtures (along with four other trial mixtures) the methodology of Life Cycle Assessment has 
been implemented, as it is described in ISO 14040 [6] and ISO 14044 [7]. 
 
 

SLURRY WALLS 
 
Grouts are used extensively in most underground works for stabilizing the ground in which 
they are injected to strengthen the ground beneath and reduce the risk of subsidence or other 
movements of the ground. The use of grouts in forming slurry walls / curtain walls is common 
practice in the construction of dams and tunnels, where there is need to lower the water table 
affording an impervious substratum or reduce seepage by filling and sealing spaces between 
tunnel lining and surrounding ground. In the last decades of the 20th century the most common 
grouting material for slurry walls was bentonite or soil-bentonite mixtures exploiting the 
formation of bentonite colloidal system in water and swelling properties of bentonite itself. 
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The soil-bentonite grouts were applied in two phases (first injecting the slurry and then backfill 
with excavated soil) and characterized by plastic and stress-dependent behavior, zero 
unconfined compressive strength and adequate hydraulic conductivity < 1×10-7 cm/s. 
 
Gradually, cementitious materials such as cement (C), blast furnace slags (S) were added to 
grouts that filled the trenches in one phase since the mixtures are hardened after the first day 
and serve as back fill while hardening is completed after 90 days [8, 9]. These type of 
grouts/slurries with cementitious materials are commonly used and characterized by their 
brittle behavior, achievement of designed strength and hydraulic conductivity (often lower than 
1×10-7 cm/s). Which of the slurries composition is more effective in terms of environmental 
impact, can be estimated by following the Life Cycle Assessment methodology, along with a 
cost estimation for the most economy-efficient composition. 
 
For these assessments, all parameters involved must be considered, such as the local 
availability of cementitious materials. Most of Greek fly ash (only CFA is produced in Greece) 
is coming from West Greek-land, where the geomorphology and rivers allow the construction 
of dam or pumped reservoirs for storage energy from renewable resources. Although CFA is 
still a marginal by-product, it is well known [10, 11] that like blast furnace slag possesses self-
hardening and pozzolanic capacity. Therefore, research has been oriented to the design of 
proper cement-CFA-bentonite grouts for slurry walls. 
 
The preliminary experimental work was to design grout mixtures of adequate fluidity, volume 
stability, strength development as well as low permeability < 1×10-7 cm/s. The perspective of 
using successfully CFA in slurry walls is of great importance since huge quantities of this by-
product can be used beneficially. For example, for filling a trench of length 1000 m, depth 20 m 
and width 0.75 m, a volume of more than 15000 m3 is needed. 
 
Considering the continuously increased use of slurry walls as barriers to control the movement 
or migration of contaminant /waste constituents in remediation works of contaminated sites 
[12], this seems a much promising CFA application. Additional investigation is needed such 
as measurements of cracking tendency, resistance to wetting-drying cycles, other tests with 
triaxial apparatus including study of samples taken from real projects such as that of the 
Hydroelectrical Project of Ilarion, in the Elati basin. 
 
 

EXPERIMENTAL DETAILS 
 
The characteristics of the materials used (Portland cement II 32.5N, fly ash CFA from the 
power plant of Agios Demetrius in Ptolemaida and sodium bentonite) are shown in Table 2 and 
composition of the grout mixtures (parts by weight) in Table 3. 
 
Bentonite was added to a stream of moving/agitated pre-weighted water to avoid formation of 
wetted lumps of colloid material. Fluidity was measured 1 hour after mixing according to 
ASTM C939-81. Bleeding and volume changes 24 hours after mixing were measured 
according to ASTM C940-81. The measurements are shown in Table 4. 
 
The compressive and flexural strength as well as the Dynamic Modulus of Elasticity were 
measured using specimens (40×40×160 mm³) according to BS 1881-203 at 28-d and 90-d ages. 
The results are depicted in Figure 1 and Figure 2. 
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Table 2  Chemical composition and some physical properties of Portland cement, fly ash and 
bentonite 

 
CONSTITUENTS, % PORTLAND 

CEMENT  
CEM II 32.5 

PTOLEMAIDA 
FLY ASH  

MEAN VALUE 

SODIUM 
BENTONITE 

(LOCAL) 
SiO2 20.10 26.00 62.48 

Al2O3 5.46 10.60 14.45 
Fe2O3 2.74 6.59 3.49 
CaO 63.90 35.5 (free≈10) 4.21 
MgO 1.50 1.48 2.65 
SO3 2.55 5.57 - 

Na2O 1.30 0.17 1.12 
K2O 0.22 0.80 0.83 
TiO2 0.25 0.90 0.22 

Insoluble residue 15.5 21.50 - 
Loss of ignition 1.37 4.55 10.07 

Fraction retained on 
4900 mesh sieve 

8 12 10 

Dry specific gravity 3.17 2.56 > 2.2 
 
 
 

Table 3  Mix proportions of grouts tested 
 

CODE 
NO. 

CEMENT HCFA % 
(w/w) OF 
CEMENT 

W/C 
RATIO 

BENTONITE 
% (w/w)  

OF SOLIDS 

SUPERPLASTICISER 
% (w/w)  

OF CEMENT 

C 1.0 - 2.0 2.5 - 
C-CFA 1 0.7 0.3 2.0 2.5 - 
C-CFA 2 0.5 0.5 2.0 2.5 - 
C-CFA 3 0.2 0.8 2.0 2.5 - 

CFA 0.0 1.0 2.0 2.5 2.0 
 
 
 

Table 4  Properties of fresh grouts tested 
 

CODE NO. TIME OF EFFLUX 1h 
AFTER MIXING (s) 
(ASTM C 939-81) 

FINAL BLEEDING 
(ASTM C 940-81) 

1% 

VOLUME 
CHANGE % 24h 
AFTER MIXING 

C 8.5 6.03 9.17 
C-CFA 1 8.0 7.15 10.05 
C-CFA 2 9.5 5.24 6.08 
C-CFA 3 13.5 0.0 3.15 

CFA 14.8 0.0 3.95 
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Figure 1  Effect of CFA on strength of slurries (water/cement=2/1) at an age of 28 days 
 
 

 
 

Figure 2  Effect of CFA on strength of slurries (water/cement=2/1) at an age of 90 days 
 
 
It seems that the three constituents (C + CFA + bentonite as well as CFA + bentonite) are 
compatible in slurry mixtures. A range of strength from <0.5 MPa up to 2.5 MPa has been 
developed at 28-d and from 0.5 MPa to 3.5 MPa at 90-d ages. Fluidity and volume stability 
seem to be benefited by CFA and bentonite although CFA in large percentages slightly 
increased flow times of the mixtures. 
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For the construction of the slurry walls in the hydroelectric project of Ilarion, 30% of cement 
was replaced with CFA. The composition of this on-site mixture is shown in Table 5 in parts 
by weight (OS-C-CFA 1), along with two more mixtures, one with 50% cement/ 50% CFA 
(OS-C-CFA 2) and one with cement only (OS-C), for comparison reasons. 
 
 

Table 5  On-site mixtures, for the construction of slurry walls 
 

CODE NO. CEMENT HCFA  
% (w/w)  

OF CEMENT 

W/C 
RATIO 

BENTONITE 
% (w/w)  

OF SOLIDS 

OS-C 1.0 0.0 1.0 1.0 
OS-C-CFA1 0.7 0.3 1.0 1.0 
OS-C-CFA 2 0.5 0.5 1.0 1.0 

 
 

ENVIRONMENTAL ASSESSMENT AND COST ESTIMATION 
 
The Life Cycle Assessment methodology was used to evaluate and compare the environmental 
impact of the studied mixtures, as it is described in the International Standards ISO 14040 and 
ISO 14044. The assessment is based on correlating all the inputs and outputs of the studied 
system (resources and energy consumption, air/water/soil emissions etc.) with certain 
environmental impact categories, through models (characterization models) that summarize 
and express the results into one single measurement unit. 
 
For this paper the “IPCC 2007 GWP 100a” characterization model was used, which describes 
the contribution of the assessed projects to climate change (Intergovernmental Panel on 
Climate Change – IPCC), and the unit in which the results are presented is the results is 
kilograms of CO2 equivalent (kg CO2 eq) per functional unit. Most data for the assessment 
have been acquired from Greek industries, however the required level of detail together with 
the lack of recorded measurements by some industries made necessary the use of additional 
data from European databases from SimaPro software. For the economical assessment, data 
have been taken also from Greek industry/construction sector. 
 
In Tables 6 and 7 the results from the environmental and economical assessment are being 
shown, for laboratory and on-site mixtures, divided in three categories, according to the 
contribution of materials acquisition, mixing energy and transportations, to the overall results. 
 
It should be noted that for both laboratory and on-site mixtures, transportation distances have 
been calculated considering the Ilarion site as the mixture implementation endpoint, for 
consistency reasons. It should also be noted that for the environmental assessment, the benefit 
from avoiding the fly ash landfilling (avoided impact) has been included. There has been also 
a consideration for the allocation of the environmental impacts of electricity production to the 
fly ash (by economic allocation), however it was found negligible. 
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Table 6  Environmental assessment of laboratory and on-site mixtures 
 

 MATERIALS ENERGY TRANSPORTATION TOTAL 
 kg CO2 equivalent/m3 

Laboratory mixtures 
C 416.35 2.33 11.50 430.18 

C-CFA 1 299.91 2.33 9.24 311.48 
C-CFA 2 222.65 2.33 7.70 232.68 
C-CFA 3 106.35 2.33 5.40 114.08 

CFA 40.75 2.33 3.86 46.94 
On-site mixtures 

OS-C 731.25 2.33 19.87 753.45 
OS-C-CFA1 527.35 2.33 15.80 545.48 
OS-C-CFA 2 39.35 2.33 13.11 54.79 

 
 

Table 7  Cost estimation of laboratory and on-site mixtures 
 

 MATERIALS ENERGY TRANSPORTATION TOTAL 
 €/m3 

Laboratory mixtures 
C 40.6 0.362 4.69 45.652 

C-CFA 1 31.0 0.362 3.74 35.102 
C-CFA 2 24.6 0.362 3.10 28.062 
C-CFA 3 15.0 0.362 2.15 17.512 

CFA 25.7 0.362 1.52 27.582 
On-site mixtures 

OS-C 69.5 0.362 8.15 78.010 
OS-C-CFA1 52.6 0.362 6.47 59.432 
OS-C-CFA 2 41.4 0.362 5.36 47.122 

 
 

DISCUSSION AND CONCLUSIONS 
 
The cement + CFA + bentonite slurries with a water/cementitious ratio 2:1 have shown good 
behavior at fresh state, in relation to their fluidity and volume stability. An increase to the 
replacement of cement by CFA, led lower measured volume changes after 24 hours. The 
addition -in proper way- of a quantity of bentonite during mixing, contributes to the reduction 
of volume loss and stabilization of the mixture. The curing at high RH (99%) for 28 days is 
essential for avoiding early cracking, from strength development point of view. The 
replacement of cement by CFA (30% and 50% by mass) seemed to be more advantageous since 
a strength level of 2.5 MPa at 28 days and 3.5 MPa at 90 days were achieved. Flexural strength 
values and Dynamic Modulus of Elasticity seem to follow compressive strength development 
and pozzolanic reactivity of CFA is obvious, since there is a significant strength increase from 
28-d to 90-d age. Even CFA-bentonite slurries developed around 0.5 MPa, which is quite 
sufficient for many applications (trench backfilling) and presented adequate volume stability. 
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Regarding the environmental and economical profile of the studied and implemented mixtures, 
the improvement due to replacement of the emission-intensive and costly cement with CFA 
seems consistent throughout the whole mixture series. This is depicted more clearly when 
considering the contribution of the materials to the overall burden, compared to energy 
consumption for mixing or transportations. Regarding the increase in cost of Laboratory 
mixture CFA (100% fly ash) despite the total lack of cement it is attributed to the notable cost 
of superplasticizer which has been added only in this particular mixture. Although it exceeds 
the scope of this paper, however it would be interesting for future research to examine the 
sensitivity of the implementation location to the overall environmental and economical profile 
of the project and thus the correlation of transportations with mixture design. 
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ABSTRACT.  Na-bentonite, metakaolin and sodium silicate were used as the main raw 
materials to prepare porous geopolymer, and the early-age properties, air-void structure and 
hardened state properties were studied in the paper. The results indicate that porous geopolymer 
can be prepared by incorporating the bentonite slurry into geopolymer pastes. Adding a certain 
volume of bentonite paste has a positive effect on the workability of fresh porous geopolymer. 
In addition, when the dry density is 766 kg/m3, the porosity of porous geopolymer can reach to 
62.5%, whereas the compressive strength and thermal conductivity are 0.97 MPa and 
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INTRODUCTION 
 
With the increasing consumption of energy in the world, energy-saving and emission-reduction 
has been proposed in many countries. Building energy consumption accounts for 40% of the 
world's total energy consumption, and thermal insulation materials play a vital role in reducing 
building energy losses [1, 2]. In order to change this unsustainable situation, policies on 
building energy performance have been developed. In fact, the poor insulation performance of 
building envelopes leads to the largest energy consumption in heating and air conditioning 
systems in building energy consumption. By improving the thermal insulation performance of 
the wall structure, the heat exchange process between the building and the outside world can 
be effectively prevented. Therefore, improving the insulation effect of the fence structure is the 
key to building energy conservation. 
 
The reform of wall materials in China and the implementation of building energy conservation 
policies have promoted the rapid development of building insulation materials. Traditional 
organic insulation materials are light in weight and low in thermal conductivity. However, it is 
extremely flammable, and combustion produces toxic gases, which intensifies the contradiction 
between building energy conservation and fire prevention. Compared with organic insulation 
materials, inorganic insulation materials are favoured for their high safety. According to raw 
materials，the traditional inorganic porous materials are divided into porous ceramics, foam 
glass，natural porous materials and foamed concrete. Foam concrete is widely used in the 
construction industry [3]. Foamed concrete is widely used because of its advantages of light 
weight, high strength, good durability and simple preparation. The cement used in the 
preparation is energy-intensive in its production process and produces CO2. 
 
Geopolymer, an alternative binder with low energy consumption and CO2 emissions was 
discovered in 1978 by Joseph Davidovits [4]. and it is more environment friendly than ordinary 
Portland cement, which has great prospects as an alternative to ordinary Portland cement [5]. 
Due to the combination of foamed concrete and geopolymer, porous geopolymer has been 
highly concerned and extensively studied [6-9]. Which is usually prepared by adding a blowing 
agent, such as hydrogen peroxide, aluminium and silicon powders, sodium dodecyl-
benzenesulfonate, to a geopolymer slurry [2, 10, 11]. These foaming agents result in porous 
geopolymer with large pore size and uneven pore distribution, and the mechanical properties 
of porous geopolymer drops sharply with the increase of pore volumes. The thermal insulation 
property of porous geopolymer is still poor at acceptable compressive strength. Furthermore, 
these preparation methods generate air bubbles in fresh geopolymer to prepare porous 
geopolymer. However, air bubbles are always thermodynamically unstable, finally leading to 
the difficulties for the control of pore structure [12-15]. 
 
The means of achieving gas rarefaction, i.e., through a nanoporous solid structure, distinguishes 
high-performance thermal insulators from traditional porous materials [16, 17]. The 
distribution of pore sizes lower than the mean free path of air molecules at standard temperature 
and pressure can yield a decrease in the thermal conductivity of air, resulting in improved 
thermal insulation properties [17]. Besides, the increased and complex heat transfer path 
resulting from the decreasing pore size can also contribute to reductions in the thermal 
conductivity of porous materials. Thus, decreasing pore size of porous geopolymer may reduce 
the value of thermal conductivity and improve thermal insulation property. The volume of 
voids can be increased by increasing the water content of the geopolymer. However, the voids 
are coarse. Montmorillonite, the main component of bentonite, is a 2:1-layer silicate comprised 
of sheets linked by weak van der Waals forces, which is easily formed platelets or tactoids in 
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pre-saturated situation. These presented in the voids may lead to void segmentation and, 
consequently, an increase in the volume of small voids. Hence, pre-statured bentonite may be 
used to form small voids in geopolymer, finally improving its thermal insulation property, and 
due to the potential of reaction between alkali and montmorillonite, severely weakened 
mechanical strength may be prevented. 
 
In this paper, porous geopolymer are prepared by adding bentonite slurry for formation small 
voids, and the fresh properties pore structure, thermal conductivity and hardened properties of 
porous geopolymer were investigated. 
 
 

MATERIALS AND METHODS 
 
Materials 
 
Porous geopolymer were prepared using metakaolin, sodium silicate, sodium hydroxide, Na- 
bentonite and water. Metakaolin has high reactivity and purity compared to other raw materials 
such as fly ash and natural clay. Therefore, this paper selected metakaolin as the main precursor 
of the geopolymer matrix. Metakaolin supplied by Inner Mongolia Chaopai Kaolin Co., Ltd. 
(Inner Mongolia, China) was a starting material. Sodium bentonite was purchased from Junhui 
Bentonite Development Co., Ltd., Sichuan Province, China. The chemical compositions of the 
metakaolin and Na-bentonite were determined by X-ray fluorescence spectroscopy 
(PANalytical Axios X-ray fluorescence spectrometer, Netherlands) are presented in Table 1. 
The mineral phases and particle size distribution of raw material are shown in Figure 1and 
Figure 2. A scanning electron micrograph of bentonite is shown in Figure 3. The bentonite was 
uniformly dispersed with water using a power agitator, and then the bentonite paste was 
undisturbed for about 24 hours to form a water-rich slurry. The modulus of water glass was 
adjusted to 1.5 with sodium hydroxide. Sodium hydroxide (purity≥99.7) obtained from 
Chengdu Cologne Chemical Co., Ltd. (Sichuan Province, China). The water used in the 
experiment was tap water. 
 

Table 1   Chemical composition of raw materials, % 
 

COMPOSITION Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 

Metakaolin 0.18 0.17 43.85 52.92 0.49 0.17 0.18 0.28 0.99 0.59 
Na-bentonite 2.57 4.08 15.79 68.28 0.04 0.02 0.87 5.5 0.24 2.29 

 

 
 

Figure 1   XRD patterns of raw materials.     Figure 2   Particle size distribution of the raw 
materials. 
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Figure 3   SEM of Na-bentonite particles. 
 
Experimental design 
 
There are two series of mix designs including control sample without Na- bentonite paste and 
other samples containing Na- bentonite slurry of 20%, 40% and 60% of geopolymer. The 
design of the experiment was shown in Table 2. In this study, the fixed ratio of Na/Al=1 and 
Si/Al=1.5 is designed by the chemical composition of raw materials such as metakaolin, 
sodium water glass and sodium bentonite. The fixed water-binder ratio was 0.55, then 
geopolymer paste was prepared and then the density of the fresh geopolymer slurry was tested. 
Besides, the density of the bentonite slurry under the condition of water-solid ratio of 5:1 was 
measured. Bentonite slurry incorporated into the geopolymer matrix is replaced with the same 
volume. The quality of the raw materials was calculated from the previously measured density, 
which is the final mix.  
 

Table 2   Mix proportions of porous geopolymer 
 

MIX-ID 
SOLID COMPONENTS, g VOLUMES, % 

metakaolin sodium 
silicate 

NaOH water Na-bentonite geopolymer 
paste 

bentonite 
slurry 

Geo 
w/p=0.55 

368.94 394.76 46.63 65.67 0 100 0 

Bent20 
w/p=0.55 

306 295.5 47.5 52.54 108.6 80 20 

Bent40 
w/p=0.55 

242.5 195.5 48.25 39.4 217.2 60 40 

Bent60 
w/p=0.55 

179.5 96 49 26.27 325.8 40 60 

 
Preparation and curing 
 
Porous geopolymer was prepared in the laboratory at 20±1℃. Sodium water glass and 
bentonite paste were prepared one day before the experiment. According to the mix proportion 
in Table 2, component materials are accurately weighed. During this preparation, adding NaOH 
into the water glass until the solid were totally dissolved to prepare the composite alkali 
activator. The dissolution reaction is exothermic and therefore requires cooling before it can 
be used. It is mechanically mixed with the pre-saturated bentonite paste, sodium water glass 
and metakaolin into a vertical mixer to prepare the homogeneous porous geopolymer slurry. 
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Then, the slurry was transferred to cubic steel moulds of 40 × 40 × 40 mm³, and sealed with 
clingfilm to prevent moisture release and stored in a 20℃ controlled room. The sample was 
removed from the mould and cured using a climatic chamber under controlled conditions of 
20 ± 1°C and 90% relative humidity for 48 h. Finally, the test specimens were demoulded and 
stored in 90% relative humidity chamber at 20 ± 1℃ for 3, 7, 28 and 56 days. 
 
Test methods 
 
The workability of the porous geopolymer slurry was evaluated by testing the fluidity. The 
fluidity test of the porous geopolymer was tested by a truncated cone with a top surface 
diameter of 36 mm, a sub-face diameter of 60 mm, and a height of 60 mm. The test method 
was carried out according to GB/T 8077-2012. The fresh slurry is quickly poured into a Mini-
cone geometry and the fluidity of the porous geopolymer is obtained by testing the diameter of 
expansion. The truncated cone was lifted in the vertical direction and the timing was started. 
After 30 seconds, the maximum diameter in both directions perpendicular to each other was 
measured with a ruler, and the average value was taken as the fluidity. 
 
The properties of the specimens were evaluated via compressive strength tests performed after 
3, 7, 28 and 56 days of curing, in accordance with ISO 679:1989. For the estimation of 
compressive strength a destructive method using the loading press was used. The compression 
strength of geopolymer was tested using a universal material testing machine (TYE-300, Wuxi 
Jianyi Instrument & Machinery Co., Ltd., Jiangsu province, China) with a loading speed of 
500 N/s. Three parallel test samples from each mixture were placed in the compression-testing 
machine, and the average compressive strength (in MPa) was recorded. The standard deviation 
of strength was less than 5%. 
 
Dry density was calculated using the estimated mass and volume of the test specimens. The 
samples (40 × 40 × 40 mm³) were transferred to an electric blast drying oven continuously 
dried at 60℃ until constant weight was achieved. The determination of dry density of porous 
geopolymer was done at the age of 28 days and the result was reported from the average of the 
three samples. 
 
The sample is stored in absolute ethanol to terminate the hydration. The results powders were 
tested by X-ray diffraction (XRD). A few specimens were grounded to powder and dry at 60℃ 
until the mass remained unchanged. Mineral phases of porous geopolymer were characterized 
via XRD measurements performed with a PANalytical X’PertPro diffractometer (copper target, 
step size: 0.03°). The chemical compositions of these materials were then determined by means 
of X ray fluorescence spectroscopy (Axios, PANalytical, The Netherlands). The micro-
structures of the samples were examined via scanning electron microscopy (SEM; 
MAIA3LMU, Tescan, Czech Republic). 
 
MIP is a method for determining pore size distribution. Therefore, the pore volume of the 
corresponding pore size can be known by measuring the amount of mercury entering the pore 
at different external pressures. The capillary pore characteristics were represented by mercury 
intrusion porosimetry (MIP; AutoPore IV 9500, Micromeritics, USA). The applied intrusion 
pressure was increased from 0 to 30,000 psi. In general, pores are considered ideal cylindrical 
tubes with various diameters, and thus the intrusion pressure P can be related to the pore 
diameter 𝑑𝑑 via the Laplace equation, which is given as follows: 
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P =
4γ cos𝜃𝜃

𝑑𝑑
 

 
Where, γ is the surface tension of mercury (0.48 N/m), and 𝜃𝜃 is the contact angle of imperfect 
wetting between mercury and the pore surface (140°). The pore size distribution (PSD) is 
presented as the dependence of the intrusion volume V on the pore diameter 𝑑𝑑 . 
 
 

RESULTS AND DISCUSSION 
 
Workability 
 
In order to achieve potential industrial production, the workability of the samples must be 
considered. The fluidity of the samples is shown in Figure 4. The fluidity increases from 0% 
to 20% of bentonite content and then decreases. When the content of bentonite slurry is 20%, 
the min-slurry flow is 120.2 mm, adding a certain volume of bentonite paste has a positive 
effect on the workability of fresh porous geopolymer. 
 

 
 

Figure 4   Effect of the Na-bentonite slurry content on the mini-slump flow. 
 

Adding bentonite slurry increases the free water in porous geopolymer, finally leading to the 
decrease of yield stress and plastic viscosity. However, high content of bentonite slurry 
decreases the self-weight, which is the driven stress of flowing. Besides, bentonite increases 
the plastic viscosity, and finally leading to the decrease of flow at high content of bentonite 
slurry [18]. 
 
Pore structure 
 

    
 

Figure 5   SEMs of porous geopolymer 

Geo-w/p0.55 Bent20-w/p0.55 Bent40-w/p0.55 Bent60-w/p0.55 



Swelled Na-Bentonite Geopolymer   281 

The geopolymer sample has a relatively dense structure, and there is a small amount of pores 
formed by particle packing and sample fracture. The amorphous products can be observed, 
which bond unreacted particles tightly together to form a structurally dense, high strength 
geopolymer. Adding bentonite slurry as a pore former into the geopolymer leads to loose and 
porous structure (Figure 5). With the increase in the amount of addition, this phenomenon 
becomes significant. The addition of bentonite slurry is the formation of many small voids in 
porous geopolymers, which increases the porosity and thus improves the thermal conductivity 
of the material. The porosity and pore size distribution measurements of geopolymer including 
different dosages of Na-bentonite were evaluated by the means of MIP and were illustrated in 
Figure 6, Figure 7 and Figure 8. 
 

 

 
 

Figure 6   Effect of the Na-bentonite slurry content on the porosity. 
 

 
 

Figure 7   Effect of Na-bentonite slurry content on the cumulative pore size distribution. 
 

 
 

Figure 8   Capillary pore diameter distribution of different mixes. 
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With the increase of bentonite slurry, the volume of mercury intrusion observably increased 
within 1000 nm of the pore diameter. Porosity of porous geopolymer increases with the 
increase of bentonite content. It can be observed that the cumulative intrusion volume 
corresponding to the porosity increases with addition of Na-bentonite paste. The cumulative 
pore volume increases from 0.175 ml/g to 0.708 ml/g, when the bentonite content increases 
from 0% to 60%. However, the percentage of smaller sized pores (sizes: < 100 nm) increased 
from 93.8% to 95.2% and decreased to 17%. This indicates that the addition of bentonite helps 
to form sub-micron pores, but due to the excessive water content in the bentonite slurry, the 
capillary pores larger than 100 nm increase from 0.017 ml/g to 0.588 ml/g. The pore size 
distribution is broadened and the total pore volume increases with increasing (from 0 to 60%) 
content. 
 
Montmorillonite, the main component of bentonite, is a 2:1-layer silicate comprised of sheets 
linked by weak van der Waals forces. The layer structure consists of two tetrahedral silica 
sheets with an octahedral alumina sheet sandwiched between two silica sheets [19]. Water in 
porous geopolymer, stemming from the bentonite slurry and the geopolymer paste, is 
unconsumed completely by geopolymer hydration, and gives rise to capillary voids. Pre-
saturated bentonite consists of montmorillonite layers, which segregate to the large capillary 
voids. In porous geopolymer, montmorillonite may exist as platelets that divide the large 
capillary voids into smaller pores, resulting in the refinement of these voids and an increase in 
the content and percentage of small voids. However, in some cases, the water content is 
excessively high and the fraction of sufficiently large capillary voids is also high, while the 
segregation and refinement of large voids are highly limited by the content of plates or tactoids. 
Thus, a further increase in the small void fraction of the porous geopolymer is prevented for a 
given bentonite slurry content, which ultimately results in a decrease in this rate. 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 9   XRD patterns of porous geopolymer and bentonite. 
 
Pre-saturated bentonite consists of single layers or tactoids, which persist in porous geopolymer. 
Rearrangement of these layers into originally oriented stacks is prevented in the dried porous 
geopolymers, owing to the interaction between the alkaline environment and the 
montmorillonite layers, as confirmed by XRD patterns of the porous geopolymers and 
bentonite (Figure 9). The broad distribution peaks and the sharp 001 peaks correspond to 
porous geopolymers and montmorillonite, respectively [19]. This indicates that, in contrast to 
its form in the initial bentonite, montmorillonite in porous geopolymers exists as disordered 
single layers or few layers [20]. The samples overlap and interact, thereby preventing 
rearrangement of the layers, preserving single layers or few layers of montmorillonite, then 
dividing the large capillary voids into smaller pores and increasing the sub-micron pores 
content. 
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Hardened properties 
 

 
 

Figure 10   Variation of compressive strength of different mixes at 3, 7, 28 and 56 days. 
 

The mechanical properties of geopolymer and porous geopolymer curing at 3, 7, 28 and 56 days 
are investigated in Figure 10. In the case of a water-to-binder ratio of 0.55, the compressive 
strength decreases as the amount of bentonite slurry increases. Compared with the geopolymer 
matrix, when the amount of bentonite slurry reaches 60%, the 28-day compressive strength 
drops by 48.13 MPa. The strength of porous geopolymer increases first and then decreases with 
the increase of age. From 3 days to 28 days to 56 days, the strength of geopolymer increased 
by 22% and then by 53%, while the strength of porous geopolymer increased by 53.2% and 
then decreased by 8.2% (content of bentonite is 20%). 
 
The main reason for the decrease in strength is that an increase in the amount of bentonite 
introduced into the pores leads to an increase in porosity and a change in microstructure. 
Adding pre-shaped bentonite to the geopolymer slurry increases the water content, thereby 
increasing the amount and volume of capillary pores in the slurry. The fast and hard early 
strength of the geopolymer indicates that the early stage is the strengthening period of strength. 
With the extension of the standard curing time, a part of the moisture in the environment 
penetrates into the material through the communicating pores, and the polycondensation 
reaction of the geopolymer generates internal stress and causes microcracking. Resulting in a 
slight decrease in late strength. The addition of bentonite slurry significantly reduces the 
magnitude of this decrease. It shows that bentonite has a positive impact on the development 
of the late strength of geopolymer. 
 
Thermal conductivity 
 
Small voids substitution of air-voids may play a role in improving the thermal insulation 
properties of geopolymer pastes, the dry density decreases linearly with increasing bentonite 
slurry (Figure 11), hence the relationship between dry density and thermal conductivity can be 
drawn, as shown in Figure 12. The thermal conductivity increases exponentially with 
increasing density of the material. The results reveal that the density increases linearly from 
766 kg/m3 to 1457 kg/m3 with decreasing slurry content (from 60% to 0%). Compared with the 
geopolymer which is not incorporated into the bentonite slurry, the volumetric replacement of 
the bentonite slurry reaches 60% and the minimum thermal conductivity is 0.104 W/(m·K), 
and the thermal conductivity decreases by 67.1%. 
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Figure 11   Effect of the Na-bentonite slurry content on the dry density. 
 

 
(a)                                                         (b) 

Figure 12   Effect of the dry density on the thermal conductivity. 
 
The pore structure introduced by the addition of the bentonite paste is quite different from the 
conventional pore structure of the porous geopolymer prepared by foaming or the like. On the 
one hand, adding bentonite leads to an increase in porosity, which in turn reduces the thermal 
conductivity. On the other hand, the air pores introduced by using bentonite as a pore-forming 
agent are smaller in size and narrower in size distribution. Compared with other porous 
materials, porous geopolymer based on statured bentonite slurry can be attributed to the small 
voids, which increase the heat transfer path and decrease the thermal conductivity of air phase, 
finally showing excellent thermal insulation properties than others. 
 
 

CONCLUSIONS 
 
In this study, porous geopolymers were successfully prepared by adding a pre-statured Na-
bentonite slurry to geopolymer pastes. The main findings are summarized as follows: 
 
(1) Adding a certain volume of bentonite paste has a positive effect on the workability of fresh 

porous geopolymer, when the content of bentonite reached 20, the flow diameter is 120.2 
mm. 

(2) The amount of montmorillonite layer of porous geopolymers is limited and it is not possible 
to refine all the pores, leading to low ratio of sub-micron pores, but it increases the content 
of small pores. 

(3) When the amount of bentonite slurry reaches 60%, the dry density is 766 kg/m3, porosity 
is 62.6%. 

(4) When the thermal conductivity is 0.104 W/(m·K), the strength can reach 0.97 MPa, which 
meets the requirements of thermal insulation materials. 
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ABSTRACT: Here, we describe an ultra-lightweight, high strength and mechanically robust 
superhydrophobic cement foam for the first time, which was fabricated by simultaneously 
modifying the tomographic and chemical properties of cement paste border-air interfaces that 
were generated by H2O2 decomposition reaction in alkali environment. First, water repellent 
functional group was grafted onto the surface of nano-silica, the modified nano-silica will 
adsorb onto the surface of air- liquid interfaces and increase the viscosity of cement suspension, 
preventing the coalescence and coarsening process of bubbles with different size. The stability 
of cement foam was greatly increased, resulting in a more uniform and refined pore structure 
in hardened foam cement. Coupled with the reinforcing effect of nano-silica hydration on the 
strength of cement paste matrix, the aims of ultralight and high strength were thus achieved. 
Second, with the interfacial morphological modification by the functionalized nano-silica, a 
multi-scale hierarchical roughness was created on the interface of pores wall. The coupled 
effect of the physical and chemical interfacial modification results that a bulk 
superhydrophobic cement foam shows excellent mechanical robustness, which maintained the 
superhydrophobicity even upon major surface damage.  
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INTRODUCTION 

Since the concept of ‘sustainable development’ has been widely accepted in vary fields, 
reducing energy consumption and greenhouse gas emission during the whole service life of 
buildings has gain more and more attention. Therefore, thermal insulation materials are widely 
utilized in buildings. Compared with widely used organic heat insulating polymer materials, 
such as polystyrene board, polyurethane (PU) board and expanded polystyrene (EPS), 
lightweight concrete possesses advantages of superior fire-resistant, relatively inexpensive, 
less environmental impact and durability [1, 2, 3, 4]. 
 
Aqueous foam is thermodynamically unstable system by nature [5, 6]. When foam was 
generated in cement paste suspension, it will undergo continuously coalescence process. This 
phenomenon can be explained by ‘Ostwald ripening’ theory. The practical consequence of this 
phenomena is that larger bubbles grow at the expense of smaller ones, the drive force is Laplace 
pressure between bubbles with different sizes. This destabilization process results in larger 
bubbles and eventual collapse of the structure. Therefore, simultaneously realizing ultra-
lightweight and high strength of foam cement is a big challenge [7, 8].  
 
In addition, the hydrophilicity and porous structure of cement foam induce considerable water 
absorption [9, 10]. The ingress water will not only increase the bulk density and thermal 
conductivity, but also decrease the durability of cement-based material. Water is either be a 
transport medium of aggressive ions, e.g. chloride and sulfate ions, or be itself a reactant of a 
degradation agent (freezing expansion, ions leaching) [11]. 
 
In recent years, superhydrophobic techniques [12] have received much attention because of 
their large potential application in self-cleaning, anti-frost, anti-corrosion, oil/water separation 
and so on. Meanwhile, many methods have been reported for designing superhydrophobic 
surfaces [13] by mimicking several natural surfaces such as lotus leaves, pond skater legs, 
butterfly wings and so on, wherein super none-wetting property is achieved by design 
hierarchical surface roughness and low-surface-energy materials, including the fabrication of 
aligned microstructure by template method, coating preparation of fluoro-containing polymeric 
surfaces and the preparation of fluorinated micropatterned surface. However, large majority of 
superhydrophobic surfaces have very limited mechanical wear robustness and long-term 
durability [14]. This problem has restricted their utilization in commercial or industrial 
applications. The most common strategy for mechanical durability is to employ surfaces that 
can resist dynamic impact while retaining the geometric features associated with the surface 
topology and the hydrophobic composition associated with the surface chemistry. For example, 
good substrate adhesion, flexible organic coating and coatings including inorganic hard 
nanoparticles (TiO2, SiO2 and so on) [15]. Despite notable progress, all these methods are 
subject to certain disadvantages, such as complex and tedious fabrication, expensive materials. 
An obvious approach to avoid the top-coat problem is to employ homogeneous chemistry by 
use of hydrophobic bulk materials. However, bulk superhydrophobic materials with such 
characteristics have remained elusive. 
 
In this paper, we present a novel and feasible method for fabricating a durable 
superhydrophobic, ultra-lightweight foam cement. Small quantities of siloxane functionalized 
nano-silica were used to stabilize the cement foam and create a multi-scale hierarchical 
roughness by the interfacial morphological modification on the inner surface of pores wall of 
cement foam. Mechanically robust superhydrophobicity was simultaneously realized with 
superhydrophobic air voids distributed throughout the cementitious matrix to provide effective 
protection against water penetration as well as to improve the mechanical performance. 



Superhydrophobic Cement Foam   289 

EXPERIMENTAL PROCEDURES 

Materials 

White portland cement (P.W.52.5) was purchased from Yinshan, Jiangxi, China. A type of 
hydrophobic amorphous nano silica (NS; BET: 120 m2/g, average diameter: 30nm) and 
isobutyltriethoxysilane (IBTES) were obtained from Gelest. H2O2 (content: 30%) and calcium 
stearate (CS) obtained from Perfectly Advanced Material of Chemical Inc., were used as 
foaming agent and foam stabilizer respectively. MnO2 was used as the catalyzer for hydrogen 
peroxide decomposing which was purchased from Gelest. Polycarboxylic superplasticizer 
(water reducing efficiency: 40%) was obtained from Sobute New Materials Co., Ltd., China. 
 
Solution Preparation 

Solution containing NS was first produced. Based on the weight of cement as 100%, 2% NS 
was dissolving in 55% water while using an ultrasonic dispersion machine with a maximum 
ultrasonic frequency of 40 kHz to avoid the aggregation of the NS particles. The ultrasonic 
treatment time was 20 min, during which the temperature was kept at 20 °C. Then, 4% IBTES 
was added into the suspension and then the surfactant solution was completed after stirring for 
10 minutes. 
 
Foam Cement Preparation 

White portland cement both with 1.5% CS and 0.5% MnO2 was first dry-mixed for 1min via a 
handheld mixer. Subsequently, the surfactant solution was added into the powders mixed 
before and mixing for 3min. In the stirring process, superplasticizer was used to adjust the 
viscosity of slurry. Finally, 7.5% H2O2 was fleetly added into the mixture and stirred for about 
10s. After mixing, the foamed concrete paste was cast into molds and stood for 1h before 
moving to the standard maintenance room (20 °C, 100% relative humidity) until testing. 
 
Test Methods 

WCA was performed by an instrument (OCA 15Pro contact angle meter) at ambient 
temperature. The volumes of probing liquids in the measurements were approximately 5 μL 
for the contact angle measurement. Each contact angle reported was an average value of at least 
five independent measurements on different spots. The images of liquid droplets on the surface 
were captured by a digital camera (EOS 5D II). A field emission scanning electron microscope 
(FESEM, Navo Nano SEM450) was used to analyze the morphological properties. The nano 
silica were characterized by transmission electron microscopy (TEM, JEM-3010). EDS 
analysis was performed over a microscopic area to confirm the nature of the specimens 
assembled with after coating. The FT-IR spectra were used to analyze the chemical bonding 
by a Thermo Nicolet 5700 spectrophotometer using KBr pellets. XRD was used to analyze the 
chemical components. The superhydrophobic property was characterized and analyzed by 
capillary water absorption test and immersion water absorption test. 
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RESULTS 

Compressive Strength  

The stability and reinforcement mechanism of nano silica in the system is multistage, from 
fresh stage to hardened stage. In fresh stage, the stability mechanism plays the dominant role 
while the reinforcement mechanism makes decision in hardened stage. 
 
First of all, compressive strength is analyzed. Samples with density of about 270 kg/m3 were 
selected for compressive strength testing for 3 days, 7 days and 28 days due to the test of 
samples with too low density will be inaccurate (Figure 1). For all samples, the strength 
increased with the increase of time. Compared with control group, the compressive strength 
increases with the adding of the calcium stearate (CS). When the content of CS is 1.5%, the 
compressive strength of foam cement (28 days) comes to the pinnacle (0.54 MPa) with a 
44.74% improvement than control group. However, when the content is too high (according to 
the experiment, more than 1.5%), agglomeration may occur in the slurry and defects may 
generate, leading to a decrease in the strength. The second factor nano-silica (NS) content has 
the same trend. When adding no NS, 5.26% decline appears compared with the control group 
due to the 4% IBTES in the sample. The compressive strength increases rapidly due to the 
pozzolanic reaction of the NS with Ca(OH)2. Similarly with CS, a turning point appears around 
2% content of NS due to the reunion of excessive NS producing defects. Excessive IBTES can 
not be combined with NS and may significantly affect compressive strength. 
 

 
Figure 1   The influence of three components on compressive strength with the contents 

increasing. Single factor horizontal experiment. Three factors: CS content(0.9%~1.8%), NS 
content(0 %~3%), IBTES content(3%~6%). 
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Morphology Analysis  

The enhancement effect of nano-silica is reflected on the micro-scale by SEM morphology 
(Figure 2). The Control group (Figure 2a) with a large number of CH attached to the expression 
has a low hydration degree. With the superinducing of IBTES, the compactness of the pore 
wall decreases, a large number of organism adhere to the surface, and cracks appear 
(Figure 2b). Compared with the first two groups, the modified group with the synergy of NS, 
CS and IBTES has the highest compactness due to the pozzolanic reaction of NS. 
Synchronously, the liquid film formed by CS and water is wrapped on the surface of the hole 
wall enhance the stability for further step (Figure 2d). The micro-nano roughness of the 
modified nano-silica formed at the gas-liquid interface can also be seen in Figure 2c and 
Figure 2d. 
 

 
 
Figure 2   Microscopic scale, morphology of the foam cement hydration products. a, Control 
group, with CH on the surface. b, IBTES adds only, with organism attachments and cracks. 
c,d, Modified group with NS, CS and IBTES. 
 
Pore Structure 

As time goes on, when comes to the harden stage, the reinforcement mechanism of 
nanoparticles is more significant. The effect of NS on pore size adjustment is shown in 
Figure 3. The group with no NS has a more dispersed pore size distribution while 
interconnected holes exist and pore shapes are irregular (Fig.3a, 3A). The addition of NS can 
obviously refine the pore size (Fig.3B) which is different from the traditional pore size of foam 
cement. This tendency towards uniformity is due to the high stabilities of the foams modified 
by NS.  
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Figure 3   Reinforcement stage, pore analysis. 3D images of foam cement and pore size 
distributions by X-ray computed tomography. a(A), 0%NS. b(B) 2%NS. 
 
 
Matrix Superhydrophobic 

The matrix superhydrophobicity is shown in Figure 4. Both the surface and the internal matrix 
of the foam cement even powders are superhydrophobic while the water contact angles (WCA) 
of each one are beyond 150°. When superhydrophobic foam cement is immersed in water, 
mirror effect will appear on the surface due to the air layer. The matrix superhyphobicity is due 
to the functional interface modification. 

 

 
 

Figure 4   Superhydrophobic surface, internal matrix and powders. 
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CONCLUSIONS 

In summary, we demonstrated a novel mechanically robust superhydrophobic cement foam 
with high specific strength via nanohybrid interfacial modification that sustained mechanical 
properties under a variety of harsh mechanical and chemical environments. The highlight 
significance of nanohybrid reinforcement can be presented in multiscale research and has an 
effect on physical roughness and chemical bonding enhancement at the same time. The nano-
silica combined with isobutyltriethoxysilane makes macro performance changes mapped from 
micro changes. The superhydrophobic property is the synergistic result of micro-nano 
roughness and wettability modification. Through the results of single factor experiment, the 
ratio of NS to water repellent group is an extremely important variable for further research. 
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ABSTRACT. In concrete design philosophy there is always a demand to reduce the self-
weight of structural members. Lightweight aggregate concrete substantially reduce the dead 
load of the structure. In this study there is a main focus on the design of M25 grade Light-
Weight steel concrete composite slab with the appropriate apportioning of Light Expanded 
Clay Aggregates LECA and normal weight aggregates. The preliminary study also covers 
complete replacement of normal weight aggregates with light weight aggregates. The 
replacement of natural aggregate by means of LECA by 20, 40, 60 and 80  percentages in 
addition to partial replacement of cement through Fly Ash in percentages 15, 20 and 25 in the 
preparation of light weight concrete. Concrete performance analysis was done in fresh state 
as well as in hardened state to evaluate the physical and mechanical properties. This study 
assess the strength and durability of light weight concrete through the engineering parameters 
such as compressive strength, split tensile strength, flexural strength, young’s modulus, unit 
weight, durability studies on normal as well as Lightweight Aggregate Concrete. It was found 
that the density and the workability significantly decreased with increase in the percentage 
replacement of normal weight aggregate by Lightweight aggregate LECA. However, the 
strength and durability performance of optimal proportioned concrete mixtures were found to 
be equivalently better to normal weight concrete. From this study it was observed that the 
weight of lightweight concrete reduced significantly without compromising the strength 
performance. This study also aims to extend the application this light weight concrete to 
study the performance of steel concrete composite slab with decking sheet. The study reveals 
that the optimal dosage light weight concrete in steel concrete composite slab results in 
reduction of overall weight of slab when compared to conventional steel concrete slab. The 
performance parameters such as deflection and slip were also presented in this paper. 
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Slab, Lightweight concrete, Lightweight aggregate concrete, Embossment 
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INTRODUCTION 

The most important and most frequently encountered combination of construction materials 
is that of steel and concrete. Composite construction integrates the structural properties of the 
two materials to produce stiffer, stronger and lighter members from the efficient connection 
between the two materials. In addition Light-weight concrete (LWC) is a type of concrete 
which includes an expanding agent. The damage caused in LWC is less significant than 
conventional concrete and therefore the maintenance cost is also reduced [1]. The Structural 
light weight concrete as we call is a concrete whose density varies from 1400 to 2000 kg/m3. 
The literatures have thrown a light on influence of palm oil clinker, coconut shell, ceramic 
waste, LECA concrete to reduce the density of structural concrete [2]. It reduces the weight 
of concrete and cost of concrete by reducing the aggregate cost and produces economic 
infrastructure system. Light-weight concrete cubes, cylinders, beams and steel concrete 
composite slab were cast and tested for determining compressive strength, split tensile 
strength, flexural strength, young’s modulus, load vs. deflection and slip of steel, concrete 
and the results obtained are compared with the control specimens.  

LITERATURE REVIEW 

It was seen that it is possible to produce high strength lightweight concrete using expanded 
clay aggregate; the cement content with 450 kg/m3; mechanical properties of concrete could 
be enhanced by using 10% fly ash; thus a saving in cement amount could be achieved by 
Serkan Suba [3]. Payam Shafigh et. al experimental results suggest that the ultimate moment 
of beams made with LECA lightweight concrete could be predicted satisfactorily using the 
equation provided by the ACI 318 building code [4]. Increasing utilization of lightweight 
materials in structural applications is making pumice stone a very popular raw material. More 
than the target means strength of M20 concrete is achieved with 20 percent replacement of 
natural coarse aggregate by pumice aggregate and with 1.5 percent of fibber. Also with 40% 
pumice and with 0.5% of fibers average target mean strength of M 20 concrete is achieved by 
SIVALINGA RAO et.al [5]. This paper investigates the mechanical properties of light weight 
Geo-polymer concrete produced by replacing normal coarse aggregate by Light weight 
expanded clay aggregates (LECA). Structural use was although limited to 60% replacement 
of coarse aggregate by LECA with a density of 1700kg/m3. On replacement of coarse 
aggregate by LECA by 40%, both split tensile strength and flexural strength decreased by 
about 35%, but still very much within structural limits [6]. To study the properties such as 
compressive strength and tensile strengths of lightweight concrete, Expanded Polystyrene 
(EPS) beads are used as partial replacement to coarse aggregates with 5,10,15,20,25 and 30% 
Increase in the EPS beads content in concrete mixes reduces the compressive and tensile 
strength of concrete. It is used for non-structural applications, like wall panels, partition 
walls, etc Thomas Tamu et-al [7]. Experimental investigation on concrete mix M20 is done 
by replacement of cement with fly ash, fine aggregate with bottom ash and coarse aggregate 
with LECA at the rate of 5%, 10%, 15%, 20%, 25%, 30% and 35% and The results shows 
that 5% replacement of cement with fly ash, fine aggregate with bottom ash and coarse 
aggregate with LECA was found to be good performance in compressive strength [8]. The 
Lightweight concrete density varies from 40% - 60% replacement of LECA as 1996kg/m3-
1868kg/m3 suggesting for structural purpose. It reduces the weight of concrete and cost of 
concrete by reducing the aggregate cost and produces economical system [9]. Baskar R [10] 
studied the strength and behaviour of composite slabs both experimentally and analytically. 
The load carrying capacity of with embossments and end anchorages groups were found to be 
greater. Embossments play a vital role in increasing the longitudinal shear capacity of slabs. 
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Miquel Ferrer et al [11] concluded from the finite elemental analysis that 1.Minimum 
retention angle should be provided. 2. Alternate directions of embossments (inwards and 
outwards) tilting not effective 3.Too steep embossments are dangerous 4.Embossment length 
should be large and better if located near the edges 5. Minimise embossment spacing. 

MIX PROPORTION 

The procedures adopted for mix proportions are still experimental in spite of considerable 
work done on the theoretical aspects of mix proportioning of normal weight and lightweight 
concretes. Table 1 shows the properties of Fine aggregate, coarse aggregate and LECA. The 
mix design has been made for M25 grade conventional concrete (CC) as per recommended 
code IS 10262-2009, IS 456-2000. The water cement ratio (W/C) was kept constant at 
approximately 0.45 for all mixes. Four major groups of concrete mixes like Control specimen 
(M25 grade) concrete, Cement replaced by Fly Ash in 15%, 20%, 25% concrete, Coarse 
aggregate replaced by LECA in 20%, 40%, 60%, 80%, 100% concrete and optimal 
proportion of light weight aggregate concrete were prepared. IS code method is used for mix 
design, mix proportion obtained for M25 Grade of conventional concrete and light weight 
concrete mix ratio was 1:1.4:2.4 and 1:1.86:0.52. Table 2 shows the materials of per m3. 

Table 1 Properties of Fine Aggregate, Coarse Aggregate and LECA. 

PROPERTY FINE AGGREGATE COARSE AGGREGATE LECA 

Specific gravity 2.65 2.68 0.44 
Fineness modulus 2.83 7.04 5.99 
Water absorption 1.5% 0.85% 10% 

Bulk density(kg/m3) 1481 1659 357 
Impact value - 29.41% 16.5% 

 

Table 2   M25 grade Mix proportions for various mixes 

Mixes(per m3) Cement 
(kg) 

Fly 
Ash 
(kg) 

Water 
(l) 

FA 
(kg) 

CA 
(kg) 

LECA 
(l) 

Super 
plasticizer 

(l) 
CC 438 0 197 714 1082 0 0 

CC with  % 
of Fly Ash 

(FC) 

FC1 15% 376 66 197 714 1082 0 2.2 
FC2 20% 350 88 197 714 1082 0 2.2 
FC3 25% 328 110 197 714 1082 0 2.2 

LECA (L) LM1 20% 438 0 197 714 854 43 2.2 
LM2 40% 438 0 197 714 646 85 2.2 
LM3 60% 438 0 197 714 427 128 2.2 
LM4 80% 438 0 197 714 213 170 2.2 
LM5 100% 438 0 197 714 0 213 2.2 

Optimum 
Proportion 

(LC) 

FC1 + LM2 376 66 197 714 646 85 2.2 
FC1 + LM3 376 66 197 714 427 128 2.2 

Note: CC-Conventional Concrete, FA- Fine Aggregate, CA – Coarse Aggregate, LECA-Light Expanded Clay 
Aggregate, FC-Fly Ash Concrete, LM- LECA Mix 
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EXPERIMENTAL STUDY ON CONCRETE 

Mechanical Properties of Concrete 

The experimental investigation consists of casting and testing of 11 sets along with control 
mix. Each set comprises of 4 cubes, 4 cylinders and 2 beams for determining compressive 
strength, split tensile strength, durability study and flexural strength respectively. LECA is 
used in the study with different percentages as a partial replacement to natural weight coarse 
aggregate along with the varying percentages of Fly Ash. Cube section dimension is 
150mmx150mmx150mm, cylinder section dimension is 150mmx300mm and LxBxD of 
beam specimen is 1500mmx100mmx200mm. Detailing of the beam was 2Nos of 10mm 
dia.bar at bottom reinforcement and 2Nos of 8mm dia.bar at top reinforcement and 6mm 
diameter stirrups spacing at 125mm c/c with 20mm cover. The moulds are applied with a 
lubricant before placing the concrete. Fresh prepared mixes were casted for each group was 
as follows: firstly, coarse, fine and LECA and 1/3 of the water were loaded into the mixer for 
1 minute. Then the cement, remaining water, and super plasticizer (Conplast SP430) were 
added. Finally, the constituents were mixed for 3 minutes. The mixture was rested for 3 
minutes then mixed again for a further 2 minutes. After that moulds were filled by concrete in 
the suitable mix. The top surface of the concrete was leveled with the help of trowel and was 
left for 24 hours to allow the concrete to set. After a day of casting, the moulds are removed. 
The cubes, cylinders and beams are cured for properly. Casted cubes, cylinder and beam are 
shown in Figure 1. 

 

Figure 1 Casted Cubes, Cylinder and beam 

After curing, cube and cylinder specimens are tested under Compression Testing Machine 
(CTM) for finding out the 7th, 14th, 28th day Compressive strength and split tensile strength of 
various concrete mixes. Figure 2 shows the test setup to determine compressive strength, split 
tensile strength and flexural strength of various concrete mixes respectively. The load was 
applied to beam by means of a load cell 50T. The beam specimens were tested by simulating 
simply supported conditions. The load was applied on the beam specimen as two 
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symmetrically arranged concentrated line loads. Loading was applied using a Hydraulic Jack 
and Linear Variable Differential Transformer (LVDT) was fixed at central bottom of the 
specimen to measure the mid span deflection.  

 

 

Figure 2   Testing of cube and cylinder in CTM and beam specimen under loading frame 

Durability Studies 

Concrete is at risk to acid attack because of its alkaline nature. The components of the cement 
paste break down during contact with acids. The materials density and strengths are the most 
important properties in which studies are carried out. Figure 3, 4, 5, 6 and 7shows the 
physical appearance of concrete specimens after 28 days curing in sulphuric acid, 
hydrochloric acid, lactic acid, magnesium sulphate solution and also carbonation indication 
respectively. 

`  

Figure 3 The physical appearance of the cube specimens immersed 28 days in 
5% H2SO4 solution 
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Figure 4 The physical appearance of the cube specimens immersed in hydrochloric acid 

 

 

Figure 5 Cube specimens after exposure in a solution of lactic acid 

 

  

Figure 6 Cube specimens after exposure in a solution of magnesium sulphate solution 
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Figure 7 Test sample sprayed with phenolphthalein indicator to identify  
the depth of carbonation 

LIGHT WEIGHT CONCRETE TEST RESULTS 

Young’s Modulus 

Young’s modulus is defined as the ratio of stress to strain. Young’s modulus of the Light 
weight concrete decreased when LECA was incorporated in the mixes. Table 3 shows the test 
results of cube weight, density and young’s modulus of various concrete mixes. 

Table 3 Test Results of Cube Weight, Density, and Young’s Modulus of Various Lightweight 
Concrete Mixes 

Mixes Cube weight 
(kg) 

Density 
(kg/m3) 

Young’s Modulus 
(N/mm2) 

CC with 0% SP 8.36 2477 2.57×104 
FC1 (15%Flyash with 0.5% SP) 8.54 2530 2.58x104 
FC2 (20% Flyash with 0.5% SP) 8.42 2494 2.47x104 
FC3 (25% Flyash with 0.5% SP) 8.37 2480 2.29x104 

 
 

LECA MIX (L) with 
0.5% SP 

M1 (20%) 7.40 2194 2.45×104 
M2 (40%) 6.73 1996 2.34×104 
M3 (60%) 6.30 1868 2.22×104 
M4 (80%) 5.87 1739 2.14×104 
M5(100%) 5.39 1597 2.03×104 

LC1(FC1M2 with 0.5% SP) 6.84 2026 2.43x104 
LC2(FC1M3 with 0.5% SP) 6.43 1906 2.28x104 

Compressive and Split Tensile Strength  

28 Days Compressive and split tensile strength for LC1 mix is comparatively better when 
compared with conventional concrete. Figure 8 shows the compressive strength, split tensile 
strength of various mix concrete. 
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Flexural Strength 

Flexural strength of the concrete is usually found by testing plain concrete beams. Table 4 
shows the flexural strength of various light-weight aggregate concrete mixes and 
conventional concrete. 

 

Figure 8 28 days Compressive strength and split tensile strength of various Light-weight 
aggregate concrete 

 

Table 4 Test Results of Various Mixes of Concrete Beams 

Mixes Cracking Ultimate Failure Flexural 
strength 
(N/mm2) 

Load 
(kN) 

Deflection 
(mm) 

Load 
(kN) 

Deflection 
(mm) 

Load 
(kN) 

Deflection 
(mm) 

CC 16.5 2.1 68.2 11.5 62.1 13.4 3.105 
FC1 17.4 1.9 69.2 10.5 62.4 12.4 3.12 
M2 14.7 2.0 62.0 9.0 55.6 14.6 2.78 
M3 14.0 1.4 56.8 7.1 51.2 9.4 2.56 
LC1 16.1 2.7 57.7 8.3 54.0 10.8 2.7 
LC2 15.9 2.5 56.8 9.1 49.6 11.7 2.47 

Durability Studies on concrete 

Table 5 shows the test results of various concrete mixes after curing the specimen in 
sulphuric acid, hydrochloric acid solution, lactic acid solution and magnesium sulphate 
solution.  
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Table 5 Test results of various concrete mixes after cured in H2SO4, HCL, Lactic Acid, 
Magnesium Sulphate Solution and carbonation depth 

Type of 
concrete Mix 

Compression strength at 28 days(N/mm2) Carbonation depth 
(mm) H2SO4 

Attack 
HCL 

Attack 
Lactic Acid 

Attack 
Magnesium Sulphate 

Attack 
CC 11.11 12 18.66 22.66 14 

LM1 14.22 9.33 19.55 11.55 8 

LM2 8.44 8.44 14.22 9.77 12 

LM3 7.55 10.66 10.66 11.11 14 

LM4 6.22 8 11.11 10.66 18 

LM5 5.53 6.22 8.44 8.44 20 

 

EXPERIMENTAL STUDY ON PERFORMANCE OF LIGHT WEIGHT STEEL 
CONCRETE COMPOSITE SLAB 

Composite slabs consist of profiled steel decking with an in-situ reinforced concrete topping. 
The decking not only acts as permanent formwork to the concrete, but also acts as tensile 
reinforcement and provide sufficient shear bond with the concrete so that, after concrete has 
gained maturity(minimum of 28days strength) the two material act together compositely. To 
study the performance of Optimized dosage of LECA and Fly Ash as Light weight Concrete 
in Steel concrete composite slab with and without embossment was casted and cured for 28 
days along with conventional steel concrete composite slab. 

Decking sheet 

Figure 9 shows the Trapezoidal decking profiles which are fabricated with and without 
embossment considered in this study. Thickness of sheet is 1mm. Yield strength of steel sheet 
is 280N/mm2. Dimension of decking profile (LxWxH) is 1250mm x 435mm x 85mm. 

 

Figure 9  Fabricated Decking Profile with and without embossment 
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Transverse reinforcement  

This reinforcement is provided for temperature effects.The transverse reinforcement is 
provided at a clear cover of 20mm. Four numbers of 6mm diameter Fe 415 bars is provided 
in longitudinal direction with a spacing of 120 mm. Shuttering for casting of composite slab 
specimen and location of hooks for lifting as shown in the Figure 10.The specimens were 
casted in un-propped simply supported condition. 

The experimental setup for the testing of composite slab specimens is as shown in the Figure 
13. The mid-span deflection and the end slip in the concrete and steel part as shown in Figure 
12. The LVDTs were connected to a computer, which automatically store the data for the 
given interval of time. The slip of the steel sheet and the concrete at the hinged support end 
were measured using electronic dial gauges, one in concrete and another in steel part as 
shown in Figure 10. The end slip after composite slab failed is shown in Figure 11. 

  

Figure 10 Casted Composite slab specimen 

The load was applied using 50T hydraulic jack and the corresponding deflection was 
measured using dial gauges and LVDTs. The loading history and the deformations were 
recorded automatically in the computer for the given interval of time. The load was applied as 
two line loads distributed across the width of the slab by transferring the actuator load 
through a distribution beam section (ISMB 150, I beam of depth 150 mm) to two smaller 
sections (ISMB 250, I beam of depth 250 mm) placed across the width of the slab. The dial 
gauges were also placed under loading beams to evaluate the deflections at L/3 spans as 
shown in the Figure 11. 

 

Figure 11 LVDTs to measure slip at roller ends and at mid span, Dial gauges  
under loading span 
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Figure 12 Occurance of end slip at the time of failure 

  

 

Figure 13 Composite slabs testing setup before and after two point loading 

Load vs. deflection and slip on composite slab  

Conventional steel concrete composite slab with and without embossment is denoted as NCS 
and NCES, Light weight steel concrete composite slab with and without embossment is 
denoted as LCS and LCES respectively. Simply supported span of 1.25m were tested to 
failure under static loading. At first the initial shear cracks are formed near the loading point. 
As the rate of loading is increased, flexural cracks are formed in between the loading point. 
At ultimate load the buckling of the sheet and vertical separation between two steel and 
concrete was also observed. Slip is one of the parameters to estimate the strength of the shear 
bond between concrete and deck sheet. Due the presence of embossment the load carrying 
capacity of the specimens were increased. 
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Also end slip as well as buckling of profile was observed in the slab and vertical separation 
between two materials was also observed before failure. Figure 14 shows the load vs. 
deflection and load vs. end slip of composite slabs. 

 

Figure 14 Load vs. Deflection curve and Load vs. end slip graph 

CONCLUSIONS 

Based on the experimental results of this study the following conclusion can be drawn. 

• The experimental work carried out to optimize the fly ash content in cement and from the 
results obtained, this study recommends the replacement of cement by 15% fly ash and 
LECA 40% shows better compressive strength, tensile strength, young’s modulus and 
flexural strength results with other mix proportion and hence it can be proposed for 
structural purposes. 

• The unit weight of concrete is found to decrease with the increase in percentage 
replacement of normal aggregate by LECA. From the result obtained, in comparison with 
design mix concrete, replacing 40% coarse aggregate by LECA and 15% cement 
replaced by Fly ash concrete has reduction of 18% of self weight. 

• Compressive Strength and split tensile strength of concrete is found to decrease from 
34.60 to 29.33 N/mm2 and 3.20 to 2.62 N/mm2 respectively, when compared 
conventional concrete with 40% LECA a coarse aggregate and 15% Fly ash content in 
cement. 

• In sulphuric acid attack, hydrochloric acid attack, lactic acid attack, sulphate attack, 
carbonation attack, the lightweight concrete was found to have equally good compressive 
strength as that of the normal weight concrete. Also the light weight concrete has the low 
% of weight loss at the age of 28 days than the normal weight concrete. 

• Failure modes of all experimental slab specimens are determined in accordance with the 
Euro Code 4 (part 1.1) definition and exhibited a ductile failure. 
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• The future scope of this project is to change the admixtures and additives like % 
replacement of cement by silica fumes, addition of fibers and also to determine the 
optimum dosage of super plasticizer in LECA concrete to enhance the strength more and 
changing parameters in steel concrete composite slab like depth of slab, thickness of 
slab, end anchorages. 
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ABSTRACT.  Efficient strength to weight ratio of concrete plays a very critical role in 
design of structures. The major portion of load in a structure arises from the dead load of the 
structure primarily concrete. The paper studies fresh, mechanical and durability properties of 
structural grade light weight concrete and compare with M25 grade normal concrete. The 
results derived are used in building design comparison of normal and light weight concrete 
structures and a value engineering proposal is arrived for composite concrete structures using 
both normal and light weight concrete. For this purpose normal concrete mix of M25, M30, 
M40, M50, M60, M70, M80, and M90 grade were prepared and studied for workability and 
compressive strength for design of vertical structure elements. M25 grade normal concrete 
mix and three mixes of structural lightweight concrete grade using expanded clay aggregate 
with density 1400 kg/m3, 1600 kg/m3 and 1800 kg/m³ were prepared and studied for 
workability, density, compressive strength, flexural strength, split tensile strength, modulus 
of elasticity, water absorption and chloride ion penetration.  
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INTRODUCTION 

Efficient strength to weight ratio of concrete is a major factor in design of high rise concrete 
structures. Conventionally weight of concrete is assumed a constant due to wide spread use of 
conventional concrete and efficiency in structure design is derived from concrete mixtures of 
high strength. As the major portion of load coming onto a structure is from the dead load of 
the structure itself and mostly from concrete, use of structural grade light weight concrete in 
either vertical or horizontal structural elements or both have high potential in total load 
reduction, design flexibility and substantial economical value generation.  
  
Structural grade light weight concrete utilizes light weight aggregates conforming to ASTM 
C 330 partially or completely in place of normal weight aggregate as a measure to reduce unit 
weight of concrete.  Apart from replacing normal aggregate with light weight aggregate, air 
entrainment is also utilized for unit weight reduction, plastic properties enhancement and 
pump ability of light weight concrete. ACI 213 requires a minimum 28 day compressive 
strength of 17.2 MPa and air dried density ranging between 1440 - 1800 kg/m3 for concrete to 
be classified as structural light weight [5]. 
  
 

LITEATURE REVIEW OBJECTIVE OF RESEARCH 

Hanamanth et al. (2015) made an attempt to replace coarse aggregate by 100% expanded clay 
aggregate (ECA) and achieved 34.2% reduction in overall cube density compared to normal 
concrete and a strength of 20.0 MPa at 28 days [1].  
 
Serkan Subasi (2009) studied the effects of 0%, 10%, 20% and 30%  fly ash up on ECA 
based light weight concrete and found that strength of lightweight concrete is enhanced at 
10% fly-ash replacement of cement [2]. 
 
Mehrdad et al. (2016) studied structure design of a 11 floor building with 2400 kg/m3 normal 
weight concrete and compared with full replacement of 1900 kg/m3 light weight concrete and 
concluded that concrete and rebar volume reduces with use of light weight concrete. The 
reduction in size of beams and columns was also observed resulting in efficient interior space 
utilization [8].    
 

 

OBJECTIVE OF RESEARCH 

The research aims to study the significance of ECA proportioning in a triple binder blended 
mix of cement, fly ash and silica fume at a constant water binder ratio and study the plastic, 
hardened and durability properties of light weight concrete and compare the properties to 
M25 grade normal concrete. The lightweight concrete confirming to M25 grade is used in 
slab design as replacement to M25 normal concrete on G+5, G+15, G+25, G+35, G+45, 
G+55 and G+ 65 floor structures to study load reduction and other value engineering benefits.  
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EXPERIMENTAL PROGRAM 

MATERIALS 

Cement, fly ash and silica fume 

Ordinary Portland cement 53 Grade (OPC 53) confirming to IS 269, fly ash confirming to IS 
3812 and silica fume confirming to IS 15388 were used throughout the study. The cement, fly 
ash and silica fume was stored in air tight containers during the entire duration of research. 
Table 1 shows the chemical composition and properties of cement, fly ash and silica fume 
used in the research.     
 

Table 1 Chemical composition and physical properties of cement, fly ash and silica fume 
 

CHEMICAL COMPOSITION PHYSICAL PROPERTIES 
Cement - OPC 53 

Lime saturation factor 0.90 Standard consistency (%) 29 
Al2O3 to Fe2O3 ratio 0.84 Blaine fineness (m2/kg) 278 
Insoluble residue, % by mass 0.51 Initial setting time (minutes) 130 
MgO, % by mass 2.18 Final setting time (minutes) 215 
SO3, % by mass 2.04 Soundness – Lechatellier expansion (mm) 1 
Loss of ignition, % by mass 2.52 Soundness – Autoclave expansion (%) 0.04 
Cl, % by mass 0.017 Density (g/cc) 3.13 
Na2O, % by mass 0.045 Compressive strength – 3 days (MPa) 36.5 
C3A, % by mass 3.11 Compressive strength – 7 days (MPa) 45.5 
 Compressive strength – 28 days (MPa) 62.5 

Fly ash 
SiO2+Al2O3+Fe2O3, % by mass 94.26 Blaine fineness (m2/kg) 335 
SiO2, % by mass 60.2 45 micron retaining, % by mass 12.4 
MgO, % by mass 1.2 Lime reactivity (MPa)) 4.82 
SO3, % by mass 0.94 Soundness – Autoclave expansion (%) 0.04 
Cl, % by mass 0.003 Density (g/cc) 2.22 
Na2O, % by mass 0.24 Compressive strength – 28 days, % of 

control (MPa) 
88.7 

Loss of ignition, % by mass 0.79  

Silica fume  
Silica as SiO2, % 92 Density (g/cc) 2.2 
Loss of ignition, % by mass 2.82 45 micron retaining, % by mass 8.1 
  Compressive strength – 7 days, % of 

control (MPa) 
86.5 

 
Fine and coarse aggregates 

Normal weight crushed stone sand (CSS), single sized 10mm and single sized 20mm 
confirming to IS 383 were used in the research. Crushed stone sand is gaining prominence as 
preferred fine aggregate in the Indian ready mix concrete industry due to mining bans on 
river sand. Aggregates of the same lot were used in the entire duration of the study. Table 2 
shows the chemical and physical properties of the aggregates. 
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Table 2 Physical and chemical properties of aggregates 

 FINE 
AGGREGATE 

COARSE 
AGGREGATE 

Property CSS 10mm 20mm 
Physical properties 

Density, gm/cm³ 2.79 2.76 2.84 
Water Absorption, % 2.09 2.10 1.53 
Bulk density loose, kg/m3 1800 1520 1540 
Bulk density rodded, kg/m3 1980 1670 1640 
Aggregate impact value, %  16.8 11.8 
Aggregate crushing value, %  17.7 14.3 
Combined flakiness and elongation index , %  33.3 21.3 

Particle size distribution 
IS Sieve size (mm) Percentage passing (%) 
40 100 100 100 
20 100 100 94.2 
12.5 100 100 15.8 
10.0 100 88.1 2.7 
4.75 97.1 4.2 0.4 
2.36 73.4 0.8  
1.18 58.7   
0.6 38.6   
0.3 26.3   
0.15 14.0   

Chemical properties 
Coal and Lignite < 0.001 < 0.001 < 0.001 
Clay lumps 0.46 0.28 0.22 
Material finer than 75 micron, % by mass 11.56 0.71 0.65 
Soft fragments, % by mass  < 0.002 < 0.002 
Total deleterious materials, % by mass 0.46 0.99 0.87 
Chloride as Cl,% by mass < 0.001 < 0.001 < 0.001 
Sulphate as SO3,% by mass < 0.001 < 0.001 < 0.001 
Soundness by Na2SO4, % 4.67 3.63 1.59 
ASR - Reduction in alkalinity, milimoles/l 232.18 222.30 202.54 
ASR - Dissolved Silica, milimoles/l 9.99 9.32 7.99 
pH 8.78 8.38 8.46 

 
Lightweight aggregates 

Expanded clay aggregate (ECA) is produced from sedimentary sometimes metamorphic clay 
having zero or very less amount of lime. The clay is first dried, heated and then burned in a 
rotary kiln at a temperature of 1100 °C to 1300 °C. ECA is usually round or oval in a shape 
due to their circular movement inside the rotary kiln [6]. Gases released inside the pellets 
during heating are trapped inside during the cooling process and results in the formation tiny 
interconnected pores throughout the matrix of the ECA. These pores amount to 
approximately 20% of the volume of aggregate results in low aggregate density and high 
water absorption. ECA can be brown, reddish, brown-red or yellow in colour which may be 
due to the difference in its chemical compositions and also the manufacturing process. ECA 
was used in statured surface dry condition in all light weight concrete mix trials. Table 3 
shows the properties of the ECA used in the study. 
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Table 3 Properties of ECA 

PROPERTIES VALUES 
Particle Size 2 – 8 mm 

Density 0.80 gm/cm³ 
Water Absorption  20% 

Loose Bulk Density 530 kg/m³ 
Ph. Value 8.05 

Crushing Strength 2.26 N/mm² 

Thermal Conductivity 0.10 W/mK 

Particle Size Distribution 

IS Sieve Size (mm) Percentage Passing 

12.5 100 

10.0 100 

4.75 34.5 

2.36 11.6 

 
Chemical Admixtures 

Sulphonated naphthalene formaldehyde (SNF) or polycarbxylate ether (PCE) based water 
reducing super plasticizing admixture, set retarding admixture and air entraining admixture 
were used in the study. All admixture used were chloride free and complied to IS 9103.  
 

CONCRETE MIXES 

Normal concrete and light weight concrete mixes were designed as per IS 10262 and ACI 
213 guidelines respectively for a volume of 1 m3. All concrete mixes were designed for high 
rise pump ability with Nuvoco Vistas Corp Ltd industry experience. Table 4 below shows the 
concrete mixes studied.  

 
Table 4 Mix proportion of normal concrete and light weight concrete 

GRADE OF 
CONCRETE 

BINDER, kg/m3 
AGGREGATE 

PROPORTIONS, % WATER, 
kg 

ADMIX. 
% Cement   

 
Fly 
ash 

Silica 
fume 

10mm 20mm Sand ECA 

M25 NC 330 110 0 30 25 45 0 165 1.75 
M30 NC 340 120 0 25 28 47 0 160 1.20 
M40 NC 380 120 0 32 25 43 0 160 2.05 
M50 NC 440 110 15 26 32 42 0 160 2.05 
M60 NC 440 120 25 28 25 47 0 160 2.15 
M70 NC 450 150 50 32 26 42 0 155 2.35 
M80 NC 475 150 50 33 23 44 0 155 2.25 
M90 NC 500 150 65 50 0 50 0 155 2.55 

D1400 LWC 450 200 50 0 0 36 64 180 1.25 
D1600 LWC 450 200 50 0 0 65 35 180 1.45 
D1800 LWC 450 200 50 0 0 81 19 180 0.95 
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PREPARATION, CASTING AND CURING OF SPECIMEN 

Fresh concrete was prepared in batches of 0.050 m3 in a central shaft type laboratory mixer. 
Moisture corrections for all aggregates were done before concrete batching and added water 
corrected to maintain the design free water as in mix design. Cleaned and oiled, standard steel 
moulds were used for specimen casting. The fresh concrete was casted in the moulds as per 
recommendations of the test specific code. Special care was taken to avoid any human error 
induced segregation of concrete while casting. The specimens were de moulded at 24 hours 
and cured with complete immersion in water until testing, concrete mixes with delay setting 
were de moulded and cured as and when the concrete was completely set.  
 
 

DISCUSSION OF EXPERIMENTAL WORK 

 
FRESH PROPERTIES 

Workability 

Concrete grades of M25 to M40 were designed for slump test as per IS 1199 method and 
M50 to M90 were designed for slump flow test as per BS EN 12350 – 9 method. Light 
weight concrete mixes were designed for high rise pump ability and therefore tested as per 
BS EN 12350 – 9. The slump flow of light weight concrete ranging from 440 to 500mm 
without any bleeding or segregation shows that high rise pumping and placing of light weight 
concrete is possible with triple binder blending and air entrainment, which contribute enough 
paste volume to suspend pre saturated ECA in the binder matrix. Table 5 below shows the 
initial workability and fresh density of concrete mixes.      

 
Table 5   Initial workability and fresh density 

GRADE  WORKABILITY TEST 
METHOD  

WORKABILITY  FRESH 
DENSITY, kg/m³ 

M25 NC Slump test 200 mm 2403 
M30 NC Slump test 230 mm - 
M40 NC Slump test 240 mm - 
M50 NC Slump flow test 600 mm - 
M60 NC Slump flow test 620 mm - 
M70 NC Slump flow test 640 mm - 
M80 NC Slump flow test 620 mm - 
M90 NC Slump flow test 650 mm - 
D1400 LWC Slump flow test 500 mm 1408 
D1600 LWC Slump flow test 480 mm 1558 
D1800 LWC Slump flow test 440 mm 1747 
 

MECHANICAL PROPERTIES 

Compressive strength 

Compressive strength tests were conducted as per IS 516 method. It is observed that ECA 
based light weight concrete strength increases with increase in density or reduction in ECA 
proportion at the same binder content and constant water binder ratio. Strength gain of light 
weight concrete from 28 days to 56 days was considerably lower compared to M25 normal 
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concrete. Light weight concrete also exhibits a higher cylinder to cube strength ratio than 
M25 normal concrete. The study finds that M25 grade pumpable ECA light weight concrete 
can be achieved at 1747 kg/m3 fresh density (design density 1800 kg/m3). The compressive 
strength data is shown in Table 6. 
 

Table 6 Compressive strength 

MIX 
DESCRIPTION 

AVERAGE STRENGTH (MPa) % GAIN 
28 TO 56 

DAYS 

CYLINDER 
/ CUBE 

STRENGTH  
Cube Cylinder 

3 days 7 days 28 days 56 days 28 days 
M25 NC - 24.8 39.9 49.0 40.4 23 % 1.01 
M30 NC - 27.5 44.4 - - - - 
M40 NC - 36.7 56.6 - - - - 
M50 NC - 45.4 62.4 - - - - 
M60 NC - 51.9 71.7 - - - - 
M70 NC - 68.4 88.4 - - - - 
M80 NC - 79.8 91.8 - - - - 
M90 NC - 85.4 104.7 - - - - 
D1400 LWC 13.7 15.2 19.8 20.9 22.6 6 % 1.14 
D1600 LWC  12.0 18.6 22.6 23.4 25.2 4 % 1.12 
D1800 LWC 19.0 21.3 28.7 31.3 31.8 9 % 1.11 

 
Flexural strength and Split tensile strength 

Flexural strength and split tensile strength tests were carried as per IS 516 and ASTM C 496 
methods respectively. It is observed that flexural and split tensile strength increases with 
increase in density or reduction in ECA proportion at the same binder content and constant 
water binder ratio in light weight concrete, but is lower than M25 normal concrete. The 
results are shown in the Table 7. 

 

Table 7   Flexural and split tensile strength result 

MIX DESCRIPTION AGE 
NC LWC 
M25 D1400 D1600 D1800 

Flexural Strength (MPa) 28 Days 3.38 2.09 2.61 3.31 
Split Tensile Strength (MPa) 28 Days 2.68 1.50 1.61 1.89 
 
Modulus of elasticity 

Modulus of elasticity (MOE) is an important parameter in determination of stress stain 
behaviour of concrete in the elastic limit and therefore the structure behaviour in live load, 
wind load and earth quake condition. Static MOE test was conducted as per ASTM C 469 at a 
specimen age of 28 days. MOE was also evaluated theoretically from the empirical formulae 
proposed by ACI 318 as follows:   

Ec = 43 x 10-3 x d1.5 x fc
0.5  where 

Ec= Modulus of Elasticity (GPa) 
d= density of the concrete mix (kg/m³)  
and fc= compressive strength (MPa).  
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It is observed that static MOE increases with increase in density or reduction in ECA 
proportion at the same binder content and constant water binder ratio in light weight concrete, 
but is considerably lower than M25 normal concrete. Empirical MOE derived from formulae 
exhibit a high variation with ECA light weight concrete actual static MOE tested. The table 8 
below shows the actual and empirical MOE results.   

 
Table 8 Modulus of elasticity 

MIX DESCRIPTION 
NC LWC 
M25 D1400 D1600 D1800 

Static MOE (GPa) 30.5 12.5 14.7 16.2 
Empirical MOE (GPa) 32.8 11.4 12.7 16.5 
% Variation – static to empirical MOE -8% 9% 14% -2% 
 
 

DURABILITY PROPERTIES 

Rapid chloride ion penetration test (RCPT) 

RCPT test was performed as per ASTM C 1202 method. It is observed that the chloride ion 
penetration decreases with increase in density or reduction in ECA proportion at the same 
binder content and constant water binder ratio in light weight concrete and is considerably 
lower than M25 normal concrete. The following table 9 exhibits the results obtained. 
 

Table 9 Rapid chloride ion penetration test results 

MIX DESCRIPTION AGE  
NC LWC 
M25 D1400 D1600 D1800 

Average RCPT Value (Coulombs) 28 Days 4364.2 1268.7 1250.6 657.9 
 
 
Water absorption under submersion 

The test was performed as per BS 1881: Part 122 method. It is observed that the Water 
absorption under submersion decreases with increase in density or reduction in ECA 
proportion at the same binder content and constant water binder ratio in light weight concrete 
and is considerably lower than M25 normal concrete for 1600kg/m3 and 1800kg/m3 light 
weight concrete. 
   

Table 10 Water absorption under submersion test results 

MIX DESCRIPTION AGE  
NC LWC 
M25 D1400 D1600 D1800 

Average Water Absorption (%) 28 Days 3.2 3.28 2.72 2.14 
 

Water absorption under low pressure 

This test was performed as per Rilem 11.4 test method. The test method is an effective 
assessment of rain water absorption on a terrace slab or to a RCC wall under normal 
atmospheric pressure. It is observed that the water absorption under low pressure decreases 
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with increase in density or reduction in ECA proportion at the same binder content and 
constant water binder ratio in light weight concrete and is considerably lower than M25 
normal concrete for 1600 kg/m3 and 1800 kg/m3 lightweight concrete. 
 

 
Figure 1 Water absorption under low pressure test results  

. 
 
Capillary water absorption 

The capillary water absorption test was conducted to study capillary action of water through 
corrected pores or permeability in light weight concrete. The test method followed was BS-
EN-480-5. It is observed that the capillary water absorption decreases with increase in density 
or reduction in ECA proportion at the same binder content and constant water binder ratio in 
light weight concrete and is lower than M25 normal concrete. The results obtained are shown 
in Table 11 below. 

 
Table 11  Capillary water absorption vs time  

 

DURATION (Hrs) 
NC LWC 

M25 D1400 D1600 D1800 
3 1.07 % 1.06 % 1.01 % 0.99 % 
24 2.19 % 2.06 % 2.03 % 1.74 % 
48 2.52 % 2.34 % 2.28 % 1.93 % 
72 2.78 % 2.78 % 2.53 % 2.07 % 

 
 

CONCRETE STRUCTURE DESIGN 

Structural design analysis is carried on reinforced cement concrete (RCC) residential tower’s 
of G+5, G+15, G+25,+ G+35, G+45, G+55 and G + 65 floors, with a floor plan of Century 
Textile Mills, Lower Parel Mumbai project of Maharashtra Housing and Development 
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Authority (MHADA) [4]. MHADA is a government body which offers low cost housing 
schemes in the state of Maharashtra – India. The floor plan of this project was selected for 
analysis as the real estate prices are one of the highest in India for this location [7]. Figure 2 
shows the floor plan used for structural design and analysis.  

 
 

Figure 2   Floor plan, dimensions in mm 
 

Structural design and analysis were carried out in structural analysis and building design 
software ETABS. Only limit state conditions of live and dead load were considered for the 
design of structures. G+5, G+15, G+25, G+35, G+45, G+55 and G+65 structures were 
drafted and analyzed. Shear walls were introduced for structures of G+35 and above.  The 
concrete grade for the vertical elements and beam were increased gradually from M25 NC to 
M90 NC for G+5 to G+65 for optimal structural design and all slabs are designed with M25 
NC. Table 12 shows the concrete grade utilized for the design of structure. 
 
The total superstructure load was calculated for G+5, G+15, G+25, G+35, G+45, G+55 and 
G+65 structures with 2450 kg/m3 density normal concrete in column, shear walls, beam and 
slab. The total superstructure load was also calculated for G+5, G+15, G+25, G+35, G+45, 
G+55 and G+65 with composite concrete structural design of column, shear wall and beams 
casted with 2450 kg/m3 normal concrete and slabs casted with M25 grade LWC of 
1800 kg/m3.  

 
It is observed that with composite concrete design of normal concrete for vertical elements 
and light weight concrete for slab, 2.62% to 3.17% load reduction can be achieved in G+5 to 
G+65 floor structure.   
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VALUE ENGINEERING 

A study was done to make optimal utilisation of the total load reduction with composite 
concrete design on structures by calculating the additional floors that can be added to G+5, 
G+15, G+25, G+35, G+45, G+55 and G+65 structures. For the purpose composite concrete 
structure of additional one and two floors over the existing composite structures were 
analysed. Table 13 below shows the Total load of normal vs composite vs value engineered 
composite structure.  
 

Table 13  Total load of normal (NC) vs composite (NC + LWC) vs value engineered 
composite structure 

. 

No of 
floor NC 

Total load of the 
structure NC (kN) 

No of floor – 
NC + LWC 

Total load of the structure 
NC + LWC (kN) 

NC+LWC / NC 
Total load ratio 

 
G+5 

 

 
10445.3 

 

G+5 10171.7 0.97 
G+6 10917.0 1.05 
G+7 11326.4 1.08 

 
G+15 

 
24946.7 

G+15 24217.2 0.97 
G+16 25649.7 1.03 
G+17 27082.2 1.09 

 
G+25 

 

 
44258.8 

G+25 43073.3 0.97 
G+26 44314.5 1.00 
G+27 45746.9 1.03 

 
G+35 

 

 
57280.6 

G+35 55639.9 0.97 
G+36 56795.0 0.99 
G+37 57518.1 1.00 

 
G+45 

 

 
69650.6 

G+45 67518.7 0.97 
G+46 68707.5 0.99 
G+47 69993.5 1.00 

 
G+55 

 

 
82082.8 

G+55 79314.0 0.97 
G+56 80631.5 0.98 
G+57 81885.2 1.00 

 
G+65 

 

 
94891.5 

G+65 91882.3 0.97 
G+66 93136.0 0.98 
G+67 94401.8 0.99 

 
It is observed that with composite concrete structure design an additional two floors can be 
added to an existing structure for designs above G+25 floors at the same total load of 
structure with normal concrete design.   
 
 

CONCLUSIONS 

• Compressive strength, flexural strength, split tensile strength and modulus of elasticity of 
ECA LWC increases with increase in density or reduction in ECA proportion at the same 
binder content and constant water binder ratio. 
  

• M25 ECA LWC can be design at 1800 kg/m3 density. 
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• Compressive strength, flexural strength, split tensile strength and modulus of elasticity of 

M25 LWC is 28%, 2%, 30% and 47% lower than M25 NC respectively. 
 

• Chloride ion penetration and water absorption of ECA LWC decreases with increase in 
density or reduction in ECA proportion at the same binder content and constant water 
binder ratio. 

 
• Chloride ion penetration and water absorption of M25 LWC is 84% and 25% lower than 

M25 NC respectively 
 

• Composite concrete structure design with NC + LWC reduces total load of super structure 
by 3% for designs’ from G+5 to G+65 floors. 

 
• Efficient composite concrete structure design with NC + LWC can be achieved from 

G+25 floors, with the possibility of adding additional two floors from G+35 floors. 
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LAGOON FLY ASH:  A POTENTIAL SOURCE OF THE 
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ABSTRACT.  The use of lagoon fly ash (KLFA) from the Kilroot power station in Northern Ireland was 
investigated as a potential source of precursor in alkali activated geopolymer concretes.  Chemical composition, 
particle size distribution, mineralogy and morphology of the received KLFA sample were evaluated and 
compared to that of the silo-stored fly ashes obtained from Kilroot (KFA) and Drax (DFA) power stations.  
Mortar mixes were proportioned with these ashes and tested for compressive strength to assess their reactivity in 
the geopolymerisation process.  Specifically, mixes made with KLFA samples in as received state (wet), oven-
dried state and processed states (dried and milled) were compared with mixes proportioned with silo-stored fly 
ashes.  Subsequently, samples to test the variability of the fly ash in the Kilroot lagoon were collected from 
different locations during a geological survey and then their chemical compositions were determined.  Samples 
of KLFA in the as received state and KFA had similar chemical composition, minerology and particles size 
distribution.  However, large clumps of fly ash particles within KLFA were found.  The strength of the mix 
made with KLFA in the processed state was comparable to that of the silo fly ash mixes, whereas KLFA used in 
the as received state and oven-dried state was deemed unsuitable.  Most KLFA samples collected during the 
survey showed lower content of silicon and/or higher loss on ignition value than KFA, which could potentially 
adversely affect geopolymerisation.  Thus, KLFA is suitable to use as a raw material for alkali activation, 
however preselection and processing prior to use is required. 
 
Keywords: Lagoon fly ash, Chemical and physical characterisation, Geopolymer, Precursor, Reactivity 
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INTRODUCTION 
 
Geopolymer binders, being a sub-group of alkali activated binders (AABs), are a novel class 
of construction materials.  They offer an environmentally friendly alternative to Portland 
cement-based binders and have been reported to have better/equivalent mechanical and 
durability properties when compared to Portland cement materials [1].  AABs, including 
geopolymers, are produced by reacting an alumino-silicate rich precursor with an alkali-
silicate solution, called a chemical activator [1].  For geopolymers, an inorganic 
polymerisation reaction results in the formation of an amorphous aluminosilicate hardened 
matrix.  Typically, the geopolymer precursor is a waste or an industrial by-product, the most 
common being a neat fly ash, a blend of fly ash/slag or a calcined clay [1-3]. 
 
Fly ash is a fine powder extracted from flue gas by electrostatic precipitators or bag filters 
during the combustion process in coal-fired power stations.  It is then either stored in silos for 
use in different engineering materials and projects or is unused, i.e. it is landfilled.  The UK 
supply of good quality fly ash for concrete applications is limited [4].  Over 4.6 Mt of fly ash 
was produced in the UK in 2014, of which ca. 50% was used in production of Portland 
cement or concrete products, 30% was landfilled and remaining 20% was used in other 
applications (mostly geotechnical) [5].  The quantity of fly ash has most likely dwindled, and 
will continue to do so, due to the governmental strategy to move away from fossil fuels for 
electricity generation [6].  For example, reduction in coal demand from 38 Mt in 2014 to 12 
Mt in 2016 has already been seen [7].  Therefore, a continuous demand of fly ash for use in 
blended cements, or as partial replacement of Portland cement, will cause increased pressure 
on its supplies [4].  Heath et al. [8] anticipated that current global production of fly ash and 
slag meets only 20% of Portland cement demand and will most likely fall below 10% by 
2050.  Therefore, a reliable source of fly ash has to be secured, particularly to allow for an 
uptake of geopolymer technology.   
 
It is estimated that UK lagoons and landfills may contain >100 Mt of fly ash [9].  Literature 
indicates that prolonged storage of the fly ash in a lagoon/landfill can cause significant 
chemical changes (alteration to composition due to weathering and leaching of easy 
dissolvable salts) and physical changes (segregation, creation of agglomerates and deposition 
of reaction products on the surface of fly ash particles), adversely affecting its pozzolanic 
reactivity [9-11].  Loss on ignition (LOI) values of most lagoon/landfilled stored ashes are 
high and prevent their use in Portland cement applications in the UK [9].  Therefore, a 
number of studies were undertaken to evaluate a revalorisation of the UK lagoon/landfilled 
stored fly ashes in Portland cement systems, highlighting an additional processing 
(drying/screening) of the material that is likely to be required [9, 11].  However, there is 
limited work available on the suitability of using lagoon/landfilled ashes in geopolymer 
systems.   
 
The objective of the work presented in this paper was (1) to characterise the fly ash that has 
been stored in the lagoon of the Kilroot Power Station and compare its properties with silo-
stored ashes, and (2) to assess the potential of using this ash as a source of precursor for 
geopolymer binders.   
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EXPERIMENTAL PROGRAMME 
 
Materials and Methods 
 
The work was divided into two phases. 
 
In the first phase, the activation potential of the Kilroot lagoon fly ash (KLFA) as precursor 
in geopolymer binders was assessed.  The chemical composition, particle size distribution, 
mineralogy and morphology of KLFA were evaluated.  Then, geopolymer mortar mixes were 
prepared to test compressive strength at 1-, 7- and 28-days (Table 1).  Three mortar mixes 
were made with KLFA in as-received moist state (KLFA-W), oven-dried state (KLFA-D), 
and with a sample of KLFA which was oven-dried and then milled (KLFA-DM).  
Performance of the mortar made with KLFA was compared to mortars proportioned with 
silo-stored fly ashes obtained from Kilroot (KFA) and Drax (DFA) power stations.   
 
Geopolymer mixes were proportioned with a liquid chemical activator comprising a water 
solution of sodium hydroxide and a sodium silicate solution.  The sodium hydroxide solution 
was produced by dissolving laboratory grade pellets of sodium hydroxide (NaOH) in water 
(30% by mass).  A commercially available sodium silicate solution with the following mass 
percentage composition was used: 15% Na2O, 30% SiO2 and 55% water.   
 

Table 1   Fly ash-based geopolymer mixes used to determine activation potential of KLFA 
 

MIX CODE ASH SOURCE APPLIED TREATMENT  
GDFA DFA Used as received (dry) 
GKFA KFA Used as received (dry) 

GKLFA-W KLFA-W Used as received (wet) and sieved on 2 mm sieve 
GKLFA-D KLFA-D Oven-dried# and sieved on 2 mm sieve 

GKLFA-DM KLFA-DM Oven-dried# and milled## 
# – Dried at 105 °C to remove excess moisture 
## – Milled in a Retsch PM400 Ball Mill at 300 rpm for 10 minutes 
 
Well-graded 0–5 mm concrete sand, with oven-dry particle density of 2695 kg/m3, was 
sourced locally in Northern Ireland (Creagh Concrete Products Ltd., Draperstown).  Water 
absorption of sand at 1-hour and 24-hours was 0.92% and 1.1%, respectively.  Both density 
and water absorption were determined according to BS 812-2:1995 [12]. 
 
In phase two, further 12 samples of KLFAs were collected during a pilot geological survey at 
Kilroot site to assess the variability in their chemical composition.  
 
Mix Composition   
 
All geopolymer mortar mixes were made with a chemical activator having the same 
composition: alkali dosage (M+) and alkali modulus (AM).  The value of M+, i.e. the 
percentage mass ratio of total sodium oxide (Na2O) in the chemical activator to the precursor, 
was fixed at 7.5%.  The value of AM, i.e. the mass ratio of sodium oxide to silica in the 
chemical activator, was set at 1.25.   
 
The water to solids (w/s) ratio of the geopolymer mortars was defined as the ratio between 
mass of the mixing water (i.e. mass of water in the chemical activator + mass of added water) 
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and mass of the solids (i.e. mass of the precursor + mass of solids in the chemical activator).  
This ratio was kept constant at 0.35.  The sand to precursor mass ratio was fixed at 2.75.  
Sand was pre-saturated before mixing with extra water (quantity equal to the 1-hour water 
absorption of sand; this extra water was not included in w/s ratio calculations), to achieve its 
saturated-surface-dry state.  
 
Mix Preparation, Sample Casting, Demoulding and Conditioning 
 
To ensure that no other parameters influenced the results, all constituent materials were 
stored at room temperature (20 ±2 °C) prior to batching.  Before mixing, sand was oven-dried 
(at 105 ±5 °C) until a constant mass was reached, subsequently cooled and stored in sealed 
plastic barrels.   
 
The mortar mixes were made in a Hobart mixer in 1 L batches.  Pre-saturated sand (based on 
its 1-hour water absorption) and precursor were placed in the mixing bowl and mechanically 
homogenised for 1 minute.  The designed quantities of the sodium hydroxide solution, 
sodium silicate solution and added water were mixed together and then added to the mixing 
bowl.  The geopolymer mortar was mixed for a total of 6 minutes.   
 
All mortar specimens were cast in two layers.  Each layer was compacted on a vibrating 
table.  After casting, the moulds with samples were wrapped in polythene plastic sheets and 
placed in the oven at 70 °C.  Samples were demoulded at 24 ±0.5 hours, counting from the 
casting time, and placed in plastic boxes on 15 mm plastic supports.  Boxes were filled with 
water to the height of 5 mm, then covered with tightly fitting lids and stored in the 
conditioning room (20 ±1 °C).  This procedure allowed the conditioning of the samples at 
relative humidity of >95% and prevented unintentional carbonation of the samples, and 
leaching of alkalis. 
 
Test Techniques 
 
Particle size distribution analysis of fly ashes was carried out using a Malvern Mastersizer in 
the 0–2000 µm range.  Before testing all samples were oven-dried and sieved on 1 mm sieve. 
 
Samples for XRF and XRD spectroscopy analyses of ashes were transferred to a desiccator 
and stored for ca. 24 hours under vacuum at 40 ±1 °C to evaporate the moisture.  Then, dried 
samples of KLFAs were powdered using mortar and pestle to pass a 63 µm sieve.  
Immediately after grinding, the powdered samples were placed in sealable plastic bags and 
stored in the desiccator under vacuum at 20 ±1 °C until testing. 
 
X-ray fluorescence (XRF) spectroscopy was used to determine the chemical composition of 
the ashes.  Samples were analysed at the University of Leicester using PANalytical Axios 
Advanced XRF spectrometer.  
   
Powdered samples were analysed using powder XRD spectroscopy, with a PANalytical 
X’Pert PRO diffractometer, to identify the crystalline components of ashes.  Diffraction 
patterns were collected between 2θ of 5 and 65° with a step size of 0.016°. PANalytical 
X’Pert Highscore software with the Powder Diffraction File database was used to identify the 
mineralogy of the samples based on the diffraction patterns. 
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Morphology of fly ashes was assessed by scanning electron microscopy (SEM) with energy 
dispersive X-ray (EDX) analysis. A QUANTA FEG250 scanning electron microscope with 
OXFORD X-Act chemical composition analyser was used.  
 
Compressive strength of mortar cubes at given ages (1-day, 7-day and 28-day) was 
determined by crushing two 50×50×50 mm cubes each time (at a constant loading rate of 200 
kN/min).  The average of two measurements is reported in MPa.   
 

RESULTS AND DISCUSSION 

Activation Potential of Lagoon Fly Ash 

Appearance and moisture content 

The received sample of KLFA had clumps of ash particles throughout the material (size 
varied, up to several mm in diameter – Figure 1a).  This occurred as a result of the wet 
storage in the lagoon.  These clumps typically broke down when pressed between fingers.  As 
expected, the moisture content of the sample was very high, exceeding 21%.  Therefore, the 
KLFA will potentially require additional processing before being used as a raw material in 
alkali activated binders.  In comparison, the silo-stored ashes (KFA and DFA) were in dry, 
powder form and could be used with no additional processing required.   
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Figure 1   a) received sample of KLFA with visible large clumps of ash particles, b) particle 
size distribution of the investigated lagoon- and silo-stored ashes 

 
Chemical composition and loss on ignition 

Chemical compositions and loss on ignition (LOI) values of three different ashes used in this 
phase of work (KLFA, KFA and DFA) are given in Table 2.  To compare the chemical 
composition of the silo-stored KFA, Table 2 also shows composition of two extra KFA 
samples (KFA* and KFA**) sourced at different dates.  The major oxides of these fly ashes, 
identified using XRF spectroscopy, were as follows: SiO2, Al2O3, Fe2O3 and CaO.  SiO2 of 
all samples varied between 46.78 and 56.32%, with ashes obtained from Kilroot Power 
station having SiO2 above 50%. The Al2O3 of all ashes varied in a relatively narrow range: 
from 22.06 to 23.56%. DFA had the highest Fe2O3 content of 9.15%, whereas Kilroot ashes 
had it between 4.72 and 6.9%.  
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Table 2   Chemical composition and LOI of ashes tested during KLFA activation potential  
 

COMPOUND [%] KLFA KFA KFA* KFA** DFA  
SiO2 52.06 50.54 56.32 55.38 46.78 
Al2O3 22.22 22.06 23.54 23.56 22.52 
Fe2O3 5.84 6.90 4.72 4.76 9.15 
CaO 3.97 5.54 4.39 4.69 2.24 
MgO 1.81 2.03 1.8 1.79 1.33 
MnO 0.07 0.09 0.05 0.05 0.05 
TiO2 0.96 0.82 1.04 1.03 1.05 
Na2O 0.76 1.06 1.01 0.88 0.89 
K2O 2.02 1.79 1.81 1.86 4.09 
P2O5 0.55 0.77 0.73 0.71 0.17 
SO3 0.50 <0.002 0.56 0.55 0.9 
LOI 7.88 7.194 3.58 3.74 3.57 

 
The SiO2 content and sum of SiO2, Al2O3 and Fe2O3 for each of the ashes was ≥25% and 
≥70% respectively. The total CaO content was ≤10%, whereas the total content of alkalis 
(Na2Oeq = Na2O + 0.658·K2O, all in mass %) was ≤5%.  The contents of other minor oxides 
were as follows: MgO ≤4%, P2O5 ≤5% and SO3 ≤3%. Therefore, all ashes provisionally 
comply with BS EN 450-1 [13] the general chemical composition requirements (contents of 
Cl- and reactive CaO to be confirmed). 
 
Loss on ignition (LOI) values of KLFA and KFA were fairly high (>7%) when compared to 
that of DFA and the other two KFA samples, i.e. KFA* and KFA** (<3.8%).  When LOI 
limits of BS EN 450-1 [13] are concerned, samples of KLFA and KFA would fall in category 
C (LOI ≤9%), whereas DFA and the two other samples of KFA (KFA* and KFA**) would 
fall in category A (LOI ≤5%).  Currently, BS EN 8500-2 [14] allows LOI ≤7% (category A 
and B) for use of fly ashes in Portland cement concrete. 
 
Particle size distribution  

The particle size distributions of raw KLFA (KLFA-D, dried and sieved on 1 mm sieve) and 
processed KLFA (KLFA-DM, dried and milled) are shown in Figure 1b.  They are compared 
to grading of two silo-stored ashes, i.e. KFA and DFA.  The particle size distributions of 
KLFA-D, KFA and DFA were fairly similar, although KLFA-D had lower proportion of 
particles passing 10 µm and higher content of particles passing 105 µm.  Overall, KLFA-DM 
had the finest particle size distributions with all particles passing 105 µm, whereas KFA was 
finer than DFA.   
 
Based on the BS EN 450-1 [13] requirements, KLFA-D, KFA and DFA can be classified into 
the fineness category N (≤40% mass of particles >45 µm) and KLFA-DM into the category S 
(≤12% mass of particles >45 µm).  In general, reactivity of fly ashes is related to particle size.  
Therefore, the above results can aid the interpretation of the compressive strength data.  
 
Mineralogy 

Results of the XRD analysis of KLFA, KFA and DFA samples are shown in Figure 3.  All 
three samples had very similar XRD traces.  The compositions of the materials were very 
similar and all contained the characteristic ‘amorphous hump’ centred at 2θ of approximately 
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25°.  DFA shows traces of hematite that are not present in KLFA and KFA.  Calcite (CaCO3) 
was present in KLFA.  Given that calcite was not found in KFA, it is likely that it was formed 
within KLFA due to prolonged exposure to the atmospheric CO2 and weathering [15]. 
 
Morphology 

SEM imaging was carried out on the ash samples of KLFA, KFA and DFA (Figure 2).  All 
ashes were very similar in appearance, regardless of the source, primarily containing 
spherical fly ash particles.  The spheres varied in size, from several to tens of microns, and 
some of the larger spheres were coated with smaller spheres.  The surface of the spheres was 
typically smooth, but some spherical particles had pitted surface.  Spot analysis of the 
spherical particles showed that they were primarily composed of Si and Al (in different 
particles the proportion of Si to Al varied, but Si was generally dominant).  Within the KLFA 
the spheres often appear as clumps of particles (varying largely in their number) with no 
apparent material holding them together.  This potentially may affect the reactivity of KLFA.  
All ashes contained irregularly shaped particles having numerous spheres attached to their 
surface.  Spot analysis indicated that they were carbon-rich, thus likely to be unburnt carbon 
residue.  There was also individual irregular shaped particles present, which were likely to be 
quartz or mullite.  
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Figure 2   XRD analysis of the KLFA, KFA and DFA samples  
 

KLFA KFA DFA

 
 
Figure 3   SEM images of KLFA, KFA and DFA (circles – large clumps/agglomerates of fly 

ash particles; arrows – carbon-rich particle with multiple spheres attached)  
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Compressive strength 

Compressive strength results for the fly ash geopolymer mortars are shown in Figure 4.  The 
control mix (GDFA), made with DFA, had compressive strengths of approximately 19, 24 
and 24 MPa at 1, 7 and 28 days, respectively.  The mix made with KFA (GKFA) had higher 
strength than the GDFA mix at each testing age, which can be related to the higher fineness 
of KFA (Figure 1b) [1].  When the KLFA was used in as received state, i.e. moist (KLFA-
W), the recorded strength of the GKLFA-W mix at 1, 7 and 28 days was very low (below 3 
MPa).  This is obviously caused by the moisture present in the untreated KLFA-W (ca. 21% 
of the mass).  Mix GKLFA-D (made with dried, as received state KLFA) was too dry during 
mixing process, hence it was not possible to cast samples (thus the strengths of this mix are 
reported as 0 MPa).  This appears to be due to the lumpy nature of KLFA (resulting from the 
prolonged wet storage in the lagoon) and due to relatively high LOI (related to the content of 
unburnt carbon).  Presumably, the KLFA lumps and unburnt carbon caused entrapment of the 
mixing water, which otherwise would be used for the lubrication of the solid particles in the 
mix.  When KLFA was dried and milled (KLFA-DM), the compressive strength of the 
GKLFA-DM mix was slightly lower than that of the GKFA.  The mechanical activation via 
reduction of the grain size is well known to increase the reactivity of fly ash [2, 16].  
However, these results indicate that after mechanical activation KLFA was not as reactive as 
KFA.  In summary, KLFA could be suitable to use as a raw material for the alkali activation, 
with prior processing.  
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Figure 4   Compressive strength development of fly ash geopolymer mortars 
 
Variability of Lagoon Fly Ash at Kilroot Power Station 
 
Sampling of Kilroot lagoon fly ashes 
 
A preliminary auger sampling program was organised to test the variability of KLFA.  
Samples were obtained from 12 different sites within the lagoon (Figure 5).  The auger was 
capable of sampling to the depth of 2 m, hence the initial plan was to obtain samples from 
different height levels within the lagoon.  This was considered useful, as if there would be 
variability across the site within the top 2 m, then it is likely that the variability would 
continue to the depth.  
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Figure 5   Aerial photograph of Kilroot lagoon showing approximate sampling locations 
 
When sampling commenced it was clear that the ground was extremely compacted and that 
sampling would be problematic.  Using the auger a maximum depth of 50 cm was achieved 
and at some sites sampling was from the top couple of centimetres as the ash could not be 
penetrated with the equipment at hand (Figure 5).  For two sites samples were obtained using 
an excavator, which enabled sampling from the depth of approximately 2.5 m.   
 
Chemical composition of Kilroot lagoon fly ashes 
 
XRF analysis was carried out on 12 samples collected from the Kilroot lagoon.  Selected 
XRF results are shown in Figure 6 (separated into two graphs for the ease of reading) and are 
compared to the ash samples listed in Table 2.  The horizontal lines represent averages 
calculated for each elemental oxide/LOI for the silo-stored samples of KFA, KFA* and 
KFA** (Table 2), enabling easy comparison of Kilroot silo- and lagoon-stored ashes.   
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Figure 6   XRF of selected oxides and LOI in ashes shown in Table 2 and 12 KLFA samples 
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Results of the greatest importance for geopolymerisation are those for silica, aluminium and 
LOI (Figure 6a). In general, SiO2 content of KLFAs was below the KFA average (ranging 
from 39.40 to 55.04%), whereas Al2O3 content was close to the KFA average (ranging from 
22.06 to 24.75%).  LOI was increased compared to that observed in silo KFAs (ranging from 
4.95 to 11.91%).  As discussed previously, increased LOI in KLFA samples can be related to 
the amount of unburnt carbon and to weathering-related carbonation.  
 
Other oxides that show significant changes were Fe2O3 (Figure 6a), CaO, MgO, Na2O, K2O 
(Figure 6b), TiO2, P2O5, SO3 (not depicted on graphs). CaO, Fe2O3 was variable throughout 
KLFA samples.  MgO and TiO2 were typically above average and Na2O, K2O, P2O5 and 
SO3 below the average.  Kilroot lagoon is located by the sea and thus fluctuations in MgO, 
TiO2, Na2O, K2O, P2O5 and SO3 are possible, depending on the extent of interaction with 
seawater. Samples 5c and 10s in the KLFA show a significant increase in CaO, MgO, P2O5 
and SO3, which points towards the seawater interacting with these samples. In these samples 
the SiO2 content was also decreased more than in any of the other samples. This may indicate 
that interactions with seawater result in decreased SiO2 content.  
 
Given that geopolymerisation requires high levels of SiO2 within the system, there is a 
possibility that seawater interaction reduces the SiO2 content and may result in the ash being 
unsuitable for geopolymerisation.  Therefore, to ascertain this, it is necessary to carry out trial 
mixes with ash collected from different sites/depths within the lagoon and assess the effect of 
the seawater on the strength development of these mixes, and on the geopolymerisation 
process in general.  Further study of lagoon fly ash would also require the chloride levels to 
be tested, as chlorides can be detrimental for durability of reinforced concrete.  

 
 

CONCLUSIONS 
 
Based on the results, the following conclusions have been reached: 
 
• As received KLFA sample had similar chemical composition, mineralogy and particle size 

distribution to silo-stored KFA.  SEM imagining revealed large clumps of fly ash particles 
within KLFA, which lead to low reactivity of KLFA when used in geopolymer mortars in 
the unprocessed form.  Drying and milling of KLFA increased its reactivity and allowed it 
to achieve a similar strength to the geopolymer mix made with KFA. 

• The variation in the chemical composition of the KLFA samples collected during the 
survey was noticeable, however it depended on the specific oxide.  Regarding the 
geopolymer binders, the content of SiO2 in KLFAs was lower than in KFAs, whereas 
Al2O3 content was similar to that of KFAs.  LOI values of KLFAs were increased 
compared to that observed in KFAs.  Effect of seawater on the KLFA properties and 
geopolymerisation process has to be assessed across the lagoon (different sites/depths). 

• KLFA is suitable to use as a raw material for some types of alkali activation, however 
preselection and processing of KLFA prior to use is required. 
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PHASE-TRANSITION CONDUCTOMETRY TO STUDY PORE 
STRUCTURE EVOLUTION IN FLY-ASH MORTAR 
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ABSTRACT.  The durability of cement-based materials depends primarily on the 
environmental exposure conditions and micro-porous nature of the cementitious binder. In 
this paper, electrical impedance spectroscopy is exploited to study pore structure evolution in 
fly-ash mortars. To this end, mortar samples were exposed to a cyclic temperature regime 
over the temperature range 20oC ⇄ -60oC to establish the relation between pore size and the 
freezing/melting point of pore-water. It is shown that when the bulk resistivity and thermal 
response of the mortars were presented in an Arrhenius format, hysteresis was evident over a 
significant portion of the plots. Depression in both the freezing and thawing temperatures was 
evident and used to estimate the radii of capillary pore necks and cavities. It is also shown 
that due to on-going hydration and pozzolanic activity, and resulting pore structure 
refinement, the bulk resistivity above the freezing point increases with curing time, while that 
below the freezing point exhibits an opposite trend and attributed to the reduction in pore-
neck radius which has a governing role on ice formation. 
 
Keywords: Mortar, Freezing and thawing, Impedance, Arrhenius, Hysteresis, Pore radius, 
Ice formation 
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INTRODUCTION 
 

Considerable advances have now been made in the use of electrical impedance spectroscopy 
(EIS) to study various physico-chemical processes in cement-based materials. The main 
advantage of EIS is that they are technically simple to perform allowing measurements to be 
obtained not only on Portland cement pastes, but also on mortars and concretes which have 
direct practical significance. The simplicity of the system also allows measurements to be 
taken continuously from casting through curing and long-term hardening under both 
laboratory [1-6] and field environments [7, 8]. These studies have shown that the impedance 
response of a cementitious system can be linked to the pore-water content, pore-water 
chemistry and the connectivity and tortuosity of the capillary pore network within the 
cementitious binder [9, 10], all of which have a direct influence on moisture and ionic 
transport and hence long-term durability [11]. 
 
Much of the work has, however, focused on the impedance response of cementitious systems 
at normal ambient temperatures (viz, between ~1oC and 40oC) [1-12]. In cold regions, the 
ambient temperature may drop below the freezing point and have implications on the 
durability of concrete. It has been recognised that concrete durability in this environment is 
intimately linked to the freezing point of the pore water within the cement binder, which is 
dependent upon the pore size and pore connectivity, and the volumetric ratio of frozen water 
within the pore network. In this work, we extend the application of EIS to lower temperature 
range and demonstrate its potential for characterising the micro porous nature of a 
cementitious system. A number of studies in this area have been reported [see, for example, 
13-16]; however, they are limited with respect to the frequency and temperature range 
employed, in particular the low temperature limit. Extending the temperature to a lower range 
could establish an improved understanding of the process of ice formation, pore-size and pore 
connectivity. Here we present the application of EIS to study pore structure evolution in fly-
ash mortars over a 28-day curing period within the temperature range 20oC/-60oC. 
 
 

EXPERIMENTAL PROGRAMME 

Materials and Sample Preparation 
 
The mix proportion for the mortar used in this programme is presented in Table 1. The binder 
comprised a blend of Portland cement CEM I 52.5N to BS EN197-1 [17] and fly-ash to BS 
EN450-1 [18], at a replacement ratio of 35%. The oxide composition of these materials is 
provided in Table 2. A relatively low water/binder ratio of 0.4 was used to minimise damage 
on the pore structure upon exposure to the low temperatures detailed below. To ensure 
adequate workability, a high-range water-reducing admixture was added into the mix at a 
fixed dosage rate of 0.5% by mass of binder. 
 
A total of fifteen fly-ash mortar samples were cast using a 10 litre Hobart planetary motion 
mixer: five were used for impedance tests and the remaining ten were used for compressive 
strength tests. Following mixing, the prepared mortar was compacted into standard three-
gang 50mm steel moulds placed on a vibrating table; they were then covered with thick cling 
film to minimize water evaporation. All samples were demoulded after 24-hr and then placed 
in a curing tank at 20±1oC until required for testing, which, for the current work programme, 
at 3, 7, 14, 21 and 28 days. During this normal curing period, hydration is expected to have a 
significant influence on pore structure development. 
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Electrode Configuration and Calibration 
 
To enable electrical measurements, a pair of stainless steel (Grade 316L) pin-electrodes was 
positioned centrally within each of the five impedance samples at the time of casting (see 
Figure 1). Each electrode comprised a 2.4mm diameter stainless-steel (s/s) pin 
(approximately 60mm in length) which was sleeved with heat-shrink insulation to expose a 
10mm length of tip at both ends, to allow electrical measurements. The pin-electrodes were 
then inserted to a depth of 30mm at a centre-to-centre spacing of 10mm and secured in 
position by means of a 0.3mm thick acrylic strip, which was fixed on the steel moulds prior 
to casting. In addition to the pin-electrodes, a 5kΩ thermistor was inserted to a depth of 
~20mm at the centre of the pins to facilitate internal temperature measurements. 
 
When a cement-based sample placed between a pair of electrodes and subjected the action of 
a small amplitude, alternating current over a wide frequency range, the impedance response 
displayed in Figure 1(b) will result. Generally, the response comprises a spur at the right-
hand (low frequency) side of the plot, which represents the polarization at the 
electrode/sample interface [19], and a semicircular arc whose centre depressed from the real 
axis at the left-hand (high frequency) side. The arc is associated with the bulk response of the 
test sample and the bulk resistance, R (Ω), can be obtained from the intercept of the low-
frequency end of the arc with the real axis. This can be multiplied by the geometrical constant 
to obtain the bulk resistivity, ρ (Ωm), which is a fundamental electrical property and hence 
independent of the size and geometry of the sample. For a prismatic shape sample with two 
external plate-electrodes, this can be calculated by the relationship, 

𝜌𝜌 = 𝑘𝑘 𝑅𝑅    Ωm      (1) 
where 𝑘𝑘 is the geometrical constant (m) and, for a prismatic sample, equivalent to 𝐴𝐴 𝐿𝐿⁄ , with 
A being the cross-sectional area of the test sample (m2) and L the distance between the 
electrodes (m). Note that this equation is only valid when the electrical field between the 
electrodes is uniform. However, as the electrical field between the tips of the pin-electrodes is 
non-uniform, a priori calibration measurements is required to convert the measured resistance 
to resistivity. This was obtained by measuring the bulk resistance of solutions of known 
resistivity using a cell of similar internal dimensions and identical electrode arrangement. 
 

Table 1   Mortar mix (w/b = 0.4). HRWR = high range water reducer. 
 

Mix 

designation 

PC 

(kg/m3) 

Fly-ash 

(kg/m3) 

Water 

(kg/m3) 

Sand 

(kg/m3) 

HRWR 

(kg/m3) 

F28 
(MPa) 

CEM II/B-V 406 219 250 1375 3.1 44.5 
 

Table 2   Typical oxide analysis of cement and fly-ash from the suppliers. 
 

% by weight Cement Fly-ash 

SiO2 
Al2O3 
Fe2O3 
CaO 
MgO 
K2O 
Na2O 

19.9 
4.94 
3.07 
62.02 
2.08 
0.62 
0.15 

45-51 
27-32 
7-11 
1-5 
1-4 
1-5 

0.8-1.7 
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(a) 
 

    
 

Figure 1   (a) Schematic of fly-ash mortar sample; (b) typical impedance response of a 
cement based system; and (c) geometrical constant for the electrode configuration in (a). 

 
 
Figure 1(c) displays the result of such measurements, with the best linear-fit relation shown 
to highlight the geometrical constant for the electrode pair used in this study (= 0.0222m). 
The measured resistance, R (Ω), across the pin-electrodes could thus be converted to the bulk 
resistivity, ρ (Ωm), through the relationship, 

𝜌𝜌 = 0.0222 𝑅𝑅    Ωm     (2) 
 
Mechanical and Electrical Testing 
 
The compressive strengths of the fly-ash mortar were obtained using a 3000kN Avery–
Dennison testing machine under a constant rate of 50kN/min. Figure 2(a) presents the 
measured compressive strengths of the fly-ash mortar over the initial 28 days, together with 
the predicted strength obtained using the expression in BSEN 1992-1-1:2004 [20], which is 
also displayed in the Figure. As expected, the mortar exhibits a gradual increase in strength 
with time which is a direct result of ongoing hydration and pozzolanic reaction. By fitting the 
equation to experimental data, it was found that the constant in the exponent is equal to 0.38. 
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Electrical measurements were undertaken using an E4980AL LCR meter operating in voltage 
drive mode at a signal amplitude of 350mV. The LCR meter was controlled by a desktop PC 
using custom-designed LabVIEW virtual instrument via a USB interface. Using this system, 
an automated frequency sweep measurement was undertaken over the frequency range 20Hz–
1MHz at 20 frequency points per decade on a 2-min cycle. One sweep measurement took 
only ~25s and the LCR meter was placed in standby mode until the subsequent sweep.  
 
Temperature Measurements and Data Acquisition 
 
Temperature readings (chamber and sample) were undertaken using two thermistors which 
were connected to a resistance logger and operated at the same rate as above. These 
thermistor readings were converted to temperature using the Steinhart-Hart equation [7], 
 𝑇𝑇 = [𝐴𝐴 + 𝐵𝐵𝐵𝐵𝐵𝐵𝑅𝑅 + 𝐶𝐶(𝐵𝐵𝐵𝐵𝑅𝑅)3]−1 − 273.15  (1) 
where 𝑅𝑅 (Ω) is the measured thermistor resistance; 𝑇𝑇 is temperature (ºC±0.2°C); and A, B, 
and C are coefficients which depend on the type of the thermistor. For the thermistor used in 
the present study, the values of A, B, and C were 1.28×10-3, 2.36×10-4 and 9.31×10-8 K-1. 
 

       
 
Figure 2   (a) Predicted and observed cube compressive strength; (b) measured internal 
sample (solid line) and chamber (dashed line) temperatures. 
 
Thermal Cycling Regime 
 
Prior to testing, one sample was removed from the curing tank, surface-dried and, to 
minimise water loss during testing, immediately wrapped with several layers of cling film 
before being placed in a climatic chamber and taken through the following thermal regime: 

(I) isothermal hold at 20oC for 1-h to achieve thermal equilibrium; 
(II) temperature reduction from 20oC to -60oC at a rate of 10oC/h;  
(III) another isothermal hold for 3-h; 
(IV) temperature increase to 20oC at the same rate as (II); and  
(V) a final isothermal hold for 3-h. 

At start, the thermistors were connected to the data logger, while the pin-electrodes to the 
LCR meter via four, individually screened coaxial leads which ducted out through a small 
cable entry port on the side of the chamber. The automated measurements were then 
triggered. Figure 2(b) presents the chamber (dashed line) and internal sample temperatures 
(solid line) during one full thermal cycle. It is apparent that the chamber temperatures during 
stages II and IV exhibit a linear relationship with time at a rate of 10oC/h, highlighting the 
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good performance of the chamber and measurement setup in delivering the specified rate and 
range of temperatures. Comparing the chamber and sample temperatures, it is evident that the 
sample temperature lagged behind the chamber temperature by ~0.5hour (or 5oC) and that the 
temperature lag is seen to increase upon freezing and melting, as well as at the beginning of 
the stages when the chamber temperature was held constant. 
 
Data Analysis: Arrhenius Presentation and Activation Energy 
 
An Arrhenius-type relationship is employed to relate the resistivity of the mortar, 𝜌𝜌 (Ωm), 
with temperature [21] 

𝜌𝜌 = 𝜌𝜌i𝑒𝑒
�𝐸𝐸a𝑅𝑅𝑅𝑅�      (2) 

where 𝜌𝜌i is the pre-exponential constant (Ωm); 𝐸𝐸a is the activation energy for the conduction 
processes in cementitious system (kJ/mole); R is the Universal Gas constant (=8.3141        
×10-3kJ/mole/K) and T is the absolute temperature (K). To calculate the activation energy, 𝐸𝐸a 
(kJ/mole), from the bulk resistivity, 𝐵𝐵𝐵𝐵(𝜌𝜌) is plotted against 1000/𝑇𝑇 in the following section 
and the slope of the plot is then multiplied by 𝑅𝑅 ×103. Furthermore, whilst the sweep 
measurements were undertaken at 95 spot frequencies within the range 20Hz–1MHz, due to 
the large amount of data collected, only the resistance at a spot frequency (1kHz), which lies 
within the optimal frequency range, is presented and discussed. 
 
 

TEST RESULTS AND DISCUSSION 

Arrhenius Relationship and Activation Energy 
 
Figures 3(a)-(d) display the Arrhenius format of the resistivity plots for the mortar tested in 
this study over the temperature range 20oC ⇄ -60oC, with the directions of cooling and 
heating indicated. In all plots, the response during the entire thermal regime is presented in 
solid lines, and for comparative purposes, the corresponding response at 28-day is presented 
in dashed lines. Similar features are clearly evident from all plots, with the resistivity 
displaying an increasing trend on cooling and a decreasing trend on heating. In general terms, 
the plots presented in the Figures can be divided into four main regions (denoted I to IV): 
 
Region I: Above freezing point (20oC ⇄ -3±2oC) 
This region is characterised by a linear change in resistivity and the slope of this linear 
portion gives the apparent activation energy, 𝐸𝐸a . Given that electric conduction in 
cementitious systems is primarily ionic in nature, it is affected mainly by the concentration of 
ionic species within the pore network and the mobility of these species, which depends also 
on the connectivity of the pore network. As the pore-water concentration and the connectivity 
of the pore network over this temperature range remain virtually unchanged during the 
relatively short test duration, the change in resistivity would, therefore, reflect the change in 
ionic mobility. Table 3 presents the average of 𝐸𝐸a for each curve presented in Figures 3(a)-(d) 
for both the cooling and heating portions of the thermal cycle. It is apparent that the value of 
𝐸𝐸aon each thermal cycle is comparable. Given that the resistivity on cooling and heating is 
also marginally different, this would indicate that the conduction process is reversible. 
Moreover, by comparing the Arrhenius plots at the different curing ages in Figures 3(a)-(d) 
with that measured at 28 days, it is evident from Region I that there is a progressive upward 
displacement of the plot with time, indicating an increase in resistivity with time. This is due 
to the on-going hydration and pozzolanic reaction and resulting pore structure refinement. 
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Figure 3   Arrhenius plots for the fly-ash mortar over the temperature range 20oC ⇄ -60oC at 
(a) 3-day; (b) 7-day; (c) 14-day; and (d) 21-day curing. Solid lines are the response measured 
at a specific curing age whereas dashed lines at 28-day. Blue line (cooling) red line (heating). 
 
 

      
 

Figure 4   Activation energy for electrical conduction processes over the temperature range 
20oC ⇄ -60oC at (a) 3-day and (b) 28-day. Solid lines (cooling) dashed lines (heating). 
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Table 3   Activation energies for electrical conduction process during Region I, Ea (kJ/mole) 
 

Stage Curing time (days) 

3 7 14 21 28 

Cooling 
Heating 

17.11 
18.15 

18.22 
18.86 

18.91 
18.52 

19.07 
19.12 

19.20 
19.15 

 
Table 4   Estimated pore-neck and pore-cavity radii (nm). 

 

Capillary and 
gel pore 

radiii 

Curing time (days) 

3 7 14 21 28 

rpn,c (nm) 
rpn,g (nm) 
rpc   (nm) 

57.79 
2.10 
152.9 

21.92 
2.12 
263.1 

63.58 
2.12 
151.3 

14.67 
2.14 
100.6 

18.77 
2.12 
160.1 

 
Region II: Ice formation and melting within capillary pores (-3±2 oC ⇄ -37oC) 
The start of this region is characterised by an abrupt change in resistivity, causing a 
significant transitory increase in 𝐸𝐸a  during both the cooling and heating portions of the 
thermal cycle. The abrupt increase in resistivity, which is more evident at early age, would 
reflect instantaneous ice formation in the capillary pore network on cooling (or melting on 
heating) [14], whereas the anomalously high value of 𝐸𝐸a would indicate the additional energy 
required for the phase change from liquid to solid, and vice versa [13]. The resistivity 
thereafter is seen to increase further, at a rate which is more than double that during Region I 
(see, for clarity, Figs. 4(a) and (b)), highlighting the additional effects of ice formation on the 
effect of decreasing temperature alone. As temperature decreases below the freezing 
temperatures, there are a number of synergistic and opposing effects, for example, 

(i) ice formation will increase the ionic concentration within the unfrozen pore water 
thereby lowering the pore-water resistivity and hence the bulk resistivity; 

(ii) the accretion of the capillary pore space by ice would restrict ion movement and 
create pore blocking effects which would lower the connectivity of the capillary 
pore network. This will have the effect of increasing bulk resistivity; and 

(iii) a reduced ionic mobility within the unfrozen pore water layer due to the effect of 
temperature. This would also increase the bulk resistivity. 

From Figures 3(a)-(d) it is apparent that during Region II, the resistivity of the mortar on 
cooling increases by approximately two orders of magnitude and, as such, it can be inferred 
that (ii) and (iii) are exerting a more dominant influence than (i). It is also evident that over 
the remainder of Region II, the resistivity keeps increasing with decreasing temperature and 
this is due to a thin layer of pore-water lining on the pore walls which remains unfrozen 
thereby providing a conduction pathway below freezing temperatures. 
 
With reference to Figures 3(a)-(d), it is interesting to note that the abrupt change in gradient 
discussed above takes place at a different temperature, depending on whether the sample is 
on the cooling/heating portion of the thermal cycle. This could be associated with the 
heterogeneous nature of the capillary pore network, generally comprising large capillary 
cavities connected by fine pore necks (i.e. the ink-well model) [14]. Due to this, freezing in 
the cavity would depend on the radius of pore neck as ice can only propagate into the pore 
interior (cavity) once freezing has initiated in the necks, whereas melting is governed by the 
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radius of pore cavity [22, 23]. Accordingly, the temperature upon freezing/melting could be 
used to estimate the radius of the capillary pore-neck, 𝑟𝑟pn,c(nm) and the mean radius of the 
gel pore, 𝑟𝑟pn,g(nm), and the radius of the capillary pore-cavity, 𝑟𝑟pc(nm). As demonstrated in 
[24], the Gibbs–Thomson equations could be used, as given by 

𝑟𝑟pn = −64.67
∆𝑇𝑇𝑓𝑓

+ 0.57     (3) 

𝑟𝑟pc = −32.33
∆𝑇𝑇𝑚𝑚

+ 0.68      (4) 

where ∆𝑇𝑇f and ∆𝑇𝑇m are, respectively, the depression in the freezing- and melting- point, with 
respect to that of ice inside the pore network (assumed as 0oC). In these equations, the 
thickness of unfrozen pore-water lining is assumed as 0.8nm; it is also assumed that on 
freezing, the interface between the ice and water takes a spherical shape whereas on melting 
is assumed to start from a cylindrically shaped pore wall [22-25]. The computed radii of the 
pore-neck and pore-cavity in five, notionally identical samples are presented in Table 4, 
clearly showing the influence of hydration on 𝑟𝑟pn,c while its influence on 𝑟𝑟pn,g and 𝑟𝑟pc is less 
obvious. Another interesting feature from Figures 3(a)-(d) relates to the absolute value of the 
resistivity itself, with the resistivity on cooling being consistently higher than that on heating. 
This indicates that more ice remains within the pore network on thawing than on cooling i.e. 
the ice saturation ratio is greater on thawing than on cooling. 
 
Region III: Ice formation within gel pores (-37oC ⇄ -48oC) 
As evidenced in Figures 3(a)-(d), this region is characterised by further change in gradient, 
resulting into another transitory increase in 𝑬𝑬𝐚𝐚 during the cooling portion of the thermal cycle 
(see Figs. 4(a) and (b)). This must reflect ice nucleation in a much finer pore network (viz, 
the gel pores) [26, 27]. In this paper, Equation (3) is used to estimate the mean radii of the gel 
pore. It is interesting to note that regardless the hydration time, 𝑬𝑬𝐚𝐚 appears to increase from  
~-37oC and reaches its peak at -42±1oC before gradually decreasing and becoming constant 
despite being masked by the variation in measured values at the lower temperature end. 

Region IV: Ice saturation (<-48±2oC) 
Within this stage, a linear relationship is again seen to dominate the Arrhenius response, with 
the cooling and heating portions of the cycle being superimposed on each other. However, 
unlike Region III, no hysteresis effects are detected, which would suggest that the pore space 
has been saturated by ice and that the ice content is now virtually constant. 
 
Influence of Curing Time 
 
To provide an insight into the influence of curing time on the resistivity of the mortar over 
the entire test duration and temperature range presented, the dimensionless parameter, 
normalised resistivity, 𝑁𝑁R, is introduced and defined as 

𝑁𝑁R = 𝜌𝜌t
𝜌𝜌i

     (5) 

where 𝜌𝜌t (Ωm) is the resistivity at a particular temperature measured at time, t, whereas 𝜌𝜌i 
(Ωm) is the initial resistivity which, in this study, is taken as the resistivity at 3 days. Figure 5 
presents the variation in 𝑁𝑁R at 10oC intervals over the 28 days curing period. When observed 
above the freezing temperatures, 𝑁𝑁R displays a general upward trend and attibuted to ongoing 
hydration and pozzolanic activity. As hydration proceeds, this will result in a reduction in 
capillary pore size and pore connectivity and an increase in pore tortuosity, which altogether 
will increase the bulk resistivity. The cummulative effects of these microstructural changes 
will generally dominate over any other opposing effects (i.e. increasing ionic concentration 
within the pore-water) and hence an increase in 𝑁𝑁R with time at above the freezing points. 
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Figure 5   Variation in NR with hydration time. 
 
Below the freezing temperatures, it is apparent from Figure 5 that 𝑁𝑁R displays an overall 
downward trend, with the response below -30oC being largely similar, and hence the curves 
are superimposed on each other. At the end of test period (28 days), the NR value below the 
freezing point is ~50-65% of the corresponding values at 3 days. The reduction in NR with 
hydration time would indicate that at a particular temperature, the relative ice content in the 
mortar at early age is higher than that at later age. This could be attributed to the fact that the 
mortar at early age had a coarser pore-neck size (see, for example, rpn presented in Table 4) 
and as ice formation is controlled by the pore-neck size, a higher relative ice content than at 
later ages. 

 

CONCLUSIONS 

From the work presented, the following conclusions can be drawn: 
1. Increasing the hydration time not only resulted in an increase in resistivity of the fly-

ash mortar, but also a corresponding increase, albeit marginally, in activation energy 
for conduction processes over the 28-day period. This is due to on-going hydration 
and pozzolanic reaction, and resulting pore structure refinement. 

2. It was found that pore-water in the fly-ash mortars freezes at <0oC and at a 
temperature consistently lower than when it melts, which is also <0oC. Based on the 
depression in freezing and thawing points, the radius of pore-neck in five notionally 
identical mortar samples was found to decrease with increasing time. Over the 
relatively short curing period, the influence of hydration and pozzolanic activity on 
the radius of pore-cavity and the mean radius of the gel pores is not so obvious. 

3. Hysteresis was evident over a significant portion of the thermal cycle, primarily due 
to the difference in freezing and melting processes within the capillary pore network. 

4. The mortar resistivity below the freezing point was found to decrease with time. This 
is due to the reduction in pore-neck radius governing the ice formation. 
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ABSTRACT. Due to the continuous shutdown of coal fired power plants, landfilled fly ash 
(FA) has become a substantial secondary resource for several branches of industry. The 
utilisation of FA as a raw material for geopolymerisation is becoming more and more 
widespread not only because of the appropriate reactivity of the base material, but also the 
environmentally benefits and good mechanical properties of the final products. Examination of 
the effect of mechanical activation of landfilled brown coal FA from Tatabánya (Hungary) on 
the mechanical properties of geopolymers was carried out. The FA was ground in a ball mill 
for 10, 20, 30, 60 and 120 minutes before geopolymer production. However, fluctuation was 
observed in the unconfined compressive strength results. Thus, comparison was made with 
previous data on geopolymers made from “fresh” FA to reveal possible reasons behind the 
inconsistency. Furthermore, both the raw materials and the geopolymers were examined 
(particle size analysis, FT-IR analysis, XRF, SEM) to investigate their geopolymerisation 
behaviour. Important conclusions can be drawn from the results about the effect of mechanical 
activation on the modification and reactivity of landfilled FA. 
 
Keywords: Compressive strength, Deposited fly ash, Geopolymerisation, Mechanical 
activation 
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INTRODUCTION 
 

Over the past decades, sustainable consumption and production has been recognised as a key 
political, economic and industrial concept. In 1992, the United Nations Conference on 
Environment and Development conference was held in Rio de Janeiro where issues such as 
limited water supply, health problems caused by air pollution and the use of alternative energy 
sources were addressed [1]. As a result, sustainable consumption and production was included 
in the 2030 Agenda for Sustainable Development that was adopted by all United Nations 
Member States in 2015. Among the 17 sustainable development goals proposed by the UN, 
goal 12 was set to “Ensure sustainable consumption and production patterns”. Some of the 
main issues that should be resolved until 2030 include the reduction of waste, the efficient use 
of natural resources and the elimination of ineffective fossil fuel subsidies [2]. 
 
Between 2000-2016, almost 10 % decline in the use of solid fossil fuels (e.g. lignite, brown 
coal, peat etc.) and over 15% increase in the use of renewable energy sources could be observed 
in the European Union [3]. However, in China and India, over 70% of the total electricity 
production was from various coal sources in 2015, with an increasing tendency in India [4]. 
 
The reduced use of solid fossil fuels for electricity production is a suitable method to reduce 
greenhouse gas emissions. However, the fly ash produced by fossil fuel power plants is a 
potential and valuable raw material for the construction industry that also contributes to the 
decrease of CO2 emissions through the replacement of Portland cement. Due to the shifting of 
secondary raw material sources from the EU to Asian countries, the solution to the shortage of 
domestic fly ash sources can be importing or using previously landfilled fly ash [5, 6]. 
 
Geopolymers are synthetic alumino-silicate materials produced through the reaction between 
solid alumino-silicates and oxides with alkaline media [7, 8]. The effect of the mechanical 
activation of fly ash on the mechanical properties of geopolymers has been examined using 
various mill types [8, 9, 10, 11]. However, the effect of grinding on the mechanical properties 
of landfilled fly ash geopolymers is a less investigated topic. 
 
Kusnierová et al. [12] examined the amorphous content change in black coal fly ash in relation 
to time (i.e. 5 and 20 years) and determined that the samples underwent significant 
devitrification. Yeheyis et al. [13] carried out similar investigation, concentrating on the 
chemical, mineralogical and geochemical properties of landfilled fly ash. The samples were 
deposited at various times and at various depths. Thus, the effects of weathering were also 
examined. According to their results, the mineralogy and microstructure of the fly ash was 
altered and the formation of secondary minerals (e.g. calcite and ettringite) could be observed, 
mainly due to hydration, carbonation and pozzolanic reactions. 
 
The mechanical activation of deposited fly ash and its effect on geopolymer products was 
examined by Mucsi et al. [14, 15] and Molnár et al. [16], concluding that the compressive 
strength of geopolymers can be controlled via milling the deposited fly ash – because of the 
higher specimen density, the compressive strength was also increased. Szabó et al. examined 
the effect of milling on geopolymer foam and were able to establish connection between the 
rheology of geopolymer paste and the decreased particle size [17]. 
 
The aim of the research is to examine the potential usage of landfilled fly ash from Tatabánya 
(Hungary) and to explore the possibility of tailoring the mechanical properties of geopolymer 
products from landfilled fly ash by grinding. 
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MATERIALS AND METHODS 
 
Landfilled brown coal fly ash (B-FA) from Tatabánya (Hungary) and fresh lignite fly ash (L-
FA) from Mátra Power Station, Visonta (Hungary) were used for the experiments. The 
chemical composition of the FA samples was measured with Rigaku Supermini 200 type X-
ray fluorescence spectrometer. The results of the XRF analysis are summarised in Table 1. The 
examination of the chemical compositions revealed that both samples are class F fly ash with 
rather similar SiO2 content. However, the B-FA contained higher wt.% Al2O3 which can have 
positive effect on the geopolymerisation process, while the L-FA had higher CaO content that 
can result in pozzolanic reactions beside geopolymerisation. 
 

Table 1  The chemical composition of the FA samples. 
 

 B-FA L-FA 

Chemical composition, wt.% 

SiO2 46.40 48.10 
Al2O3 27.40 14.42 
CaO 7.04 11.76 

Fe2O3 6.96 10.97 
MgO 2.23 3.34 
K2O 1.65 1.66 
TiO2 0.941 0.492 
Na2O 0.50 0.37 
MnO 0.029 0.171 
P2O5 0.117 0.264 

Σ 93.27 91.55 
 
The loss on ignition (LOI) was low for both samples: 0.75% for B-FA and 0.37% for L-FA. 
 
The mechanical activation of the fly ashes was carried out in a Ø305×305 mm size cylindrical 
ball mill with steel ball grinding media. The filling ratio of the grinding media was 30 V/V%, 
the material filling ratio was 110 V/V%. The time duration of mechanical activation was 5, 10, 
20, 30, 60 and 120 minutes for B-FA and 5, 10, 20, 30 and 60 minutes for L-FA. 
 
The particle size distribution of the samples was examined with a Horiba LA950 V2 type laser 
particle size analyser. The specific surface areas (SSA) were calculated from the distributions, 
using shape factor 1.75. 
 
The microstructures of the raw fly ash samples were examined with a Phenom ProX EDX 
scanning electron microscope (SEM). 
 
The structure of the geopolymer products was investigated with a JASCO FT-IR 4200 type 
Fourier Transformed Infrared Spectrometer, equipped with a single-reflection diamond crystal. 
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RESULTS AND DISCUSSION 
 
For the B-FA geopolymer specimens 75 wt.% Betol SB type water glass (25.3% SiO2; 13.7% 
Na2O; 2.7% K2O) and 25 wt.% NaOH in 8M concentration was used as activator solution. The 
liquid-solid ratio of the geopolymers was 0.82. After moulding and a 24-hour holding time, the 
geopolymers were cured at 50 °C for 6 h, then the specimens were left to cool down. The 
uniaxial compressive strength tests were carried out after a five-day holding time. The effect 
of grinding time on the average uniaxial compressive strength and specimen density of 
landfilled B-FA geopolymers can be observed in Figure 1. 
 

 
 

Figure 1  The average compressive strength and specimen density values of B-FA 
geopolymers. 

 
Milling has been proven to be an appropriate process not only to modify the specific surface 
area and improve the reactivity of fly ash, but to drastically increase the mechanical strength 
of the resulted geopolymers as well [8, 10]. However, it has also been observed that the 
deposited fly ash has an optimal grinding time that can be observed as a maximum point in the 
compressive strength curve. After reaching the optimum, the compressive strength of the 
produced geopolymers starts to decrease with a close to linear trend. The occurrence of such 
decline might be due to the binding strength between the particles being higher than the strength 
of the particles itself [18]. The initial lack of reactivity is presumably due to the changes in the 
crystalline structure of fly ash (deamorphisation) during its stay in the deposit, but as it can be 
observed in Figure 1, the uniaxial compressive strength of the specimens could be improved 
with grinding the B-FA for 5 and 10 minutes. However, between 20-60 min grinding time, the 
mechanical activation had a negative effect on the compressive strength, which was reduced 
by more than half after 30- and 60-min grinding. Then, further mechanical activation had a 
positive effect on the compressive strength, reaching similar values achieved with shorter 
grinding time. 
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The decrease of specimen density can be a potential reason for the decrease of compressive 
strength [14, 16]. However, as no significant deviation can be observed in the specimen density 
values between 10-60 minutes grinding (Figure 1), the decreasing compressive strength is not 
related to changes in the compactness of the specimens. 
 
To reveal the possible cause of the considerable drop in the mechanical properties of 
geopolymers, first, specimens prepared from B-FA ground for 5, 30 and 120 minutes were used 
for FT-IR analysis. The obtained spectra can be seen in Figure 2. 
 

 
 

Figure 2  The FT-IR spectra of the B-FA geopolymers with 5-, 30- and 120-minute grinding. 
 
The stretching vibrations of –OH and HOH between are represented by a broad band, centred 
at ~3400 cm−1 and the bending vibrations between 1650 and 1630 cm−1. These bands are 
attributed to the absorbed water on the surface and the water in the cavities. The peaks around 
1400 cm-1 indicate the stretching vibrations of the O–C–O bond due to atmospheric 
carbonation. The sharp peak around 990 cm-1 is the result of the asymmetric stretching 
vibrations of Si–O–Si and Si–O–Al bonds, which is the indication of the geopolymerisation 
reaction [8, 19, 20]. The analysis revealed that no significant deviation can be found in case of 
the main peaks related to the geopolymerisation process. 
 
Experiments with fresh L-FA showed similar results that can be found in literature: the higher 
the milling time of fly ash is, the higher the mechanical properties of geopolymers will be [19, 
20]. The L-FA geopolymer specimens were prepared with 6 M concentration NaOH solution 
as alkaline activator, with 0.67 L/S ratio. The comparison of the effect of grinding of landfilled 
and fresh FA geopolymers on their compressive strength is illustrated in Figure 3. In contrast 
to the B-FA samples, a clearly increasing trend can be observed in the compressive strength of 
the L-FA specimens as longer grinding time was used for the preparation of fly ash. 
 
The morphology of the base materials was investigated to reveal possible differences in the 
used base materials. The SEM images of the raw fly ashes can be observed in Figure 4. 
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Figure 3  The average compressive strength of ground B-FA and L-FA geopolymers. 
 

The SEM images with 310-320x magnification (Figure 4 a and d) show mostly irregular shaped 
particles, both B-FA and L-FA samples containing a low amount of spherical cenospheres. 
Similar, irregular shaped agglomerates could be found in both samples at higher magnification 
(Figure 4 b and e), and the spherical particles only appeared at approximately <10 µm size 
(Figure 4 c and f). The porosity of the particles could also be observed, especially in case of 
the L-FA sample. 
 
The particle size distributions of the fly ashes after mechanical activation (Figure 5) clearly 
demonstrate the decrease in particle size as the grinding time became longer. In case of the B-
FA sample with 120 min grinding, increased number of fine particles can be observed, which 
may have contributed to the high compressive strength observed in Figure 1. 
 
The characteristic particle sizes and the calculated specific surface area values are summarised 
in Table 2. It can be seen, that the x50 of B-FA were lower at all but one examined sample and 
the x80 values were lower in every sample. The SSA of both fly ashes continuously increased 
with the longer milling time. The SSA of B-FA were higher than the L-FA values until reaching 
30 minutes. Then the SSA of L-FA nearly tripled from 3375.57 cm2/g at 30 min to 
9494.71 cm2/g at 60 min.  
 
 

CONCLUSIONS 
 
The effect of mechanical activation of deposited brown coal fly ash in a ball mill was examined. 
As the compressive strength results were different from the literature data, the structure of the 
geopolymers was examined and the base material was compared to a previously successfully 
utilised lignite type fly ash. Based on the FT-IR, XRF, particle size, specific surface area, and 
SEM test, no clear reason for the compressive strength decrease can be stated. Thus, further 
examinations should be carried out to reveal the reason for the behaviour of the specimens 
using X-ray Diffractometry (XRD) of the fly ash as well as the resulted geopolymers.  



352   Ambrus et al 

 

 

 

 
 

Figure 4  The SEM images of raw B-FA with M=310x (a), M=960x (b), and M=2600x (c) 
and raw L-FA with M=320x (d), M=820x (e) and M=2600x (f). 
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Figure 5  The particle size distribution of B-FA (left) and L-FA (right). 
 

 
Table 2  The characteristic particle size and SSA values of the FA samples. 

 
 B-FA L-FA 

Grinding 
time, min 

x50, 
µm 

x80, 
µm 

SSA, 
cm2/g 

x50, 
µm 

x80, 
µm 

SSA, 
cm2/g 

0 51.12 113.35 2246.72 52.04 119.32 2016.12 
5 31.62 82.78 2693.65 43.82 91.72 2133.77 
10 24.28 67.17 2805.6 29.84 69.67 2625.51 
20 17.50 43.82 3475.73 21.29 49.09 3042.25 
30 15.40 34.58 4540.29 18.94 43.58 3375.57 
60 12.21 23.66 7263.95 11.60 27.09 9494.71 
120 9.29 18.26 15981.23 - - - 
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ABSTRACT. Based on the available data, the paper presents a broad overview of current 
Indian scenario in the use of fly ash in concrete, highlighting the latest data on its production 
and utilization. In spite of some of strict regulatory measures enforced by the government 
agencies, nearly 33% of fly ash generated in India still remains unutilized. With the sustained 
growth of the ready-mixed concrete (RMC) industry in India in the past two decades - during 
which RMC’s footprints got expanded to more than 100 cities in the country - there has been a 
simultaneous increase in the use of fly ash through the RMC route. However, the utilization of 
fly ash in RMC has remained modest. The average percentage replacement of fly ash hovers 
around 15-20% by mass of cement. The paper discusses the reasons for this impasse. Brief 
mention is also made about the attempts to introduce technologies of high-volume fly ash 
(HVFA) concrete, and sintered fly ash aggregates in India. Finally, the paper describes a case 
study relating the use of 70-MPa self-compacting HVFA concrete for the shear wall having 
congested reinforcement. 
 
Keywords: CO2 emissions, Cement, Limestone reserves, Fly ash production and utilization, 
HVFA concrete, Processed fly ash, Sintered fly ash aggregates 
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INTRODUCTION 

Although India happens to be third largest CO2 emitting country in the world, her contribution 
to GHG emissions in per capita terms is not alarming [1, 2]. It is estimated that India’s per 
capita GHG emission in 2030-31 will vary from 2.77 tonnes to 5 tonnes of CO2e, which will 
be closer to or less than the world average per capita CHG value is 4.22 tonnes CO2e . Yet, 
considering the fact that there is no room for complacency, the Indian government has been 
taking laudatory steps in reducing CHG emissions. India has voluntarily pledged to cut GHG 
emissions intensity by 33 to 35 %, relative to 2005 levels, by 2030. It has also set a target to 
achieve about 40% cumulative electric power installed capacity from non-fossil-fuel energy 
resources by 2030 by installing 100 GW solar power and 60 GW wind power by 2022. In spite 
of all these efforts, coal is going to remain the major source of power in India. According to 
the projections made by Mckinsey, India’s power demand will be escalating to 3870 terawatt 
hours by 2030[3]. Further, based on the studies made by The Energy Research Institute (TERI), 
coal would account for about 45%–55% of India’s commercial energy mix throughout the 
modeling period up to 2030 in each of the four scenarios studied [4]. 
 

CONSTRUCTION INDUSTRY IN INDIA: BRIEF SCENARIO 
 
Concrete construction scenario in India has witnessed significant changes during the last two 
decades. While substantial volume of concrete produced in the country is still based on the 
labour-intensive, site-mixed and volume-batched practices, in recent years, the demand for 
higher speed of construction and improved quality necessitated adoption of mechanized and 
semi-mechanized techniques of construction in urban areas of India. This was conducive for 
the development of commercial ready-mixed concrete (RMC). 
 
The growth of RMC which started with metropolitan cities from mid-1990s onwards, has 
spread to other major cities, and has now trickled down to tier II and III cities. No authentic 
data is available on the RMC industry in India; however, it is unofficially reported that there 
are more than 100 cities having at least one or more commercial RMC plants. Further, thanks 
to the boost given the development of physical infrastructure in the form of roads, flyovers, 
metro rails as well as commercial housing, there is a steep rise in recent years in the captive 
RMC plants dedicated such projects. There seems to be a general agreement amongst industry 
experts that nearly 10-15 % of the cement produced in the country goes through the batch-plant 
concrete route. Thus, assuming an average cement content of 300 kg/m3 for the concrete 
produced from batch plants and an annual cement consumption of around 300 million tonnes, 
it can be estimated on a rough basis that a total of around 90-120 million m3 of concrete is 
currently being produced by the organized concrete sector using modern batch-plant concrete 
in India. 
  
Cement 
 
India has the distinction of being the second largest cement producer in the world, next to 
China. Based on the data from the Survey of Cement Industry, the Indian Cement Industry 
comprises of around 225 plants belonging to 84 companies, with an aggregate capacity of 444 
million tonnes in 2014[5]. The recent estimate indicates that the production level of cement 
would reach 340 million tonnes in 2020[6]. Considering the huge expenditure being made on 
the development of highways, expressways, airports, metro rails, ports, etc., on the one hand 
and affordable housing on the other, the requirements for cement is bound to grow further 
beyond 2020. 
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Limestone Reserves 
 
Limestone is the basic raw material required in the production of cement. Although India can 
boast of having one of the largest reserves of limestone in the world, the total cement-grade 
limestone reserves as classified based on United Nations Framework Classification (UNFC) 
system, are just 8,949 million tonnes, while the reserves under the “remaining resource” 
category are 115,591 million tonnes[7]. The remaining reserves are those which have not been 
found economically viable due to techno-economical, environmental, social and legal aspects. 
Further, limestone deposits located near human settlement are not available for mining. 
Considering these constraints, the report of the Working Group on Cement Industry states … 
“based on the expected growth and consumption pattern, the current reserves are expected to 
last only for another 35-41 years” [7]. From sustainability considerations, it is therefore prudent 
to use the limestone reserves sparingly, thus limiting the use of ordinary Portland cement. 
 
The limited future availability of limestone has already attracted attention towards alternative 
resources. These resources include a variety of supplementary cementitious materials (SCMs) 
such as fly ash, ground-granulated blast-furnace slag (GGBS), condensed silica fume, high 
reactive metakaolin, rice husk ash, etc. Amongst the various SCMs, fly ash and GGBS are 
available in large quantities for use in cement and concrete.  
 

FLY ASH: AVAILABILITY AND UTILIZATION 
 
According to BP Statistical Energy Survey 2017, India has the fifth largest coal reserves in the 
world amounting to 190,514 million tonnes [8]. This would account for 9.4% of the total world 
reserves.  
 
The first thermal plant in independent India was started at Bokaro in 1952.  Since then there 
has been a dramatic increase in the use of coal for the generation of electric power in India. 
Based on the data provided by the Ministry of Power, India’s total installed power capacity as 
on January 31st, 2019  was 349,288 MW [9]. Out of this the share of coal and lignite was as 
high as 56.5%. This is evident from Table 1, which provides the current Indian power scenario 
at a glance. 
 

Table1   Power Sector in India at a Glance 
 

POWER SECTOR SCENARIO 

Type of Fuel Installed Capacity, MW % of Total Capacity 

Coal 191,093 54.7 
Lignite 63,60 1.8 

Gas 24,937 7.2 
Oil 638 0.2 

Hydro (renewable) 45,399 13.0 
Nuclear 6,780 1.9 

Renewable Energy 
Sources* 

74,082 21.2 

*includes Small Hydro Project, Biomass Gasifier, Biomass Power, Urban & 
Industrial Waste Power, Solar and Wind Energy. 
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As the power generation using coal grew, the fly ash generation also increased simultaneously. 
During the initial phase, both the awareness and regulations on the use of fly ash were lacking 
in India. As a result, the utilization of fly ash was abysmally low during the 1900s. The Central 
Electricity Authority (CEA) provides data on the progressive fly ash generation and its 
utilization during the period 1996-2018 [10]. Table 2 shows the summery the data. It can 
be seen that in 2016-17, thermal power plants generated a total of 169.25 million tonnes of fly 
ash. Out of this, only 63% of fly ash (107.1 million tonnes) was utilized fruitfully [10]. 
 
Table 2  Progressive Fly ash Generation and its Utilization during the Period 1996-2018 
 

YEAR FLY ASH 
GENERATION 

(MILLION-TON) 

FLY ASH 
UTILIZATION 

(MILLION-TON) 

FLY ASH 
UTILIZATION 

IN %  
1996-97 68.88 6.64 9.63 
1997-98 78.06 8.43 10.80 
1998-99 78.99 9.22 11.68 

1999-2000 74.03 8.91 12.03 
2000-01 86.29 13.54 15.70 
2001-02 82.81 15.57 18.80 
2002-03 91.65 20.79 22.68 
2003-04 96.28 28.29 29.39 
2004-05 98.57 37.49 38.04 
2005-06 98.97 45.22 45.69 
2006-07 108.15 55.01 50.86 
2007-08 116.94 61.98 53.00 
2008-09 116.69 66.64 57.11 
2009-10 123.54 77.33 62.60 
2010-11 131.09 73.13 55.79 
2011-12 145.41 85.05 58.48 
2012-13 163.56 100.37 61.37 
2013-14 172.87 99.62 57.63 
2014-15 184.14 102.54 55.69 
2015-16 176.74 107.77 60.97 
2016-17 169.25 107.10 63.28 
2017-18 196.44 131.87 67.13 

 
Considering the slow pace of utilization of fly ash the country, the Ministry of Environment, 
Forest and Climate Change (MoEF&CC) commenced issuing stringent regulations on 
utilization of fly ash through various notifications. First notification was issued on November 
14th, 1999 and was followed by amendments in the years 2003, 2009 and 2016. These 
amendments prescribe targets for fly ash utilization in a phased manner for all power stations 
in India. While the thermal power plants in operation prior to the year 2009 need to achieve fly 
ash utilization targets in successive 5 years (50% in the first year, 60% in second year, 75% in 
third year, 90% in 4th year and 100% in five years), those coming up after 2009 need to achieve 
the fly ash utilization targets in phased manner, reaching 100% utilization target in just 4 years. 
 
The CEA also provides data on major modes of fly ash utilization. Table 3 provides such data 
for the year 2017-18.  
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Table 3  Major Modes of Fly ash Utilization during 2017-18 
 

MODE OF UTILIZATION QUANTITY OF FLY ASH 
UTILIZED IN THE MODE OF 

UTILIZATION, % 

 Million tonnes Percentage (%) 

Cement 50.2909 25.60 
Mine Filling 12.5159 6.37 
Bricks & Tiles 17.6943 9.01 
Reclamation of low lying area 20.5779 10.48 
Ash Dyke Raising 13.5500 6.90 
Roads & Flyovers 6.6733 3.40 
Agriculture 0.5732 0.29 
Concrete 1.2974 0.66 
Hydro Power Sector 0.0077 0.004 
Others 8.6857 4.42 
Unutilized Fly Ash 64.5747 32.87 

Total 196.4410 100.00 

 
It can be seen from Table 3 that major consumption fly ash is occurring in cement, followed 
by reclamation of low-lying areas. The cement industry in India was quick to utilize the 
potential of fly ash. The percentage of Portland Pozzolana Cement (PPC) in the total cement 
produced in the country has gone up dramatically from 26.17 in 2000-01 to 43.17% in 2003-
04 and then to 67.21% in 2009-10 [7]. However, during the later period, it had remained more 
or less stagnant around the latter figure. Jain has expressed the view that the PPC percentage 
to the total cement produced in India has now saturated and that the same may witness only 
marginal increase in coming years [11]. In the meantime, a new Indian Standard on Composite 
Cement, IS 16415, was published in 2015 by the Bureau of Indian Standards, permitting the 
use of both fly ash and granulated blast-furnace slag in cement, restricting the proportion of fly 
ash to 15-35, slag to 20-50% and Portland cement clinker/OPC to 35-65%[12]. This is 
supposed to provide further boost to the use of both fly ash and slag. 
 
Besides cement, concrete is another avenue where large proportion of fly ash can be utilized. 
Table 3 shows that only 0.66% of the total fly ash (i.e.1.3 million tonnes) got used through the 
concrete route during 2017-18. To the current author, this seems to be an underestimation. 
Although no authentic data on the use of fly ash consumed by the RMC sector is available, a 
very rough estimate indicates that nearly 2.5 to 3 million tonnes of fly ash would be getting 
used currently through the RMC route. Yet, there is a large potential to use higher volumes of 
fly ash in concrete. 
 
In the market place, there is a resistance from specifiers and consultants to use fly ash as a part 
replacement of cement in concrete. Many of them do not permit more than 15- 20% 
replacement of OPC by fly ash as against the code-permitted value of 35%. The main reason 
for this resistance can be attributed partly to the old mind set of specifiers and also on doubts 
about the quality of fly ash. Currently, only a handful of certified fly ash suppliers are available 
in India. Yet, there are few specifiers and designers, who have permitted 35% or even more 
replacement of OPC by fly ash in their concretes in actual practice.  
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NEW AVENUES FOR FLY ASH UTILIZATION: SOME RECENT ATTEMPTS 
 
HVFA Concrete 
 
The technology of High Volume Fly Ash (HVFA) concrete was introduced in India through 
the efforts of the Canada Centre for Mineral and Energy Technology (CANMET) during the 
early 2010s.  In 2001, CANMET initiated a project to implement high-volume fly ash concrete 
(HVFAC) technology in India under the sponsorship of the Canadian International 
Development Agency (CIDA). As part of this project, two Portland cements and 20 fly ash 
samples were collected from selected cement plants and thermal power plants in India, and 
then the physical and chemical properties of the fly ashes were first determined using 
conventional and advanced characterisations methods. The ashes were then used to evaluate 
their suitability for use in the manufacture of HVFAC. Detailed lab studies were conducted to 
evaluate the fresh and hardened properties of concrete. The high-performance concretes so 
produced had excellent mechanical properties and durability characteristics [13]. 
 
Attempts were made initially to introduce the HVFA concrete technology in the construction 
of roads. During the period 2002- 2005, small stretches of pavements were constructed using 
HVFA concrete for the PQC work at Ropar, Punjab; Ambujanagar, Gujarat; and Saurashtra 
University Campus in Rajkot[14]. In spite of these initial efforts, the use of HVFA concrete 
could not witness large applications in the roads sector in India, as the specifications of Indian 
Roads Congress restricted the fly ash replacement of OPC to 20% in DLC and PQC. 
 
However, the use of HVFA concrete picked up for mass concrete applications, basically for 
controlling the heat of hydration. First such use was for the around 2000m3 of 30-MPa concrete 
(cube compressive strength)  for the tremie seal under pylon pile cap of the Bandra-Worli sea 
link project, Mumbai [15]. Later, the HVFA concrete witnessed growth in mass concrete 
applications of a number of raft foundations and basements of tall buildings in some of the 
major metropolitan cities in India. Here, structural consultants permitted the adoption of 56-
day compressive strength criteria for the acceptance of of concrete. Some of them also specified 
the threshold limits for Rapid Chloride Ion Permeability (RCPT) test to ensure durability.  
 
Many structural consultants in India are not yet ready for the use of HVFA concrete in structural 
members. A bold attempt in this area is described in the later part of the paper in the form of a 
case study. 
 
Beneficiation of Fly Ash 
 
The physical properties of raw fly ash obtained from thermal power plants can be improved 
through beneficiation. Three beneficiation techniques that are in vogue include use of air 
classifiers, special grinding and a combination of air classifiers and grinding. It is well known 
that beneficiation helps in increasing in amorphous content leading to higher degree of 
pozzolanic/cementitious reactivity, enhancement in packing density of the cementitious system 
leading to improved pore refinement, improvements in compressive strength and durability 
properties of concrete, etc. 
In India, only a few entrepreneurs are beneficiating fly ash currently. They are using air 
classifier system for beneficiation. The use of beneficiated fly ash from select entrepreneurs is 
reported have the potential to produce high-strength, high-performance concrete.  
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Incidentally, the present author reported encouraging results of laboratory investigations with 
the use of engineered microfine fly ash [16]. Unfortunately, such fly ash could not be 
commercialized in India.  
 
Sintered Fly Ash Aggregates   
 
The technology of structural lightweight concrete using sintered fly ash aggregate is well-
established. Its many advantages are also well known - such as reduction in the dead weight to 
the tune around 30%, allowing reduction in section sizes and reinforcing steel, improved fire 
and thermal resistance, enhanced durability etc. 
 
After years of hesitation, two companies have started production of sintered fly ash aggregate 
in India. Simultaneously, the Bureau Indian Standard has brought out a draft standard on 
sintered fly ash aggregates, IS 9142-Part 2, and it is presently under circulation. 
 
The Indian Institute of Technology, Bhubaneshwar has been conducting R&D work on 
artificial aggregates which will be helpful to the concrete industry professionals [17]. 
 

CASE STUDY: SELF-COMPACTING HVFA CONCRETE FOR SHEAR WALL 
 
For the shear wall of a tall building in Mumbai the structural designer specified 70 MPa 
concrete. The shear wall had odd shape and the designer provided dense reinforcement. The 
contractor decided to construct the shear wall in different lift heights. The maximum pour size 
for non-stop concreting of the lift was 250 m3. For such a mass concrete, the designer specified 
that the peak temperature should not exceed 750C and the temperature differential should be 
less than 200C. 
 
Considering the stringent specifications, the concrete producer conducted a number of 
laboratory trials and finally decided to choose the option of self-compacting high-volume fly 
ash concrete. A mock-up trial casting a 1m x 1m x 1m block was also done to ensure that the 
specified temperature regime is achieved. The mixture proportions used and fresh and hardened 
properties of concrete obtained are listed in Tables 4 and 5.   
 
 

Table 4   Mixture Proportions of 70-MPa HVFA Self-compacting Concrete 

Characteristic cube compressive strength 70 MPa 
Ordinary Portland Cement (Conforming to IS 269) 350 kg/m3 
Fly ash (ASTM Class F type) (Conforming to IS 3812) 
 

350 kg/m3 

Ultra-fine GGBS (Conforming to IS 16715) 
 

055 kg/m3 

Free water 145 lit. 
Coarse aggregate 888 kg/m3 
Fine aggregate 758 kg/m3 
Chemical Admixture 
(Polycarboxylate type) 

0.9 % by weight of total 
cementitious materials 
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Considering the mixture design constraints, especially those related to temperature controls, 
the structural designer permitted the use of 56-day compressive strength criteria for acceptance. 
However, the minimum 1-day compressive strength limit of 15 MPa was also imposed for the 
deshuttering of the formwork. 

Table 5  Properties of Fresh and Hardened Concrete of 70-MPa HVFA SCC 

Slump flow  
0 min 
60min 
120 min 

 
750mm 
740mm 
730mm 

Vfunnel 

0 min 
60min 
120 min 

 
32 sec 
25 sec 
10 sec 

L box 
0 min 
60min 
120 min 

 
1.0 
1.0 
0.9 

Compressive  strength  
16 hour 10.1 MPa 
24 hour  18.7 MPa 
7-day 35 MPa 
28-day 63 MPa 
56-day 76 MPa 

 
The actual temperature development in the mass concrete was monitored with the help of six 
thermocouples. The temperature development curves included in Figure 1 show that the 
maximum temperature reached was 700C. The temperature gradient was also observed to be 
less than the specified 200C.  
 

 
Figure 1  Temperature monitoring records in 70-MPa Shear Wall 
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CONCLUSIONS 
 
Based on the above discussions, the following conclusions are drawn: 
 

• In spite of the best efforts by the government regulatory authorities and the construction 
industry in India, nearly 33% of fly ash generated in the country is currently unutilized. 

• Batch-plant concrete, the use of which is growing steadily in India, offers one of the 
best avenues to utilize higher proportions of fly ash in concrete. 

• Entrepreneurs involved in fly ash production and supply should make efforts to get the 
quality their fly ash certified by the appropriate agencies so as to provide quality 
assurance to fly ash customers.  

• Adequate awareness needs to be created amongst specifiers on the advantages of HVFA 
concrete so as to ensure higher utilization of fly ash. 

• The use of structural lightweight concrete seems to be a promising alternative in the 
Indian context. This is because nearly 70% of the land mass in India is considered to be 
prone to moderate and heavy intensity of earthquakes, and hence it makes sense to 
reduce the deadweight of structures, especially for high-rise and long-span structures.  
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ABSTRACT. This paper responds to the worldwide problem concerning in the search of the 
new material resources for alumina production. Fly ash (FA), as a secondary product from 
power plant industry, could be one of the alternatives to the raw materials due to the chemical 
composition and Al2O3 content between 20–35 %. Chemical and phase composition of FA 
depend on a way of coal combustion. Classical high-temperature FA (HTFA) consists of 
typical phases such as mullite, quartz cristoballite, hematite or magnetite, while fluidised bed 
FA contains products of desulphurisation. Based on the FA chemical properties, various kinds 
of recovery processes could be applied. This paper summarises acid leaching methods applied 
on both HTFA and FFA and shows comparison of Al dissolution into sulphuric acid solutions 
at room temperature, reflux conditions and pre-leaching method. All subjected samples came 
from the Czech Republic production. According to the laboratory tests, especially leaching 
FFA under reflux conditions into sulphuric acid solution (5 wt. %) can reach Al dissolution up 
to 95 %. These terms are also very selective for Al recovery with dissolution only 17 % of Fe 
and minimum of other components. 
 
Keywords: Secondary raw material, Material base, Alumina recovery, Fly ash utilization, Fly 
ash leaching 
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INTRODUCTION 

Nowadays, the greatest attention is paid to high-volume produced waste and secondary 
materials, which also include solid residues from coal combustion. Coal belongs to a group of 
fossil fuels and can be described as a non-homogeneous, colloidal, solid natural rock material 
created due to the transformation of organic matter by biochemical decomposition. Already 
since the last century, fossil fuels have been burned in the power or thermal plants to produce 
electric and thermal energy. [1] Coal firing also produces some by-products (coal combustion 
products – CCPs). A solid, most produced CCP is fly ash (FA). Worldwide, a year production 
of FA reaches 500 mil tonnes and 280 mil tonnes of other CCPs, such as flue gas 
desulphurisation products, slag, etc. [2]  

FA physical and chemical properties depend on a way of coal combustion. Classical high-
temperature coal combustion is based on the firing lumpy or granulated fuels. The combustion 
process temperature reaches up to 1 600 °C in case of quality coal and 1 000–1 300 °C for 
alternative fuels and biomass. Typically, high-temperature fly ash (HTFA) forms spherical 
particles covered by glass phase. From the mineralogical point of view, the major phases 
contained in FA are quartz, cristobalite, hematite, magnetite and mullite. The second way of 
coal burning is more effective – fluidised bed combustion. This process is suitable for low 
quality fuels, alternative fuels and biomass. The combustion temperature is usually less than 
1 000 °C. This way of burning is usually connected with solid state flue gas desulphurisation. 
Opposed to the classical FA, fluid ash typically forms groups of irregular shape particles 
containing quartz, hematite, magnetite, anhydrite, calcite and lime phases. Fluidised bed ash 
can be distinguished between two types – fluidised bed bottom ash (FBA) and fluidised bed 
filter/fly ash (FFA). [3, 4] 

From a sustainability point of view, a great deal of emphasis is placed on the use of the 
maximum proportion of secondary raw materials. The ecological problem of FA is the content 
of undesirable and in some cases toxic substances, as well as in the way of its storage. This is 
done by a system of large-scale ponds that occupy large areas of soil and could cause land and 
water contamination. [5] Only less than a half ash production (up to 45 %) has been currently 
used. [6] The mainly applications of FA are in processes of some building and construction 
materials production, structural and waste stabilization, mining applications, agriculture, 
subbases and other. Because of the positive free-lime content, only HTFA could be utilised in 
cement and concrete production. [7] 

Finding new areas for the utilization of solid residues after coal combustion is a very serious 
problem for all countries that run coal-firing power plants. The effort to find new possibilities 
of fly ash utilisation has been connected with another global problem of finding new material 
sources (material base) for future use because of the natural habitats depletion of certain 
commodities. Due to the FA chemical composition containing a range of minerals of silicon, 
calcium, iron, aluminium, titanium and others, it would be possible to use this CCP as a future 
feedstock in the certain material groups production. By using suitable, commercially and 
economically available reagents associated with subsequent conventional technological 
operations, it would be possible to prepare activated precursors for subsequent production or 
already finished products with very high purity. [8, 9] 
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LEACHING METHODS IN RECOVERY PROCESS  

Leaching of FA could be divided into acidic, alkaline or neutral depending on the selected 
medium. Dissolution techniques are applied across a range of chemical technologies and it 
could be possible to follow these processes conditions to apply them for FA. Extraction 
methods in metal and oxides recovery are based on direct leaching or pre-treated material 
leaching. The effectiveness of DAL depends on the type of FA and could not be considered as 
a universal method. [10] 

Direct acid leaching methods 

Direct acid leaching (DAL) is based on dissolution of selected elements from the crude FA 
while the material undergoes mainly mineral acids effects, such as sulphuric, nitric, 
hydrochloric, hydrofluoric acid or a mixture. It is preferred to use acidic solutions esp. in 
alumina recovery due to the silicon oxide content in FA. Various authors published many 
researches on that topic. Seidel and Zimmels [11] tried to leach HTFA by low sulphuric acid 
concentration at room temperature and reached maximum Al dissolution of 30 % after 72 h. 
Shivpuri et al [12] used nitric acid in various concentrations to dissolve metal elements from 
HTFA. Their study did not bring positive results as well as Huang et al [13].  

To improve the effectivity of leaching process, the appropriate conditions seems to be increase 
temperature, acid concentration and medium/FA ratio [14, 15.]. On the other hand, these 
conditions are not selective for alumina recovery, while a significant content of iron, titanium 
and other elements are dissolved too. In this study a selective Al recovery condition were 
obtained while reflux of non-concentrate sulphuric acid by heating the mixture up to boiling 
point. The publications submit a proper FA/acid radio at least 5:1, sulphuric acid concentration 
in a range of 30–65 wt. % (approx. 4–10 mol·l–1) and also recommend heating the ash and 
agent mixture up to 300 °C combined with permanent stirring. Higher acid concentration 
decreases leachability of Al because the incipient aluminium sulphate is not soluble in this 
medium and sticks on the surface of FA particles.  

MATERIALS AND METHODS 

Raw materials 

All FA samples comes out of the CCPs production in the Czech Republic; 4 samples of HTFA, 
3 samples of FFA and FBA were used. All samples of FA were dried to constant weight at 
105 °C in a laboratory drier and the loss on drying (LOD) was quantified. Than a fraction with 
particle size less than 63 µm was sieved. FA phase composition with a content of amorphous 
was carried out by Rietveld x-ray diffraction analysis (XRD) on device Panalytical Empyrean. 
These results are given in table 1 and 2. The chemical composition was characterised by x-ray 
fluorescence spectrometry (XRF) using Olympus Delta Professional. The content of major 
oxides in FA samples (above 0.2 %) is summarized in table 3. Free lime content was qualified 
by saccharose titration method, bulk density (BD) by pycnometer method using isopropyl 
alcohol as the immersion liquid. The specific area of FA samples was measured by Blaine and 
particle size analysis was carried out by laser diffraction measurement (HELOS H2568 & 
RODOS). All the results inclusive LOD and loss on ignition (LOI) can be seen in table 4. 
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Table 1   HTFA phase composition 

 HTFA 1 HTFA 2 HTFA 3 HTFA 4 
Quartz 9.2 6.3 8.5 9.2 

Cristoballite 0.1 1.1 0.6 0.3 
Magnetite 9.0 5.2 5.4 5.9 

Mullite 24.8 12.7 26.2 28.5 
Amorphous 57.0 74.8 59.3 56.1 

 

Table 2   FFA and FBA phase composition 

 FFA 1 FFA 2 FFA 3 FBA 1 FBA 2 FBA 3 
Quartz 8.5 7.5 19.6 12.2 9.9 21.2 

Anhydrite 5.7 11.6 34.6 8.0 17.4 35.2 
Lime 2.5 1.2 3.1 2.0 18.1 2.8 

Portlandite 2.7 1.8 8.6 1.0 1.2 10.6 
Calcite 0.4 7.6 – 0.5 0.9 – 

Magnetite – – 1.0 1.7 – 1.0 
Hematite 1.0 3.2 1.4 0.1 0.1 1.1 
Anatase 1.5 2.4 0.2 2.6 1.3 0.4 

Muscovite 0.8  0.7 1.6 0.8 0.6 
Orthoclase – 1.5 – – 3.7 – 

Albite – 1.5 – – 3.3 – 
Anortite – 1.5 – – 1.1 – 

Amorphous 77.0 63.1 27.2 70.3 42.0 30.9 
 

Table 3   FA chemical composition 

Sample Al2O3 Fe2O3 TiO2 MgO CaO SiO2 K2O SO3 
HTFA 1 27.12 6.67 1.5 0.75 2.27 53.58 1.67 0.53 
HTFA 2 18.66 14.07 1.17 0.76 3.99 46.13 0.99 1.09 
HTFA 3 18.87 18.18 1.18 0.78 4.21 47.86 0.98 1.79 
HTFA 4 24.88 12.14 2.46 0.45 15.21 46.89 0.93 3.65 

         
FFA 1 20.17 4.32 2.29 0.19 17.25 33.11 0.35 11.47 
FFA 2 21.68 7.23 4.98 0.29 23.65 33.71 0.87 7.32 
FFA 3 10.03 4.48 0.78 0.46 28.91 25.88 0.68 20.38 
FBA 1 15.73 6.42 1.89 0.38 29.15 26.79 0.13 11.56 
FBA 2 11.39 2.44 3.87 0.40 36.08 22.50 0.16 14.64 
FBA 3 10.20 4.70 0.77 0.48 35.90 22.99 0.69 20.58 
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Table 4   FA physical and chemical properties 

Sample 
D10 

(µm) 
D50 

(µm) 
D99 

(µm) 
BD 

(kg·m–3) 
Blaine 

(m2·kg–1) 
Free CaO  

(%) 
LOD 
(%) 

LOI 
(%) 

HTFA 1 3.71 48.20 389.77 2 249 315 – 0.29 1.12 
HTFA 2 8.88 116.14 510.23 2 299 509 – 0.32 1.65 
HTFA 3 11.20 100.55 559.75 2 216 501 – 0.28 1.38 
HTFA 4 0.96 11.55 160.85 2 277 200 – 0.34 1.53 

         
FFA 1 9.47 103.38 445.19 2 716 633 4.76 0.47 2.42 
FFA 2 3.21 25.28 232.74 2 724 548 4.69 0.29 3.19 
FFA 3 0.47 1.47 13.75 2 718 501 7.35 0.22 6.05 
FBA 1 0.51 13.11 290.81 2 739 403 12.43 0.32 2.95 
FBA 2 1.74 155.78 600.79 3 027 119 18.42 0.19 3.12 
FBA 3 0.45 21.41 90.16 2 941 472 15.59 0.15 6.18 

Sulphuric acid leaching 

Due to the highest alumina and lowest iron content, samples HTFA 1, FFA 1 and FBA 1 were 
chosen for leaching experiments. Extractions were carried out in beakers of a suitable volume, 
to fill the beaker with FA and acid mixture into ⅓. Leaching experiments were performed with 
constant stirring of 250 rpm carried out by magnetic stirrer. For mixtures heating, magnetic 
stirrer with heating were used. The proper liquid/solid ration was used 15/1. Concentrations of 
leaching agent were chosen 5, 10, 20, 30 and 50 wt. %. The experiment time was set to 360 min, 
while samples of mixtures were analysed in selected time intervals (60, 120, 240 and 360 min). 
Dissolved elements concentrations were characterised by inductively coupled plasma optical 
emission spectrometry (ICP-OES) using device Horiba Scientific – Ultima 2. 

Pre-leaching 

Samples of fluidised bed FA were also modified by pre-leaching in 1 wt. % hydrochloric acid 
dissolving free lime content to increase the leachability of other components. Acid volume was 
increased by 10 % of equimolar to the free lime content. Than, the pre-leached FA were washed 
by distilled water in water/FA ratio of 3:1 to remove chlorides from the sample. Concentrations 
of all metal elements in each step of material modification was characterised by ICP-OES. 

 

RESULTS 

FA leaching at room temperature 

Leaching at room temperature affirmed the assumption that HTFA is not a suitable material in 
this type of reaction and the results go hand in hand as described authors [11, 12]. Leachability 
(v) of Al and other elements were in order of percent (table 5). HTFA contain mullite and other 
minerals which are very difficult do break and dissolve in this type of reaction. FFA or FBA 
could be more suitable materials in Al and other element recovery using DAL method. But as 
the results show, DAL method provides the leachability of Al less than 40 % while dissolution 
up to 80 % of FE and also 40 % of Ti mainly in sulphuric acid of higher concentration. Thus 
means, this conditions need to be more optimised.  
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This could be done by dissolving maximum content of Fe in the first step and continue two or 
more step reaction to dissolve Al, Ti and other elements. Changes in the structure of used FA 
were observed by SEM (Zeiss Evo LS 10) and the images are given in figure 1. On the HTFA 
sample surface, a partial dissolution of the glass phase can be observed; in case of FFA, the 
formation of fine calcium sulphate particles.  

 

Figure 1 Scans of HTFA up, FFA down; before acid leaching left and after leaching right 

 

Table 5   Leachability of Al, Ti and Fe from FA, DAL after 360 min 

 HTFA FBA FFA 

H2SO4 
(wt. %) 

v Fe v Al v Ti v Fe v Al v Ti v Fe v Al v Ti 
(%) (%) (%) (%) (%) (%) (%) (%) (%) 

5 0.61 0.56 0.42 55.37 16.99 4.24 76.95 33.66 32.48 
10 0.42 0.95 0.29 66.91 12.08 4.24 67.07 35.23 34.97 
20 0.49 1.19 0.32 62.27 17.19 4.37 81.91 31.82 33.49 
30 0.83 1.92 0.18 67.40 16.17 4.48 78.58 37.05 35.42 
50 1.05 2.28 0.35 69.26 13.52 4.46 67.87 36.82 38.90 
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Leaching under reflux conditions 

The leaching under reflux was affected by heating the mixture up to the boiling point. 
Extraction of selected elements from HTFA did not achieve any dazzling values even under 
reflux conditions. This fact could be due to the morphology and composition of the material. 
In contrast, the efficiency of fluidised bed FA separation is particularly effective for aluminium 
than at room temperature.  

In all types of fluidised FA, a relatively interesting abnormality occurred in solution of 
5 wt. % sulphuric acid. In these conditions nearly no titanium and only a very small amount of 
iron were leached under reflux. The only extracted element in this medium was Al (see table 
6). Thus, the Al dissolution from FFA reached up to 90 % in terms of 5 wt. % sulphuric acid. 
The efficiency of this process in case of FBA was about 50 % smaller. For Ti leaching, the best 
experimental conditions seem to be using 50 wt. % sulphuric acid. On the other hand, with 
increasing acid concentration, the selectivity of the process decreases. This aspect could cause 
technological problems. An interesting idea is to concentrate the titanium in the undissolved 
portion by the action of 5 wt. % acid, where its concentration in the dry matter would increase 
noticeably and followed by a two three-step extraction into 30 or 50 wt. % acid at room 
temperature or using reflux conditions almost all titanium content could be dissolved too.  

Table 6   Leachability of Al, Ti and Fe from FA, reflux after 360 min 

 HTFA FBA FFA 

H2SO4 
(wt. %) 

v Fe v Al v Ti v Fe v Al v Ti v Fe v Al v Ti 
(%) (%) (%) (%) (%) (%) (%) (%) (%) 

5 27.65 5.86 11.01 16.39 44.57 0.02 17.04 90.16 0.15 
10 34.31 5.76 12.28 69.21 58.11 7.49 27.69 78.79 4.53 
20 30.44 6.46 13.66 86.44 67.36 12.01 42.27 79.57 8.82 
30 43.98 7.96 15.63 86.15 71.12 13.49 51.64 82.83 10.43 
50 51.12 11.04 23.17 89.79 71.50 16.88 61.29 94.53 29.55 

From the point of view of the optimizing the economic aspects, finding the optimal 
compromise of selected components dissolution and heating temperature, combined with 
multi-step extraction would be advisable. 

Pre-leached FA 

FFA and FBA leaching by the terms of using sulphuric acid causes the formation of insoluble 
calcium sulphate anhydrite or hemihydrate product. These products are mainly deposited on 
the FA grain surface, thereby making difficult the extraction agent to flow into and out of 
matrix.  

To avoid this kind of surface blocking, the FA could be modified by washing in weak 
hydrochloric acid. The washing process was tested in 1 wt % HCl acid added of 130 % free 
lime content. Concentrationd of Ca, Al, Fe and Ti were measured in time using ICP-OES. This 
pre-leaching method dissolves nearly all Ca content in a few min (table 7) with dissolution 
max. 0.3 % of other elements. The soluble calcium chloride formed by the reaction can be 
reliably filtered from the fly ash in water solution. 
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Table 7   Dissolved content of Ca into 1 wt. % HCl 

Time 
(min) FFA FBA 

5 92.03 91.92 
10 95.15 93.79 
20 96.54 97.85 
30 98.47 99.37 

Pre-leaching method improves the efficiency of Al and Fe dissolution. Unfortunately, the 
leachability increased only within a few percent (can be seen in table 8). Aluminium 
leachability from FFA reached up to 49 % and for a sample of FBA 37 %. Overall, leachability 
of all elements increases with increasing extraction medium concentration. By comparing the 
results FFA of leaching using reflux condition and pre-leached material (figure 2), heating the 
reaction mixture seems to be better option for the future research. Sulphuric acid leaching of 
pre-leached fly ash seems to be more selective for Ti dissolution. In case of FFA, a part of 
magnetite and hematite was dissolved in the HCl pre-leaching process. This causes a bit 
problems in technological steps. To avoid Fe dissolution from FFA while pre-leaching, e. g. 
magnetic separation could be a good option.  

Table 8 Leachability of Al, Ti and Fe from FA, pre-leached after 360 min 

 FBA FFA 

H2SO4 
(wt. %) 

v Fe v Al v Ti v Fe v Al v Ti 
(%) (%) (%) (%) (%) (%) 

5 26.96 30.17 6.42 18.67 35.84 5.21 
10 27.74 32.07 7.19 22.64 39.78 6.39 
20 61.25 36.82 8.78 28.30 48.62 7.82 
30 83.92 34.12 8.75 31.28 48.78 8.22 

 

Figure 2 Comparation of Al leachability from FFA under reflux conditions and  
pre-leached material 
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CONCLUSIONS 

Based on the obtained results, it can be generally concluded that HTFA is not very suitable 
material for the separation of selected substances using sulphuric acid solutions, due to the 
combustion process, the shape and morphology of the grains. Conversely, FFA and FBA have 
very good potential for further research in this direction due to the large surface area and the 
absence of chemical resistant minerals like mullite. The most suitable FA type of fly ash for 
the Al separation was FFA, which reached leachability of Al 37 % at room temperature and 
using reflux conditions up to 95 %. It was also obtained, that using of 5 wt. % sulphuric acid 
combined with reflux heating dissolves Al very selectively with dissolution of max 17 % Fe. 
Pre-leaching of FFA in hydrochloric acid increased the efficiency of Al dissolution up to 49 %, 
while dissolving up to 80 % Fe. This method used to have such a good potential, but the results 
did not achieve interesting efficiency. 
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ABSTRACT.  Tribo-electrostatic separation has been used for the commercial beneficiation 
of coal combustion fly ash to produce a low carbon product for use as a cement replacement in 
concrete for over twenty years. With 24 separators installed in 17 locations across the world, 
ST Equipment & Technology LLC’s (STET) patented electrostatic separator has been used to 
produce over 17.5 Million tons of low carbon product that has been recycled for use in concrete 
or cement production.  Commercial tribo-electrostatic beneficiation of fly ash has been 
performed primarily on dry “fresh” ash. Reductions in the quantity of dry fly ash generation 
and requirements to empty historical ash landfills and ponds has created the need to develop a 
process to reclaim and beneficiate landfilled or ponded ash. The authors have determined the 
effect of moisture exposure on separation efficiency of multiple ash samples that have been 
reclaimed from landfills and ponds at the pilot-scale. Test results have demonstrated that 
concrete performance for the low carbon fly ash product produced using tribo-electrostatic 
separation is equivalent for reclaimed fly ash and “fresh” fly ash produced from the same 
source. A technical and economic evaluation of tribo-electrostatic separation and combustion-
based processes for beneficiation of reclaimed fly ash was performed. This study confirmed 
that the tribo-electric process is significantly lower total cost of operation and generates 
significantly lower air emissions than combustion-based processes for beneficiation of 
reclaimed fly ash. 
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INTRODUCTION 

The American Coal Ash Association (ACAA) annual survey of production and use of coal fly 
ash reports that between 2000 and 2017, over 1.1 billion short tons of fly ash have been 
produced by coal-fired utility boilers in the United States.1 Of this amount, approximately 460 
million tons have been beneficially used, mostly for cement and concrete production.  
However, the remaining 640 million tons are primarily found in landfills or filled ponded 
impoundments.  While utilization rates for freshly generated fly ash have increased 
considerably over recent years, with current rates above 60%, approximately 14 million tons 
of fly ash continue to be disposed of annually.  While utilization rates in Europe have been 
reported higher than in the US, considerable volumes of fly ash have still been stored in 
landfills and impoundments in some European countries.  

Recently, interest in recovering this disposed material has increased, partially due to the 
demand for high-quality fly ash for concrete and cement production during a period of reduced 
production as coal-fired power generation has decreased in Europe and North America.  
Concerns about the long-term environmental impact of such impoundments are also prompting 
utilities to find beneficial use applications for this stored ash.   

LAND FILLED ASH QUALITY AND REQUIRED BENEFICIATION 
 
While some of this stored fly ash may be suitable for beneficial use as initially excavated, the 
vast majority will require some processing to meet quality standards for cement or concrete 
production.  Since the material has been typically wetted to enable handling and compaction 
while avoiding airborne dust generation, drying and deagglomeration is a necessary 
requirement.  A greater challenge is assuring the chemical composition of the ash meets 
specifications, most notably the carbon content measured as loss-on-ignition (LOI).  As fly ash 
utilization has increased in the last 20+ years, most “in-spec” ash has been beneficially used, 
and the off-quality ash disposed.  Thus, LOI reduction will be a requirement for utilizing the 
vast majority of fly ash recoverable from utility impoundments.  

 
LOI REDUCTION BY TRIBOELECTRIC SEPARATION 

 
While other researchers have used combustion techniques and flotation processes for LOI 
reduction of recovered landfilled and ponded fly ash, STET has found that its unique tribo-
electrostatic belt separation system, long used for beneficiation of freshly generated fly ash, is 
also effective on recovered ash after suitable drying and deagglomeration.  

STET researchers have tested the tribo-electrostatic separation behavior of dried landfilled ash 
from several fly ash landfills in the Americas and Europe.  This recovered ash separated very 
similarly to freshly generated ash with one surprising difference: the particle charging was 
reversed from that of fresh ash with the carbon charging negative in relation to the mineral.2   
Other researchers of electrostatic separation of fly ash carbon have also observed this 
phenomena.3,4,5  The polarity of the STET tribo-electrostatic separator can easily be adjusted to 
allow rejection of negatively charged carbon from dried landfilled fly ash sources.  No special 
modifications to the separator design or controls are necessary to accommodate this 
phenomena. 
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TECHNOLOGY OVERVIEW – FLY ASH CARBON SEPARATION 
 
In the STET carbon separator (Figure 1), material is fed into the thin gap between two parallel 
planar electrodes. The particles are triboelectrically charged by interparticle contact. The 
positively charged carbon and the negatively charged mineral (in freshly generated ash that has 
not been wetted and dried) are attracted to opposite electrodes. The particles are then swept up 
by a continuous moving belt and conveyed in opposite directions.  The belt moves the particles 
adjacent to each electrode toward opposite ends of the separator.  The high belt speed also 
enables very high throughputs, up to 40 tons per hour on a single separator. The small gap, 
high voltage field, counter current flow, vigorous particle-particle agitation and self-cleaning 
action of the belt on the electrodes are the critical features of the STET separator.  By 
controlling various process parameters, such as belt speed, feed point, and feed rate, the STET 
process produces low LOI fly ash at carbon contents of less than 1.5 to 4.5% from feed fly 
ashes ranging in LOI from 4% to over 25%.  
 

 
Figure 1   STET Separator processing dried, landfilled fly ash 

 
 
The separator design is relatively simple and compact. A machine designed to process 40 tons 
per hour feed is approximately 30 ft. (9 m.) long, 5 ft. (1.5 m.) wide, and 9 ft., m (2.75 m.) 
high.   The belt and associated rollers are the only moving parts. The electrodes are stationary 
and composed of an appropriately durable material.  The belt is made of non-conductive plastic. 
The separator’s power consumption is about 1 kilowatt-hour per tonne of material processed 
with most of the power consumed by two motors driving the belt.  
 
The process is entirely dry, requires no additional materials other than the fly ash and produces 
no waste water or air emissions.  The recovered materials consist of fly ash reduced in carbon 
content to levels suitable for use as a pozzolanic admixture in concrete, and a high carbon 
fraction useful as fuel. Utilization of both product streams provides a 100% solution to fly ash 
disposal problems.  
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PROASH® RECOVERED FROM LANDFILLS AND PONDS 
 
Seven (7) sources of ash were obtained from landfills and ponds: sample A from a power plant 
located in the United Kingdom and samples B, C, D and E from ash landfills and ponds the 
United States, and samples F and G from a source in France. All these samples consisted of 
ash from the combustion of bituminous coal by large utility boilers.  Due to the intermingling 
of material in the landfills, no further information is available concerning specific coal source 
or combustion conditions. 

The reclaimed fly ash moisture for each sample varied between 15% and 27% water as is 
typical for landfilled or dewatered pond material.  The samples also contained varying amounts 
of large >1/8 inch (~3 mm) material.  To prepare the samples for carbon separation, the large 
debris was removed by mechanical dry screening and the samples then dried and 
deagglomerated prior to carbon beneficiation.  Several methods for drying/deagglomeration 
have been evaluated at the pilot-scale in order to optimize the overall process.  STET has 
selected an industrially proven, feed processing system that offers simultaneous drying and 
deagglomeration necessary for effective electrostatic separation. A general process flow sheet 
is presented in Figure 2. 

 

 

Figure 2  Process flow sheet 
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CARBON SEPARATION 
 

Carbon reduction trials using the STET triboelectric belt separator resulted in very good 
recovery of low LOI products from all seven landfilled and ponded fly ash sources.  The reverse 
charging of the carbon as discussed above did not degrade the separation in any way as 
compared to processing fresh ash. 
 
The properties of the low LOI fly ash recovered using the STET process for both freshly 
collected ash from the boiler and ash recovered from the landfill is summarized in Table 1.  
The results show that the product quality for ProAsh® produced from landfilled material is 
equivalent to product produced from fresh fly ash sources.  
 

Table 1  Properties of feed and recovered ProAsh®. 
 

FEED 
SAMPLE TO 
SEPARATOR 

LOI 
PROASH® 

LOI 

PROASH® 
FINENESS, % 
+325 MESH 

PROASH® 
MASS YIELD 

Fresh A 10.2 % 3.6 % 23 % 84 % 

Landfill A 11.1 % 3.6 % 20 % 80 % 

Fresh B 5.3 % 2.0 % 13 % 86 % 

Landfill B 7.1 % 2.0 % 15 % 65 % 

Fresh C 4.7% 2.6% 16% 82% 

Pond C 5.7% 2.5% 23% 72 % 

Landfill D 10.8 % 3.0 % 25 % 80 % 

Landfill E 6.1% 3.0% 20 % 91% 

Landfill F 6.5% 3.0% 24 % 81% 

Landfill G 8.4% 3.0% 34 % 80% 

 
PERFORMANCE IN CONCRETE 

 
The properties of the ProAsh® generated from the reclaimed landfill and pond material were 
compared to that of ProAsh® produced from fresh fly ash generated by the utility boilers from 
the same location.  The processed reclaimed ash meets all the specifications of ASTM C618, 
AASHTO M250, and EN450 standards.  The following table summarizes the chemistry for 
samples from two of the sources showing the insignificant difference between the fresh and 
reclaimed material. 
 
Strength development of a 20% substitution of the low LOI fly ash in a mortar containing 600 
lb cementitious/ yd3 (See Table 3 below) showed the ProAsh® product derived from landfilled 
ash yielded mortars with strength comparable to mortars produced using ProAsh® from fresh 
fly ash produced at the same location. The end product of the beneficiated reclaimed ash meets 
specifications for use in the concrete and cement industry. 
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Table 2  Ash Chemistry of low LOI product ash (wt% as oxides for major elements) 
 

MATERIAL 
SOURCE 

LOI SiO2 Al2O3 Fe2O3 CaO K2O Na2O SO3 

Fresh B 2.0 51.6 24.7 9.9 2.2 2.2 0.3 0.09 
Landfill B 2.0 50.4 25.0 9.3 3.0 2.4 0.2 0.11 
Fresh C 2.6 47.7 23.4 10.8 5.6 1.9 1.1 0.03 
Pond C 2.5 48.5 26.5 11.5 1.8 2.4 0.2 0.02 

Landfill D 3.0 49.8 25.7 16.6 1.6 1.25 0.1 0.03 
Landfill E 3.0 63.0 21.3 6.5 0.7 2.4 0.5 0.05 
Landfill F 3.0 52.5 25.9 6.7 4.5 2.0 0.8 0.6 
Landfill G 2.9 53.9 28.2 5.2 1.7 4.2 0.8 0.1 

 
Table 3  Compressive strength of mortar cylinders. 

 

 
FLY ASH 
SOURCE 

FRESH ASH 
RECLAIMED STET 

PROCESS ASH 

7 day (psi) 
28 day 
(psi) 

7 day (psi) 28 day (psi) 

B 3948 5185 4254 5855 
C 3860 5680 3750 5610 
E   4040 4950 

 
PROCESS ECONOMICS 

 
The availability of low cost natural gas greatly enhances the economics of drying processes, 
including the drying of wetted fly ash from landfills and dewatered ash from ponds. Table 4 
summarizes the energy costs for drying and deagglomerating feed ash for the STET separation 
process in the USA for 15%, 20%, and 25% moisture contents. The incremental costs for drying 
fly ash for STET tribo-electrostatic separation processing are relatively low. 
 

Table 4  Drying costs on basis of dried mass. 
 

MOISTURE 
CONTENT 

FUEL COST/TON DRY 
FEED 

POWER COST/TON 
DRY FEED 

TOTAL ENERGY 
COST FOR FEED 

PREP Nat. gas @ €0.03/KWhr Electricity @ 
€0.10/kWh 

15 % €5.64 €3.06 €8.70 

20 % €8.04 €3.06 €11.1 

25 % €10.8 €3.06 €13.86 

 
A technical and economic evaluation of tribo-electrostatic separation and combustion-based 
processes for beneficiation of reclaimed fly ash was performed. This comparison assumed a 
hypothetical installation designed to produce 300 ktpy of concrete quality fly ash product using 
(1) two STET model F42 tribo-electric fly ash separation systems, compared to (2) a 
combustion-based system (SEFA STAR or Boral CBO).  
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Feed preparation and product ash storage and loadout was included for each facility. Table 5 
lists the design/input cost assumptions used in the evaluation and Table 6 summarizes the 
results of the economic comparison. 
 

Table 5  Technology Comparison Basis 
 

  

TRIBOELECTRIC 
SEPARATION 

COMBUSTION-BASED 
PROCESS 

Two STET F42 
Separators 

SEFA STAR III or equivalent 

Product Ash Rate 
(kstpy) 

300 300 

Feed LOI 6%-10% (8% average) 
Feed Moisture 15%-25% (20% average) 

Feed particle size 
Feed meets ASTM C618 fineness spec met after screening to 6 

mesh 

Feed Chemistry 
Meets ASTM C618 class F after screening 

No contamination from scrubber by-products 
Utilities-Natural Gas $3.50/MMBTU 

Utilities-Electricity $0.10/kWh 
Fluegas treatment -
sulfur sorbent 

Not needed $150/ton delivered 

Emissions Nat gas dryer plus PM 
NOx, SOx, CO, metals from fly ash 

carbon combustion and PM 
 
 

Table 6  Technology Cost Comparison 
 

 

TRIBO-
ELECTROSTATIC 

SEPARATION 

COMBUSTION-
BASED PROCESS 

Two STET F42 
Separators 

SEFA STAR III or 
Boral CBO 

CAPEX (relative %) 100% 188%-192% 
OPEX ($/ton product ash- relative 

%) 
100% 90% 

Total Cost of Operation (TCO)*            
for 10 yrs (relative %) 

100% 130-135% 

*TCO over 10 years was calculated from capital and operating cost assuming an 8% discount rate. 
 
This study confirmed that the tribo-electric process is significantly lower cost and generates 
significantly lower air emissions than combustion-based processes for beneficiation of 
reclaimed fly ash. Since the only additional air emission source to the standard STET process 
installation is a natural gas-fired dryer, permitting is relatively simple. 
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STET has initiated design and equipment procurement for a new installation at a US utility 
site to demonstrate the utilization of the STET separation technology for reclaim and 
processing of landfilled and ponded fly ash sources. 
 
 

STET ASH PROCESSING FACILITIES 
 
STET’s separation process has been used commercial since 1995 for fly ash beneficiation and 
has generated over 17.5 million tons of high quality fly ash for concrete production. Controlled 
low LOI fly ash ProAsh®, is currently produced with STET’s technology at eleven locations 
throughout the U.S., Canada, the U.K., Poland, Republic of Korea, Japan, and the Philippines.  
ProAsh® fly ash has been approved for use by over twenty state highway authorities in the 
USA. ProAsh® has also been certified under Canadian Standards Association and EN 450:2005 
quality standards in Europe.   Ash processing facilities currently using STET technology are 
listed in Table 7. 
 

Table 7   Fly Ash Processing facilities using STET separation technology 
 

UTILITY / POWER STATION LOCATION START OF 
COMMERCIAL 
OPERATIONS 

FACILITY DETAILS 

Duke Energy – Roxboro Station North Carolina 
USA 

Sept. 1997 
 

2 Separators 
 

Talen Energy - Brandon Shores 
Station 

Maryland 
USA 

April 1999 2 Separators 
35,000 ton storage dome.  
Ecotherm™

 Return 
New Brunswick Power Company  
Belledune Station 

New 
Brunswick, 
Canada 

April 2005 1 Separator  
Coal/Petcoke Blends 
Ecotherm™

 Return 
Talen Energy Brunner Island 
Station 

Pennsylvania 
USA 

December 2006 2 Separators 
40,000 Ton storage dome 

Tampa Electric Co. 
Big Bend Station 

Florida 
USA 

April 2008 3 Separators, double pass 
25,000 Ton storage dome 
Ammonia Removal 

RWE npower  
Aberthaw Station 

Wales  
UK 

September 2008 1 Separator 
Ammonia Removal 
Ecotherm™

 Return 

ZGP (Lafarge Cement Poland /  
Ciech Janikosoda JV) 

Poland March 2010 1 Separator  

KOSEP 
Yeongheung Units 5&6 

South Korea September 2014 1 Separator 
Ecotherm™

 Return 
Taiheiyo Cement Co. 
Chichibu plant 

Japan February 2018 1 Separator 
 

ZSPS (Lafarge Cement 
Poland/PGNiG Termika JV) 

Poland June 2018 1 Separator 
Ecotherm™ Return 

Armstrong Fly Ash/Eagle Cement Philippines December 2018 1 Separator 

KOEN Samcheonpo  
Power Plant 

South Korea Scheduled 2019 1 Separator 
Ecotherm™ Return 
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RECOVERED FUEL VALUE OF HIGH-CARBON FLY ASH 
 

In addition to the low carbon product for use in concrete, brand named ProAsh®, the STET 
separation process also recovers otherwise wasted unburned carbon in the form of carbon-rich 
fly ash, branded EcoTherm™.  EcoTherm™ has significant fuel value and can easily be returned 
to the electric power plant using the STET EcoTherm™ Return system to reduce the coal use 
at the plant. When EcoTherm™ is burned in the utility boiler, the energy from combustion is 
converted to high pressure / high temperature steam and then to electricity at the same 
efficiency as coal,.   The conversion of the recovered thermal energy to electricity in ST 
Equipment &Technology LLC EcoTherm™ Return system is two to three times higher than 
that of the competitive technology where the energy is recovered as low-grade heat in the form 
of hot water which is circulated to the boiler feed water system. EcoTherm™ is also used as a 
source of alumina in cement kilns, displacing the more expensive bauxite which is usually 
transported long distances.  Utilizing the high carbon EcoTherm™ ash either at a power plant 
or a cement kiln, maximizes the energy recovery from the delivered coal, reducing the need to 
mine and transport additional fuel to the facilities. 
 
STET’s Talen Energy Brandon Shores, NBP Belledune, RWEnpower Aberthaw, and the two 
facilities in South Korea all include EcoTherm™ Return systems.  
 
 

CONCLUSIONS 
 
ST Equipment & Technology (STET) offers a commercially proven processing technology for 
reducing the carbon (LOI) content of freshly generated dry fly ash. This proven tribo-
electrostatic separation device has been used for the commercial beneficiation of coal 
combustion fly ash to produce a low carbon product for use as a cement replacement in concrete 
for over twenty years. Recent work by STET has demonstrated that this same commercially 
proven technology is suitable for processing recovered fly ash from ponds and landfills.  
 
After suitable scalping of large material, drying, and deagglomeration, fly ash recovered from 
utility plant landfills and ponds can be reduced in carbon content using the commercialized 
STET triboelectric belt separator. The quality of the fly ash product, ProAsh® using the STET 
system on reclaimed landfill material is equivalent to ProAsh® produced from fresh feed fly 
ash. The ProAsh® product is very well suited and proven in concrete production.  The recovery 
and beneficiation of landfilled and ponded ash will provide a continuing supply of high quality 
ash for concrete producers in spite of the reduced production of “fresh” ash as coal-fired 
utilities reduce generation.  Additionally, power plants that need to remove ash from landfills 
or ponds to meet changing environmental regulations will be able to utilize the process to alter 
a waste product liability into a valuable raw material for cement and concrete producers.  
 
The STET separation process with feed pre-processing equipment for drying and 
deagglomerating landfilled fly ash is an attractive option for ash beneficiation with 
significantly lower total cost and lower emissions compared to other combustion systems. 
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ABSTRACT.  Excessive leaching of metal(loid)s from some waste-wood derived combustion 
ashes precludes their use as a soil amendment. Two stabilized soil-sized aggregates were 
produced from raw wood ashes with ~10000 mg kg-1 As, Cr and Cu, by a cementation process, 
and amended to two agricultural pasture soils. Column leaching and pot tests were employed 
to ascertain metal(loid) mobility and leaching and measure uptake to ryegrass, comparing raw 
ashes with CO2 strengthened (AG 2) and non-CO2 strengthened (AG 1) stabilized aggregates. 
Thereafter food-chain risk modeling was applied to selected data to indicate the relative risk of 
applying aggregates to these soils, compared to raw ashes.  Under rapid leaching (7hrs) AG 2 
generally outperformed AG 1 in terms of suppressed total soluble metal(loid) removal, though 
the extent was soil specific, as illustrated by the comparison to inert sand. However, during 
prolonged leaching (12d) both aggregates appeared at least partially susceptible to dissolution 
and release of metal(loid)s upon mild acidification. In both tested soils in pot conditions, raw 
wood ash application resulted in increased concentrations of As, Cr and Cu in soil pore water, 
commensurate with application dose. The highest application rate, 10% (vol) ash, resulted in 
complete lack of ryegrass growth in the pot experiment (9wks). In comparison the same 
application rate of both aggregates resulted in vigorous ryegrass growth in the pot test in both 
soils. Risk modelling of pot data demonstrated soil specific accumulation of As in beef muscle 
and milk, being furthest reduced (compared to the raw ash addition) by AG 2 in soil A, but 
increased in soil B by the same treatment.  Therefore, the results of this study indicate that the 
stabilization of raw metal(loid) rich wood ashes by cementation processes results in an 
aggregate that, when added to two test soils, can result in reduced As, Cr and Cu in soil pore 
water compared to raw ash. However behavior was soil specific and, under continuous leaching 
conditions the CO2 strengthened aggregate appeared most stable, though not entirely resistant 
to mild acidification. Clearly therefore before the application of any such aggregate materials 
to soils in the field, pre-testing with local soils is required to ensure that metal(loid) mobility 
will remain suppressed.   
 
Keywords: Heavy metal leaching, Pore water, Bioavailability, Wood ash, Arsenic, Chromium 
  



Wood Ash Aggregates   387 

INTRODUCTION 
 

The combustion of waste wood that has been treated with weatherproof protectants, paints and 
preservatives, such as chromated copper arsenate (CCA), can result in ashes entrained with 
high concentrations of metal(loid)s. Disposal of such materials to landfill is both expensive and 
wasteful because wood ashes have an intrinsic benefit to soils if applied circumspectly (e.g. 
liming effects, increase in available nutrient provision, etc.). Previous studies have found that 
As, Cr and Cu are highly mobile from wood ashes derived from waste wood sources, if applied 
untreated or together with organic amendments to soils (Mollon et al, 2016; Trakal et al, 2017; 
Mitchell et al, 2018). Furthermore, such application to soil has been demonstrated to have 
potential onward impacts with regards to food chain transfer risk from even small dosages in 
soils (Beesley et al; 2018), clearly indicating that it should not be applied to soils without 
further treatment. 
 
Physical stabilization of wood ashes, by the production of cementitious aggregates, to 
physically stabilize metal(loid)s and prevent their mobility, may be one method by which the 
application of contaminated ashes to soils may be acceptable in certain circumstances. 
However, this has, to the best of our knowledge, not been described or tested previously in soil 
conditions. The hypothesis of this study is that the production of stabilized aggregates from 
metal(loid) contaminated wood ash will result in reduced mobility of As, Cr and Cu when 
applied to soils, compared to the application of ‘raw’ wood ash. In turn this may allow for 
further experimental trials to determine the feasibility of producing stabilized aggregates from 
a range of contaminated ashes and facilitate testing of their impacts in soils. 
 
The following study aims to; 1) compare the mobility and plant uptake of As, Cr and Cu from 
‘raw’ wood ash applied to soils, with that of stabilized aggregates made from the same wood 
ashes; 2) evaluate geo-chemical mechanisms impacting on the stability of As, Cr and Cu from 
the ash/aggregate applied soils; 3) subject the aggregates to chemical weathering within soils 
(acidification) to determine As, Cr and Cu release. 
 
 

METHODS 
 

Soils, ash and aggregate mixtures 
 
Two soils were used for this experimental work. Soil A was obtained from an upland farming 
estate in north-east Scotland (UK) stocked with cattle, sheep and deer. Soils on the farm are 
freely drained humus iron podzols (‘Entic podzol’ under WRB classification system; sandy 
loam texture, organic carbon (OC) contents of ~7% and nitrogen (N) contents of ~0.6%). Soil 
B was obtained from a lowland farming estate in central Scotland (UK) stocked with cattle 
and sheep. Soils on the farm are poorly drained gleys (‘Eutric Stagnosol’ under WRB 
classification system; sandy clay loam texture, organic carbon (OC) contents of ~5% and 
nitrogen (N) contents of ~0.5%).  
 
Ash was sourced from a 70kw biomass boiler that provides heat for the farm where soil A 
was sampled and is fueled by a mixture of farm-derived mixed waste wood, and virgin timber 
offcuts. Total metal(loid) concentrations of the soils and ash were determined by aqua-regia 
digestion, and analysis by ICP-MS. For the present experiment bulk ash samples were passed 
through a 2mm sieve in preparation for soil application (see Table 1). 
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Table 1  Concentrations of selected elements in test soils and ash, as determined by aqua-
regia digestion (mg kg-1). For pH, organic carbon, and nitrogen information, see methods 

above. 
 

  Al As Ca Cr Cu Fe K Mg Mn Pb Zn 

Soil 
A 

9240 4.00 647 19.0 16.0 14670 1100 2370 518 34.0 42.0 

Soil 
B 

8320 < 2.00 1600 31.0 17.0 18750 1830 1390 704 38.0 86.0 

Ash 5195 9260 207200 9472 8790 8709 74800 36020 1934 3354 5004 

 
 
Aggregates were produced by the method detailed in Jones, et al (2015). This method utilizes 
a foaming procedure to produce a lightweight technical material with a bulk density suitable 
for soils application (~1 g cm-3) and requiring low energy input to crush to a suitable particle 
size for soil application (e.g. < 2 mm). Briefly, two aggregates were prepared by mixtures of 
Portland cement and the metal(loid) rich wood ash detailed above (ratio 1:3 respectively). The 
second of the produced aggregates was further treated by carbon dioxide, as detailed in Jones 
et al (2015), in order to enhance mechanical strength and shrinkage properties of the finished 
material and promote the recalcitrance of metal(loid) in this material.  
 
Experimental soil plus ash/aggregate mixtures were prepared in bulk for use in the following 
experiments. Ash dosages of 0.1, 1.0 and 10% ash (vol.) and aggregate dosages of 10% (vol.) 
were mixed into soils using the end-over-end method, until a homogenous mixture was 
produced. Only one dosage of aggregate was provided, corresponding with the highest ash 
dosage. Previous experiments with this ash, reported in Mollon et al (2016), had demonstrated 
complete phyto-toxicity of ryegrass at an ash addition of 10% (vol.) in soil, so this was chosen 
as the threshold limit for ash and aggregate application in the present study. Controls without 
ash or aggregate were included for all experiments (see Figure 1).  
 

 
 
Figure 1    Experimental set-up showing leaching column set-up, pot experimental set-up and 

treatment details. 
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Column leaching tests 
 
Rapid assessment of cumulative removal of metal(loids) 
 
A leaching column tests was performed to determine the cumulative removal rate of As, Cr 
and Cu in the soils with the maximum ash/aggregate inclusion (10% vol.). As soil is a complex 
matrix, inert sand was also used by way of comparison to determine removal rates of 
metal(loid)s discounting sorption and other soil matrix effects. Identical plexiglass columns 
(Figure 1) of 20 cm length and 6 cm in internal diameter were filled with 100g of a) soil/sand 
only, b) soil/sand plus 10% (vol.) ash or c) soil/sand plus 10% (vol.) aggregates 1 or 2. After 
rapid saturation of soils from the base upwards, columns were inverted and gravitationally 
leached with deionized water from the top for 7 hours under a constant flow rate (1 ml min-1), 
which was maintained by a peristaltic pump, following the method detailed in Trakal et al 
(2017). The top of each column incorporated a shower type design together with a geotextile 
wicking to ensure homogenous irrigation over the surface of the soil. Pre-saturation from the 
base upwards before commencing the experiment was designed to minimize preferential 
moisture flow paths through the soil. Leachate samples were subsequently collected at the base 
of the column for 30 mins per hour (from the beginning of the experiment) resulting in 30ml 
of sample per fraction. Samples were analysed for metal(loid)s by ICP-MS. To determine total 
amounts of As, Cr and Cu removed from the tested soils the mass of soil and flow rate was 
accounted for to calculate cumulative removals (mg metal(loid) kg-1 soil). 
 
Prolonged leaching column test to establish aggregate stability 
 
Given the cementitious composition of the aggregates, a second leaching column test was set-
up with a longer duration/slower flow rate and an acid dissolution phase incorporated, to 
determine resistance to physico-chemical weathering, and longevity in soils. The purpose of 
this test was to determine whether, under acidification, the aggregates were more stable, in 
terms of metal(loid) leaching, than the ash. The test was performed identically to that detailed 
above (2.1) except that the test was performed only on one test soil (Soil A) with AG1 & 2 and 
at a flow rate reduced to half that of the previous test (0.5ml min-1). As previously, after rapid 
saturation of soils from the base upwards, columns were inverted and gravitationally leached 
with deionized water from the top. The columns were subjected to 8 days continuous flow with 
de-ionised water only, during which time leachates were collected at the same time daily for 8 
days (i.e. 24, 48, 72, …, 192 hours; T1-T8). Thereafter, without interruption to the flow, eluent 
was acidified with HCl (1%) pipetted into the eluent supply vessel until the pH of leachates 
from the control soil column was reduced by 1 unit. Conductivity was monitored to determine 
whether dissolution was occurring. The columns were run in this mode for a further 4 days 
(T9-T12). Leachate samples were analyzed for pH, conductivity, As, Cr and Cu concentrations 
by ICP-MS.  
 
Pot experimental set-up and risk assessment exercise 
 
Pore water sampling and analysis 
 
Soils A and B plus ash/aggregates were potted into triplicate 1L pots which were maintained 
at a controlled moisture and temperature for 9 weeks by determining mass of each pot and 
adjusting irrigation to maintain field capacity, whilst temperature was kept at 15oC under 
natural light in a glasshouse. Approximately one hundred ryegrass (Lolium perenne L.) seeds 
were dispersed uniformly over the soil surface in each pot, determined by mass. Thereafter soil 
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pore water was collected by rhizon samplers (Eijkelkamp Agrisearch equipment, Netherlands) 
connected to pre-vacuumed tubes 9 weeks after seed application. Chemical parameters were 
measured in sampled pore waters including pH (H20), total organic carbon and As, Ca, Cr and 
Cu concentrations by ICP-MS. Appropriate statistical analysis was performed using SPSS v.22 
for windows, specifically, regression and correlation were used to study relationships between 
variables measured, and one-way ANOVA was performed to examine the different 
components of the observed variation. 
 
Ryegrass uptake of metal(loid)s for risk modelling 
 
Ryegrass was harvested 10 weeks after the start of the pot experiment, and dry mass was 
determined before samples were digested and analysed for As, Cr and Cu by ICP-MS, to 
determine uptake of these metal(loid)s and provide base values for risk modelling. Given the 
system under investigation in this study is ryegrass production, it was considered important to 
estimate potential transfer of As from pasture (ryegrass) to meat and milk products of grazing 
livestock. This was a theoretical exercise based on the methodology described in Mollon et al. 
(2016) and is included as an indicative measure of potential food chain transfer risk only. 
Briefly, time-dependent transfer coefficients (defined as the ratio of the concentration of As in 
animal tissue, mg kg-1, to the daily intake of As in the diet, mg d-1; Crout et al., 2004) were 
used to estimate the potential transfer of As to milk [Asmilk] and muscle [Asmuscle]. Dairy cattle 
were assumed to produce 7000 l milk y-1 and live for 4.5 years (Farm Management Handbook, 
2018/19). All cattle were assumed to be fed with grass silage for 185 days of the year, with all 
silage produced using grass grown on pasture amended with ash, aggregate, etc. at the ratios 
described in Figure 1. For the remaining 180 days, the cattle were assumed to be grazing pasture 
fields amended as per Figure 1. Any supplements or medicines fed to the cattle were assumed 
not to contain As. 
 
Bovine intake of As, [Asintake] (mg kg-1 d-1) was estimated using Equation 1: 
 
[〖As〗_intake ]=  (([〖As〗_g ]+[〖As〗_s ])([I_g ]+[I_s ])+ ([〖As〗_soil ] W_soil ))/t               (1) 
 
Where [Asg] and [Ass] is the concentration of As (mg kg-1) in grass and silage, respectively; 
[Ig] and [Is] is the intake of grass and silage (kg dw); [Assoil] is the concentration of As in the 
soil; Wsoil is the amount of soil that is ingested (kg dw) and t is the averaging time (d). Various 
assumptions were made in order to implement Equation 1. It was assumed that Ig = Is = 13 kg 
dw d-1 based on the case for the average head of cattle (after Fayers, 1996). Also, during periods 
of outdoor grazing, Wsoil was assumed to be 0.52 kg soil (dw) d-1 (after Fayers, 1996). During 
the 185 days that cattle were kept indoors and fed only silage grass, a value of 0.02 was applied 
to Wsoil to represent typical levels of soil deposition on crop plant surfaces (after Pinder and 
McLeod, 1988). 
 

RESULTS 
 

Metal(loid) removal and stability, measured by column leaching 
 
Vast differences in solubility of Cr, compared to As and Cu were measured during the rapid 
(7hr) leaching test, to determine cumulative metal(loid) removal. In test conditions using inert 
sand, removal of Cr during the rapid ‘flash’ leaching test totaled ~250 mg soluble Cr per kg-1 
sand with ash, being predominantly achieved within the first 4 fractions (4 hours) of the test 
(Figure 2g).  
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Figure 2   Leachate pH (a, b, c) and cumulative removal of As, Cr and Cu (d-l) from ash and 

aggregates (10% vol.) in sand and soils A and B. 
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This contrasts with removals of ~30 mg soluble As and < 1 mg soluble Cu per kg-1 (Figure 2d 
& j). Reduced amounts of all measured metal(loid) were leached from aggregates in sand, being 
similar in the case of AG 1 and 2 for Cr (~100 mg kg-1), largely insoluble in the case of Cu, 
and variable in the case of As. Different leaching behaviors were observed when ash and 
aggregates were mixed with soils, compared to inert sand. For example, removal of As was 
greatly reduced for both ash and aggregates to < 20 mg soluble As kg-1 soil (Figure 2e & f). On 
the other hand, Cu removal appeared greatly increased in soils, compared to sand, especially 
so for AG 2 in soil A (Figure 2k).  
 
In the longer-term leaching column test, concentrations of metal(loid)s are reported rather than 
cumulative removal rates because pH modification is made to the eluent during the duration of 
the test to determine stability of the two aggregates. Concentrations of As, Cr and Cu measured 
in the leachates collected from the columns in this configuration demonstrated the depletion of 
the soluble pool [leaching] of these metal(loid)s over time (Figures 3a, b & c). During this 
phase of the test AG 2 appeared most stable, with reduced concentrations of leached As and 
Cr, especially during the first 3 days of the test (T1-T3; Figure 3a & b). Gradually 
concentrations of As and Cr converged during days 4-8 of the test. Copper leaching was more 
variable, fluctuating within the control soil and both aggregates (Figure 3c). Conductivity 
values were almost identical for both aggregates during the non-acidified leaching stage 
(Figure 3; A-T9 & A-T10 inset). Upon acidification conductivity increased rapidly (Figure 3c 
inset). Metal(loid) leaching appeared to respond, albeit more mutedly than conductivity (Figure 
3; A-T9 & A-T10).  
 

 
 

Figure 3  Concentrations of As, Cr, Cu (a, b, c) and conductivity (inset) as measured in 
leachates from the long-term column leaching column test; note that these data relate to Soil 

A only. The vertical red dashed line indicates the initiation of acidification. 
 
Metal(loid)s in pore waters & their controlling factors 
 
Concentrations of As, Cr and Cu were close to or below the limit of detection in control soils 
A and B; the extent of the influence of ash addition was both metal(loid) and soil specific 
(Figure 4a, b & c). A 10% ash addition resulted in the highest concentrations of metal(loid)s, 
especially for Cr (~10 mg l-1 in Soil B; Figure 4b). Concentrations of As and Cu were, in 
general, much lower (0.1 and 1.0 mg l-1 respectively in soil plus 10% ash; Figure 2). 
Concentrations of As were significantly reduced by both aggregate additions in both soils, 
compared to 10% ash (P < 0.05). In the case of soil B this decrease in pore water As was greater 
than an order of magnitude. Chromium was significantly reduced only in soil B by AG 1 (P < 

c. Cu

Fraction

T1 T2 T3 T4 T5 T6 T7 T8
A-T9

A-T10
A-T11

A-T12
0.0

0.5

1.0

1.5

2.0

b. Cr

Fraction

T1 T2 T3 T4 T5 T6 T7 T8
A-T9

A-T10
A-T11

A-T12
0.0

0.1

0.2

0.3

0.4

0.5

a. As

Fraction

T1 T2 T3 T4 T5 T6 T7 T8
A-T9

A-T10
A-T11

A-T12

Le
ac

ha
te

 c
on

ce
nt

ra
tio

n 
(m

g 
l-1

)

0.0

0.1

0.2

0.3

0.4

0.5
Control (Soil A)
+ AG1 
+ AG2 

Conductivity

T1 T2 T3 T4 T5 T6 T7 T8
A-T9

A-T10
A-T11

A-T12

ms
-1

0

200

400

600

800

1000

1200



Wood Ash Aggregates   393 

0.05), whilst Cu was reduced significantly by both aggregates in soil A (P < 0.01), but only by 
AG 1 in soil B (P< 0.05). Pore water pH was ash dose dependent being as low as ~6 (Soil A; 
0.1% ash) and > 10 (Soil B; 10% ash). Both aggregates resulted in pore water pH values of 
~8.5 in both soils (Figure 3), which were significantly reduced in comparison to 10% ash 
addition (P < 0.05). There was no significant difference between pH of AG 1 and AG 2 in 
either soil.  
 

 
 
Figure 4   Concentrations of As, Cr and Cu in pore water from experimental pots; values are 

means (± s.e.m). Note that the scale on the y-axis is logarithmic. 
 
One-way ANOVA analysis performed on all pore water data obtained from this experiment 
demonstrated the predominant influence of pH on As and Cr, and PO4 3P on Cu, with the 
following outputs; 
 
As[pore water] = -2.5 + 0.034 pH[pore water] (R2 = 0.63) 
Cr[pore water] = -12 + 1.6 pH[pore water] (R2 = 0.48) 
Cu[pore water] = 0.17 + 5.5 PO4 3P[pore water] (R2 = 0.81) 
 
Impact of ash and aggregates on uptake of metal(loid)s to ryegrass and consequent risk 
 
Highest ash dosage (10%) resulted in total lack of ryegrass growth in both soils and is thus not 
further reported/discussed herein. A 1% ash addition yielded greatest ryegrass dry mass (~2g 
per pot in both soils A & B; Table 2). Aggregate (10% vol.) yielded ryegrass growth, though 
the extent was soil and aggregate specific and subject to high within-replicate variability (Table 
2). As a consequence, the only statistically significant difference to ryegrass mass between 
control soil and aggregate treatment was that of AG 2 in soil A (p < 0.05). Uptake values are 
not reported here, but those data are used to derive the following risk model for As transfer to 
bovine milk and meat.  
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Table 2  Ryegrass yield (g dry weight) from pot experiment. *Note that ryegrass failed to 
germinate and grow in the 10% ash treatment 

 
 
 

 
 
 
 
 
While maximum permissible levels of As have been established within the EU for rice and rice 
products (0.2 mg As kg-1), there are no similar regulatory limits for As in other foodstuffs such 
as meat or milk products. The USEPA has published a chronic reference dose (RfD, mg kg-1 d-

1) for inorganic As of 3.00x10-4 mg kg-1 d-1 which has been derived from a no-observed-
adverse-effect-level (NOAEL) of 8.00x10-4 mg kg-1 d-1 for dermal effects in a Taiwanese 
agricultural community exposed to As via drinking water (Tseng, 1977; Tseng et al., 1968).  
 
Figure 5 shows the predicted time-dependent build-up of As in muscle and milk after 10, 100, 
and 1000 days grazing on pasture growing on Soils A & B with the amendment of ash and 
aggregates. For muscle, assuming a 1000 day production period, daily consumption would have 
to exceed 0.01 kg d-1 for a 70 kg body weight consumer to exceed the RfD for beef produced 
on non-amended (i.e. control) pasture. Given that the 95th%ile beef muscle consumer eats 
about 1.7x10-5 kg muscle d-1, a dietary risk is not implied. However, at the higher ash levels 
modelled here (1%) daily muscle consumption would need to exceed 6.03x10-3 kg d-1 
(approximately the 25th%ile consumption rate) in order to exceed the RfD for As. Interestingly, 
lower application rates of ash (0.1%) or the application of aggregate 2 (10%) have a protective 
effect (ie lower risk than he control soil) reducing uptake of As to pasture and subsequent 
incorporation into meat products. For AG 2, daily beef muscle consumption would have to 
exceed 0.05 kg d-1 for a consumer exceed the RfD for As.  
 
Daily consumption of milk would have to exceed 0.1 l d-1 for As exposure to surpass the RfD 
from milk produced on un-amended pasture. The 95th%ile milk consumption rate is about 0.13 
l d-1 therefore only those individuals who consume milk at the highest end of the distribution 
are likely to exceed the RfD. Once again, AG 2 demonstrates a protective effect with 0.44 L d-

1 required to exceed the RfD. Compared to an ash addition to soils of 1%, which brings this 
down to only 0.06 L d-1, close to the 50th%ile milk consumption rate.  
 
For Soil B, the pattern of relative toxicity is different to that of Soil A, with all soil amendments 
increasing the uptake of As into ryegrass and hence enhancing incorporation into meat and 
milk products. The relative pattern of toxicity is however the same across the milk and meat 
products produced on Soil B compared to Soil A, with AG 2 promoting the most elevated levels 
of As in milk and meat products (Figure 5). Following the same criteria as for Soil A, for beef 
muscle produced on un-amended pasture the consumer would need to exceed 0.07 kg muscle 
d-1 (far greater than the 95th%ile consumption rate) for an appreciable risk to be recognized. 
For beef muscle produced on aggregate-amended pasture (AG 2), the critical threshold is 
9.7x10-3 kg muscle d-1 which still exceeds the 95th%ile consumption rate. For milk produced 
on unamended pasture, the critical consumption rate is 0.6 l milk d-1 (almost 5 times the 
95th%ile consumption rate). This decreases to 0.09 l milk d-1 for AG 2 (roughly the 70th%ile 
milk consumer) indicating an appreciable dietary risk for about 1/3 of milk consumers.  

 Soil A Soil B 
Control 0.1 (0.05) 0.7 (0.03) 

+ Ash (0.1%) 1.2 (0.06) 1.4 (0.05) 
+ Ash (1%) 2.2 (0.17) 1.8 (0.1) 

+ Ash (10%)* - - 
+ AG 1 1.9 (0.55) 0.6 (0.22) 
+ AG 2 1.3 (0.35) 1.0 (0.6) 
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Figure 5. Uptake risk of As to bovine meat (a, b) and milk (c, d) according to soil and 

treatments, as predicted by transfer-risk modelling from Ryegrass As uptake data. Note that 
the scale on the x-axis is logarithmic. 

 
DISCUSSION 

 
Geochemical influences on metal(loid) mobility 
 
As previously discussed in Mollon et al (2016), Trakal et al (2017) and Beesley et al (2018), 
the amendment of agricultural soils with dosages of 0.1-3% (vol.) wood ashes contaminant 
with elevated concentrations of As, Cr and Cu, has the generalized affect of 1) enhancing plant 
biomass, 2) exacerbating metal(loid) leaching and 3) promoting enhanced environmental risk 
(assessed by risk modelling). The results of these studies have, thus far, concluded that the 
application of such ashes to soils should be avoided, even in low volumes, on account of the 
highly mobile metal(loid)s emanating from them. The present study aimed to determine 
whether the application of a stabilized aggregate produced from such ashes would allow safe 
application to soils, resulting in reduced metal(loid) leaching and a lower environmental risk.  
 
Considering firstly the removal rates of metal(loid)s from the ash versus aggregates, measured 
by the first column leaching test, the removal rate of As from ash when incorporated with sand 
was in the order of 30-40 mg kg-1, which compares to that measured via a similar column test 
performed only on the test ash (Trakal et al, 2018). In that study ash was mixed with a Mn-
oxide based bio-sorbent (2:1 basis by weight) which reduced As removal to < 10 mg kg-1 under 
the same test conditions. In the same way in the present study, given the fact that As removal 
was vastly reduced when ash was mixed with another matrix (soil), as opposed to sand, serves 
to illustrate the importance of geochemical interactions in the soil matrix for As retention. In 
fact, As was scarcely soluble in all of the tests detailed here, compared to Cr and Cu, despite 
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the similar pseudo-total concentrations (Table 1). A number of interacting factors could explain 
this. Arsenic is found in soils as an anion, either as arsenate or arsenite depending on the redox 
conditions, and these anionic forms are less strongly retained in soils as the pH rises (Moreno-
Jiménez et al, 2012). In our experiments, we expected in both columns and pot conditions, that 
As is in the form of arsenate because no symptoms of reduction were observed. Arsenate has 
been consistently described to increase its mobility in soils as pH rises (Smith et al. 1999 ; Fitz 
and Wenzel 2002), especially in the pH range measured in the experiments described here. 
This explains the dominant affect of pH on As mobility in pore waters collected in pot 
conditions, in the presence of soils (as demonstrated by the equation in section 3.2). Therefore 
As mobility due to the pH of the ash and aggregate was expected. But this is complicated 
further by the presence of Ca, which has been reported to increase As retention in soils (Smith 
et al, 2002; Stachowicz et al, 2008). Therefore the treatments with more Ca, such as the 
cementitious aggregates, can partly counteract As mobilisation from the high pH. However, 
Wenzel (2013) comments on the lack of association of As with Ca minerals at pH of < 9.5 and 
it could thus prevail that the enhanced As retention afforded by soils A and B was due to 
formation of complexes with other soil components at pH > 9.5 (Fe oxide, organic matter etc).  
 
The formation of soluble organometallic complexes, for example with dissolved organic 
carbon is also a major controlling factor in metal(loid) mobility (Bernal et al., 2006; Beesley 
and Dickinson, 2010). Total lack of Cu removal from the ash and aggregates in test conditions 
when mixed only with sand can be explained by lack of solubility under alkaline conditions, 
without buffering from the inclusion of soils.  
 
Environmental risk factors associated with the tested materials 
 
The risk modelling approach used was very conservative, and as with all modelling approaches 
should be treated as providing an indication of potential risk, rather than a comprehensive 
assessment. Broadly speaking, the results of the modelling indicate that the application of un-
treated ash derived from the burning of waste wood to agricultural soils may pose some risks 
to the food chain. More ‘extreme’ consumers are more likely to experience some form of 
adverse health outcomes attributable to the ash product, regardless of soil amendment or 
receiving soil. Having said this, consumers of this type may arguably experience other 
unwanted health outcomes associated with their dietary habits.  More importantly, the 
magnitude of risk as well as the success of the stable aggregates to reduce that risk, was 
mediated by soil type.  For Soil A, treatments AG2 and low (0.1%) ash both reduced potential 
food chain risks to below the level posed by the control treatment. Thus for this soil the use of 
AG2 enables a larger dose of ash to be applied whilst reducing the risk level associated with 
this amendment. However, for Soil B, all treatments elevated the potential food chain risk 
above the control treatment. Also, the use of the stabilized aggregates resulted in the highest 
levels of food chain risk. Thus knowledge of the receiving soil, and the biochemical conditions 
resulting from the addition of these treatments, are crucial to using these amendments 
effectively. Therefore it is not necessarily the case that testing the stability of aggregates under 
column conditions is directly transferrable to the assertion of risk.  
 

CONCLUSIONS 
 

Whilst the results of this study demonstrate the soil-specific nature of metal(loid) leaching, 
ryegrass uptake and associated risk when wood ashes and stabilized aggregates are added to 
two soils, it is possible to conclude that the formation of stabilized aggregates where metal(loid) 
rich wood ashes are a component may allow value to be derived from such ashes, in the context 
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of addition to soils. Whilst it is unlikely that wood ashes with high As, Cr and Cu concentrations 
would ever knowingly be applied to agricultural soils, it may be the case that the production of 
technical soils utilizing a proportion of their composition from stabilized aggregates could be 
suitable media for the growth of non-food crops, where leachates are closely monitored and 
captured to ensure that soluble metal(loid)s are not leaching in excessive concentrations to 
proximal waters. It remains for future research to determine whether further stabilization of 
As, Cr and Cu can be achieved through refining the method of aggregate production.  
 

REFERENCES 
 

Beesley, L., Dickinson, N. 2010. Carbon and trace element mobility in an urban soil amended 
with green waste compost. Journal of Soils and Sediments 10, 215-222 
 
Beesley, L., Hough, R., Deacon, C. M., & Norton, G. J. (2018). The Impacts of Applying 
Metal(loid) Enriched Wood Ash to Soils on the Growth and Elemental Accumulation of Rice. 
Exposure and Health. https://doi.org/10.1007/s12403-018-0273-2 
 
Beesley, L., Moreno-Jimenez, E., Clemente, R., Lepp, N. & Dickinson, N. 2010.  Mobility of 
arsenic, cadmium and zinc in a multi-element contaminated soil profile assessed by in-situ 
soil pore water sampling, column leaching and sequential extraction.  Environmental 
Pollution 158, 155-160. 
 
Bernal, M., Clemente, R. and Walker, D.J. 2007. The role of organic amendments in the 
bioremediation of heavy metal-polluted soils. In: Gore, R.W. (Ed.) Environmental Research 
at the Leading Edge. Nova Science. New York, pp. 1-58. 
 
Crout, N.M.J., Beresford, N.A., Dawson, J., Soar, J., Mayes, R.W. 2004. The transfer of 
73As, 109Cd and 203Hg to the milk and tissues of dairy cattle. Journal of Agricultural 
Science 142:203-212. 
 
Fayers, C.A. 1996. Concentrations of elements in food and justification of the concentration 
ratios and transfer factors used in the NRPB Foodchain Model FARMLAND. NRPB Report 
No. M746. Chilton, Didcot, Oxon, UK. 
 
Fitz WJ, Wenzel WW (2002) Arsenic transformations in the soil-rhizophere-plant system: 
fundamentals and potential application to phytoremediation. J Biotechnol 99:259–278 
 
Jones, M.R., Halliday, J.E., Csetenyi, L.J.,  Zheng, L., Strompinis, N. (2015). Feasibility of 
utilising quarry fines and waste silts to manufacture synthetic lightweight sand. Magazine of 
Concrete Research, 67(12): 656 –664 
 
Mitchell, K., Trakal, L., Sillerova, H., Avelar-Gonzalez, F.J., Guerrero-Barrera, A.L., Hough, 
R., Beesley,L. (2018). Mobility of As, Cr and Cu in a contaminated grassland soil in response 
to diverse organic amendments; a sequential column leaching experiment. Applied 
Geochemistry, 88, 95-102 
 
Mollon, L.C., Norton, G.J., Trakal, L., Moreno-Jimenez, E., Elouali, F.Z., Hough, R.L., 
Beesley, L. 2016 Mobility and toxicity of heavy metal(loid)s arising from contaminated wood 
ash application to a pasture grassland soil. Environmental Pollution, 218, 419-427 
 

https://doi.org/10.1007/s12403-018-0273-2


398   Mitchell et al 

Moreno-Jiménez, E., Esteban, E., & Peñalosa, J. M. (2012). The fate of arsenic in soil-plant 
systems. In Reviews of environmental contamination and toxicology (pp. 1-37). Springer, 
New York, NY. 
 
Moreno-Jimenez, E., Beesley, L., Lepp, N.W., Dickinson, N.M., Hartley, W. & Clemente, R. 
2011.  Field sampling of soil pore water to evaluate trace element mobility and associated 
environmental risk.   Environmental Pollution 159, 3078-3085 
 
Pinder, J.E. & McLeod, K.W. 1988. Contaminant transport in agroecosystems through 
retention of soil particles on plant surfaces. Journal of Environmental Quality 17:602-607. 
 
Smith E, Naidu R, Alston AM (1999) Chemistry of arsenic in soils. I. Sorption of arsenate 
and arsenite by four Australian soils. J Environ Qual 28:1719–1726 
 
Smith E, Naidu R, Alston AM (2002) Chemistry of inorganic arsenic in soils. II. Effect of 
phosphorous, sodium, and calcium on arsenic sorption. J Environ Qual 31:557–563 
 
Stachowicz M, Hiemstra T, van Riemsdijk WH (2008) Multi-competitive interaction of 
As(III) and As(V) oxyanions with Ca 2+ , Mg 2+ , PO 4 3− , and CO 3 2− ions on goethite. J 
Colloid Interface Sci 320:400–414 
 
The Farm Management Handbook. 2018/19. Editor Kara Craig, SAC Consulting. 
https://www.fas.scot/downloads/farm-management-handbook-2018-19/ 
 
Trakal, L., Raya-Moreno, I., Mitchell, K., Beesley, L. 2017. Stabilization of metal(loid)s in 
two contaminated agricultural soils: Comparing biochar to its non-pyrolysed source material. 
Chemosphere, 181, 150-159 
 
Tseng, W.P., Chu, H.M., How, S.W., Fong, J.M., Lin, C.S. & Yen, S. 1968. Prevalence of 
skin cancer in an endemic area of chronic arsenicism in Taiwan. Journal of the National 
Cancer Institute 40:453-463. 
 
Tseng, W.P. 1977. Effects and dose-response relationships of skin cancer and Blackfoot 
disease with arsenic. Environmental Health Perspectives 19:109-119. 



INFLUENCE OF HEAT AND CHEMICAL ACTIVATION ON 
STRENGTH AND DURABILITY OF HIGH STRENGTH HIGH 

VOLUME FLY ASH CONCRETE 
 

S Nwaubani 

M Hlabangana 

University of the Witwatersrand 

South Africa 

ABSTRACT.  High volume fly ash (HVFA) concrete presents an alternative, sustainable, 
renewable and environmentally friendly approach to production of construction materials. 
However, it has not been fully embraced in high strength structural concrete applications due 
to the challenge of reduced early age compressive strength development. The study 
investigated the possibility of improving early age compressive strength of high-volume fly 
ash concrete. Concrete incorporating OPC and fly ash contents of 25%, 35% and 50% was 
subjected to heat and Ca(OH)2 activation in order to improve early age strength development 
and durability. Eight high strength concrete mixes with a w/c ratio of 0.45 were investigated 
for compressive strength development and chloride conductivity. Concrete cubes from each 
of the mixes were cast and cured in water at either 23⁰C or 40⁰C. Compressive strength tests 
were done after curing for 1, 3, 7, 28, 90 and 180 days. Chloride conductivity index tests 
were conducted at the age of 28days in accordance with the South African Standard. 
Compressive strength results showed that Ca(OH)2 and heat activation significantly 
improved the strength of HVFA concrete. Chloride conductivity index results indicate that 
the chloride conductivity index of OPC concrete was significantly higher than that of fly ash 
concrete. Fly ash concrete subjected to heat activation by curing at 40⁰C yielded much lower 
chloride conductivity index results compared to fly ash concrete cured at 23⁰C. 
 
Keywords: High Volume Fly Ash (HVFA), Ultra-fine fly ash, High Strength, Activation, 
Compressive Strength, Chloride Conductivity 
 
Professor Sunday Nwaubani is an academic at the School of Civil Engineering at 
University of the Witwatersrand, Johannesburg, in South Africa. Professor Nwaubani has 
been a Senior Lecturer in the United Kingdom for over 20 years aand is a Senior Fellow of 
the prestigious UK Higher Education Academy (SFHEA). His main research areas are 
concerned with the properties, durability and microstructure of construction materials, 
structural concrete, blended cements, clinckerless cements, polymer-concrete, use of waste 
materials in construction, sustainability, corrosion and corrosion mitigation issues.  
 
Mthulisi Hlabangana is an MSc student at the School of Civil Engineering at University of 
the Witwatersrand, Johannesburg, in South Africa.  
  



400   Nwaubani and Hlabangana 

INTRODUCTION 

Concrete is one of the most extensively used construction material in the world, as a result it 
drives the demand of cement whose production is an energy intensive process with a high 
carbon footprint which contributes to climate change. Therefore, it is imperative to explore 
alternative approaches to utilisation of construction materials. Reducing cement used in 
concrete by incorporating high volume fly ash can go a long way in providing sustainable, 
cost effective and environmentally friendly solutions to developmental activities. In essence, 
high volume fly ash concrete is a tailor-made solution for sustainable use of concrete and for 
effective utilisation of fly ash. 
 
Mehta (2004) defines HVFA concrete as concrete with a minimum of 50% of fly ash by mass 
of the cementitious materials. High strength concrete can be defined as concrete with a 
compressive strength of 60MPa at 28 days (www.concrete.org.uk). High strength high 
volume fly ash concrete can be defined as concrete with at least 50% fly ash content which 
yields compressive strength of 60MPa and above at 28 days. However, the major challenge 
that limits the application of HVFA concrete in high strength concrete applications is the low 
early age strength development. This has resulted in authorities developing specifications that 
shun the use of high-volume fly ash as a cement extender. SANS 50197-1 standard limits fly 
ash content in blended cement manufacture to 35%. The use of HVFA has mainly been 
limited to mass concrete applications such as dam construction where it is primarily used for 
its ability to regulate the heat of hydration rather than for its strength. Applying activation 
techniques such as heat and alkaline activation can improve the early age strength of HVFA 
concrete and make it applicable for high strength concrete applications with high durability 
requirements. Temperature plays a vital role in concrete hydration and a number of previous 
work on the effect of high temperature on Fly Ash concrete reveal that compressive strength 
is greatly enhanced (Cabrera, et al (1993), Nwaubani and Khatib (2017)).  It is important to 
point out that many of the previous investigations done on HVFA concrete has been 
concentrated on the ambient conditions in the temperate regions of the world, where the 
lower ambient temperatures result in slow hydration of the concrete. There is a need for more 
in-depth study of the influence of higher temperature on the early and long-term properties of 
HVFA concrete. 
 

FLY ASH ACTIVATION 

Activation of fly ash can be achieved through use of chemical and physical techniques. 
Owens et all. (2010), states that the two chemical methods commonly used to activate fly ash 
are alkali and sulphate activation. The alkali activators commonly used to activate fly ash 
pozzolanic reactions are sodium hydroxide and calcium hydroxide. Bao-min and Li-jiu 
(2004) allude to other activation techniques such as high molecular materials and special ion 
activators. Physical means of activating fly ash involves grinding of fly ash and heat 
activation. Addition of alkali into fly ash concrete creates an elevated alkaline pH 
environment which is conducive for the dissolution of fly ash glassy phases. Fly ash 
activation using alkali entails the breaking down of fly ash glassy phases such as alumina and 
silica in an elevated alkaline pH environment. Fraay et. al. (1989) investigated the solubility 
of the fly ash glass particles and reported that the glass structures of fly ash investigated were 
broken down substantially at a pH value of about 13.3 or higher. They further suggested that 
the rate of fly ash reaction is highly temperature dependent due to the fact that the solubility 
of the fly ash and the alkalinity of the concrete pore water are temperature dependent. This 
could be the explanation of why heat can be used to accelerate the fly ash pozzolanic 
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reaction. Fly ash reactivity can be improved by physical means such as grinding the fly ash or 
through use of fine fly ash. According to Patnakuni et al (2013), reducing the particle size of 
fly ash and addition of lime water can assist in developing HVFA concrete mixes with 
potential to offer similar compressive strengths as OPC.  
 
 

EXPERIMENTAL PROGRAMME AND MATERIALS 

Cement and Fly Ash 

Ultra-fine fly ash was used as the supplementary cementitious material in conjunction with 
high early strength cement OPC CEM1 52.5N. The physical and chemical properties of 
cement and fly ash are shown in Table 1. The physical properties were determined using 
Malvern Instruments Mastersizer 2000 particle size analyser. X-Ray Fluorescence (XRF) was 
used to determine the oxide composition of cement and fly ash. The particle size distribution 
of cement and fly ash are shown in Figure 1. 
 

Table 1   Chemical Composition of Materials 
 

MATERIAL 

CHEMICAL PROPERTIES PHYSICAL PROPERTIES 

SiO2 Al2O3 Fe2O3 MnO MgO CaO LOI 
Specific 
Gravity 

Specific 
Surface Area 

m2/g 
Cement 21.15 5.37 2.78 0.47 2.50 61.41 3.57 3.12 1.98  
Fly Ash 53.98 32.55 3.24 0.03 1.25 4.63 0.52 2,0 - 2,4 2.78 

 

 
Figure 1   Cement and Fly Ash Particle Size Distribution Graph 
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Aggregates 

The fine and coarse aggregates used consisted of crushed andesite rock particles. All the fine 
aggregates were sieved and separated according to standard sieve sizes and they were latter 
on mixed in desired proportions in order to achieve consistency of fine aggregates throughout 
the project. Water absorption tests for aggregates were used to determine the absorption water 
to be added to the mixing water. The coarse aggregate stone sizes used in the study were 
6.7mm (20%), 9.5mm (30%) and 13.2mm (50%). The different coarse aggregate sizes were 
combined in order to improve particle packing. All the aggregates were oven dried to 
constant weight and stored in a dry airtight container. The aggregates had a relative density of 
2.94. 
 
Admixtures  

Sika Viscocrete 90HE with chemical base of modified polycarboxylic was used as a high 
range water reducing admixture. 
 
Activator  

Calcium hydroxide was added to the concrete mixes in proportions shown in Table 2. 
 

CONCRETE MIX DESIGN 

Table 2 gives an outline of the concrete mixes investigated in the study. 
 

Table 2   Concrete Mix Design (w/c=0.45) 

MIX 
NO 

CEMENT  
TOTAL 
WATER 
(L/m3) 

OPC 
(kg/m3) 

FA 
(kg/m3) 

COARSE 
AGG (kg/m3) 

FINE AGG 
(kg/m3) 

POWDER 
CALCIUM 

HYDROXIDE 
(% of OPC+FA) 

1 OPC 180 400 0 1200 895 5 
2 OPC 180 400 0 1200 895 0 
3 OPC+25%FA 180 300 100 1200 895 5 
4 OPC+25%FA 180 300 100 1200 895 0 
5 OPC+35% FA 180 260 140 1200 895 5 
6 OPC+35% FA 180 260 140 1200 895 0 
7 OPC+50% FA 180 200 200 1200 895 5 
8 OPC+50% FA 180 200 200 1200 895 0 
 

CONCRETE MIXING, SPECIMEN PREPARATION AND CURING 

A drum mixer was used for concrete mixing and the superplasticiser was added directly to the 
concrete during mixing at varying dosages. Consistency of concrete was checked by taking 
slump measurements. Concrete cubes of size 100mm were cast in accordance with SANS 
5861-3:2006. The concrete cubes were cured in a water bath at either 23⁰C or 40⁰C. After 
casting, concrete moulds were covered with multiple water proof polythene bags and placed 
in the curing bath. The cubes were demoulded after 24 hours and returned to the curing baths.  
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The specimens for the chloride conductivity tests were prepared by coring concrete cubes at 
the age of 28 days. The test specimens were made up of concrete discs with a diameter of 70 
± 2 mm and a thickness of 30 ± 2 mm.  
 

SPECIMEN TESTING 

Compressive Strength Tests  

Compressive strength tests were conducted on hardened concrete cubes at the ages of 1, 3, 7, 
28, 90 and 180 days. The compressive strength tests were conducted in terms of SANS 
5863:2006. Three concrete cubes from each mix were tested at each age and the average of 
the three results was adopted as compressive strength. The Amsler Universal Testing 
machine which was used for compressive strength testing. 
 
Chloride Conductivity Test 

The chloride conductivity test was done in accordance with the SANS 3001-CO3-3:2015. 
The concrete discs dried in the oven at a temperature of 50ºC for 7 days and thereafter tested 
following the procedure outlined in SANS 3001-CO3-3:2015. A 5M NaCl solution was used 
to saturate the specimens and also fill the assembled chloride conductivity cell shown in 
Figure 2. The chloride conductivity cell consists of an anode, cathode and central portion as 
shown in figure 2. The chloride conductivity cell was connected to the ammeter and the 
voltmeter as shown in the circuit layout in Figure 3. The DC power supply was used to apply 
approximately 10 Volts across the specimen. The corresponding current and voltage readings 
from the ammeter and voltmeter were simultaneously recorded. The Chloride conductivity 
index for each specimen was determined by the relationship between current, specimen 
geometry and voltage as shown in the formula below. The chloride conductivity index and 
porosity of concrete were taken as the average of the four test specimen results. 
 

𝜎𝜎 =
𝑖𝑖.𝑑𝑑
𝑉𝑉.𝐴𝐴

 

 
Where,  𝜎𝜎  is the chloride conductivity of the specimen (mS/cm) 

i is the electric current (mA) 
d  is the average thickness of specimen (cm) 
V is the voltage difference (V) 
A is the cross-sectional area of the specimen (cm2)  

  
The porosity for each specimen was determined by applying the formula below. 
 

𝑛𝑛 =
(𝑀𝑀𝑀𝑀 −𝑀𝑀𝑑𝑑)
𝐴𝐴.𝑑𝑑.𝜌𝜌𝑀𝑀

∗ 100 

 
Where,  n is the porosity as a fraction of the volume of the specimen that is 

occupied by the NaCl solution, as a percentage (%).  
Ms is the vacuum saturated mass of the specimen in grams 
Md is the mass of the dry specimen in grams 
A is the area of the specimen to the nearest 0.02mm2, in mm2 
D is the average specimen thickness to the nearest 0.02mm, in mm 
ρs is 1.19x10-3g/mm3, the density of NaCl solution  
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Figure 2   Chloride Conductivity Cell Assembly (Durability Index Testing Manual, 2017) 
 
 

 
Figure 3 Chloride Conductivity Circuit Arrangement (Durability Index Testing Manual, 
2017) 
 

RESULTS AND DISCUSSIONS 

Compressive Strength 

The compressive strength tests were conducted at the ages of 1, 3, 7, 28, 90 and 180 days. 
The results presented in this section are the average of compressive strength results of three 
cubes. The discussion on compressive strength gives more emphasis on the comparison of 
strength results of concrete with 50% fly ash content and those of OPC concrete. The 
discussion gives insight on how compressive strength is influenced by fly ash content and 
activation.  
 

 A 
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Figure 4  Compressive Strength for Cubes Cured at 23⁰C without Ca(OH)2 Activation 

 
The compressive strength results in Figure 4 indicate that concrete with 25% fly ash content 
surpassed OPC concrete and yielded the highest compressive strength. The rate of strength 
gain of FA concrete improved at the age of 28 days and beyond. This can be attributed to the 
acceleration of pozzolanic reactions resulting from the increased quantity of Ca(OH)2 
precipitated by the hydration reaction. Significant strength gain of 50%FA concrete was 
observed at the age of 28 days. The strength gain trend indicates that OPC concrete gained 
the bulk of its strength at early ages owing to the rapid hydration reaction whereas the FA 
concrete gained the bulk of its strength at later ages of 28 days and beyond due to the delayed 
pozzolanic reactions which accelerate when more Ca(OH)2 is produced by the hydration 
reaction. Figure 5 gives an outline of the relative strength of fly ash concrete as a percentage 
of OPC concrete. 
 

 
Figure 5   Relative Strength of Concrete as a Percentage of OPC Concrete Strength 
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Figure 6   Compressive Strength for Cubes Cured at 23⁰C with Ca(OH)2 Activation 

 
The results in Figure 6 show that during the early ages 25%FA concrete had higher strength. 
The OPC concrete had the highest strength up to the age of 28 days. However, at the age of 
90 days it can be noted that the concrete cubes with 25% and 35% fly ash content yielded 
higher strength than OPC concrete. When a comparison is made between the results of 
concrete activated with Ca(OH)2 and the results of concrete without Ca(OH)2 activation, it 
can be noted that adding Ca(OH)2 to fly ash concrete improves early age strength of FA 
concrete. The results show that the rate of strength development of 50%FA concrete 
increased rapidly at 28 days and beyond. This is an indication of the acceleration of 
pozzolanic reactions following the precipitation of additional Ca(OH)2 from the hydration 
reaction. The results indicate that 50%FA concrete activated by Ca(OH)2 gained strength 
faster than 50%FA concrete without Ca(OH)2 activation. Figure 7 gives an outline of the 
relative strength of fly ash concrete as a percentage of OPC concrete. 
 

 
Figure 7   Relative Strength of Concrete as a Percentage of OPC Concrete Strength 
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Figure 8  Compressive Strength for Cubes Cured at 40⁰C without Ca(OH)2 Activation 

 
The results in Figure 8 indicate that at the ages of 28 days, 90 days and 180 days, the concrete 
with 25%FA and 35%FA yielded higher strength than OPC concrete. A comparison of the 
OPC concrete results for cubes cured at 23⁰C to the results of OPC concrete cubes cured at 
40⁰C indicates that the rate of strength gain of OPC concrete is reduced when concrete is 
cured at high temperature. However, the comparison of FA concrete results indicates that the 
rate of strength development of FA concrete is accelerated when the concrete is cured at a 
higher temperature and is in line with previous findings (Cabrera et al, 1993; Nwaubani and 
Khatib). These results indicate the beneficial effects of heat activation in accelerating 
pozzolanic reactions between FA and Ca(OH)2. Based on these observations, it can be 
concluded that the hydration reaction is affected by high temperature curing whereas the 
pozzolanic reaction is accelerated by high temperature curing. The results indicate that the 
50% FA concrete gained strength rapidly when it was cured at a high temperature of 40⁰C. 
This observation confirms that pozzolanic reactions between FA and Ca(OH)2 are accelerated 
by heat. Figure 9 gives an outline of the relative strength of fly ash concrete as a percentage 
of OPC concrete. 
 

 
Figure 9   Relative Strength of Concrete as a Percentage of OPC Concrete Strength  
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Figure 10   Compressive Strength for Cubes Cured at 40⁰C with Ca(OH)2 Activation 

 
The results in Figure 10, indicate that at the ages of 90 days and 180 days the strength of all 
concrete with fly ash surpassed the strength of OPC concrete. The strength development 
pattern of Ca(OH)2 activated concrete cured at 40⁰C indicates that the rate of strength gain of 
OPC concrete is reduced when concrete is cured at high temperature. However, the strength 
development patterns of FA concrete indicate that the rate of strength gain of FA concrete is 
accelerated when the concrete is cured at a higher temperature and activated with Ca(OH)2. 
This gives an indication of the influence of Ca(OH)2 activation and high temperature curing 
on accelerating pozzolanic reactions in fly ash concrete. The results indicate that the 50%FA 
concrete gained strength rapidly when it was subjected to both high temperature curing and 
Ca(OH)2 activation. Figure 11 gives an outline of the relative strength of fly ash concrete as a 
percentage of OPC concrete. 
 

 
Figure 11   Relative Strength of Concrete as a Percentage of OPC Concrete Strength 
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CHLORIDE CONDUCTIVITY INDEX 

The chloride conductivity index determined in terms of SANS 3001-CO3-3:2015 generally 
ranges from 3 mS/cm to 0.75 mS/cm. A low chloride conductivity index value depicts a 
concrete with good durability whereas a high value depicts concrete with poor durability 
(Alexander et al.,2001). The relationship between chloride conductivity index and fly ash 
content is shown by graphs in Figure 12. The results indicate that OPC concrete had the 
highest chloride conductivity index. This is consistent with the findings of Nath and Sarker 
(2011) who investigated chloride permeability of HVFA and concluded that fly ash concrete 
yielded better resistance to chloride ion penetration compared to OPC concrete. It can be 
observed that there was a significant reduction in chloride conductivity for concrete 
specimens with 25% FA and 35% FA. The results concur with the findings of a similar study 
conducted by Alexander et al. 2001 on FA and GGBS concretes in which they reported that 
there was a reduction in chloride conductivity index in concrete incorporating FA and GGBS. 
It can be noted that the chloride conductivity index was lowest in concrete with 35% fly ash 
content. The influence of curing temperature on chloride conductivity index was distinct and 
significant. It can be observed that concrete cured at 40⁰C had significantly lower chloride 
conductivity index compared to the concrete cured at 23⁰C. This can be attributed to the role 
played by heat in acceleration of pozzolanic reactions that increase the quantity of cementing 
compounds which fill the pore spaces and lead to the reduction of capillary pore sizes in the 
hardened cement paste. The results also indicate that the chloride conductivity index of 
50%FA concrete slightly increased when compared to the chloride conductivity index of 
25%FA and 35%FA concrete. This observation is consistent with the findings made by Dhir 
et al., (1997) in a study on chloride binding capacity of OPC/FA pastes. The study reported 
that up to 33% FA replacement level, the chloride binding capacity was the dominant factor 
in improving resistance to chloride ingress but beyond 33% FA level there was a decline in 
chloride binding capacity and a slight increase in intrinsic permeability that resulted in the 
reduction in concrete resistance to chloride ingress. The increase in chloride conductivity 
index for concrete with 50% FA can also be attributed to the fact that at the 28 day age of 
testing concrete with 50% FA, the quantity of pozzolanic reaction products had not yet risen 
to levels that could start significantly impacting on the porosity of concrete. A comparison of 
the results of concrete with Ca(OH)2 activation and those of concrete without Ca(OH)2 
indicate that concrete with Ca(OH)2 activation had slightly lower chloride conductivity 
index. Table 4 shows the suggested durability index values developed by Alexander et al., 
(2001). A comparison of the chloride conductivity index (CCI) results with these suggested 
durability index values indicates that the bulk of the CCI results fall in the excellent category. 
Only CCI results for OPC concrete fall in the “Good” category. A similar comparison of the 
CCI results with the acceptance criterion detailed in Table 5 shows that the bulk of the CCI 
results fall within the acceptable criterion for laboratory and as-build concrete.  
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Figure 12  Relationship between FA content and Chloride Conductivity Index for Samples 

with w/c = 0.45 
 

Table 4  Suggested Ranges for Chloride Conductivity (Alexander et al., 2001) 
 

DURABILITY CLASS 
CHLORIDE CONDUCTIVITY INDEX 

(mS/cm) 

Excellent < 0.75 
Good 0.75 – 1.5 
Poor 1.5 – 2.5 

Very Poor > 2.5 
 
 

Table 5   Acceptance Limits for Durability Indexes (Alexander et al., 2001) 
 

ACCEPTANCE CRITERION 
CHLORIDE 

CONDUCTIVITY (mS/cm) 
Laboratory Concrete < 0.75 

Concrete 
from           

As-built 
Structures 

Full Acceptance < 1 
Conditional Acceptance 1 – 1.5 
Remedial Measures 1.5 - 2.5 
Rejection > 2.5 

 

POROSITY 

Figure 13 shows the results of the concrete porosity determined in terms of the chloride 
conductivity test. The porosity results show a trend similar to that of chloride conductivity 
index results. It can be observed that the porosity is generally higher in OPC concrete 
specimens and lower in fly ash specimens with the lowest. The results show a slight increase 
in concrete porosity at 50% FA replacement level. This is observed in all the concrete 
specimens. It can be noted that the porosity is higher in concrete specimens cured at 23⁰C 
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compared to specimens cured at 40⁰C. A comparison between Ca(OH)2 activated concrete 
and concrete without activation shows that concrete activated with Ca(OH)2 yielded slightly 
lower porosity at 25% FA, 35% FA and 50% FA replacement levels. However, the effect of 
Ca(OH)2 activation was not noticeable on OPC concrete. The porosity of OPC concrete 
appeared to be generally the same for concrete with Ca(OH)2 and for concrete without 
Ca(OH)2 activation. This trend is observed across both curing temperature regimes. The 
porosity results indicate that adding Ca(OH)2 to FA concrete and curing at high temperature 
reduces the porosity of concrete. 
 

 
Figure 13   Porosity Results from CCI Tests (w/c = 0.45) 

 
 

CONCLUSION 

The compressive strength results indicate that curing at high temperature is more favorable 
for concrete incorporating high volume fly ash and this points to influential role of heat in 
accelerating pozzolanic reactions between fly ash and Ca(OH)2. The total porosity of the 
PC/PFA specimens cured at high temperature was much lower than those of the control mix 
at all replacement levels. At normal temperatures (23OC), the total porosity of the PC/PFA 
concretes were marginally higher or lower than that of the control. 

 
High temperature curing resulted in improved compressive strength of fly ash concrete, in 
particular concrete with 50% FA content. However, high temperature curing appears to have 
resulted in reduced compressive strength of OPC concrete. This is evidenced by the fact that 
compressive strength of concrete cured at 23⁰C for the entire duration of the investigation 
was higher than the compressive strength of OPC concrete cured at 40⁰C. This is consistent 
with the findings of Wajahat et al (1991), who reported that concrete containing OPC 
deteriorated in terms of compressive strength when exposed to air temperatures higher than 
25°C for a long period. This view is shared by Zemajtis who states that higher curing 
temperatures promote an early strength gain in OPC concrete but may decrease its 28-day 
strength. The influence of Ca(OH)2 activation is significant in concrete with higher fly ash 
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content. Compressive strength results show that addition of Ca(OH)2 was capable of 
increasing compressive strengths of fly ash concrete. Based on Chloride conductivity results, 
it can be concluded that curing temperature has a significant influence in the durability of 
concrete with respect to the chloride ion diffusion. 
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ABSTRACT. The Estonian energetic industry uses local calcareous oil shale to produce the 
majority of the country’s electricity and is responsible for large CO2 emissions. The solid 
residues remaining after combustion are potentially capable for CO2 sequestration by 
carbonation of reactive Ca-phases. In this study we describe in detail the geochemical 
conditions in naturally alkaline Ca-rich ash waste deposits by characterizing drillcore material 
from the ash depository accumulated over nearly 50 years. We employ various methods 
including X-ray diffraction, X-ray fluorescence, and carbon and oxygen stable isotope 
composition. The results of the study show a highly depleted stable isotopic composition of the 
secondary carbonate phases characterized by δ13CVPDB values between -12 and -24‰ and 
δ18OVPDB between -8 and -15‰. The negative isotopic fractionation is caused by the highly 
alkaline conditions of the deposits and the results can be used to prove the atmospheric origin 
of bound CO2, derive environmental conditions during carbonation and exclude any significant 
microbiological activity in the ash sediments.  
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INTRODUCTION 
 

Kerogenous oil shales (OS) are exploited only in in a few countries. Mostly due to their low 
calorific value and high ash content. In Estonia over 15 Mt of calcareous OS is mined and about 
6-8 Mt of alkaline Ca-rich ash waste is produced annually. Only a few percent of the ash is 
reused, mainly in cement production, the rest is hydraulically deposited into open ash 
depositories [1,2]. High free CaO content of the initial ash leads to the high alkalinity (pH ~12) 
of the deposited hydrated sediments. Over long periods of time the high alkalinity leads to the 
formation of different calcium silicate hydrate phases [3] but one of the main diagenetic 
alterations taking place shortly after hydration is natural carbonation [4]. 

However, on average it has been estimated that only about 4-5% of the CO2 emitted by oil-
shale industry is sequestered by natural carbonation of oil shale ash [5]. In this contribution we 
study the mineral transformation and carbonation processes in naturally alkaline Ca-rich ash 
waste deposits at Eesti Power Plant (PP) accumulated over nearly 50 years. We focus on carbon 
and oxygen stable isotope composition of the authigenic carbonates in order to understand the 
carbonation process, isotope fractionation on alkaline environment and the origin of the CO2 
bound in newly formed carbonate phases. The carbon and oxygen isotopic composition can be 
used to prove the atmospheric origin of the bound CO2, estimate the possibility of significant 
microbiological origin of the bound CO2, and also derive the environmental conditions during 
the carbonation of the sediments. 

 

MATERIALS AND METHODS 

 

The samples were taken from a drill core from the ash disposal site at Eesti PP, north-eastern 
Estonia. Total thickness of the deposit at the drilling site was 37.5 m. The groundwater level in 
the drill hole was measured at a depth of 6.6 m. The Eesti PP along with the ash waste deposit 
was commissioned around the year 1969. Until recently the oil shale ash from high-temperature 
pulverised fuel (PF) combustion boilers, along with smaller amounts of oil retorting ashes have 
been co-deposited in this site. From 2004 also ash from lower temperature circulating fluidised 
bed (CFB) combustion has been deposited. The ash containing mixture of all different sources 
composes only the upper few meters of the studied section. The deposit has been in continuous 
use and the composition of the used fuel (calcareous oil shale) has not significantly changed 
over the period. 

Mineral and chemical composition of ash samples covering the full sequence of the ash 
deposits was analysed using X-ray diffraction and X-ray fluorescence spectroscopy and is 
reported in [3]. The C and O stable isotope composition (δ13C and δ18O) of carbonates was 
measured using Thermo Delta V Advantage isotope ratio mass spectrometer. The measured 
isotopic composition is presented as delta notation (δ) in relation to the Vienna Pee Dee 
Belemnite (V-PDB) standard and expressed in permil (‰).  

 

RESULTS 

 

The mineral composition of the ash sediments can be characterized by primary terrigenous 
phases composed mostly of quartz, K-feldspar with small amounts of mica, and secondary 
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phases formed during combustion and subsequent hydration, deposition and long-term 
recrystallisation. The secondary phases are composed of portlandite (Ca(OH)2) formed on 
hydration of lime (CaO), carbonates (calcite and traces of vaterite), Ca-silicates formed on 
thermal processing (belite, akermanite), various Ca-hydrate phases (ettringite, thaumasite, 
hydrocalumite, hydrogarnet), Calcium-(Aluminium)-Silicate-Hydrate phases formed by 
hydration of Ca-silicates and alkali activation (of glassy phases), and various other minor 
phases. Portlandite content shows significant cyclic variation in the studied material with its 
composition values ranging from undetected in some sections up to 21.4%. Calcite also shows 
high variability often displaying opposite trends with portlandite and with content values up to 
25.5%. Traces of vaterite (γ-CaCO3 polymorph) were detected almost throughout the studied 
material but its content was not measured above 1.5%. The chemical composition of the ash 
sediment samples does not show significant variation and the trends of major elements 
generally follow the mineral composition with the variation of terrigenous and secondary 
phases reflecting in variation of SiO2, CaO and Al2O3 content. CaO content varies from 25.5 
to 50.9% whereas the loss on ignition (LOI), mainly from the decomposition of secondary 
hydrate minerals and carbonates, ranges from 14.9 and 25.7%. 

C and O isotope composition of the carbonate phases show strong depletion relative to the V-
PDB standard. The δ13C values varied from -11.95 to -22.95‰ with a weighted average of -
16.47‰. The variation in δ18O values was between -7.95 and -15.06‰ with a weighted average 
of -10.72‰ for the waste deposit sediments (Figure 1). There is a rough positive trend between 
the stable isotope values and more negative δ13C results tend to display also more negative δ18O 
values. 

 

Figure 1   C and O stable isotope composition (δ13C and δ18O) of the ash sediment 
carbonates. 
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DISCUSSION 

 

Due to different fractionation steps the Ca-carbonate (calcite) precipitating in saturated 
conditions in equilibrium with atmospheric CO2 should carry a δ13C value around zero. Highly 
depleted carbonate δ13C values are typically interpreted as indicating a 13C depleted carbon 
source – soil CO2 (including the microbial degradation of organic matter), oxidation of 
methane, etc. In this sense the negative δ13C values of calcite in ash deposits would indicate a 
depleted CO2 uptake. Principally, the oil shale ash deposit studied here is a mixture ash of three 
ash types: pulverised fuel combustion and circulating fluidised bed combustion ashes, and oil 
retorting ashes. The last contain a small amount of up to 1-3% unburnt organic carbon. It is 
therefore possible, that degradation/oxidation of this reduced carbon source controls the 
isotopic composition of the available carbonate ion in the system and causes highly depleted 
isotopic composition of secondary Ca-carbonate precipitates.  

However, several studies of both natural sedimentary systems, waste deposits, concrete and 
lime based mortars have shown that carbonates formed in alkaline environments often display 
a significant depletion of heavier 13C and also 18O stable isotopes [6–9]. In alkaline 
environments with a prevailing inorganic or atmospheric carbon source, hydration-
hydroxylation reactions or a kinetic fractionation effect during diffusion and dissolution of CO2 
determine the trends in stable isotope composition [8–10]. 

Clark et al. [7] suggested that the highly negative non-equilibrium fractionation of stable 
isotopes in carbonates formed in hyperalkaline conditions is controlled by aqueous kinetic 
effects. Subsequently, a 13C depletion of 15.5‰ in the formed carbonate phases was determined 
to be the result of the lower activation energy of 12C-O bonding (compared to 13C-O) on the 
reaction of CO2 with OH-. Leleu et al. [9], however, argues that the reported depletions in 13C 
of carbonates are due to kinetic effects caused by the different diffusion rates of 13CO2 
and 12CO2 as previously described by Dietzel et al. [10]. These conditions are very similar to 
those of oil shale ash deposition. The water-ash slurry, initially depleted in dissolved carbon 
and enriched in Ca due to the fast exothermic slaking of free CaO and subsequent dissolution 
of portlandite, on diffusion of atmospheric CO2 starts rapidly precipitating calcite. Therefore, 
if the carbonate precipitation did not occur under isotopic equilibrium conditions then kinetic 
fractionation, ranging from -11.3 to -10% should occur by interaction of CO2 with hyper-
alkaline waters [11]. Consequently, if the atmospheric CO2 has a δ13C value between -7 to -
8‰, then the δ13C of the carbonates should be between -19.3 and -18‰. This agrees in general 
with the observed range of the δ13C values in studied ash plateau sediments and suggest 
atmospheric origin of the carbon dioxide without the need for highly depleted organic carbon 
source.  

Variation of the δ13C values from the expected values can on the one hand be explained by 
incorporation of residual carbonate (calcite) potentially present in bottom ash fraction or by the 
carbonate precipitation at the later stages of the carbonation when pH values are dropping 
below 9, approaching thus the equilibrium status during carbonate precipitation. On the other 
hand, the more negative values hint on additional fractionation in different kinetic steps [7,12] 
resulting in total maximum fractionation of -15.5±1.5%, and final carbonate δ13C value of -
23‰. This agrees with the minimum measured values of up to -22.95‰ measured in oil shale 
ash deposits. 

Oxygen isotopic composition of carbonate can be used to derive the equilibrium temperature 
of the carbonate precipitation [9,13]. Using the monthly weighted mean Estonian rainfall 
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oxygen isotopic composition of -10.4‰ (relative to Vienna Standard Mean Ocean Water) [14], 
the calculated temperatures for the ash deposit sediments range from 5.7 to 27.6 °C (with one 
outlier at 22 m depth showing a temperature of 38.7 °C) that roughly agrees with the mean 
annual temperature. However, the non-equilibrium effects can be present in oxygen isotopic 
system as well and these results are possibly not reliable. 

 

CONCLUSIONS 

 

Geochemical properties of oil shale ash waste sediments deposited over nearly 50 years at an 
open deposit were studied. The highly-alkaline environment of the oil shale ash deposits leads 
to a depleted stable carbon isotope composition due to kinetic effects on diffusion of CO2. 
Molecules of CO2 containing lighter 12C isotopes are preferred on diffusion into the water film 
surrounding Ca(OH)2. Previously reported fractionation of stable carbon isotopes in a highly-
alkaline environment combined with the negative atmospheric signal roughly agrees with the 
measured weighted average δ13C value of -16.47‰, likely confirming the atmospheric origin 
of bound CO2. The wide range of the obtained δ13C values can possibly be explained variations 
in the solution pH and additional occurring kinetic fractionation steps. Equilibrium 
temperatures of carbonate precipitation calculated using the oxygen stable isotope composition 
of the ash carbonate approximately fit the mean annual temperature. However, due to non-
equilibrium effects in the oxygen isotopic system, the results may not be reliable.  
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ABSTRACT. With the ultimate aim of developing low plastic shrinkage concrete mixes, the 
Portland cement – fly ash – silica fume ternary system has been characterised in terms of 
viscosity in the fresh state, and hydration chemistry and porosity in the hardened state. Whilst 
these characteristics were examined to identify boundaries within which practical blends could 
be formulated, measuring them also permitted the effects of particle packing on viscosity and 
porosity to be examined. Two methods for optimising particle packing are evaluated – one 
established and the other more experimental. A means of modifying one particle packing 
method to allow minimisation of viscosity with water / solid ratios typical of cement pastes is 
devised. Using a novel approach to translating particle size distribution into pore size 
distribution, the effectiveness of both packing methods is demonstrated. The approach suggests 
a possible means of predicting performance of pastes from particle size distributions, but 
further development is required. For the specific materials investigated, compositional 
boundaries are established. 
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INTRODUCTION 
 
Optimizing the packing of particles finds application in a wide range of fields. In the case of 
concrete technology, efficient packing has the potential to minimise viscosity and plastic 
shrinkage, and optimise strength and elastic modulus. Focussing solely on the cement 
component of concrete, whilst particle size can be manipulated using just two cement 
components, considerably greater flexibility is realised through the use of ternary blends. Such 
an approach also potentially affords greater control over both the amount of Portland cement 
used and the chemical composition of the ternary system. 
 
The need for more sustainable cements has placed emphasis on using ternary blends to reduce 
the level of Portland cement clinker to produce low carbon cements. This is because ternary 
blends potentially allow the manipulation of hydration chemistry and particle packing in a way 
that optimises performance at lower clinker levels. An example of this is the new CEM-VI 
group [1] in EN197-1 [2] which combines Portland clinker, slag and either fly ash or limestone 
powder to obtain low-clinker cements suitable for use in concrete. 
 
However, whilst minimising Portland clinker content is a route towards formulating low carbon 
ternary blends, compositional limits are placed on such systems by hydration chemistry and 
viscosity requirements. Firstly, limits will be reached where insufficient calcium hydroxide is 
available for pozzolanic and / or latent hydraulic reactions of the non-PC constituents. 
Secondly, it is unlikely that ternary blends whose viscosity at a given water content is higher 
than that of PC alone would be considered desirable. 
 
This paper explores the Portland cement (PC) – fly ash (FA) – silica fume (SF) ternary system. 
The basis for the study is the development of ternary blend cements with low plastic shrinkage. 
It represents an interim report at the stage where viscosity, pore size distribution and hydration 
chemistry characterisation has been conducted to identify compositional limits. However, it 
was recognised that these measurements would also provide insight into the effect of particle 
packing on viscosity, porosity and pore size. 
 
Fundamental to the production of low plastic shrinkage cement blends, is a need to design 
mixes which have optimal particle packing. Techniques for achieving this are already 
established [3]. However, such methods usually require correction or additional materials 
characterisation to be used reliably. The approach taken in this study was to focus on relatively 
simple methods for optimising particle packing which could be easily achieved using 
conventional spreadsheet software. This paper, therefore, explores both an established method 
and a possible alternative route towards blend design which has the potential of being easily 
implemented. To understand the two methods it is first necessary to briefly examine some 
aspects of particle packing. 
 
Particle Packing 
 
The manner in which a system of spherical particles of the same diameter - ‘monodisperse’ - 
pack together defines the packing fraction: the fraction of the resulting volume occupied by 
solid material. The most efficient packing configurations are the hexagonal close packed and 
face-centred cubic arrangements, which give a packing fraction of 0.740 [4]. However, 
experiments show that, in reality, loose particles tend to pack in what is known as a random 
close packed arrangement, which yields a packing fraction of around 0.64. 
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The basis of optimising particle packing was the realisation that the space between 
monodisperse spheres could be filled by a quantity of smaller monodisperse spheres. 
Combining the two sizes of sphere creates a ‘polydisperse’ distribution of spheres, and a higher 
packing fraction. It is initially attractive to imagine that these smaller spheres should be 
precisely large enough to fit into the spaces between the larger spheres. However, this would 
not lead to optimum packing, because the smaller particles would not have a pathway into this 
space [5]. Thus, the maximum diameter of the smaller particles (the ‘critical particle diameter’, 
DC) is that of the largest circle that can fit within the approximately triangular space formed 
between three of the larger spheres, as illustrated in Figure 1. The ratio of the larger particle 
diameter to the critical particle diameter (DL/DC) is a constant: 6.46. 
 

 
Figure 1   The critical particle diameter (DC) of a particle which permits it to pass through the 

triangular pore formed by three larger particles of diameter DL: DL/DC = 6.46. 
 
It has been suggested that, because of the wall effect, the smaller particles need to have a 
considerably lower diameter if they are to adopt an efficient random close packed arrangement 
within the space between the larger spheres. Thus, two alternative DL/DC values have been 
proposed: 129.3 and 77.6 [6] based on experimental evaluations of the wall effect [7,8]. 
 
Monodisperse particle distributions are a theoretical construct. Whilst, for many materials, it is 
possible to produce very narrow ‘discrete’ distributions of particle sizes through specialised 
manufacturing techniques, or through sieving and other classification processes, cementitious 
materials are usually present in the form of continuous distributions of particles covering a 
relatively wide range of particle sizes. In these cases it has been established (initially by 
Andreasen and Andersen [9]) that when the equation: 
 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 100 � 𝐷𝐷
𝐷𝐷𝐿𝐿
�
𝑞𝑞
 Eq. 1 

 
where CPFT = the ‘cumulative percentage finer than’; 

D =  the particle diameter; 
 DL = the largest particle diameter in the distribution; and 
 q = a constant describing the shape of the distribution, 
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was used to describe a cumulative particle size distribution, the packing fraction was highest 
when q was between 0.33 and 0.50. This equation has been further developed by Funk and 
Dinger [6]: 
 

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 100 � 𝐷𝐷
𝑞𝑞−𝐷𝐷0

𝑞𝑞

𝐷𝐷𝐿𝐿𝑞𝑞−𝐷𝐷0
𝑞𝑞� Eq. 2 

 

where D0 = the smallest particle diameter in the distribution. 
 
The same researchers further developed an algorithm devised by Westman and Hugill [10], to 
estimate the porosity of a continuous distribution of particles. This algorithm takes the 
approach of assuming that when coarser particles dominate in a distribution, these particles 
define the bulk volume of the particles, and the finer particles occupy the space between. When 
fine particles dominate, the coarse particles are dispersed in a matrix of fine particles and the 
bulk volume of particles is defined by the bulk volume of the fines and the true volume of the 
coarse material. Funk and Dinger assumed that the highest packing fraction was always 
obtained at a q value of 0.37, which was arrived at from computer modelling of packing of 
spheres, but it should be stressed that this need not be the case in reality. Using this algorithm, 
the packing fraction is dependent on both q and DL/D0: where a series of particle size 
distributions all have a q value of 0.37, lowest porosity is observed where DL/D0 is largest. 
Where q < 0.37, this is also true, but where q > 0.37, the opposite applies. 
 
The value of applying particle packing to the cement fraction of concrete is debateable in 
certain areas. This is because the volumetric ratio of liquids to solids in cement paste is usually 
relatively high, introducing considerable distance between particles. In the case of viscosity, 
this is acceptable: optimising packing will minimise the volume of space between particles, 
meaning that the addition of a given volume of water will introduce more fluid filled space 
between particles, which should yield a fluid which flows more like water and less like an 
assemblage of solid particles. In the case of plastic shrinkage, its occurrence in the fresh state 
means that the phenomenon occurs in a granular medium whose surface particles are 
undergoing settlement, and so the original volume of water is less relevant, and efficient 
particle packing will provide resistance to shrinkage. However, in the case of porosity and 
strength development, the volume of water used in most conventional concrete mixes will be 
relatively high, and there is some uncertainty as to the extent to which optimising packing is 
worthwhile. 
 
 

EXPERIMENTAL PROGRAMME 
 
The research programme was designed to examine cement pastes composed of PC, FA and SF 
covering a broad range of proportions. Three aspects of performance were evaluated: viscosity, 
porosity and hydration chemistry. Performance was compared against two different particle 
packing models – one an established approach, the other more experimental. 
 
Materials 
 
A CEM-I Portland cement (52.5) was used (as defined by BS EN 197-1 [2]), along with a 
category N siliceous fly ash as defined by BE EN 450-1 [11]. The silica fume — supplied in 
the form of a slurry comprising 50% silica fume and 50% water by mass — conformed to the 
requirements defined in EN 197-1. Distilled water was used for the formulation of cement 
pastes. The major oxide compositions of the materials are given in Table 1. Their particle size 
distributions are shown in Figure 2. 
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Table 1  Major oxide compositions of the materials used in the study. 

 PC FA SF 
CaO 60.89 4.66 0.85 
SiO2 20.05 44.46 91.18 
Al2O3 4.46 25.83 0.81 
Fe2O3 2.99 8.21 0.10 
MgO 2.54 1.98 1.27 
TiO2 0.21 1.25 0.00 
MnO 0.09 0.09 0.02 
P2O5 0.17 0.68 0.07 
Na2O 0.30 2.38 0.72 
K2O 0.70 3.88 1.08 
SO3 3.827 3.439 3.978 
Cl 0.026 0.028 0.181 

 
Cement pastes 
 
The group of cement paste mixes investigated are shown in Table 2. A fixed volumetric solids 
fraction (fs) was employed, rather than a fixed w/c ratio by mass. This deviates somewhat from 
experimental conventions in concrete technology, but since plastic shrinkage was ultimately to 
be investigated, and because this process is closely related to the relative volume of liquid and 
solid, maintaining this ratio was felt to allow more meaningful analysis. Mixes containing only 
FA and SF were not studied on the grounds that PC was needed to drive the pozzolanic 
reactions of the other materials. 
 
Pastes were prepared using distilled water combined in appropriate quantities with 100 g of 
solid ingredients. Because the SF was obtained in slurry form, an appropriate amount of water 
was subtracted from the water added: this precluded the formulation of pastes containing more 
than 80% SF by volume. The pastes were mixed by hand for two minutes prior to viscosity 
measurement. 
 
Viscosity measurements 
 
Viscosity of cement pastes was measured using a Brookfield LVT viscometer. Measurements 
were made on pastes immediately after mixing. The pastes were poured into a glass beaker 
with a diameter of 52 mm and measurement conducted using the C-size (27.1 mm) T-bar 
spindle at 10 rpm. The reading obtained was converted to viscosity, expressed in Pa.s. 
 
After viscosity measurement, the pastes were poured into cylindrical polyethylene bottles with 
internal diameter of 21 mm, and depth of 70mm, and sealed. These cylinders were stored at a 
temperature of 20°C. 
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Figure 2  Particle size distributions of the materials used in the study. 

 
Table 2  Paste mixes investigated during the study. 

% BY VOLUME % BY MASS     
PC FA SF PC FA SF w/c fs DL/D0 q 
20 20 60 26 19 55 0.643 0.388 0.0016 0.000 
20 40 40 26 38 36 0.638 0.388 0.0007 0.082 
20 60 20 25 57 18 0.633 0.388 0.0008 0.313 
20 80 0 25 75 0 0.627 0.388 0.0120 0.370 
40 0 60 48 0 52 0.603 0.388 0.0009 0.000 
40 20 40 48 18 34 0.599 0.388 0.0008 0.107 
40 40 20 48 35 17 0.594 0.388 0.0008 0.347 
40 60 0 47 53 0 0.590 0.388 0.0138 0.416 
60 0 40 68 0 32 0.565 0.388 0.0008 0.134 
60 20 20 67 17 16 0.560 0.388 0.0008 0.367 
60 40 0 67 33 0 0.557 0.388 0.0157 0.470 
80 0 20 85 0 15 0.530 0.388 0.0007 0.404 
80 20 0 84 16 0 0.527 0.388 0.0210 0.448 
90 0 10 93 0 7 0.513 0.388 0.0009 0.571 

100 0 0 100 0 0 0.500 0.388 0.0235 0.510 
 
 
Thermogravimetry 
 
At an age of 90 days quantities of the paste specimens were ground using a mortar and pestle, 
and dispersed in acetone for a period of 30 minutes before being filtered and dried in a vacuum 
oven at 45°C for around 16 hours. Samples were stored in a desiccator at 20 °C until analysis 
was conducted. 
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Thermogravimetry (TG) was conducted on the dried paste samples with a Netzsch STA 409 
instrument. A heating rate of 10°C/minute was used from ambient temperature to 1000°C, 
whilst nitrogen was passed through the furnace at a rate of 125 ml/min. 
 
Mercury porosimetry 
 
Porosity of the mortars was measured by mercury intrusion porosimetry (MIP), using 
fragments taken from the 90-day paste cylinders using a hammer and chisel.  These were dried 
in a vacuum oven at 45°C to constant mass.  Mercury intrusion porosimetry of the samples at 
variable pressure rates up to 230 MPa was then carried out, with pores above 0.0065 µm being 
measured. 
 
Paste density measurements 
 
Hydrated paste density measurements were conducted on the powdered materials prepared for 
TG analysis using a 25 ml pycnometer and methanol as the fluid. Approximately 5g masses of 
sample were used. 
 
Predicting particle packing 
 
Two methods for identifying theoretically optimally-packed mixtures were used. In the first, 
the approach described by Funk and Dinger [6] was followed. A series of ‘composite’ particle 
size distributions were calculated by summing the particle size distributions from the PC, FA 
and SF constituents weighted in accordance with the volume fractions present. Thus, for a 
given size class used in the measurement of particle size distribution: 
 

� 𝜐𝜐
𝐷𝐷𝑢𝑢

𝐷𝐷𝑙𝑙
(𝐷𝐷)𝑑𝑑𝐷𝐷 = 𝑎𝑎� 𝜐𝜐𝑃𝑃𝑃𝑃

𝐷𝐷𝑢𝑢

𝐷𝐷𝑙𝑙
(𝐷𝐷)𝑑𝑑𝐷𝐷 + 𝑏𝑏� 𝜐𝜐𝐹𝐹𝐹𝐹

𝐷𝐷𝑢𝑢

𝐷𝐷𝑙𝑙
(𝐷𝐷)𝑑𝑑𝐷𝐷 + (1 − (𝑎𝑎 + 𝑏𝑏))� 𝜐𝜐𝑆𝑆𝐹𝐹

𝐷𝐷𝑢𝑢

𝐷𝐷𝑙𝑙
(𝐷𝐷)𝑑𝑑𝐷𝐷 

Eq. 3 
where a = the volume fraction of PC; 
 b = the volume fraction of FA; 
 D = the particle diameter; 
 Du/l = the upper and lower limits of a size class; 
 ν(D) =  the volume of particles of diameter D in the mixture of materials; and 
 ν x(D) = the volume of particles of diameter D in material x. 
 
Values of a covered the range 0.1 – 1.0 and values of b covered the range 0 – 0.9, and were 
changed in increments of 0.1. The theoretical porosity was then calculated for each composite 
distribution using the modified Westman-Hugill algorithm discussed above. 
 
The second approach was more experimental in that it was based solely on the premise that 
obtaining a continuous particle size distribution from a given set of real materials that most 
closely fits a multimodal distribution formulated to theoretically optimise packing, should 
achieve optimal packing for those specific materials. 
 
In this case, an ideal ‘multimodal’ cumulative distribution theoretically capable of yielding the 
highest packing density was generated. This was initially calculated using the ideal diameter 
ratio of 6.46, as discussed previously, and a packing fraction of monodisperse particles of 0.63. 
The resulting distribution (using a maximum particle size of 25 mm) is shown in Figure 3. 
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Figure 3  A composite particle size distribution obtained from combining the PC, FA and SF 

PSDs (dashed line) to yield the closest fit to an ideal multimodal distribution (solid line). 
 
The fit to this distribution obtainable using the materials under investigation was then found 
by using an optimisation algorithm to modify the values of a and b in Equation 3, as well as 
the maximum particle size of the ideal distribution to yield a composite particle size distribution 
which most closely fit the ideal distribution. χ2 was used as the means of measuring goodness 
of fit. This approach to optimising packing will be referred to as ‘multimodal approximation’ 
throughout the rest of the paper. 
 
 

RESULTS 
 
Predictions of optimum packing 
 
The results from the Westman-Hugill algorithm for the system under investigation are shown 
in Figure 4, in the form of a ternary diagram showing the theoretical porosity across the full 
system. A band of low porosity is seen running close to the PC-FA edge of the diagram. When 
probed in more detail, this band has its lowest point at a SF content of around 15% by volume. 
 
Figure 5 show the results of the multimodal approximation approach to predicting optimum 
packing, which plots the square root of the χ2 values obtained. Square roots are shown to allow 
clearer definition of the regions on the ternary diagram where the fit of the distributions was 
closest. It should be stressed that the shapes of the ternary diagrams in Figures 4 and 5 should 
not be compared directly, since the χ2 values are not a measure of porosity, just of the goodness 
of fit between the multimodal and continuous distributions. What is important is the location 
of the band where the lowest values of χ2 are obtained, which is similar. Further investigation 
established that best fits were obtained at SF contents of around 11% by volume. 
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Figure 4  Ternary plot of theoretical porosity of the PC-FA-SF system predicted using the 

modified Westman-Hugill algorithm. 
 

 
Figure 5  Ternary plot of the square root of χ2 values obtained from fitting continuous particle 

size distributions in the PC-FA-SF system to ideal multimodal particle size distributions. 
 
Viscosity 
 
Figure 6 shows the viscosity values obtained for the cement pastes. Only a proportion of the 
system is plotted as a result of mixes containing more than around 40% SF being excessively 
viscous. The general form of the two predicted ternary diagrams is evident in this Figure.  
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There are, however, differences: whilst the predictions indicated optimum packing for a given 
PC content at a composition some distance away from the PC – FA edge of the ternary diagram, 
the actual viscosity results were lowest directly along this edge. In other words, for a given PC 
content, the lowest viscosity is apparently observed in pastes containing only PC and FA. 
Whilst the compositional increments used in the experiments means that there exists the 
possibility that a band of minimum viscosity exists slightly off-set from the edge, it is unlikely 
that it is located far from this edge. Additionally, the experimental results are somewhat uneven 
in comparison to the predicted packing values. Some of this is likely to be the result of 
experimental error, but it must also be stressed that particle packing is far from being the only 
parameter influencing viscosity, with differences in the nature of particle interactions (van der 
Waals forces, friction etc.) at different compositions being an important factor. 
 

 
Figure 6  Results of viscosity measurements plotted as a ternary diagram. 

 
Porosity 
 
Figure 7 shows the cumulative pore size distributions of the pastes of equivalent PC content at 
90 days. Additionally, Figure 8 plots the total porosities of the pastes on a ternary diagram. It 
should be noted that the distributions are relatively similar, although certain distributions are 
notable in being coarser or finer than distributions of the same PC content. Porosity above 
0.2 μm in diameter (0.4 μm in the case of the 20% PC / 80% FA paste) is likely to be the result 
of air bubbles and, possibly, cracks, and is not included in subsequent analysis of distribution 
shapes. 
 
The total porosity value obtained for the paste containing 60% PC, 20% FA and 20% SF was 
deemed disproportionately high (44.5%) compared to its neighbouring results, and so has been 
omitted from the ternary plot. The FA / SF ratio which gives the lowest porosity at a given PC 
level shifts with PC content. At a PC content of 20%, the lowest porosity occurs at a FA / SF 
ratio of around 3, whereas at 40% PC the minimum is at around a ratio of 2. At a PC level of 
60% the supposed erroneous result makes judgement of where minimal porosity occurs 
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difficult, but is likely to be either at a lower FA / SF ratio of less than 2, whilst at a PC content 
of 80%, porosity is seeming lowest towards the FA side of the diagram. On the assumption that 
the packing models are essentially accurate, it must be concluded that other processes are 
having a much greater influence over porosity than particle packing, and that the most likely 
candidate is the formation of hydration products. 
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Figure 7  Cumulative pore size distributions of 90-day pastes containing (a) 100, (b) 90, (c) 

80, (d) 60, (e) 40 and (f) 20% PC. 
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Figure 8  Total porosities of the 90-day pastes. 

 
Hydration 
 
The quantities of CH present were determined from the thermogravimetry traces — indicated 
by a relatively abrupt drop in mass at a temperature of around 450°C – and are shown in a 
ternary diagram in Figure 9. It would be expected for the level of CH present to decline with 
decreasing PC content, since this will be the sole source of this hydration product in the blends 
investigated, and this is indeed seen in the results. Additionally, for a given PC content, there 
is less CH present in pastes containing more SF than FA. This is presumably for two reasons. 
Firstly, silica fume is composed of much finer particles, giving a higher initial surface area, 
and hence a higher rate of pozzolanic reaction. Secondly, a proportion of the fly ash is 
composed of mineral phases unavailable for reaction – in particular much of the iron oxide and 
SiO2 are present as crystalline minerals which are unlikely to take part to any significant extent 
in pozzolanic reaction. 
 
A greater degree of pozzolanic reaction is likely to yield a higher quantity of hydration 
products. This is supported by Figure 10, which plots total bound water in the pastes — 
measured as total mass loss up to a temperature of 650°C — as a ternary diagram. Some caution 
must be exercised when interpreting such data, since the water associated with different 
hydration products varies, and the water content of the calcium silicate hydrate (CSH) phases 
can vary considerably. However, as an indication of the overall quantity of hydration products 
formed, it is a useful parameter. Thus, the figure indicates that, for a given PC content, a higher 
quantity of bound water is present in the pastes containing a higher proportion of SF and, hence, 
a higher degree of pozzolanic reaction had occurred. 
 
The formation of hydration products will lead to a decrease in porosity, and so bound water 
and porosity are compared in Figure 11 (including the rejected porosity data point) showing a 
reasonably good correlation between the two values. This indicates that (a) the reduction in 
porosity is strongly influenced by the quantity of hydration products formed (and that bound 
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water is, in this case, an adequate measure of this), and (b) that — given that there is no 
underlying structure to this plot to indicate an influence from particle packing — in a mature 
paste it is the hydration products formed which overwhelmingly influence porosity and, 
presumably, strength. 
 

 
Figure 9  Quantities of CH present in the 90-day cement pastes. 

 

 
Figure 10  Quantities of bound water present in the 90-day cement pastes. 
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Figure 11  Porosity versus bound water in the 90-day cement pastes. 

 
It is desirable to retain a residual quantity of CH in the mature cement paste. This is for two 
reasons. Firstly, where CH is exhausted, it can be concluded that pozzolanic reactions have 
been arrested, and thus the full potential of the cementitious materials is not realised. Secondly, 
the durability of concrete is influenced by the pH of the cement matrix and, where CH is absent, 
it is likely to be compromised. For instance, the surface of steel reinforcement may not be 
passified, the capacity of concrete to bind chloride ions will be limited, and resistance to 
carbonation will be lowered. 
 
 

DISCUSSION 
 
The Particle Packing Models 
 
Two approaches to optimisation were explored: one based on a modification of the Westman-
Hugill algorithm, and the more experimental multimodal approximation method. Both methods 
appear effective at predicting optimum packing. Discussion of computational efficiency is of 
limited relevance for tasks of this nature, since they require periods of only fractions of a second 
using contemporary computer technology. However, it should be noted that the second of these 
approaches requires fewer optimisation procedures. The Westman-Hugill algorithm not only 
requires optimisation for adjusting the proportions of constituents to obtain the desired q value, 
but also to obtain the q value for each curve generated. In contrast the multimodal 
approximation method requires a single optimisation process to fit the constituent curves to the 
idealised distribution. Thus, the multimodal approximation approach is more amenable to use 
within conventional spreadsheet software. 
 
It is evident that both the modified Westman-Hugill and multimodal approximation techniques 
were not wholly adequate at predicting compositions at which minimum viscosity for a given 
PC content is observed. The most likely reason is the presence of a volume of water exceeding 
the volume of theoretical space between the particles when packed. 
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In the case of the multimodal approximation method, this introduction of additional space 
between particles will manifest itself as a decrease in DL/DC. Random close packing has a 
packing fraction comparable to orthorhombic packing [4], and so some parallels can be drawn 
between the two configurations. To establish the manner in which the presence of water is 
likely to influence the critical diameter in the ternary blends under investigation, an 
orthorhombic configuration is used. One close packed layer within an orthorhombic unit cell 
is shown in Figure 12. As water is introduced, it initially fills the porosity between the particles. 
At the point where the porosity is just filled with water, the volume fraction of solids (Vs) in 
the orthorhombic unit cell is given by the equation: 
 

 𝑉𝑉𝑠𝑠 =
4
3𝜋𝜋�

𝐷𝐷𝐿𝐿
2 �

3

𝐷𝐷𝐿𝐿
3sin (60)

 Eq. 4 

 
Where the upper term is the volume of one sphere (i.e. the total volume of spheres in the unit 
cell), and the lower term is the volume of an orthorhombic unit cell. 
 
If any further water is introduced, the spheres will move apart to accommodate the additional 
volume. Taking this into account in the solids fraction equation: 
 

 𝑉𝑉𝑠𝑠 =
4
3𝜋𝜋�

𝐷𝐷𝐿𝐿
2 �

3

(𝐷𝐷𝐿𝐿+s)3sin (60°)
 Eq. 5 

 

 
 

Figure 12  Diagram illustrating the generation of an interparticle spacing, s, between the close 
packed layer of a group of orthorhombically packed spheres resulting from the introduction 

of water into the pores, and the effect on the critical pore diameter. 
 

However, this is independent of the size of the larger spheres, and so it is useful to make DL 
equal to one: 

 𝑉𝑉𝑠𝑠 =
4
3𝜋𝜋�

1
2�
3

(1+s)3sin (60°)
= 0.605

(1+𝑠𝑠)3 Eq. 6 



Particle Packing in Ternary Blends   435 

 

Rearranging: 

 𝑠𝑠 = �0.605
𝑉𝑉𝑠𝑠

3 − 1 Eq. 7 

 
The diameter of the smallest sphere that will pass through this arrangement of larger spheres, 
DC, is: 
 

 𝐷𝐷𝑃𝑃 = 𝐷𝐷𝐿𝐿+𝑠𝑠
sin (60°)

−𝐷𝐷𝐿𝐿 = 0.154𝐷𝐷𝐿𝐿 + 1.154𝑠𝑠 Eq. 8 

 
Therefore, and, again, assuming a value of DL of one: 
 

 
𝐷𝐷𝐿𝐿
𝐷𝐷𝐶𝐶

= 1

0.154−1+1.154 �0.605
𝑉𝑉𝑠𝑠

3
= 1

0.976
�𝑉𝑉𝑠𝑠
3 −0.846

 Eq. 9 

 
Making this adjustment yields a shift in the optimal packed region over to the PC-FA axis, as 
shown in Figure 13. 
 

 
Figure 13  Ternary plot of the square root of χ2 values obtained from fitting continuous 

particle size distributions in the PC-FA-SF system to ideal multimodal particle size 
distributions with correction for the presence of water. 

 
We have previously seen that researchers have proposed that DL/DC should, in fact, be higher, 
to account for the theoretical value of Dc only just fitting the space between larger particles. 
However, the fact that a lower value of DL/DC yields an improved prediction indicates that the 
effect of an additional volume of water is more important than a more realistic consideration 
of what size particles will fit between the larger particles. In reality, it is likely that the actual 
value of DL/DC lies somewhere between the theoretical value without water (6.46) and the 
value obtained by the method described above (2.03, for the solids fraction used in this study). 
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Relating pore size distribution to particle size distribution 
 
It has been observed that the shape of the pore size distribution of a collection of particles 
closely resembles that of the particle size distribution, and that the particle size distribution can 
be superimposed onto the normalised pore size distribution through the application of a scale 
factor, R [12]. It was deemed potentially useful to attempt this with the particle and pore size 
distributions generated in this study, since it potentially offers a means of further understanding 
the role of particle packing in defining the final porosity of the cement pastes. However, a 
straightforward superimposition of one curve onto the other is not possible in the case of 
hardened pastes, since the reaction of particles and the deposition of hydration products will 
lead to a modification of the shape of the pore size distribution. 
 
Nonetheless, it was considered possible that modifications could be made to the scaled particle 
size distribution to reflect the general manner in which hydration products are deposited to 
allow the predicted pore size distribution to better fit the actual distribution. The approach 
adopted was to treat the formation of hydration products within the pore space of the mass of 
particles as the deposition of a layer which extends outwards from the surfaces of the original 
particles by a uniform thickness, h. This is an over-simplification of the real situation for many 
reasons. For instance, it does not include the introduction of fine gel pores in the microstructure 
of calcium silicate hydrate phases. Additionally, since the formation of hydration products is, 
in part, a through-solution process, it is not accurate to assume that uniform deposition occurs 
at all surfaces. However, it approximates to the processes occurring to an extent that is likely 
to be appropriate in this case. 
 
Thus, the translation of the volume of size class within a particle size distribution to a size class 
of a ‘hydrated’ pore size distribution can be described by the equation: 
 

 ∫ 𝜑𝜑𝐷𝐷𝑃𝑃𝑢𝑢
𝐷𝐷𝑃𝑃𝑙𝑙

(𝐷𝐷𝐶𝐶)𝑑𝑑𝐷𝐷𝐶𝐶 = 𝑓𝑓 ∫ 𝜐𝜐𝐷𝐷𝑢𝑢
𝐷𝐷𝑙𝑙

(𝐷𝐷)𝑑𝑑𝐷𝐷 Eq. 10 

 
where DP = pore diameter; 
 φ(DP) = porosity fraction consisting of pores of diameter DP; 

DPu/l = the upper and lower limit in a size class used in the measurement of the 
 pore size distribution; 

v(D) = volume fraction consisting of particle of diameter D in the particle size 
 distribution; 

D = particle size; and 
Du/l = the upper and lower limit in a size class used in the measurement of the 

 particle size distribution. 
 
If the pores are considered to be continuous cylindrical tubes, f is defined by the equation: 
 

 𝑓𝑓 = �𝑅𝑅𝐷𝐷𝑢𝑢~2ℎ
𝑅𝑅𝐷𝐷𝑢𝑢

�
2
 Eq. 11 

 
The term 𝑅𝑅𝐷𝐷𝑢𝑢~2ℎ is an abbreviation defined as: 
 

𝑅𝑅𝐷𝐷𝑢𝑢~2ℎ = 0 for 𝑅𝑅𝐷𝐷𝑢𝑢 < 2ℎ 
𝑅𝑅𝐷𝐷𝑢𝑢~2ℎ = 𝑅𝑅𝐷𝐷𝑢𝑢 − 2ℎ for 𝑅𝑅𝐷𝐷𝑢𝑢 ≥ 2ℎ 

 
whilst DPu and DPl are defined by the equation: 
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 𝐷𝐷𝐶𝐶𝑥𝑥 = 𝑅𝑅𝐷𝐷𝑥𝑥~2ℎ Eq. 12 
 
where x is either l or u, and ~ serves a similar purpose as before. 
 
Theoretical composite cumulative particle size distributions for the pastes investigated were 
calculated from the PSDs of the component materials, and the cumulative pore size 
distributions from mercury porosimetry measurements normalised to 100. 4-parameter 
logistics curves were then fitted to the normalised pore size distributions, and the particle size 
distributions scaled and modified to fit these curves by refining h and R. 
 
Values of h and R from the pastes are presented in Table 3. R is effectively an indicator of how 
well packed the particles are (although it is also dependent on the upper particle size). Thus, a 
lower value signifies more efficient packing. A feature of the lower PC blends is a minimum 
in R at a SF level of around 20% (Figure 14). This implies that particle packing was initially 
most efficient in the zone predicted by both packing optimisation methods. The volume of 
water in the fresh pastes (just over 72% at a solids fraction of 0.388) was in excess of even the 
highest porosity predicted by the Westman-Hugill algorithm. Thus, it might be expected that 
packing (and hence R) would be equal for all mixes. Given that R reflects the efficiency of 
packing prior to any cement reaction having occurred, the apparent presence of a minimum in 
this value at certain SF / FA ratios suggests that some settling of the pastes had occurred. 
 
Thus, it can be concluded that both approaches to predicting packing are appropriate for the 
ternary blends studied in this paper, albeit with the caveat — in accordance with observations 
made above — that it will have limited influence on the performance of mature cement blends. 
 
Table 3  Values of h and R obtained through adapting particle size distributions to pore size 

distributions. 

% BY VOLUME h, μm R 
PC FA SF 
20 20 60 0.0006 0.00266 
20 40 40 0.0012 0.00158 
20 60 20 0.0034 0.00131 
20 80 0 0.0058 0.00201 
40 0 60 0.0005 0.00113 
40 20 40 0.0012 0.00104 
40 40 20 0.0020 0.00099 
40 60 0 0.0039 0.00137 
60 0 40 0.0014 0.00190 
60 20 20 0.0025 0.00127 
60 40 0 0.0031 0.00108 
80 0 20 0.0022 0.00115 
80 20 0 0.0034 0.00127 
90 0 10 0.0028 0.00123 
100 0 0 0.0042 0.00106 
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Figure 14  Values of R versus SF content of the pastes. 

 
In general, lower values of h are encountered where the ratio of FA to SF is low. This initially 
seems unlikely, since we have seen that where this ratio is low, more hydration products are 
formed. However, it must be remembered that h is only the distance that hydration products 
extend outwards from the original particle surfaces, and that a quantity of products will occupy 
space initially occupied by the reactants. Moreover, a large number of fine particles will have 
a large surface area. Thus, given the presence of many very fine particles in the mixes 
containing larger quantities of silica fume, a low value of h will still equate to a large volume 
of hydration products. 
 
This can be tested by considering each particle in each blend individually, calculating the 
volume of hydration products formed from the original particles based on the fitted h value for 
each blend, summing the total and expressing this as a volume fraction of total solid material 
(Vhyd): 
 

 𝑉𝑉ℎ𝑦𝑦𝑦𝑦 =
2∑ −𝑣𝑣(𝐷𝐷)8

�𝐷𝐷2−ℎ�
3
−𝐷𝐷

3
8

𝐷𝐷3
𝐷𝐷𝑢𝑢
𝐷𝐷𝑙𝑙

1+∑ 𝑣𝑣(𝐷𝐷)8
�𝐷𝐷2−ℎ�

3
−𝐷𝐷

3
8

𝐷𝐷3
𝐷𝐷𝑢𝑢
𝐷𝐷𝑙𝑙

 Eq. 13 

 
Note that the volumetric ratio of hydration products to anhydrous reactants is assumed to be 2, 
for this equation. The results of this calculation are shown in Figure 15. The overall nature of 
this plot differs significantly from the bound water results in Figure 10, in that the calculated 
volume of hydration products increases as the Portland cement content decreases. This is 
almost certainly because the packing of particles is not accounted for in the calculation process: 
each sphere accounted for by Equation 13 is effectively floating in space, whereas, in reality, 
it is in contact with neighbouring particles. Thus, the approach is over-simplistic in that it does 
not take into account the volume of space surrounding each particle which cannot be occupied 
by hydration products because it is already occupied by particles. 
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Figure 15  Predicted volume of hydrates obtained using Equation 13. 

 
Additionally, the volumes calculated are much lower than might be expected at 90 days. One 
reason for this is that the assumed volumetric ratio of hydration products to anhydrous reactants 
is almost certainly not 2, and will vary with the chemical composition of the ternary system. 
Another important issue, however, is that the value of h reflects an apparent hydration product 
layer thickness: the deposition of hydration products is likely to shut off volumes of porosity 
within it either as gel pores in the CSH phases, or simply as capillary pores sealed off from the 
main volume of porosity. This incorporation of inaccessible porosity into the deposits of 
hydration products will have the effect of greatly increasing the apparent volumetric ratio of 
hydration products to anhydrous reactants. 
 
Regardless of this, what is evident from the plot is that the regions of higher hydration products 
for a given PC content mirror the measured regions of lower total porosity for a given PC 
content in Figure 8. This is significant, since the estimated hydration product results are 
obtained from h and R which are obtained independently of the total porosity, and only from 
the pore size distribution. Thus, this approach to estimating volumes of hydration products and, 
hence, pore size distribution and total porosity of mature cement pastes is worthy of further 
exploration. 
 
 
Practical Implications 
 
The fundamental reason for characterising viscosity and hydration chemistry was to exclude 
unsuitable ternary blends from further investigation with regards to plastic shrinkage.  
 
It seems reasonable to adopt the view that any ternary blends which gives a higher viscosity — 
at a given solids to water ratio — than PC alone is undesirable. Thus, any blend with 20% or 
more SF by volume is likely to be excluded from further study. Translating this into mass terms 
is dependent on the ternary blend composition, but sits between 15 and 18%. 
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Furthermore, blends where CH is completely exhausted should also be excluded. Limiting our 
search to regions permitted by the previous viscosity criterion, the requirement is simply that 
only blends with a PC content exceeding 20% by volume are studied further (which translates 
to between 25 and 26% by mass). Some caution needs to be applied here – the pastes were 
cured in a sealed condition for 90 days, and it is conceivable that a longer curing period and 
the presence of additional water might allow the pozzolanic reaction to proceed further, thus 
raising this limit. 
 
 
 CONCLUSIONS  
 
The paper reports on interim results from a study whose ultimate aim is to develop low plastic 
shrinkage cement pastes containing PC, FA and SF with the ultimate aim of extending this to 
concrete mixes. It examines viscosity, hydration and porosity characteristics partly to eliminate 
unsuitable mixes for further study. However, such measurements also offer the opportunity to 
establish other effects of optimising particle packing. The findings can be summarised as 
follows: 
 

• Two approaches to optimisation were explored: one based on a modification of the 
Westman-Hugill algorithm, and a more experimental approach based on obtaining an 
approximate fit of a continuous particle size distribution to an idealised multimodal 
distribution. Both methods appear to function similarly in predicting optimum packing, 
although the multimodal approximation approach is more amenable to being 
implemented using conventional spreadsheet software. 

 
• Both optimisation methods fall short when predicting optimum viscosity. An attempt 

has been made to address this in the case of the multimodal approximation approach — 
seemingly successfully. This requires further validation using a range of water / cement 
ratios and by application to other ternary systems. 

 
• A novel approach to analysing the relationships between particle size distribution and 

pore size distribution of the ternary blends indicates that both models predict packing 
well. A possible approach to predicting porosity and pore size distributions in mature 
pastes from particle size distributions of constituent materials is tentatively suggested. 
This method requires considerable development. 

 
• The compositional limits of the PC – FA – SF ternary blends have been identified for 

the materials studied as <20% SF and >20% PC by volume of solids. 
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ABSTRACT.  Over the last 50 years, production coal ash, in various global markets, has 
successfully transitioned from a "resisted use" product to a "specified component" in cement 
mixtures to be used in infrastructure projects. The next 50 years will require an extension of 
that effort. It will necessitate the product and quality specification of coal ash to include the 
use of post-production coal ash from the vast reserves stored in impounded coal ash sites 
around the world. To initiate this transition, a new approach is needed to create a fungible 
market for this 21st century material through the development of broad product matrix that 
takes into account local ash and market development opportunities.  
 
Keywords: CCR, REE, Green cement, Proppant, Beneficiation, Waste, Value 
 
J Bruce Sifton, P. Eng., is the President and Founder of SonoAsh Engineered Materiels Ltd., 
based in Vancouver, B.C. He has a proven track record in creating value around diverse 
opportunities such as urban mining from electronic waste, carbon-based nanochemistry in 
power and metal applications, basalt fibre composites for military applications, and specialty 
paints and coatings. Bruce holds a BSc. (Chemistry) and Master of Engineering (Chemical) 
from the University of New Brunswick. He is a registered Professional Engineer in British 
Columbia and Saskatchewan. 
 
Claudio Arato, P.Eng., is the Principal Engineer and inventor behind the SonoAsh concept, 
the Research & Development and all ash beneficiation patent procurement. Claudio’s decade 
long development of commercialized applications for the low frequency acoustic technology 
is the heart of SonoAsh IP.  He holds degrees in Chemistry and Chemical Engineering from 
the University of British Columbia (UBC) and is an Engineers Canada Fellow.  He is a 
registered Professional Engineer in British Columbia and Saskatchewan.  He is the recipient 
of the UBC 2018 Alumni Builders Award, 2016 Faculty of Applied Science Dean’s Medal of 
Distinction, the 2014 Engineers Canada Meritorious Achievement Award for Professional 
Service and the author of numerous additional patents.   
 
  



Production and Post Production   443 

INTRODUCTION 
 
Global View:  Looming Shortage of Compliant Coal Ash and the Next 50 years 
 
In all major markets, coal is being displaced in favour of lower-cost and reduced carbon 
emissions-intensive fuels. The UK and an increasing number of EU member states will 
eliminate coal by 2025 (see Figure 3), and Canada is mandated to follow by 20301. It is 
further evident that the USA will continue to see accelerated, ahead-of-schedule coal plant 
retirements. Even in emerging markets such as China, India, and other Asian countries, coal 
use for energy is reaching a plateau, which will be seen as a percentage decline as renewable 
power sources are brought online over the time horizon. All these factors are compounding a 
worldwide supply shortage of compliant production coal ash. 
 

Going, going, gone 
 

 
 

Figure 1   European countries phasing out coal power plants, 2015–2027. 
SOURCE: Bloomberg New Energy Finance 

 
In the United States, given the planned end of life closures, and the addition of the 
accelerated closures will have an identical outcome, over a longer timeline.   In 2009, there 
were 530 coal fired power plants in operation; at present there are approximately 263 
currently in operation as of this writing.  Reviewing the data of planned closures by 2030, 
SonoAsh predicts a further reduction to between 150 – 160 operating power plants, which 
will be reduced to 100 by 2040 and likely 50-60 by 2050.  If there is no change to technology 
or energy/environmental policy, the path for the industry will lead to the conclusion that in 
the next 50 years there will be no coal fired power plants and thus no production coal ash.  
All coal ash material requirements will need to be served by an estimated 2 billion tons in 
various forms and stages of storage.   
 
Accessing this stored reserve material will require a technology shift to support the new 
ASTM standard (C618-19). Collectively, the industry will need to embrace the concept of 
impounded coal ash as a viable ingredient when engineered to a certain specification with the 
potential to be a primary active cementitious ingredient. 
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Additionally, many jurisdictions around the world are implementing some version of carbon 
pricing, either through a tax or cap-and-trade system or some other as-yet-to-be determined 
mechanism. Carbon policies focused on coal power generation and the cement industry 
require a reduction of carbon emissions. The impact of these policies on power generation is 
reducing the use of coal as a fuel. The result impacts cement producers and requires process 
adjustments and new cement formulas. 
 
Impounded Coal Ash Is Key to Inevitable Shortages 
 
Resource optimization means understanding our building history. What is old becomes new 
again. As with the formulas developed during the Roman Empire circa 312 BC to 500 AD 
(see Figure 2)—which used volcanic ash as a natural pozzolan in the construction of some of 
its most durable structures—new formulas will need to be considered in the search for a low-
carbon reality for 21st century infrastructure buildout and revitalization.  
 

2000 years and counting 
 

 
 

Figure 2   The Pantheon in Rome is an example of Roman concrete construction  
built in 113–125 AD. 

 
SOURCE: Jean-Christophe BENOIST, CC BY 2.5, ttps://commons.wikimedia.org/w/index.php?curid=2532901 
 
John Ward, Chairman of the American Coal Ash Association's Government Relations 
Committee, stated: "However…if you want to invent the machine/pixie dust that eliminates 
performance variability among ash types and sources, that would be a true breakthrough—
enabling the CCP world to shift from a series of local markets to a single fungible commodity 
market."2 
 
The authors agree completely with this statement; it is the key to unlocking the 21st century 
opportunities. The SonoAsh approach enables a consistent product to be manufactured from 
an inconsistent supply for a complete product matrix solution.  
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Applying this new thinking together with the appropriate innovative technology converts coal 
ash impoundments to resource-rich above ground ore bodies. The opportunity paradigm in 
this new reality is the additional high-value multi-product matrix available in coal ash 
impoundments. This multi-product matrix includes engineered pozzolanic material (high-
performance green cement), cenospheres, silica flour, rare earth elements, strategic metals, 
carbon offsets, and proppants. 
 
The coal power industry and related associations have made excellent progress in quantifying 
and mitigating the perception of risk associated with production coal ash as a high-quality 
pozzolanic material. This can be seen in the dramatic rise in the use of production coal ash in 
North America, as the product application utilization rate has nearly doubled over the last 
decade to nearly 45% even while the share of coal in the global energy mix has declined. 
 
The decline in coal use has reduced the volumes of reliable, uniform high-quality production 
coal ash available to the concrete and construction industries, as measured by consistent loss 
on ignition (LOI) and impurities (such as sulphur, chlorides and nuisance heavy metals). Key 
cement parameters, like workability and ASTM C-618-19 (EN 450)-grade material particle 
size, are often assumed to be consistent in the marketplace but are not.  Both LOI and particle 
size of production coal ash have highly empirical correlations with one another relating to 
high-performance and LEED-eligible applications, where reuse has significant value-add 
upside. Ensuring both workability and uniform particle size will be essential to making 
reclaimed coal ash a fungible market material in the 21st century marketplace and useful for 
future cement applications. 
 

A CASE STUDY: THE UNITED KINGDOM AND THE END OF COAL POWER 
 
Nowhere is the problem of coal ash more acute than in the United Kingdom. The UK's 
situation represents the ‘canary in the coal mine’ for the industry structure around the world. 
 
The UK leads the global charge toward zero-coal power generation, with plans to close all 
remaining coal plants by 2025 (see Figures 1 and 3).  To put this action in context, as recently 
as 2012, the UK generated more than 6 million tons of fly ash.  In 2018, that figure dropped 
to roughly 1.6 million tons3 following further reductions in the use of coal. These trends 
foreshadow a new era in the domestic cement markets. 
 
Coal: Turned Off 
 
The historic supply of readily available, and compliant production coal ash will end with the 
production of coal power generation. For the UK, the timing could not be worse. The 
complication of Brexit is causing cost uncertainty on materials historically imported from 
Europe.  As a result, the domestic building products industry is now faced with a significant 
problem: Where will it source new EN 450 (European ASTM C-618 equivalent) compliant 
materials? 
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Figure 3   Historical and projected UK electricity generation by fuel type, 2008–2025 (TWh). 

 
SOURCE: 2008–2016 actuals from BEIS (the UK Department of Business, Energy & Industrial Strategy) 2018 

forecast 
https://www.gov.uk/government/organisations/department-for-business-energy-and-industrial-

strategy/about/statistics 
 
 

The Second End of Coal 
 

 
 

Figure 4. United Kingdom coal consumption, 1920–2017 (MMst). 
SOURCE: U.S. Energy Information Administration. (www.eia.gov) 

 

https://www.gov.uk/government/organisations/department-for-business-energy-and-industrial-strategy/about/statistics
https://www.gov.uk/government/organisations/department-for-business-energy-and-industrial-strategy/about/statistics
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The answer to the supply question will be realized in the country’s vast supplies of post-
production ash. Both impounded and landfilled coal ash. The United Kingdom Quality Ash 
Association (UKQAA) has been studying this issue since 2014. The UKQAA has stated that 
the country's stockpiled ash, estimated at 50 million tons,3 should be designated as future 
“pozzolanic” reserves.  However, this sort of initiative will require multi-level government 
support.  In the meantime, the UK will have to continue to import its coal ash from Europe. 
While that might be a solution for the short term, Europe is also moving away from coal as a 
fuel.  Therefore, whatever relief the industry can gain through those imports will only delay 
the inevitable.  
 
 
The second end of coal energy parallels the first, separated by 100 years, as seen in Figure 4.  
Coal generated electrical power displaced historic direct burn of coal and coal fired steam 
power as the “green technology” of the early 20th century.  Renewable sources of power 
(solar, wind, geothermal) are now displacing electrical coal power generation as the “green 
technology” of the 21st century.  The implications on the 21st century will have a greater 
impact than those of the technology shift of the 20th century. 
 
 

SONOASH APPROACH 
 
Any fiscally responsible, data driven technology approach must apply a series of systematic 
evaluations to develop a robust process toward maximizing the value of coal, and especially, 
its by-products as a vital aspect of the ultimate objective of closed loop coal.  Global social, 
technological and political drivers are well publicized toward the prediction that thermal coal 
power as a fuel source will soon disappear.  Depending on where you live, that disappearance 
will occur at different rates.  The developing world will see coal used for decades to come 
and contribute to the energy grid for the foreseeable future.  However, the clock is ticking in 
Europe and North America and we can expect to see 80% of coal power to go offline by 
2050.4 
 

 
How will the increasing demand for viable coal ash be met for global infrastructure demands?  
Very clearly, the efficient review of the billions of tonnes of impounded coal ash will need to 
be revisited.  Many such impoundments have been stabilized and remediated in such a way 
that they would clearly not be early candidates for the recovery of coal ash.  However, it is 
long documented by the American Coal Ash Association (ACAA) that there is in excess of 
1,100 coal ash impounds in North American alone containing billions of tons of waste coal 
ash.5  Of those, there are many high risk locations subject to leaking or impoundment rupture 
or unusually high profile situations that will need to be removed in the near term.  Thus 
presenting the natural opening for an ore body characterization and beneficial use recovery 
plan to be deployed, opening the door to a financially sustainable path to closed loop coal as 
outlined in Figure 5.   
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Figure 5  SonoAsh - Closed Loop Coal Strategy 

 
The Data Driven Decision Model: The Calculus of the Ore Body 
 
However, the technology process is only half of the solution. Understanding the physical 
properties of each coal ash impoundment (wet or dry) is paramount to making optimal 
decisions. The limited data used for environmental monitoring of ash and impoundments is 
useless for predictive process modelling of the ore body.  The new approach is to develop a 
3D model of the ore body and determine the “calculus of the ore body”.  The new data 
generated from this approach allows for a more complete understanding of what can be 
extracted from the ore body as it ages, impacting geochemistry and particle polarity. The 
decision model produced creates a de-risked mine plan to work out the asset with an 
optimized economic outcome. 
 
In the age of Big Data, modeling and detailed analytical techniques can provide part of that 
understanding.  Currently, the majority of the industry is only oriented toward legal risk 
mitigation and not co-product development.6 This narrow approach offers very few pathways 
to the robust and necessary suite of solutions offered by the implementation of the Closed 
Loop Coal.  
 
Meaningful business decisions must be data driven, multivariable & robust.  The data set 
must be statistically valid for the entirety of the impoundment.  Simplified assumptions and 
incomplete data are inadequate starting points for a multi-decade work plan required to 
complete the maximized value extraction requirement of the coal ash as ore body.  
 
Today, coal ash management is primarily managing legal liabilities and responding reactively 
to regulation and social license protests, often tinged with very sensitive emotional 
components.  The situation is exacerbated further by declining coal use and increased coal 
ash variability.  What is required is a pragmatic, foundational approach to address coal ash 
management as a high value, physical asset. Determining the calculus of the ore body 
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includes real-time process engineering combined with long-overdue data driven harvesting 
methodologies7, enhanced chemical data mapping, chemical trace studies and robust 
technologies.   
 
The SonoAsh approach systematically evaluates the variability of each impoundment as a 
viable asset. The regulatory, market and technology opportunities together achieve the central 
objective of 100% ash utility. It maximizes staged market revenues, proactive, long-term 
water management while simultaneously mitigating real and perceived corporate risk, 
effectively creating Coal Ash 2.0.  Most importantly to the coal power industry, there is no 
Coal Ash 2.0 without coal power to create coal ash. 
 
This is an approach for allowing the creation of new a sustainable coal industry and economic 
lifeline to the supporting communities.  It underwrites enhanced security and innovation for a 
diverse energy system of 21st century renewable options with the objective function of total 
pond ash recovery with significant returns on investment. 
 

Current Situation with Stored Fly Ash 
 
The coal ash supply challenges facing the United Kingdom have been particularly interesting 
to SonoAsh. SonoAsh has developed a sustainable, modular, and patented solution to 
beneficiate production and impounded coal ash.  The technology enables variable coal ash 
streams to be manufactured into consistent products designed to meet regional and individual 
customer specifications.  
 
The patented SonoAsh process is effective on a broad range of input material properties to 
produce a uniformed product with respect to LOI, particle size, geochemistry and processing 
implications. The resulting engineered coal ash material meets and exceeds the ASTM C-
618-19 (AASHTO M295 (USA), EN 450 (EU)) requirements for high value ordinary 
portland cement (OPC) displacement. The process creates <1% LOI from variable coal ash 
sources at more than 15% LOI at definable particle size specifications to meet customer 
demands, typically 25-100 µm. 
 
The SonoAsh outcome represents market opportunities, producing a scalable, regional, and 
economical OPC supplement with minimized greenhouse gas (GHG) emissions. This creates 
economic relevance from a risk mitigation and marketing perspective even where 
GHG/carbon discussions are unmeasured, untaxed, or not currently recognized. This is 
significant for a global market demanding major infrastructure expansion with challenging 
high-performance cement applications. 
 
SonoAsh Model Case Study 
 
Ore Body Model:   25+ million tons 
    6-15% LOI 
    100 µm to 10 cm mean particle size 
    Ca 12-20% 
    S > 5 - 7% 

Not Class C or F or ‘EN 450 compliant’ or ‘ASTM C-618 
compliant’ 
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Production Input:   400,000 – 500,000 tons annual process facility 
 
Revenue Model Matrix: Low Carbon Cement material 
    Cenospheres 
    Silica Flour    

Rare Earth Elements (REE) 
    Proppants (Fracking Sand Material) 
 
Additional Benefits:  Social License 

Generational Employment – 120 FTE/yr over 50 years (6,000-
person years) 

    Reduction of Environmental Liability  
    20+ million tons CO2 offset 
    TBD – International Transferrable Mitigating Outcomes  
 
Production Output:  400,000 – 500,000 tons 
    Sub-1% LOI 
    25 – 75 micron specification required mean particle size 
    Calcium (Ca) ~ 10 % 
    Sulphur (S) < 5 % 
    Engineered to end use requirement   
 
Total Project Potential: $1 billion to $2 billion over the life of the project 
 
 
 
A New Multi-Billion Dollar Industry in the Making 
 
As noted above, a new industry structure is required.  The demand for the products that can 
be produced from beneficiated coal ash will be measured in the billions of dollars over the 
next 50 years.  
 
As the market conditions evolve, some of the existing industry players will survive and some 
will not.  The opportunity exists therefore for both existing players and new entrants to seize 
the opportunity to realize increased margins that attend technological breakthrough.  
 
As a proforma example the following chart shows representative and prospective value that 
will come from a single 25 million ton ore body. The indicative value shown in the following 
is to a degree a function of the product mix and the regional value creation but in total over 
the economic life of the ore body, not discounted for present value, a total measured in the 
billions of dollars of value creation.  
 
By adopting a product matrix approach, allows for maximum revenue generation, with 
minimum non-revenue generating material produced.   
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For a 25 million ton (Mt) processed over 50 years: 
 
 Quantity 

(Mt) 
Market Value 

($/t) 
Current Value 

Potential 
Future Value 

Potential 
Cement Material 10-15 $60 - $100 $600,000,000 $1,500,000,000 
Cenospheres 0.03-1 $1200 - $1500 $ 35,000,000 $1,500,000,000 
Silica Flour 3 -10 $80 - $100 $240,000,000 $1,000,000,000 
REE  0.005-0.5 $20 - $1000 $  10,000,000 $ 500,000,000 
Proppants 5-25 $60 - $80 $300,000,000 $2,000,000,000 
Carbon 
Equivalent 

20-22 $20 - $50 $400,000,000 $1,100,000,000 

ITMOs 25 $0 - $40 $0 $1,000,000,000 
 
Total        Approx.   $1.5 billion              $ 2-3 
billion  
 
The business model enabled by the SonoAsh approach aligns well with the closed loop, 
limited environmental footprint, circular economy which will define the modern and future 
marketplace and outline required industry structure changes required to survive.  By first 
determining all revenue potentials available from a given ash reserve, and then designing a 
closed loop process to extract the maximum economic benefit, including financial, social, and 
environmental contribution to the total.  
 
Each of these dimensions matter depending on the location geography and demographics. It 
is important to understand the optimum economic value benefit is the balance of maximizing 
financial benefit, social and environmental contributions. 
 

CONCLUSIONS 

Governmental legislation, energy policy and environmental policy are impacting the historic 
industry structure, with multiple impacts effecting the electric power generation, coal mining 
industry, infrastructure material, rural community sustainability and the both local and global 
environment.  By taking a complete value, data driven approach (considering the economic, 
social license, stranded asset, and environmental impacts) a new business model and rational 
for the utilization of coal ash can be realized.   
 
Coal ash is not a waste, it is a valuable resource and a multi-billion dollar opportunity. 
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ABSTRACT: With changes in electricity generation, increasing attention is being given to the 
supply of fly ash for the future.  In the UK, alternative means of sourcing material are being 
considered, with fly ash in external holding areas (stockpiles or lagoons) providing an option.  
This wet stored material exists since historically there have often been differences in quantities 
produced and used.  Surveys of fly ash from these areas suggest that it may be variable and 
undergo physico-chemical changes.  A study was, therefore, set up to establish the potential 
for recovery/processing of the material for use as an addition in concrete.  Processing at 
laboratory-scale considered drying (to recover handling properties) and particle separation 
(sieving), size reduction (grinding) and carbon removal (burn-off).  This showed that fly ash 
fineness and loss-on-ignition requirements to EN 450-1 could be achieved.  Some benefits were 
found for water requirement and reactivity, although not all met Standard requirements. In 
concrete, reduced superplasticizer dose to achieve a target slump was noted with increasing 
fineness (following processing) up to a point, beyond which increases occurred.  Compressive 
strength tended to follow the volume of < 10 µm particles in fly ash, with increases becoming 
noticeable when this exceeded about 50%.  A pilot-scale trial was carried out and generally 
confirmed these effects. 
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INTRODUCTION 

Fly ash brings many benefits as an addition/supplementary cementing material to concrete, 
ranging from improved fresh properties and reduced heat development, through to long-term 
strength development and enhancements to aspects of durability [1].  Historically, in the UK, 
with the number and distribution of power stations, the material could be readily sourced.  
However, with reductions in coal-firing in electricity generation, including the use of 
alternative fuels and technologies, the supply of material has been affected.  The impact of this 
is likely to increase with plans to take the remaining coal-fired power station stock out of 
service by 2025 [2]. 
 
A recent report examining availability [3] indicates that one of the routes for fly ash sourcing 
in future is likely to be through recovery and processing of wet stored material.  This exists 
because supply of fly ash has often exceeded demand and much of the surplus has been kept in 
holding areas, i.e. stockpiles or lagoons.  Research on material under this type of storage in the 
UK, suggests that it may be prone to (i) variability (e.g. fineness and loss-on-ignition (LOI)) 
[4] and (ii) agglomeration due to physico-chemical effects, and reductions in reactivity [5, 6].  
As a result, to achieve Standard-compliant material for use in concrete, processing may be 
necessary [7]. 
 
Given the situation referred to above and effects occurring under wet storage, the paper reports 
on research that was mainly concerned with fly ash recovered from stockpiles.  This was dried 
to recover handling properties and then processed by various means to establish what properties 
could be achieved and whether Standard (EN 450-1) [8] requirements could be met.  This was 
then extended to investigate processing at pilot scale. 

 
 

MATERIALS AND TEST METHODS 

A range of materials both dry and those from wet holding areas were considered during the 
research described.  The characteristics of fly ash (physical, chemical and reaction) and 
properties of concrete (fresh and compressive strength) were evaluated using European 
Standard (EN) or in-house test methods, as described previously [9]. 
 
An example showing the appearance of dry, stockpile and lagoon fly ash from different sources 
is given in Figure 1.  These highlight the particulate nature of dry fly ash, and how agglomerates 
form with wet storage.  In the image, stockpile fly ash appears to have fewer large particles 
than that from the lagoon.  Other work [10] examining the same material at different moisture 
levels and in an excess of water suggests that agglomeration tends to be greater in the former.  
 
The main physical and chemical properties of the fly ashes considered are given in Table 1.  
As indicated, all dry materials were within the EN 450-1 fineness range, while the wet stored 
materials tended to be coarser.  This may, in part, correspond to the wet storage conditions, 
given the coarsening and agglomeration effects noted above. 
 
The LOIs of the dry and stockpile fly ashes had similar ranges, with the higher values up to 
around 15%, while those from lagoons were between 9 and 10%.  These are likely to reflect 
power station operations, rather than effects of wet storage, although slight increases under 
these conditions may occur [5]. 
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While some of the dry fly ashes had water requirements below 95% (requirement for 
Category S in EN 450-1; fineness ≤ 12.0% on a 45 µm sieve), others exceeded 100%. With 
wet stored fly ash, all had values greater than this. The property normally shows close 
alignment with fineness and may relate to the agglomeration occurring.  Dry fly ashes all met 
EN 450-1 limits for activity index at 28 (75%) and 90 (85%) days, with only some wet stored 
fly ashes passing.  The effects of wet storage conditions are likely to influence these data. 
 
The fly ash chemistry is what may be expected in terms of the major oxides, lime and alkali 
levels given the type of coal used at the various power stations (mainly bituminous).  In this 
case, little influence of wet storage would be likely on the results [5]. 
 
 

 
 

Figure 1.  Images of dry (left), stockpile (centre) and lagoon (right) fly ash. 
 
 

Table 1.  Property ranges of dry, stockpile and lagoon fly ashes used in the study. 
 

PROPERTY, % DRY STOCKPILE LAGOON 

Fineness, 45 µm sieve retention 6 – 34 41 – 63 45 – 57 

d50, µm 4 – 39 28 – 44 21 – 48 

Quantity of < 10 µm particles 24 – 62 17 – 26 13 – 22 

Loss-on-ignition 3.3 – 14.4 3.5 – 15.9 9.4 – 10.7 

Water requirement 93 – 109 102 – 109 103 

28 day activity index 78 – 92 70 – 83 70 – 86 

90 day activity index 87 – 109 80 – 90 81 – 95 

SiO2 41.3 – 50.1 41.2 – 51.2 47.9 – 56.2 

Al2O3 17.9 – 25.3 19.5 – 25.2 19.0 – 23.2 

Fe2O3 6.2 – 9.5 5.8 – 9.4 4.7 – 8.5 

CaO 2.1 – 6.2 2.1 – 4.4 1.9 – 4.2 

K2O 1.9 – 2.7 1.7 – 2.8 1.4 – 1.8 

Na2O 0.6 – 1.7 0.7 – 1.1 0.6 – 1.3 
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LABORATORY-SCALE PROCESSING TECHNIQUES 
 
The approaches used in the current paper to process wet stored fly ash in the laboratory are 
summarized in Figure 2.  As indicated, several different methods were followed to identify 
what could be achieved with the fly ashes being considered.  In all cases, materials were dried 
at 105°C before the methods were used.  This was applied to allow the fly ashes to achieve 
flow properties similar to those of freshly produced materials, which would enable potential 
use with existing concrete handling plant. 

 
  

Figure 2  Processing techniques used with wet stored fly ash in the laboratory. 
 
Particle separation techniques applied involved passing the material through either (i) 600 µm 
or (ii) 63 µm sieves.  It was anticipated that (i) and (ii) may enable Category N (≤ 40.0% on a 
45 µm sieve) and Category S to EN 450-1 to be achieved, respectively.  It has been suggested 
[11] that this process may be effective in removing carbon, given differences in these and 
mineral particle sizes, but this will depend on factors including size and shape of particles 
relative to the sieve aperture and the mesh size itself [12].  For particle size reduction, fly ash 
was ground in a laboratory ball mill, in some cases following sieving at 600 µm.  This reduced 
the size of all material with which the equipment was charged.  Different regimes (grinding 
times/quantities of material) were also considered to investigate the process. 
 
In order to examine the effects of carbon removal, burn-off was applied.  Material was initially 
passed through a 600 µm sieve, before exposure to temperatures of 500°C for 1 hour (which 
was slightly longer than this with the heating / cooling back to ambient conditions). 
 
 

LABORATORY-SCALE PROCESSING RESULTS 
 
Particle Size Separation 
 
The original condition of as-received wet-stored fly ash, in this case from a lagoon, is shown 
in Figure 3.  The material is from a different source to that in Figure 1, but shows similar 
effects.  The influences of drying and sieving are evident in the images of the < 600 µm and 
< 63 µm fly ash, with both having a similar appearance to dry, recently produced, material. 
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Figure 3.  Images of lagoon (left), < 600 µm (centre) and < 63 µm (right) fly ash. 
 
An example showing the effects of particle size separation at 600 µm on stockpile fly ash 
(SFA 5) properties is given in Table 2. It has been noted previously that wet stored fly ash can 
increase the number of fineness tests required to achieve 0.3% difference in results [5], as given 
in EN 451-2 [13].  Experience during the study suggests that an alternative procedure to that 
for dry fly ash may be appropriate.  The test was, therefore, carried out at least six times for 
wet material, with the omission of outliers, and the mean reported.  Table 2 shows that the 
45 µm sieve retention reduced by 11% following particle separation at 600 µm, with a narrower 
fineness range obtained, suggesting less variability in the fly ash. 
 
As indicated, particle separation at this size had only a minor effect on the volume of < 10 µm 
particles and LOI.  While this process might have been expected to increase the reactivity, 
reductions in activity index were noted.  However, as with the original stockpile material, these 
exceeded the EN 450-1 limits.  The changes noted in chemistry of fly ash were minor and 
appear to reflect variability in the material. 
 
 
Table 2  Selective properties of stockpile fly ash after particle separation at 600 µm or 63 µm. 

 

PROPERTY, % SFA 5 SFA 5 < 600 µm SFA 5 < 63 µm 

Fineness, 45 µm sieve retention 42 31 3 

Fineness range 11.4 0.8 0.5 

d50, µm 29 26 17 

Volume of < 10 µm particles 22 21 24 

Loss-on-ignition 6.1 5.8 4.3 

28 day activity index 83 79 80 

90 day activity index 90 88 93 

SiO2 51.2 47.2 51.1 

Al2O3 22.7 22.9 23.2 

Fe2O3 5.8 5.3 5.9 

CaO 2.1 2.9 1.7 

K2O 2.8 3.4 3.0 

Na2O 1.0 1.1 0.6 
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The results from concrete cube strength tests to 90 days (water cured at 20°C), on concretes of 
w/c ratio 0.53, with 30% fly ash (from two stockpiles) in cement, before and after 600 µm 
sieving, are shown in Figure 4.  These indicate that this process gave only minor differences 
for SFA 2, with a slightly greater effect over the test period for SFA 5.  Data for other, similarly 
treated, fly ashes suggest little effect of this process on strength. 
 
 

 

Figure 4  Effect of particle separation at 600 µm on strength development  
of stockpile fly ash concrete (w/c = 0.53; 30% fly ash in cement; S3 (100 to 150 mm) slump). 
 
 
Particle separation at 63 µm (Table 2) gave noticeable reductions in 45 µm sieve retention, 
achieving Category S fineness levels (EN 450-1), and in material variability (fineness range).  
However, there were only small changes in volume of < 10 µm particles. 
 
The differences in LOI, in this case, of around 2.0% are slightly less than those obtained with 
this method previously [9].  Test on other wet stored materials [14] indicate that processing of 
this type of fly ash by particle separation at 63 µm can give reductions in water requirement, 
but these remained above 100% and hence did not meet EN 450-1 requirements. 
 
As indicated in Table 2, there were only minor changes in activity index at both test ages, 
compared to material recovered from the stockpile, or sieved at 600 µm.  Relatively minor 
differences in chemistry were again noted following the use of this process. 
 
It is evident that yields of only between 17 and 47% were obtained for particle separation at 
63 µm. This was, therefore, not considered further in the laboratory, although, it was used 
during the pilot-scale trial, by air-classification. 
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Particle Size Reduction 

Particle size reduction used a laboratory ball mill (Fritsch Pulverisette, 250 ml capacity, 6 × 
30 mm steel balls).  Trials with the system suggest that while continued reductions in particle 
size are possible, there were diminishing benefits with increased grinding times.  An example 
of typical results for stockpile fly ash (SFA 2) before and after grinding for (i) 20 minutes 
(BM20) in 125 g batches and (ii) 120 minutes (BM120) in 50 g batches is given in Table 3. 
 
Grinding for 20 minutes was found to reduce particle size of wet stored materials to < 12.0%, 
meeting EN 450-1 Category S requirements, and increased the volume of < 10 µm particles.  
A reduction in water requirement with BM20 of 9% to 100%, i.e. the same as the PC reference, 
was achieved.  Results from tests for the same property on several stockpile fly ashes are shown 
against fineness in Figure 5(a).  As indicated, these were similar to the data in Table 2 and 
while Category S fineness levels were achieved in some cases, their water requirement 
exceeded the EN 450-1 limit. 
 

Table 3  Selective properties of stockpile fly ash before and after grinding. 
 

PROPERTY, % SFA 2 
SFA 2 BM20 

(125g) 
SFA 2 

< 600 µm 
SFA 2 < 600 µm 

BM120 (50g) 

Fineness, 45 µm sieve retention 48 7 36 1 

d50, µm 44 15 37 5 

Volume of < 10 µm particles 20 35 22 74 

Loss-on-ignition 8.9 8.9 9.2 9.7 

Water requirement 109 100 104 - 

28 day activity index 71 78 80 91 

90 day activity index 86 97 85 121 

SiO2 43.7 42.4 47.0 49.4 

Al2O3 22.9 23.4 25.0 24.8 

Fe2O3 9.4 8.3 8.6 9.4 

CaO 2.3 3.5 2.5 2.6 

K2O 2.4 2.9 2.5 2.5 

Na2O 0.7 0.9 0.9 0.9 

 
 
The activity index values increased for ground materials, as shown in Table 3, most notably at 
90 days.  Results from tests on several stockpile fly ashes are shown in Figure 5(b) against 
volume of < 10 µm particles, which was used given its sensitivity in providing a measure of 
particle size following grinding.  As indicated, the activity index was closely related to the 
volume of < 10 µm particles in fly ash and appears to reflect the increased exposure of surfaces 
with processing.  The results show that all material following this achieved EN 450-1 activity 
index requirements and there was a consistent increase in the property between 28 and 90 days. 
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Figure 5  Fineness/particle size relationships for stockpile fly ash before and after grinding 

with (a) water requirement and (b) activity index.  
 
Particle size reduction had little effect on LOI for BM20, although an increase of about 1.0% 
was noted with BM120.  This could reflect more complete ignition of carbon and other 
constituents following processing [15]. As grinding is carried out in a closed system, the bulk 
oxide composition of the wet stored materials was essentially unaffected. 
 
Concrete tests with the mixes described above (w/c ratio = 0.53; 30% fly ash in cement) were 
carried out with stockpile materials following particle size reduction using different grinding 
regimes.  Results showing the effect on superplasticizing admixture (SP) required for a target slump 
(S3; 100 to 150 mm) are given in Figure 6(a) against volume of < 10 µm particles in fly ash. 
 

 
Figure 6  Particle size relationships for stockpile fly ash before and after grinding 
with (a) SP dose to achieve S3 slump and (b) 28 day cube strength of concrete. 
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As indicated the SP dose reduced with particle size, which continued up to a point and when 
the volume of < 10 µm particles exceeded about 50%, increases were noted.  It appears that 
grinding for short durations and/or with greater material quantities mainly causes de-
agglomeration and when this is extended and/or reduced, respectively, fly ash particles break 
down and with increased surface area/angular particles, SP dose requirements increase. 
 
The concrete cube strength test results at 28 and 90 days are shown in Figure 6(b) and give 
increases with the volume of < 10 µm particles in fly ash.  As with activity index, which gave 
similar trends, this tended to become more noticeable at levels above 50%. 
 
Carbon Removal 

Carbon removal may be required to reduce the LOI of some wet stored fly ashes to meet the 
EN 450-1 limit (Category B; 7.0% was used in the study).  This process was carried out in the 
laboratory by oxidation in a furnace at 500°C for 1 hour, with heating and cooling (in the 
furnace), before and after the burn-off period.  Preliminary tests indicated that this temperature 
and time combination enabled LOI reductions to below the EN 450-1 limit in all but the very 
highest LOI fly ashes considered (LOI > 13.0%). 
 
A selection of properties from tests on stockpile fly ash (SFA 5; sieved at 600 µm) before and 
after carbon removal are given in Table 4.  As indicated, small increases in fineness (reductions 
in 45 µm sieve retention/increases in volume of < 10 µm particles) were noted, with greater 
activity index values at both ages of 6 to 7%.  Minor changes in fly ash chemistry were 
generally noted. 
 

Table 4  Selective properties of stockpile fly ash after carbon removal at 500°C for 1 hour. 
 

PROPERTY, % SFA 5 < 600 µm 
SFA 5 < 600 µm 

500°C 1 hour 

Fineness, 45 µm sieve retention 31 24 

d50, µm 26 20 

Volume of < 10 µm particles 21 28 

Loss-on-ignition 5.8 4.8 

28 day activity index 79 85 

90 day activity index 88 95 

SiO2 47.2 53.0 

Al2O3 22.9 23.6 

Fe2O3 5.3 5.8 

CaO 2.9 2.0 

K2O 3.4 2.8 

Na2O 1.1 0.7 
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The effects on LOI after oxidation in the laboratory furnace for 1 hour at 500°C are shown for 
selected stockpile materials (SFA 2, SFA 5 and SFA 7) in Figure 7(a). Carbon removal reduced 
LOI by 1.0 to 3.4 %, tending to be greater when values were initially higher.  This also gave 
small reductions in SP dose required to achieve S3 slump and minor increases in concrete cube 
strength of 1.5 to 3.0 MPa at 28 days, as shown in Figure 7(b). 
 

 
Figure 7  Effect of carbon removal from stockpile fly ash at 500°C  for 1 hour on (a) loss-on-

ignition and (b) 28 day concrete cube strength (w/c = 0.50; 30% fly ash in cement). 
 
 

PILOT-SCALE TRIAL 

The research described above identified what is possible for processing of wet stored fly ash 
under laboratory conditions.  The next stage was to determine if these applied on a larger scale, 
with available plant, and to evaluate fly ash properties and effect that these have on concrete.  
This work used mineral processing plant with a company providing this type of service. 
 
Several tonnes of relatively low LOI material were obtained from a UK stockpile, such that 
only particle size separation or reduction would be required to achieve properties to EN 450-1.  
The processing used for the material is shown in Figure 8.  As indicated, the feed material was 
initially dried and de-agglomerated in a flash dryer and pulverizing mill (PFA 2), before smaller 
samples were air-classified to achieve a Category S fineness material (PFA 3), or ground in a 
micronizing mill to give high fineness (PFA 4).  Electrostatic separation was also carried out 
on selective materials to remove carbon. 
 
A selection of properties for materials from the pilot-scale trial is given in Table 5.  Drying and 
de-agglomeration reduced 45 µm sieve retention by around 50%.  The material following this 
process achieved Category N fineness to EN 450-1, however, there was a marginal decrease in 
the volume of < 10 µm particles, possibly due to some fines loss.  The air-classified and 
micronized materials were much finer with retention values of 2 and 1% respectively, however, 
the latter had a noticeably greater volume of fine particles of 72%, compared to 36%. 
 
The water requirement gave reductions of a few percent, following de-agglomeration, air 
classifying and micronizing, however, these were greater than EN 450-1 requirements for 
Category S fly ash. 
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Figure 8  Processing techniques used with wet stored fly ash in pilot-scale trial. 

 
 
The activity index was mainly found to increase with the various forms of processing and gave 
general agreement with fly ash fineness.  In addition, these materials went from failing the test 
at both ages for the feed (SFA 8) and de-agglomerated materials to passing following air 
classifying and micronizing. 
 
 

Table 5  Selective material properties from the pilot-scale trial. 
 

PROPERTY, % SFA 8 PFA 2 PFA 3 PFA 4 

Fineness, 45 µm sieve retention 62 31 2 1 

d50, µm 33 33 14 7 

Volume of < 10 µm particles 22 20 37 72 

Loss-on-ignition 6.3 6.1 6.3 6.6 

Water requirement 103 100 98 100 

28 day activity index 70 70 75 80 

90 day activity index 80 83 88 103 

SiO2 46.5 46.5 45.3 46.9 

Al2O3 24.5 23.5 24.4 23.6 

Fe2O3 8.4 9.1 8.3 10.0 

CaO 2.8 3.0 2.5 2.6 

K2O 2.5 2.7 2.5 2.4 

Na2O 0.9 1.0 0.8 0.7 
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In concretes with equal mix proportions (w/c ratio = 0.53; 30% fly ash in cement), a linear 
relationship was found between fly ash fineness and SP dose required to achieve S3 slump, 
Figure 9(a). 
 
Tests for concrete strength, at equal w/c ratio, indicate that there were only minor benefits for 
the materials following processing, i.e. little difference in 28 day strength observed between 
SFA 8, PFA 2 and PFA 3, with PFA 4 only achieving an increase of 3.0 MPa.  However, given 
the lower SP dose requirements, the w/c ratio of these mixes could be adjusted, at fixed SP 
dose, while still achieving S3 slump. 
 
Figure 9(b) demonstrates the strength development for these concretes.  At 28 days, concrete 
cube strength of the adjusted mixes (compared to SFA 8 (0.53 w/c ratio)) gave increases of 
2.5 MPa in PFA 2 at 0.51 w/c, an increase of 5.0 MPa in PFA 3 at 0.51 w/c and a large increase 
of 10.0 MPa for PFA 4 at 0.49 w/c ratio. 
 
Electrostatic carbon removal was also carried out on PFA 2 and PFA 4.  This reduced the LOI 
to levels of 3.0%, but generally gave minor changes to the other fly ash properties examined.  
In this case, concrete was not tested. 
 

 
Figure 9  (a) Relationships between fineness and SP dose for S3 slump and  
(b) strength development of processed fly ashes for the pilot scale materials. 

 
 

CONCLUDING REMARKS 

With changes in electricity generation from coal-firing to alternative fuels and new 
technologies, different methods of sourcing fly ash will be required.  One of the options for 
this is the surplus that has been deposited in stockpiles or lagoons near power stations.  
However, fly ash in these areas can be prone to variability and can undergo changes with the 
wet conditions and hence processing is likely to be required.  The paper initially considered 
what can be achieved with different processing techniques at laboratory scale, which were 
applied after the material had been dried (to allow recovery of handling properties).  The 
methods considered included particle size separation, size reduction and carbon removal. 
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The tests showed that these methods could achieve fineness and LOI requirements for fly ash 
to EN 450-1.  Some benefits were generally found for water requirement and activity index, 
although not all met the limits in the Standard.  Minor changes to fly ash chemistry were 
generally found.  In concrete, reduced SP dose was noted with increasing fineness to achieve a 
target slump (following processing) up to a point, beyond which increases occurred.  
Compressive strength tended to follow < 10 µm content in fly ash, with increases becoming 
noticeable when this exceeded about 50% in the material.  The pilot-scale trial carried out, 
which involved air classifying or micronizing following drying/de-agglomeration of material 
generally confirmed these effects. 
 
Further research is needed to consider the use of the recovered/processed materials in different 
concretes and with regard to other aspects of performance, e.g. durability.  It is also important 
to recognise that there are energy requirements (and costs) associated with processing (which 
will depend on the method used) and balancing these against what the resulting material can 
achieve will be important [9].  Although these issues remain, the research has demonstrated 
that wet stored material has potential as an option for sourcing fly ash in future. 
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ABSTRACT. This contribution reviews the geopolymeric potential of Ca-rich oil shale 
processing residues and aims at the characterization of the effects of different alkaline activator 
solutions on the polymerization of oil shale residues. Alkali activation of Estonian oil shale 
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INTRODUCTION 
 
Alkali activated materials represent an environmentally friendly binder system, where 
cementitious binder is formed through alkali activation of silicate precursors. Alkali activated 
materials can be of very different composition and origin. Among them are geopolymers that 
can be considered as a subset of alkali activated materials with a 3-dimensional alumosilicate 
binder phase structure [1]. Formation of geopolymers occurs when aluminosilicate raw 
material is dissolved in alkaline solution, and aluminate and silicate species are released into 
aqueous phase forming a complex colloidal solution of silicate, aluminate and aluminosilicate 
species. Secondary usage of different industrial by-products and solid wastes as precursors of 
geopolymeric binders is specifically beneficial and can significantly reduce the amount of the 
industrial waste and increase the life period of landfills. In addition to widespread industrial 
wastes, different types of slags and the wastes from glass manufacturing industry and 
combusted fly ash, a can also be potentially useful for production of geopolymeric alkali 
activated materials. The common class F type fly ash with low-Ca content is used for 
geopolymeric binder production [2].  
 
Oil shale is a Ca-rich solid fuel of low calorific value and ca. 40–50 wt% of the processed shale 
remains as a solid waste, majority of which (~98%) becomes landfilled. In Estonia, annually 
more 15 million tonnes of oil shale is mined and processed. Geopolymeric potential of Estonian 
oil shale industry residues has been addressed in several case studies in recent years [3; 4; 5; 6; 
7]. The goal of this contribution is a comprehensive review of available data published on alkali 
activation of Estonian oil shale processing wastes and is mainly aimed at analysis and synthesis 
of the geopolymerization potential of different Ca-rich Estonian oil shale processing residues.  
 
 

PROPERTIES OF THE OIL SHALE PROCESSING RESIDUES 
 

Oil shale is mainly burned in thermal power plants for electricity and heat generation using 
pulverized firing (PF) or circulating fluidized bed (CFB) combustion technologies with 
temperatures reaching about 1450 °C and 700–850 °C, respectively [8]. The resultant oil shale 
ash is a light-colored mineral material that is composed of lime, calcite, anhydrite, different 
secondary Ca-silicate phases and residual non-carbonate fraction in varying proportions. The 
remaining ash is Ca-rich with CaO content as high as 55 wt% [9].  
 

GEOPOLYMERIC POTENTIAL OF ESTONIAN OIL SHALE  
PROCESSING RESIDUES 

 
Availability of reactive calcium plays an important role in the cementation of TPP ashes in 
mixtures hydrated with plain water [10; 11], which is mainly propagated by the formation of 
secondary Ca-Al-sulfate phases (ettringite) and Ca-carbonate that precipitates upon CaOfree 
(lime) hydration into Ca(OH)2 (portlandite) and its subsequent carbonation (Talviste et al. 
2013). In ash mixtures studied by Paaver et al. [3; 4; 6; 7]  and Paiste et al. [3; 4; 6; 7] and 
activated with NaOH and Na-silicate, ettringite was absent and Ca-carbonate formation was 
subdued. Spectroscopic analyses using ATR-FT-IR and29Si MAS-NMR analysis of these ashes 
activated with NaOH, Na-silicate and Na-silicate/NaOH shows that polymerization processes 
occur [4; 7]. However, 29Si MAS-NMR data suggest that the polymerized silicate structures 
formed in the alkali activation of fresh TPP ashes are one-dimensional and do not contain chain 
branching and cross-linking tetrahedra.  
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Yip et al. [13] have proposed that in the presence of elevated calcium concentrations in 
geopolymeric system the C–S–H based cementitious material forms. Indeed, as mentioned 
above, the 29Si MAS-NMR analyses of studied TPP ash mixtures show that a C–(A)–S–H phase 
with a chemical shift typical to a system saturated with Na+ has formed, which is further 
supported by behaviour of Si–O(–Si/Al) stretching bands in ATR-FT-IR spectra of activated 
materials [4;7]. Several earlier studies [13; 14; 15] have shown that the CaO in source material 
used for geopolymerization appears to strengthen the geopolymer by the decrease of 
microstructural porosity and formation of amorphous Ca–Al–Si gel. The elevated calcium 
content in the solid raw materials affects the process of geopolymerization by providing extra 
nucleation sites for precipitation of dissolved species [16]. Our studies, however, show that 
excessive calcium and high pH (activity of hydroxide ions) in initial synthesising solution 
causes precipitation of Ca(OH)2 (portlandite), which later reacts with CO2 in the atmosphere 
forming calcite, resulting in deterioration of the polymeric product. This feature is evident in 
all experimental mixtures based on 5M NaOH [7]. Portlandite also appears in mixtures of TTP 
ashes prepared with Na-silicate containing activators. 
 
The initial compressive strengths achieved with sodium silicate based mixtures (>10 MPa in 7 
days) agree well with the formation of polymeric structures apparent from 29Si MAS-NMR and 
ATR-FT-IR data reported in [6; 7]. However, though the polycondensation in Na-silicate and 
Na-silicate/NaOH activated mixtures was found to progress with aging and the polymerized 
chains were growing in length, the measured compressive strength values are lower in aged 
samples (7 days of curing vs. 28 to 90 days of curing) was evidently due to strong dry shrinkage 
and formation of abundant micro-cracks observed by [3; 4] in the polymerized samples. 
Although longer curing times lead to formation of structurally longer and more polymerized 
aluminosilicate binder phase and this trend can be expected to continue with time then the 
coherence of the sample is lost [3; 4; 6]. Shrinkage and creep are a typical processes observed 
in systems based on cement and geopolymer binders [17] which results mainly from drying 
shrinkage that can be controlled by selecting optimum curing temperature and liquid-to-ash 
ratio.  
 
Overall, these experimental studies [3; 4; 6; 7] suggest that Estonian oil shale ashes does not 
show very good geopolymerization properties, which is evidently related to the characteristics 
and the content of potentially reactive phases/components. In general, the composition of the 
Estonian oil shale ash produced either in thermal power plants or in shale oil retorting processes 
is considerably different from the raw materials typically used for producing geopolymeric 
binders [3; 4; 6; 7]. By its composition oil shale ash could be considered a class C fly ash that 
is a Ca-rich ash (CaO content >20 wt%), that can be and are used to produce geopolymers with 
considerable final strength [18; 19]. At the same time, peculiarity of Estonian oil shale ashes 
is, compared with other raw materials, consistently lower proportion of Al2O3 (typically <10 
wt%).  
 
This compositional characteristic by itself dictates that formation of strong aluminosilicate 
polymer networks does not contribute or is subdued in development of uniaxial strength. This 
means that for production of geopolymeric materials from oil shale processing wastes, the mix 
design must include a source of available Si and Al in combination with an appropriate 
activator mixed at an optimum ratio to induce a sufficient degree of depolymerization-
repolymerization reactions. 
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Figure 1  Classification of potential raw materials used for geopolymers on CaO-SiO2-Al2O3 
ternary plot. Modified after Buchwald et al. [21]. Data for Petroter ash from Paaver et al. [3], 
data for Enefit ash from Paaver et al [5] and oil shale CFB ashes from Bityukova et al. [9]. 

 

 
Figure 2  Ternary plot showing the relationship between geopolymer compressive strength 

and fly ash oxide composition. Modified after Aughenbaugh et al. [20]. Data for Petroter ash 
from Paaver et al. [3], data for Enefit ash from Paaver et al [5] and oil shale CFB ashes from 

Bityukova et al. [9]. 
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.  
 

Figure 3  SEM picture of (Na)-Ca-Al-Si gel-matrix formed in Petroter black ash activated 
with Na-silicate/NaOH dilution 
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ABSTRACT: Fibre cement is a popular construction material due to its versatility and myriad 
advantages. It is used for roofing, wall claddings and internal linings in both domestic and 
commercial buildings. The Hatschek process is widely used in the manufacture of fibre cement 
boards, where vacuum filtration of a dilute slurry mixture of fibres, sand and cement, produce 
a thin film (typically around 0.25 to 0.40 mm thick). Each fibre cement sheet comprises a stack 
of these films.  At Zetland Technologies, we have developed an innovative alternative to the 
100-year-old Hatschek process to obtain fibre cement panels that look and feel the same as the 
conventional. The method is unique in that it is amenable to using abundant industrial waste 
materials such as fly ash, bagasse ash and mineral slags. Zetland Technologies’ method 
involves granulation of a slurry mixture comprised of cement, fly ash, cellulose or synthetic 
fibres among other additives. The granulation is achieved by complexing the slurry mixture in 
a high-shear mixing device to obtain free-flowing and friable micro-granules that instantly 
coalesce upon cold pressing to form a fibre-cement panel. This process has paved way to 
production of fibre cement panels exceeding the current threshold thickness of 19mm.   
Because of this possibility, we further developed an alternative building technology, where two 
30-mm-thick fibre cement panels sandwich an 80-mm-thick fly ash foam insulation core to 
produce a building block of high insulation value. This paper presents unique strategies for 
value addition of fly ash to produce innovative building and construction products namely fibre 
cement panels, fibre cement extrusion bodies, lightweight foamed insulation panels, and 
ultimately an alternative building system.   
 

Keywords: Fly ash, Pressed fibre cement, Fibre cement extrusion, Lightweight panels, Zetland 
Building System 
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INTRODUCTION 

The need for sustainable, energy efficient construction materials has oriented extensive 
research on alternative materials particularly waste materials that can reduce the cost and 
environmental impact of construction processes. Fly Ash is considered as one of the largest 
sources of waste materials more especially in the developing regions where coal-fired power 
stations supply the grid with a significant proportion of electricity. South Africa produces in 
excess of 50 million tons of ash per annum with approximately 10 % utilisation [1]. During the 
2014/15 financial year, 119-million tons of coal was consumed, producing 35 million tons 
(28,9%) of ash. Only about 7% of Eskom’s (the South African National utility provider) ash is 
sold from 6 of the 13 Eskom coal-fired power stations, compared to 50 to 60% in other 
countries [2].  
 
Usage or commercial application is restricted by several factors, the main being legislation, 
and others being lack of knowledge of the use of fly ash. In 2008, the Department of 
Environmental Affairs (DEA) declared fly ash to be a “hazardous waste”, placing severe 
restrictions on the use of fly ash and the development of industries based on fly ash [2]. This 
classification posed enormous problems for users of fly ash. The hazardous classification of 
ash in South Africa is unique worldwide and the waste type classification is the strictest in the 
world. Internationally ash is classified as a by-product or a resource – depending on the country. 
However, in 2015, the national utility sought to unlock legislative constraints and escalate the 
use of ash to a strategic priority by consulting with the Department of Environmental Affairs 
(DEA) and relative government departments, in order to change the ash classification as a 
hazardous waste. 
 

Table 1   Composition of fly ash from a typical South African power station 
 

 
 

 
The composition of a typical South African fly ash is shown in Table 1. The high percentage 
of aluminium and silica compounds give fly ash its useful properties. Typical uses of ash 
include: Cements and grouts, Concrete Products & Bricks, Ready mix concrete, Artificial 
aggregates, Road construction & soil stabilisation, Soil conditioning, Mine rehabilitation, and 
Agriculture. With the relaxation of legislation constraints, it was envisaged that the use of fly 

COMPONENT WEIGHT % 

SiO2  51.4 
TiO2 1.7 
AlO3 30.9 
Fe2O3 2.3 
MnO 0.02 
MgO 2.0 
CaO 6.8 
Na2O 0.5 
K2O 0.8 
P2O3 1.1 
SO3 0.5 

Cr2O3 0.8 
N2O 0.01 
LOI 1.2 
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ash could allow for improved business development, increased infrastructure development, job 
creation, create social uplift and allow for skills development. However, the expected growth 
has been painstakingly slow in part due to lack of buy in and competition from cheap 
conventional products such as bricks.  
 
On the contrary, the development of high-value niche product market can overturn this status 
quo and propel the beneficial utilization of fly ash to meet the intended socio-economic 
objectives. To this end, Zetland Technologies has developed various ‘green’ technologies 
utilizing fly ash. In this paper, we review the different building and construction products that 
we have developed using fly ash namely fibre cement panels/boards, fibre cement extrusion 
products, lightweight foamed insulation panels, alternative building system, fly ash dry 
walling, and fly ash poles products – ash component assemblies.     
 

ASH COMPONENT ASSEMBLY 1:  FIBER CEMENT PANELS 
 
Fibre cement boards are one of the famous construction products that can be used as an 
internal/external wall as well as materials for roofing and cladding. It is a great substitute to 
gypsum boards in certain applications due to its moisture resistance, quality and superior 
strength. Fibre cement panels are highly suitable and recommended for high moisture areas 
including, bathrooms and kitchens as well as drywalls in service areas such as corridors, car 
parks, hospitality kitchens and control rooms where a high level of impact resistance is 
required. The superior thermal insulation properties of these boards make them ideal for 
extreme climatic conditions. 
 

FIBER CEMENT PRODUCTION VIA THE HATSCHEK PROCESS 
 
Fibre cement was invented in the 1890's by Ludwig Hatschek who mixed asbestos fibre directly 
with Portland cement using a modification of the vat/cylinder paper machine. Since that time, 
the Hatschek process has largely improved, but the fundamentals remain virtually unchanged. 
In this process, vacuum filtration of a dilute slurry mixture of fibres, silica sand and cement 
produce paper thin films (typically around 0.25 to 0.40 mm thick) placed one on the other until 
the desired sheet thickness is reached. Cooke [3] has reviewed extensively the mechanisms on 
the Hatschek Machine, and point out the formation of sheets occurs in 4 stages; 
 
1) Initial formation of a filter layer on the surface of the sieve, 
2) Building of a very watery layer of fibre cement over the filter layer as the sieve rotates in 

contact with the slurry in the vat, 
3) Low intensity dewatering of the wet film as it transfers to the felt, and 
4) High intensity dewatering of the film as it passes through the nip of the accumulator roller. 
 
Clearly, the Hatschek process is a very wet process that produces large volumes of 
contaminated wastewater that requires expensive treatment. Due to this, the board thickness 
from the Hatschek process is limited to 20 millimetre owing largely to the springback 
phenomenon which occurs with thicker board panels. In addition, the process is limited to 
cellulosic fibres, and to a large extent use of synthetic fibres is avoided as they tend to float on 
top of the wet slurry and exhibit poor dispersion. Furthermore, the wet sheets from the Hatschek 
machine need to be autoclaved at high temperature and pressure in order to promote free lime-
silica reactions and increase productivity. Against this background, Zetland Technologies 
patented an alternative process to produce fibre cement panels with thickness greater than 20 
millimetres.   



476   Chiuta et al 

 

 
Figure 1   A 30-mm-thick fly ash-based fibre cement board sample produced using Zetland 

Technologies proprietary method 
 

 
FIBRE CEMENT PRODUCTION WITH ZETLAND TECHNOLOGIES 

GRANULATION OF A SLURRY 
 
Traditional methods of making fibre cement boards were limited to a maximum thickness of 
20 mm, yet the Zetland process has pressed boards up to 100mm. Figure 1 shows a fibre cement 
panel sample of size 480 mm x 258 mm x 30 mm produced using Zetland’s patented 
technology. The crux of the technology involves the granulation of a slurry [4], where cement, 
fly ash or sugarcane bagasse ash or mineral slag, cellulosic or synthetic fibre, are homogenised 
and kneaded together with a liquid polymeric binder (which can be a fully hydrolysed polyvinyl 
alcohol) to a thick paste that transforms into non-sticky microgranules upon addition of a 
complexation additive to the paste. The Figure 2 shows the dry, fluffy consistency of the fibre 
cement mix at the end of a mixing cycle.  
 

 
 

Figure 2    Fly ash-based fibre cement mix at the end of a 3 ½-minute mixing cycle 
 
The mixing of the solids and liquid additives is achieved using a high shear device such as an 
Eirich-type mixer. Several experiments were conducted at Machinefabriek Gustav Eirich 
GmBH (Hardheim, Germany) to ascertain the suitability of Eirich mixer towards producing 
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fibre cement mixes using Zetland’s technology. In these experiments, an EL-10 lab mixer with 
a volume capacity of 10 litres was used for the initial tests aimed at optimising the amount of 
liquid additive, mixing cycle time, and rotor/pan rotational speeds. Scale up effects were also 
investigated using an R-08 production mixer with a volume capacity of 75 litres (Figure 3).  
 
Both the initial and dynamic upscale tests were successful and produced a consistent mix as 
shown in Figure 2. The optimal mixing cycle lasted 3 ½ minutes and included process steps of 
solids homogenization, liquid binder addition, kneading, complexing agent addition, and final 
homogenization. Variable rotor speed was required starting off at 6m/s and ending off the cycle 
at 18m/s. The mixer needs a star type rotor working in counter-current mode with vessel speed 
remaining unchanged at 1 m/s.  
 

 
 

Figure 3    The R-08W production mixer showing star-type rotor and fixed scraper at 
Machinefabriek Gustav Eirich GmBH  

 
Because this is essentially a ‘dry’ process, the range of additives that can be added to the board 
to reduce its weight or improve its strength or other qualities is unlimited.  Hi-tech fibres, 
lightweight extenders to reduce the density, and other additives that would not normally be 
considered in very wet processes, can now be used. In addition, this process uses only the 
required amount of liquid to hydrate the cement and so, there is no wastewater emissions from 
the plant. These process advantages cannot be derived from the Hatschek process. 
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The non-sticky, homogenous microgranules produced from the mixer can be spread onto a 
platen, in a manner very similar to existing particleboard production. The scattering of the fibre 
cement mix is crucial aspect which ensures uniform spatial density across the finished panel. 
To this end, experiments were performed to assess the scattering of Zetland’s fibre cement mix 
at IPCO (formerly Sandvik TPS, Goppingen, Germany).  Figure 4 shows the scattering 
machine used for these tests.  
 

 

Figure 4    Type F IPCO GmBH scattering machine and scattered fibre cement granules at 
20kg/m2 

 
The scattering machine (Figure 4: left) consists of a hopper, scattering roller, doctor blade, and 
brush-off roller. The scattering roller picks up the material to be scattered. A rigid doctor blade 
runs the material into the “pockets” of the roller surface. The scattering material will be brushed 
off by a rotary brush and falls through a gap between the rotary brush and the scattering roll 
onto the underneath travelling substrate. The quantity of scattering material is determined by 
the speed of the scattering roll. For instance, roller and belt speeds of 7.6 rpm and 2 m/min 
were required to dispense material at 20 kg/m2. Figure 4 (right) shows the uniformly scattered 
fibre cement mix obtained during these tests.  

 

 
 

Figure 5   A double belt press used to produce a 12-mm-thick fibre cement panel at the IPCO 
GmBH pilot testing centre in Goppingen, Germany 

 
The microgranules are pressed at ambient temperature at specific pressures between 200 to 
250 N/cm2, and instantly coalesce to produce a panel of predetermined density. Experiments 
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were performed on the scattered mat using a pilot scale double belt continuous press at the 
IPCO centre in Goppingen (Figure 5). The process length of the press was 4.4 meters, with a 
maximum belt speed of 10 m/min. The pressure exerted in each zone was controlled using the 
thickness settings which are input to achieve a gradual reduction to the final intended panel 
thickness. In this case, the pilot press operated four pressure zones.  
 
The first 2 zones exhibit a sinusoidal (wave-like profile) line pressure, and any material must 
survive breakage passing through these zones to be considered pressable using the belt press. 
The Zetland fibre cement mix passed through these regions without suffering any breakage or 
material loss whatsoever.  
 
Figure 5 also shows a 12-mm-thick fibre cement panel produced from the belt press. The 
interior of the panel was smooth and solid whilst the weakly-bound edges can be trimmed off 
in a finishing process. Table 2 shows the physical strength properties of the Zetland fly ash-
based fibre cement panel relative to a Hatschek-based panel from the local manufacturer. 
Clearly, our panel performs the same as the commercial sample, hence we can infer similar 
application with the Zetland panel.     
 

Table 2  Technical data comparison: Zetland’s fibre cement panel relative to  
Hatschek-based panel 

      

  ZETLAND - FLY ASH EVERITE-NUTEC® 

Thickness (mm) 30 12 

Density (g/cm3) 1.25 1.26 

Cold compressive strength (MPa)  20.2 17.57 

Modulus of Rupture (MPa) 7.6 13.8 

Modulus of Elasticity (GPa)  4.5 5.9 
Tensile strength parallel to surface of board 
(MPa) 

1.04 1.02 

Shearing strength (MPa) 4.6 1.32 

Maximum hygral linear expansion (mm/m) 0.03 2.47 

Moisture movement (%) 0.003 0.06 

Water absorption (%) 15 37.72 

Water vapor transmission (ng/Pa s m2)  237 276.79 

Thermal conductivity (W/ m K) 0.45 0.19 

Thermal expansion coefficient (°C-1) 2.2x10-5 9.31x10-6 

pH 10 10 

Non-combustibility at 150°C  Non-combustible Non-combustible 

Frost resistance -cycles completed _ 50 

Frost resistance ratio 1.08 _ 

 
Eliminating the heat, reducing the water consumption, eliminating wastewater treatment costs, 
reducing the amortized cost of the equipment, and reducing processing times all lead to 
significant reductions in cost. In fact, the manufactured cost of Zetland’s fibre cement panel is 
approximately 25% lower than the manufactured cost of existing cement fibreboard products, 
and even greater when produced on a large scale. 
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EXTRUSION OF FIBRE CEMENT PRODUCTS:  
FORMULATION OPTIMIZATION 

 
The basic formulation for Zetland’s fibre cement was also extended to extrusion products. 
However, the fibre cement mix as formulated for board panels could not be extruded 
successfully, and some recipe adjustments were made specifically targeting water retention of 
the mix, plasticity of the mix, and extrudate profile stability. Overall, the changes reduced 
fibres, complexing agent, and density modifiers to leading to improved stiffness of the 
extrusion bodies. Experimental investigations were carried out at Händle GmbH Maschinen 
und Anlagenbau (Mühlacker, Germany) and, both solid and hollow profile bodies were 
extruded successfully as shown in Figure 6. Clearly, the mix consistency for extrusion differs 
considerably from mix design for pressed panel.    
 

 
 
Figure 6   (a) Good, homogenous fibre cement mix for extrusion. (b) Consistent perforated 
profile from extruder die. (c) Solid column and 4-channel perforated extrusion bodies. 
 
ASH COMPONENT ASSEMBLY 2: LIGHTWEIGHT ASH INSULATION PANELS 

 
The Zetland lightweight fly ash insulation panels have been designed to have variable density 
and strength properties specifically for non-structural applications such as insulation, acoustics, 
thermal, and infills. Very low densities in the order of 230 kg/m3 have been obtained. The insitu 
airborne sound insulation of 47 dB, thermal R-value of 1.8 m2 K/W, and fire rating resistance 
of 120 minutes have been achieved with these panels.  
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Figure 7    A fly ash-based lightweight insulation panel sample produced at density of 
230 kg/m3 to achieve R-value of 1.8 at 80-mm thickness.  

 
Figure 8 shows a representation of the production process of the lightweight panels. The foam 
is generated from polymeric solution, passed through a sparge unit and the exiting foam of a 
density of 40-60 g/lt is introduced into the slurry, which is pumped along a separate line, into 
a dynamic mixer which is continuous. The foam exits the mill to a rotary stator pump from 
which it is pumped into the panel by way of hose or alternatively the foamed material is tipped 
and surface smoothed. The relative ratio of foam to slurry is controlled by inverters and in main 
scale production, this would be PLC controlled and generate foam under factory conditions. 

 
Figure 8  A process flow schematic for foam generation and lightweight panel production at 

Zetland Technologies 
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ASH COMPONENT ASSEMBLY 3: ZETLAND BUILDING SYSTEM 
 
The Zetland Building System evolved from the innovation on fibre cement panels which 
allowed ‘pressed’ panels in excess of 20 mm-thickness. Seizing on this opportunity, Zetland 
set about designing an Alternative Building System that met the insulating requirements of the 
most recent South African design regulations as specified in the SANS10400 [5]. The Zetland 
Building System is in principle an interlocking block design where 2 30-mm-thick fibre cement 
panels sandwich an 80-mm-thick lightweight fly ash insulation core. The blocks have a spline 
along 2 edges (top and side) so that they slot into a base plate (keeping them perfectly straight) 
and into one another (so they can only be built perfectly perpendicular). 1 block has a size 
equivalent of 12 standard bricks on a double-sided wall. Figure 9 shows detailed sectional 
views of the interlocking block unit for the Zetland Building System.   
 

 
Figure 9   Sectional drawing of the insulated interlocking building block unit for the  

Zetland Building System 
 
There are many benefits for using the Zetland building system. The splines mean that the blocks 
do not have to be laid in a staggered profile and no mortar is required.  This means that 6 or 
more workers can start constructing the walls of a building at the same time to the truss level. 
A block layer can place the same wall area in an hour that a skilled bricklayer can normally lay 
in a day. In brick and mortar construction, such activity is not possible, and the mortar needs 
to set at each metre, meaning the bricklayer has to come back to the project over 3 days to 
complete it.  
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In addition, a high-tech cement adhesive resin is used to bond the building blocks together, 
eliminating the cost and waste issues related to mortar that is otherwise used in traditional brick 
walls. 
 
The blocks have a spline along 2 edges so that they slot into a base plate (keeping them perfectly 
straight) and into one another (so they can only be built perfectly perpendicular).  This means 
that unskilled and semi-skilled labour can be used to construct the walls. These factors, coupled 
with the fact that there is no time wasted waiting for mortar and plaster to be applied or dried, 
means that a house’s construction period is cut by at least 5 days. For the developer, be it private 
or government, this means that cash payments are only made when the house has reached the 
final stages. There is less chance that builders will run out of cash because the whole schedule 
is considerably tighter, giving the developer much-needed control. 
 
Further benefits include: 
 

• Manufacturers benefit from lower costs, no wastage, no emissions and economies of 
scale. 

• Builders and developers benefit from shorter construction times and tighter cash 
flow control. 

• Contractors benefit from a cleaner, safer, easier work environment that will make 
them more productive and hence able to generate more income. 

• Home owners benefit from a cooler house in summer, a warmer house in winter, 
lower energy bills and the knowledge that they have a house made of world class 
advanced building materials. 

• The government benefits through significant job creation for unskilled male and 
female labour and lower cost, faster construction. 

 
Finally, the Zetland Building System is just as suited to high-end housing as it is to community 
housing. Further, it presents a sustainable strategy to utilizing the abundant fly ash from the 
national utility’s coal-fired power stations. Mass balance calculations have shown that 1 plant 
producing blocks to build 20,000 small houses of 40 m2 floor area per year consumes over 
70,000 tons of fly ash per year. 
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A REPORT ON BENEFICIAL USE OF COAL COMBUSTION 
PRODUCTS IN THE UNITED STATES 
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ABSTRACT.  The American Coal Ash Association (ACAA) has conducted a survey of the 
production and use of coal combustion products (CCP) since 1970.  The most current data 
available is for 2017.  While the data show the highest rate of beneficial use in the history of 
the survey, the nature of the uses is showing some unique activity.  In addition, the U.S. is 
seeing the beginning of harvesting of CCP from surface impoundments and landfills.  
Harvesting has been a very limited part of CCP beneficial use for some time.  Large scale 
activities are getting underway.  Demand for concrete-grade fly ash has been growing for 
several years.  Today demand is outstripping supply with regional supply shortages in regional 
markets.  It is estimated that the gap between supply and demand is as much as 30%.  Concerns 
regarding the supply of fly ash and other supplementary cementitious materials is motivating 
consideration of revisions to existing specifications as well as creation of new specifications to 
allow for increased quantities of materials to come to the market. This presentation will discuss 
the current survey data on beneficial use, harvesting activities, and CCP import activity.  It will 
also provide a summary of activity in specifications for supplementary cementitious materials. 
 
Keywords: Ash, CCP, USA, Demand 
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ABSTRACT.  It is well known that all coal fired power production in the UK is expected to 
cease by 2025. Indeed, most stations will be closed well before this date. This has meant that 
both suppliers and users of fly ash are currently evaluating their future strategy and options. 
Options which include imports and developing landfilled ash deposits.  The UKQAA has also 
had to adapt and redefine itself for its members. In the past, the primary objective was 
promoting the use of fly ash and providing technical support to users and suppliers. Over the 
past 2 years the emphasis has changed and is now fully focussed on assisting members identify 
future sourcing options as well as highlighting best practices and technologies that may 
facilitate this. The UKQAA feels that the answer may well be in the development of landfilled 
fly ashes from pulverised coal fired power stations. The UKQAA estimates that there are well 
over 100 million tonnes of landfilled fly ash located at currently operating or recently closed 
power stations. Subject to being defined as future mineral or pozzolanic reserves, these single 
source deposits of alumino silicates in closely defined boundaries can be beneficially used by 
the construction industry for generations to come.  The paper aims to describe how the UKQAA 
is working with key stakeholders including the Environment Agency and Planners to safeguard 
these strategic reserves. This will provide a background to more focussed papers on the 
performance of landfill fly ashes and technologies used to beneficiate them including the case 
study for Gale Common by EPUKI.  
 
Keywords: Fly ash, United Kingdom, EPUKI 
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ABSTRACT. This presentation investigates the process of drying fly ash coming from 
alternative sources such as stockpiles and ponds, highlighting the possibilities, whilst 
addressing the implications involved.  With the future of ash supplies from traditional sources 
in doubt, fly ash from stockpiles and ponds has the potential to be used in many existing 
applications, particularly in the construction industry where it is already established as a filler 
and or product property enhancer. Other examples include within fields such as carbon 
recovery. The possibility to dry and grind the fly ash simultaneously in an Atritor Dryer-
Pulveriser air-swept mill not only simplifies the plant to process plant, but also offers great 
flexibility in creating bespoke product characteristics required for different applications.  A 
typical ‘fly ash from landfill’ drying plant duty is mainly to de-agglomerate and surface dry 
the product. For example, a finished product specification of < 25% retained on a 45-micron 
mesh and some 0.5% moisture. There are a number of important factors to consider when 
evaluating such a process. A good understanding of moisture content of the landfill ash is 
critical. Total cost of ownership is addressed, in particular with regards to wear and the 
associated energy costs.  
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ABSTRACT.  Currently, coal fly ash with a loss on ignition (LOI) above 6% does not meet ASTM C-
618 specification.  Additionally, coal fly ash with ammonia content above 100 ppm can cause health 
concerns for concrete workers due to off-gassing of the ammonia when mixed with alkaline materials.  
Also, many cement kilns have stringent guidelines on total mercury input, sometimes limiting the 
beneficial use of fly ash.  To increase supply of marketable fly ash to concrete producers nationwide, 
the MP618™ Multi-Process fly ash thermal beneficiation technology can reliably and continuously 
process fly ash to: 
 

‐ Reduce LOI to < 3% 
‐ Reduce ammonia content to < 60 ppm 
‐ Reduce mercury to < 100 ppb 
‐ Reduce activated carbon and moisture 

 
Charah Solutions’ proven MP618 technology allows for beneficiation of both wet and dry fly ash and 
offers important advantages over competing technologies.  Specifically, it has a significantly lower cost 
profile, an efficient footprint with self-contained environmental controls that can be deployed in months 
versus years and a modular design that can be scaled up or down to increase production based on market 
demand. With the functionality to process both wet and dry fly ash, the MP618 technology can be 
installed at both operating and non-operating power plants, regardless of whether the fly ash is current 
production or legacy ash stored in ponds or landfills.  The technology also allows for the processing of 
kiln dust to remove mercury for emissions regulations compliance. In addition, the MP618 process 
delivers a marketable concrete grade or cement kiln-friendly product from existing coal fly ash streams 
as a stand-alone process not required to be placed at a host utility.  Finally, the MP618 system separates 
and isolates heavy metals, such as mercury and arsenic, particularly for cement kilns, which other 
technologies fail to do. The MP618 ash beneficiation system can be delivered as a portable or stationary 
system depending on client requirements.  Charah Solutions’ recently completed unit operating in 
Louisiana processes utility generated ash and can be used to test site-specific fly ash, allowing for a 
complete analysis of material both pre and post processing.   The MP618 technology enhances Charah 
Solutions’ MultiSource® materials network, a unique distribution system of more than 30 nationwide 
sourcing locations, and improves the company’s ability to provide a continuous and reliable supply of 
supplementary cementitious materials for ready-mix concrete producers and other customers 
throughout the U.S.  
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ABSTRACT.  Coal will remain the predominant source of electricity in India in the near future with 
approx. 600 million tons of coal being consumed per annum. Consequently, there is 200 million tons 
of Fly Ash produced yearly. However, only 65-70% of Fly Ash is gainfully utilized. Power plants 
liberally use pond dumping for disposal of unutilized ash and more than 350 million tons has 
accumulated only in the past 5 years, resulting in significant economic, environmental and social 
consequences. The construction industry remains the major consumer of Fly Ash with majority going 
into cement and concrete. The Government of India has seeded research institutes that are working on 
new-age Fly Ash applications such as geo-polymers, zeolites, plasters as well as fertilizers. Fly Ash 
beneficiation and exports is a ‘sunrise’ sector. Ash produced from domestic Indian coal is high quality, 
with low LOI and high pozzolanic content. Processing makes it consistent. However, serious 
investments have been deterred due to short-term contracts by power plants, demand-supply imbalance 
and absence of government incentives/ regulations. The industry remains highly disorganized with 
many fragmented, fly-by-night operators but there emerging organized players producing classified, 
consistent quality ash (as per international standards) that is exported across Asia Pacific, Middle East 
and Africa. Europe and America could be the next big importer of such ash. Opportunities in the Fly 
Ash industry include downstream value added product manufacturing, exports of classified ash, transfer 
of technological solutions, and partnerships with international universities for research and 
development. 
 
Keywords:  Sourcing, India, Fly ash 
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RADICAL OPTIONS FOR NON-THERMAL DRYING 

C Every        M Zlatner
Coomtech Ltd 

United Kingdom 

ABSTRACT. In the UK, Europe and the USA the once prolific supply of ash from coal fired 
power generation has faltered or ceased in many territories. Consequences for the traditional 
users of Powdered Fuel Ash in the construction products and cement industries in particular 
have been especially badly affected by this change in the supply chain.  There have been two 
major consequences of these changes.  Shortages of PFA have forced prices to rise in the 
market and the migration to alternatives where they can be found and are effective as 
replacement materials. Meanwhile, the inevitable follow-on of the “clean up” of the coal fired 
power industry has also led to changing legislation. Many US States, for example, are 
responding to the national EA and public awareness and are now enforcing the clean-up of old 
stockpiles and lagoons where excess ash has been stored historically.  The recovery of that 
portion of stockpiled ash, still reactive and suitable for the construction and cement industries, 
has become a real option provided the material quality and condition meets required standards 
at commercially viable costs while also meeting the cement/concrete industries drive around 
the world to become greener too.  Radical technology options such as non-thermal drying can 
come into their own in the current marketplace, positively impacting both cost and clean 
technology benefits.   The presentation will address how the Coomtech SMR (Surface Moisture 
Removal), a non-thermal technology, can play a significant part in this situation.  It will address 
how Coomtech SMR can strategically fit in the marketplace alongside traditional processes of 
recovery and handling of ash, while creating financial and green benefits to the users over 
traditional thermal processing technologies. 

Keywords: Ash, Thermal drying, Surface moisture removal 
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POTENTIAL DEVELOPMENT OF A PFA LANDFILL SITE 
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ABSTRACT. Gale Common is a closed PFA disposal site located in North Yorkshire.  The 
site received ash from both Ferrybridge C and Eggborough coal fired power stations for nearly 
50 years.  EPUKI are in the process of expanding current ash exports significantly by obtaining 
the relevant planning permissions from the local authority. The presentation will review the 
challenges and learning points from the planning application process. 
 
Keywords: PFA, Planning consent 
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North Yorkshire (Development Consent Order), a 1,700MW CCGT power station in Norfolk 
(Section 36 variation) and a 640 ktpa Energy from Waste plant in North East Lincolnshire 
(Town and Country Planning Act). 
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