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ABSTRACT 
 
Currently there is a growing pressure on energy efficiency for new buildings in the UK 

and worldwide. This has arisen partly due to the increasing awareness of the public for 

sustainable building construction. In addition, there is pressure on building materials 

manufacturers, due to new government regulations and legislations that are targeting 

energy usage and carbon dioxide emissions in new buildings. This research work reports 

on unfired clay building materials (unfired clay bricks) technology for sustainable 

building construction. The technology aims at the reduction of the high energy input, 

especially that arising from firing clay bricks in kilns. The research has investigated the 

use of lime or Portland cement as an activator to an industrial by-product (Ground 

Granulated Blastfurnace Slag-GGBS) to stabilise Lower Oxford Clay (LOC). Portland 

cement was used in the formulation of the unfired clay brick tests specimens 

predominantly as a control. The development of an unfired clay brick in this current 

work is considered by the researcher as a significant scientific breakthrough for the 

building industry. Another breakthrough is the fact that only about 1.5% lime was used 

for GGBS activation. This is a very low level of usage of lime that is not comparable to, 

or sufficient for, most road construction applications, where far less strength values are 

needed and where 3-8% lime is required for effective soil stabilisation. Hence, the final 

pricing of the unfired clay brick is expected to be relatively low. Industrial scale brick 

specimens were produced during two separate industrial trials. The first trial was at 

Hanson Brick Company Ltd, Bedfordshire, UK, while the second was carried out at PD 

Edenhall Ltd, Bridgend, South Wales, UK. The results clearly demonstrate that all key 

parameters such as compressive strength, thermal properties and durability were within 

the acceptable engineering standards for clay masonry units. From the environmental 

and sustainability analysis results, the unfired clay material has shown energy-efficiency 

and suggests a formidable economical alternative to the firing of clay building 

components. This study is one of the earliest attempts to compare fired and unfired clay 

technology, and also to combine energy use and CO2 emission for unfired clay bricks 

relative to those bricks used in mainstream construction. This is an attempt to come up 

with one parameter rating. The overall results suggest that the spinoff from this 

technology is an invaluable resource for civil engineers and other built environment 

professionals who need quick access to up-to-date and accurate information about the 

qualities of various building and construction materials. 
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ABBREVIATIONS AND SYMBOLS 
 
 

 

q  =  Heat flux (W/m2) flowing through the sample

  = The thermal conductivity (Wm-1K-1) of the material

dT/dx  = Temperature gradient on the isotherm flat surface in the sample (Km-1)

∆T  = T hot-Tcold  (Temperature gradient of the hot and cold plates respectively)

TU  = Temperature of the upper plate (°C)

TL  = Temperature of the lower plate (°C)

QU  = Upper transducer signal reading 

QL  = Lower transducer signal reading

U2  = Design moisture content of the thermal property test sample

U1  = Test moisture content of the thermal property test sample

W  = Width of the thermal property test sample (mm)

D  = Dry density of the thermal property test sample (kg/m3)

 Dry  = Thermal conductivity of the sample at 10°C (Wm-1K-1)

C  = Specific heat capacity (kJkg-1K-1)

f  = Moisture conversion coefficient (kg/kg)

  = Water vapour diffusion coefficient

P  = Fractile of population

U  = Design thermal conductivity (Wm-1K-1)

B  = Basic thermal conductivity (Wm-1K-1)

RU  = Design thermal resistance (m2.KW-1)

R  = Basic thermal resistance (m2.KW-1)
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PC  = Portland Cement

GGBS  = Ground Granulated Blastfurnace Slag

L1  = Quick lime

L2  = Hydraulic lime

PFA  = Pulverised Fly Ash

KC  = Kaolinite Clay

LOC  = Lower Oxford Clay

LG1  = Bricks made with L1-GGBS-LOC system (First industrial trial)

LG2  = Bricks made with L2-GGBS-LOC system (First industrial trial)

LGG1  = Bricks made with L1-GGBS-LOC system (Second industrial trial)

LGGG1  = Bricks made with L1-GGBS-LOC system (Laboratory scale)

PG1  = Bricks made with PC-GGBS-LOC system, at 1.3% moisture content

PG2  = Bricks made with PC-GGBS-LOC system, at 1.5% moisture content
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CHAPTER 1 - INTRODUCTION 
 
This Chapter explains the background to the research, its aims and objectives, 

methodologies used, its impact and contribution to knowledge.  The chapter ends 

with a brief description of structure of the entire thesis.   

 

1.1 Background to the Research 
 

The shortage of low cost and ecologically friendly housing worldwide has led to 

many investigations into new building masonry materials. Fired clay masonry 

bricks are conventionally used for mainstream masonry wall construction but 

suffer from the rising price of energy plus other related environmental problems 

such as  the high energy input needed for their production, and carbon dioxide 

(CO2) emission, both of which have a direct effect on climate change. The UK 

has recently experienced the most dramatic and devastating impact of climate 

change (the flooding in 2007, the drought in 2006 and the heat-waves in 2003) 

most probably as a result of the accumulation of greenhouse gases in the 

atmosphere arising from human activities, principally CO2 from the burning of 

fossil fuel.  

 

In the UK and worldwide, some new buildings are specifically designed to 

address the challenges of climate change and to meet the demand for a low 

carbon future (minimising the carbon emissions associated with new buildings 

while still meeting society's needs). This has become necessary because, people 

are increasingly aware of the impact of carbon emissions on climate change. In 

the short-term, a concerted effort is needed to realise quick wins through 

innovative research on energy efficient construction materials such as unfired 

clay bricks.  

 

Recent increases in gas prices, low economic activity, new government 

regulations/ legislation, targeting energy usage and carbon dioxide emission for 
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2012, 2020 and 2050 (Grubb, 2000, Department of Environment, Food and Rural 

Affairs, 2009 and English Heritage, 2008) have resulted in the closing down of 

most brick works in the UK, as the majority of brick works do not have the 

capacity to meet the new emission targets.  

 

All these negative factors in the fired brick industry encouraged the development 

of this research work, and other related researches on new masonry materials 

with improved environmental profile (Boardman, 2004, Kjarstad and Johnsson, 

2007, Rajgor, 2007 and Carter, 2008). The usage of unfired stabilised clay bricks 

incorporating wastes or by-product materials, in place of conventional fired ones, 

will contribute to the conservation of existing natural raw material resources 

used for cementitious binder stabiliser production, enhance regeneration and 

reduce the current lack of significant engagement regarding the utilisation  of 

waste and by-product materials  from industrial processes in the building 

industry. The use of waste/industrial by-products in unfired clay brick production 

has performance, environmental and socio-economical benefits. In addition, it 

will ensure a more equitable and sustainable global future than using 

conventional materials.  The low cost of the system, due to the use of 

waste/industrial by-products as the main stabilising agents, is a driving force in 

this current search for knowledge. 

 

The  aim of this research may be summarised as follows: 

 

 To carry out applied research necessary for the development of unfired 

clay masonry bricks  for sustainable building construction, 

 

 To carry out both laboratory and industrial trials of varied formulations 

and fine-tune them for production of bricks, 

 

 To establish and specify the optimal performance of the unfired clay 

masonry bricks in service, and 
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 To establish an environmental profile for the new unfired clay masonry 

bricks.  

 

The aims of this research are to develop unfired clay masonry bricks for 

sustainable building construction, using lime or Portland Cement (PC) activated 

industrial by-product (Ground Granulated Blastfurnace Slag - GGBS) to stabilise 

natural clay (Lower Oxford Clay - LOC). The development of unfired clay 

masonry bricks is expected to underpin the potential of commercial 

manufacturing of low cost bricks, for affordable housing construction, with a 

potential to offer an environmentally friendly alternative to traditional concrete, 

fired and cement bricks.  

 

The fundamental difference between this innovative development and fired 

bricks and blocks is that, in the unfired clay technology, the cost of firing is 

completely eliminated, coupled with low carbon dioxide (CO2) emission.  

Because of the use of GGBS as the main stabilising agent, it is anticipated that 

the cost of producing unfired clay masonry bricks will be low relative to other 

comparable building materials. In addition, the presence of GGBS in the 

stabilised system will improve some of the structurally undesirable properties 

associated with using clay soil. For example, GGBS offers significant advantage 

in inhibiting the deleterious swelling that can occur with clays containing 

sulphates, upon stabilisation with lime. The added environmental advantages of 

utilising industrial by-products in the region will further improve the Welsh 

profile on sustainability, and that of the UK in general. The proximity of slag in 

the South Wales region of the UK (where the research work on unfired clay 

masonry brick development was carried out) will create an added impetus 

towards the emergent sustainability agenda in the region. 
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1.2 Methodology Used 
 
 
To achieve the aim of this research as explained in Section 1.1, the objectives of 

the research methodology adopted for the project endeavours to complete the 

following: 

 

 A thorough literature review to establish the level of current thinking and 

knowledge on fired/unfired clay masonry bricks, and to provide the 

intellectual context of the research. 

 

 Detailed laboratory experimentation and testing of the key material 

properties of the raw materials and of the the unfired clay cylinder and 

brick  test specimens that are to be used for the development of the 

unfired clay building material for sustainable building construction. The 

key engineering properties of the end product to be monitored include: 

density, moisture content, percentage of voids, rate of water absorption, 

compressive strength, swelling and freeze-thaw. 

 
 Selected specialist tests such as microstructure and mineral phase 

analyses of the unfired clay materials using Scanning Electron 

Microscopy (SEM), Energy Dispersion X-ray (EDX)/Solid-state 

Backscattered Detector (SBD). 

 
 Establishment of the thermal properties (conductivity and resistance) of 

the unfired clay bricks. 

 
 The establishment of the durability of the unfired clay cylinder and brick 

specimens by means of swelling/shrinkage and linear expansion 

measurements couple repeated freezing/thawing cycles. 
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 Establishment of the environment profile of the unfired bricks, so as to 

get an indication of the carbon and energy inventory in terms of energy 

inputs and emissions outputs for the product manufacturing process. 

 

 

1.3 Impact of the Research in Wales and Beyond 
 

There are certain groups that are likely to benefit from the current research, these 

include: 

 

 Brick, block and mortar manufacturers, who will be able to manufacture 

low-cost, socio-economic and environmental friendly building products. 

 

 Lime and slag manufacturers, materials blenders and processers and 

outlets/agents, as the formulated product will consume and provide more 

outlets for these materials. 

 

 Other building materials outlets, as they will have an added product on 

their shelves, a product that will have been developed by way of detailed 

research and commercial/full-scale trials, in line with  modern global 

trends and advances, quality and standards criteria. 

 

 Building and housing providers (Local Authorities, Housing 

Associations, Institutions, private companies and individuals), as they 

will have a product(s) scientifically produced as stated above.  

 
The high cost of building bricks, is currently being transferred to the consumer, 

thus indirectly affecting the UK building industry and hence economy. With both 

clay and non-clay bricks and blocks that do not require firing or do not wholly 

rely on the use of traditional binders such as PC (for example), not only is the 

final pricing of the building components anticipated to be lower relative to fired 

bricks, but there are also added environmental advantages of utilising industrial 
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waste and/or by-products that are sourced locally. Thus the possible benefits of 

this research in terms of technology, economy and care for the environment are 

high. 

 
 

1.4 Contribution to Knowledge 
 
This research is anticipated to contribute to the knowledge on unfired clay 

materials development. This is an ambitious building technology that is energy-

efficient and economical, resulting in a sustainable clay masonry building brick 

with high potential and ability to meet the current and future needs of society. 

This research will contribute to knowledge on how the key industrial problem of 

high energy costs in the manufacture of clay building bricks could be solved. 

The technology aims at the reduction of the high energy input, especially that 

arising from firing clay bricks in kilns. The research has investigated the use of 

an activated industrial by-product to stabilise clay soil, thus also addressing the 

issue of waste minimisation by re-use and/or recycling. 

 

Portland cement was used in the formulation of the unfired clay brick tests 

specimens predominantly as a control. The development of an unfired clay brick 

in this current work is considered by the researcher as scientific breakthrough for 

the building industry, the fact that only about 1.5% lime was used for GGBS 

activation. This is a very low level of usage of lime that is not comparable to, or 

sufficient for, most road construction applications, where far less strength values 

are needed and where 3-8% lime is normally required for effective soil 

stabilisation. Hence, the final pricing of the unfired clay brick formulated in the 

current research is expected to be relatively low (due to the relative low cost of 

GBBS when compared to PC or lime). Another contribution to knowledge is the 

fact that this current study is one of the earliest attempts to compare fired and 

unfired clay technology, and also to combine energy use and CO2 emission for 

unfired clay bricks relative to those bricks used in mainstream construction.  
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1.5 Structure of Thesis 
 
 

The research work was laboratory based with some industrial input in order to 

arrive at a balance for a full industrial trial of the formulated product. The body 

of this thesis consists of seven chapters. The organisation of the chapters is as 

follows: 

 

Chapter 1 provides an introduction to the whole research and the thesis report. It 

discusses the background to the research and the context in which it is based. 

The chapter explains the nature of the current problem in the brick industry, and 

also summarises the main aims and objectives of the research methodology in 

order to address the problem. Also covered in the chapter is the researcher’s view 

of the impact of the research work in Wales and UK in general, and the 

contribution of this work to global knowledge.  

 

Chapter 2 reviews existing literature to explore deeper into the problems in the 

brick industry and also establishes the level of current thinking and knowledge, 

in order to provide the intellectual context of the research. The current state of 

brick production and the science underpinning this technology is critically 

reviewed. In addition, the resources and information regarding fired clay bricks, 

unfired clay bricks, soil stabilisation and clay mineralogy are summarised, before 

developing the investigations undertaken in this current study.  

 

Chapter 3 describes the characterisation and details regarding the materials used 

in the current work (material sources, reasons for using each material, the oxide 

and chemical compositions, some physical properties, the particle/grain size 

distribution among other properties).  

 

Chapter 4 describes the methods and analytical techniques used in the current 

work, and the details regarding mix compositions. The test cylinder and brick 
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test specimen production processes are also explained. The tests for the basic 

engineering parameters such as density, moisture content, percentage of voids, 

rate of water absorption, swelling/shrinkage, compressive strength, freezing and 

thawing and selected specialised tests like microstructural analysis, thermal 

analysis and environmental analysis on the brick specimens are also presented in 

this chapter.  

 

Chapter 5 describes the results obtained from the current work. The detailed 

results of the various tests for both cylinder and the actual brick specimens can 

be seen in this chapter. 

 

Chapter 6 discusses the analytical results together with the physical observations 

and correlations, emanating from the research.  It shows the technical 

comparisons of the overall engineering performance of the laboratory and 

industrial bricks, including a comparison of the design thermal values of the 

unfired clay brick specimens.  In addition, an indication of the carbon and energy 

inventory in terms of energy inputs and emissions outputs for the product 

processes as involved in the clay brick production can also be seen in this 

chapter. It also shows the practical implications of the entire research work.  

 

Chapter 7 is the final chapter of the thesis. It integrates and summarises the main 

conclusions and recommendations. The chapter also identifies areas for further 

research. 
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CHAPTER 2 - LITERATURE REVIEW 
 
This chapter reviews existing literature of brick production and the science 

underpinning this technology, to establish the status of current thinking and 

knowledge in order to provide the intellectual context of the research through a 

detailed search. This review, thus, aims to provide a knowledge source for fired 

clay bricks, unfired clay bricks, soil stabilisation and relevant/related clay 

mineralogy, before developing the concept of this current study. This was to 

inform potential users of the strengths and weaknesses of the unfired clay 

building material development technology. It presents energy usage and 

emissions arising from firing clay brick in kilns, on-going efforts to reduce 

energy usage and emissions arising from firing clay brick, existing research 

studies on unfired clay brick, performance, and durability of unfired clay bricks, 

the suitability of these various wastes, secondary material, nonconventional and 

conventional stabiliser as stabilisation materials, structure of clay minerals, clay 

mineral groups and some characteristics of clay minerals. 

 

2.1 Fired Clay Brick 
 
 
Fired clay bricks have been used as a construction material throughout the UK 

and worldwide for over 5000 years (Construction Product Association, 2007 and 

Brick Development Association, 2009a). Being much more resistant to cold and 

moist weather conditions, fired clay brick enabled the construction of permanent 

buildings in temperate regions similar to the UK. The Romans made use of fired 

bricks, and the Roman legions, which operated mobile kilns, introduced bricks to 

many parts of the empire. In the late-20th century brick was confined to low or 

medium-rise structures or as a thin decorative cladding over concrete-and-steel 

buildings or for internal non-load bearing walls. The methods of manufacture 

was simple, the clay is first ground and mixed with water to the desired 

consistency for forming in a mould. The clay is pressed into steel moulds with a 

hydraulic press. The shaped clay is then fired ("burned") at a temperature of 
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around 1000-1300°C to achieve strength. In modern brickworks, this is usually 

done in a continuously fired tunnel kiln, in which the bricks move slowly 

through the kiln on conveyors, rails, or kiln cars to achieve consistent physical 

characteristics for all bricks. The bricks often have added lime, ash and organic 

matter to speed the burning. Structural bricks were hard dense, and any needed 

holes or other perforations were introduced by the die. The introduction of holes 

reduces the needed volume of clay through the whole process, with the 

consequent reduction in costs per brick. The bricks are also lighter and so easier 

to handle. The colour of the finished bricks depends on the mineral content of the 

bricks and the temperature at which they are burned. Today, fired clay bricks are 

still excellent durable building materials, used in building structure, external 

walls and a wide range of practical applications.  

 

Fired clay bricks are also often chosen as a building material by most designers 

in order to complement and integrate the designed building with the surrounding 

environment, especially in areas with graded buildings (Construction Product 

Association, 2007 and Brick Development Association, 2009a). It can be used 

both to provide a beautiful facade, offering a wide range of colours and varying 

textures for many alternative styles for contemporary city apartment buildings 

that require a line-up of popular finishes. However, achieving these installed fine 

finished brickworks comes with all sorts of costs (Construction Product 

Association, 2007 and Brick Development Association, 2009a). 

 

The UK has a long and varied history of fired clay brick production. Currently, 

there are about 30 companies (Brick Development Association, 2009a) that 

produce fired clay bricks. The four major fired clay brick producers are Ibstock 

Brick Ltd, Hanson Brick Ltd, Wienerberger Ltd and Michelmersh Brick 

Holdings PLC, accounting for 84% of production in the UK (Brick Development 

Association, 2009b). There are 1200 varieties of bricks (Brick Development 

Association, 2009b). These bricks are categorised either by manufacturing 

technique or according to use.  



Chapter 2 – Literature review 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   11 
 

 

Most of the fired clay bricks produced at the brickworks in the UK is either 

traditional, handmade or machine made fired facing bricks. They come in a wide 

variety of colours and blends, from subtle greys to flaming oranges, to reflect the 

different types of firing and time spent in the kilns. The majority of brickworks 

are in rural areas. Often they are a significant employer of rural labour, providing 

a close connection to the local economy (Construction Product Association, 2007 

and Brick Development Association, 2009a).  

 

2.1.1 Energy usage and emissions arising from firing clay brick in kilns 
 

The UK brick industry is a very significant energy user, having a yearly 

consumption of approximately 4.06 billion kWh equivalent of natural gas 

(CERAM, 2009). The kilns used for firing bricks consume large quantities of 

fuel, which has resulted in high energy usage and gives rise to atmospheric 

emissions. During the brick manufacturing process several gases (including 

carbon gases, hydrogen and fluorine) and particulates are typically released from 

the brick kilns (US EPA, 2003). These emissions are becoming a major 

environmental concern for many countries including the UK. 

 

At the present time, energy consumption of buildings in the UK, other countries 

within the European Union (EU) and worldwide is a high-priority subject. The 

UK government has pledged to put sustainable development at the heart of all its 

policies. Since environmental impacts have immediate implications for planning, 

design and operation of civil engineering infrastructure, it is time for designers to 

recognize that appropriately designed products, technology systems, and services 

are critical to better environmental/ social performance across the global 

economy. To incorporate and integrate sustainable building in new material 

development for a wider masonry building application, a variety of strategies 

during the design, construction and operation of building have to be taken into 

consideration both short and long time.  The use of sustainable materials and 
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products represents one important strategy, helping to maximise resource 

efficiency and reducing waste/by-product production. Perhaps, because of the 

practical implications of energy usage and emissions arising from various 

construction activities, and the current growing pressure on energy efficiency for 

new buildings in the UK, due to the devastating effect of climate change 

(flooding, drought and heat-waves), it will be nice to integrate the environmental 

and social impacts of a development from the preliminary design stage through 

to detailed design and beyond.  

 

The UK Government and the EU have issued new regulations and legislations 

such as the Sustainable Development Strategy of 1999, Climate Change Levy, 

Climate Change Act 2008 and European Union Emissions Trading Scheme 

(Grubb, 2000, Department of Environment, Food and Rural Affairs, 2009, and 

English Heritage, 2008) challenging the fired brick sectors and other high energy 

intensive industries, to improve their unsustainable practices.  

 

Recent changes in UK building regulations have arisen partly due to the need to 

reduce carbon dioxide emissions to meet these new Government regulations and 

legislations (Boardman 2004, Kjarstad and Johnsson, 2007, Rajgor, 2007 and 

Carter, 2008). Building regulations in the UK and worldwide are to be 

progressively tightened over the next decade to boost energy efficiency and 

reduce the carbon footprint of new homes.  

 

At present, the UK brick industry is currently caught between the 'push factors' 

from best practice sourced from UK, EU and Global regulations and legislation, 

and that of the 'pull factors' from its customers and shareholders for 'greener' and 

more environmentally ethical building brick (CERAM, 2009). To evaluate the 

sustainability of the brick industry, the fired clay brick industry represented by 

the Brick Development Association, has worked hard to reduce the energy used 

in the kilns firing process. This is demonstrated by a substantial investment in 
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more efficient kilns, and the use of recycled heat for drying bricks (Brick 

Development Association, 2009b). 

 

The Brick Development Association has since 2002 formulated a Sustainability 

Strategy (Construction Product Association, 2007 and Brick Development 

Association, 2009a) as a direct response to the challenge issued by the UK 

Government Sustainable Development Strategy of 1999 (Department of 

Environment, Food and Rural Affairs, 2009) to minimise the adverse 

environmental impacts of the various brickworks. This Sustainable Strategy set 

up by Brick Development Association was in compliance with the environmental 

legislation, regulations and other codes of practice in the UK (Brick 

Development Association, 2009b). The industry agreed to achieve a reduction of 

10% energy consumption on 1990 levels by 2010 (Brick Development 

Association, 2009a). The association has continuously monitored and evaluated 

environmental performance of the various brickworks in the UK. The association 

(Brick Development Association) has also suggested that improvements were 

possible to the brickworks through the adoption of environmental management 

systems (Brick Development Association, 2009a).  

 

Managers and planners in the various brickworks are increasingly aiming to 

follow a sustainable approach in their brickworks, to integrate strategies that will 

produce the best practicable option (Construction Product Association, 2007 and 

Brick Development Association, 2009). It has been mentioned in some quarters 

that the association strategic framework for the brick sectors was a significant 

contribution to the industry (Construction Product Association, 2009a). 

However, the association’s aspiration since 2002 to significantly reduce the 

energy used and CO2 emission arising from the firing of clay brick at various 

brick kilns, by 10% in 2010 were not fully achieved (Department for 

Communities and Local Government, 2007). Very little progress has been made 

so far (Department for Communities and Local Government, 2007, Commission 

of the European Communities, 2009 and CERAM, 2009). 
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Climate is changing because of increased emissions of CO2 and other greenhouse 

gases, mainly from fossil fuels. These gases trap heat in the atmosphere, raising 

the earth's average temperature. In fact, atmospheric levels of CO2 have been on 

the increase and these levels are projected to increase even more rapidly as the 

global economy grows. Globally, CO2 accounts for more than 90% of emissions 

from the industrial sector (Price et al., 1999, Price et al., 2006 and ASME, 2009). 

The government has committed to reduce the UK’s CO2 emissions by 80 per cent 

on 1990 levels by 2050 (Greenpeace UK, 2009 Labour Party, 2008, Natural 

Environmental Research council, 2008, Carbon-innovation Network, 2008, 

Construction Product Association, 200 and Brick Development Association, 

2009a). This UK anticipated target on energy usage and CO2 emissions is a 

major contribution to the global deal on climate change (Labour Party, 2008). 

 

In addition, The UK has an ongoing need for both new housing and the 

renovation of existing housing stock to meet the demands of demographic 

change (Three Region Climate Change Group, 2008, Construction Product 

Association, 2009 and Brick Development Association, 2009a). As urbanization 

expands, demand for fired clay bricks is expected to gradually increase. But the 

reverse is the case.  The Egan report ‘Re-thinking Construction’ (Egan 1998) 

called for radical changes year-on-year whilst increasing profit and turnover. 

There is a fall in demand and decline in production of fired clay bricks. For 

example, the actual production of bricks in the UK decreased from 2601 million 

bricks in 2005 to 2359 million bricks in 2006 (British Geological Survey, 2006). 

This is a drop of 9.3% on the previous year. The decline in the production of clay 

bricks may be attributed to several factors, including the general lack of 

investment to replace the obsolete brick works with modern brick factories in the 

industry. In addition, the majority of brick works do not have the capacity to 

meet the new emission targets (CERAM, 2009). The pressure applied by low 

price and uncertainty remains a significant concern for an industry which 

struggles to replace old plants and to have a net turnover (CERAM, 2009). 
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2.1.2 Reducing energy usage and emissions arising from firing clay brick  
 

In order to make any significant improvement on the high energy input needed to 

produce fired clay bricks in the kiln and the environmental issues arisen there-off 

in the UK and worldwide, several research works are currently ongoing. Some 

secondary materials and waste types are used, as a partial substitute for primary 

clay in the manufacture of fired bricks (Boardman, 2004, Kjarstad and Johnsson, 

2007, Rajgor, 2007 and Carter, 2008). A few examples will now be discussed: 

 

Boron waste: Boron waste for example, when discarded to land, the boron 

compounds are dissolved by rain causing environmental problems. In order to 

alleviate these problems, Kavas (2006) worked on the potential of utilising a 

mixture of boron waste and clay for fired red mud brick production. The brick 

specimens were produced at a reduced firing temperature of 700-900°C 

compared to the typical temperature (around 1200°C) for fired clay brick 

manufacture. The parameters considered under this study were dry shrinkage, 

bending and compressive strength, firing shrinkage, water absorption, frost 

resistance and magnesia and lime tests. The mineralogical and mechanical test 

showed there is a potential for the use of mixture of boron waste and clay for 

fired red mud brick production (Kavas, 2006) in reducing energy consumption. 

 

Wastewater sludge: The prospect of using sludge waste for fired brick making, 

thereby converting these waste into useful material and at the same time, 

alleviate the disposal problems has also been ongoing. Weng et al (2003) 

reported on fired bricks manufactured from dried sludge collected from an 

industrial wastewater treatment plant. The outcome of the research showed that 

the fired bricks made from sludge waste weighed less on ignition. This was 

mainly attributed to the organic matter content in the sludge being burnt off 

during the firing process. Overall, the test results indicated that the sludge 

proportion and the firing temperature were the two key factors determining the 
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quality of the fired bricks made from sludge waste. Toxic characteristic leaching 

tests of the fired bricks made from sludge waste also showed that the level of 

leaching of metals is low (Weng et al., 2003). 

 

Silica fume: The potential of using silica fume (an inorganic waste material 

which is generated during the elemental silicon and ferro-silicon alloy 

production) for fired clay brick production at reduced firing temperature of 800-

1000°C was reported by Baspinar et al (2009). The parameters considered in the 

study were compressive strength and microstructure. The results showed that the 

addition of silica fume to clay significantly improved the strength and 

efflorescence behaviour of the fired brick specimens. The addition of silica fume 

to clay for fired clay brick production helped in reducing the energy 

consumption. 

 

Dewatered waste paper sludge: Dewatered waste paper sludge from a recycled 

paper manufacturer can be utilized in brick making. The recycled paper 

production process involves a number of filtration steps to retain the cellulose 

fibre as much as possible. The fraction that passes the final filter is regarded by 

the paper producers as waste and is hence stockpiled. This residue (dewatered 

waste paper sludge) contains about 40% organic and 60% inorganic components 

like calcite and other clayey materials (Sutcu and Akkurt, 2009). In the UK and 

worldwide, these residues from paper mills either deposited or burnt, disposal of 

this residue is an important environmental and economical problem for the paper 

industry. A preliminary investigation on the use of recycled paper processing 

residues (dewatered waste paper sludge) in making fired brick with reduced 

thermal conductivity was conducted by Sutcu and Akkurt (2009). Mixtures 

containing brick raw materials and the paper waste were prepared at different 

proportions (up to 30 wt%). The granulated powder mixtures were compressed 

in a hydraulic press, and dried before firing at 1100 °C. The mechanical, 

shrinkage, water absorption, thermal conductivity and the microstructural 

properties of fired brick specimens incorporating paper waste-clay mixture were 
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investigated. The findings showed that the use of paper wastes decreased the 

fired density of the bricks down to 1.28 g/cm3. Thermal conductivity of the fired 

brick sample incorporating paper waste- clay mixture was <0.4 W/m K, while 

the thermal conductivity of conventional fired brick with the same composition 

was 0.8 W/m K (Sutcu and Akkurt, 2009). The results showed that in addition to 

the reduction in firing temperature, more than 50% reduction in thermal 

conductivity value was also achieved. 

 

Demir et al., (2005) also worked on the potential of using dewatered waste paper 

sludge-clay mixture for the manufacture of fired bricks. The specimens were 

fired at a reduced temperature 900 °C. The effect of shaping, plasticity, density 

and mechanical properties were studied.  The findings showed that between 2.5 

to 5% dewatered waste paper sludge additions were found to be effective for the 

pore forming in clay body, with acceptable mechanical properties. The fibrous 

nature of paper waste did not create any extrusion problem. 

 

Diatomaceous earth: Diatomaceous earth comprises of diatom, kaolinite, 

montmorillonite and illite, and has a porous cellular structure. Diatomaceous soil 

possesses pozzolanic property and can be used for making fired lightweight 

bricks. Work on the use of diatomaceous soil-hydraulic lime-gypsum 

combination for fired autoclaved lightweight bricks production was conducted 

by Pimraksa and Chindaprasirt (2009).  The findings from the research showed 

that the bricks made with diatomaceous soil with 15% lime and 5% gypsum 

shows reasonably high strength of 14.5 MPa and low density of 0.88 g/cm3 (un-

calcined temperature). Higher strength (17.5 MPa) and lower densities 

(0.73 g/cm3) were obtained with the use of diatomaceous soil calcined at a 

reduced temperature of 500 °C. The incorporation of lime and gypsum results in 

formations of calcium silicate hydrate and gismondine which enhance strength 

development. Calcination of diatomaceous soil results in dehydroxylation of the 

clay minerals and contributes to additional pozzolanic reaction and better 

mechanical and thermal properties of the fired lightweight brick. 
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Steam-curing: Previous research on steam-cured clay brick for masonry 

construction, explored the curing process of clay brick achieved a 35% reduction 

in energy consumption, of the clay firing process (Venkatarama Reddy and 

Lokras, 1998).  

 

Waste glass: Trials on the use of finely ground recycled glass as a partial 

replacement for clay used in fired brick manufacture were also carried out. The 

glass acts as a flux reducing firing temperatures and, as a result, providing 

energy savings and reduced emissions (Department for Communities and Local 

Government, 2007).  

 

Colliery waste: Although extensively used in the past, the use of colliery waste 

in brick manufacture is now very limited. However, in Scotland colliery waste-

burnt oil shale wastes are used for fired clay brick production (Department for 

Communities and Local Government, 2007). Most colliery wastes are extremely 

variable, with carbon contents ranging from less than 5% to over 30% 

(Department for Communities and Local Government, 2007). This causes 

particular problems in mechanised brick manufacture, where consistency of the 

raw material is vital in maintaining product quality. These materials tend to show 

particularly high levels of emissions on firing (Department for Communities and 

Local Government, 2007). 

 

Furnace ash: Pulverised Fuel Ash (PFA) is a by-product of coal incineration in 

thermal power stations. The physical characterisation of the material shows that 

PFA is a glassy and silt-grade material. This material is finding increasing usage 

in the manufacture of both pressed and soft-mud bricks where it typically 

replaces between 10 and 20% of the clay (Department for Communities and 

Local Government, 2007). 
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Municipal incinerator bottom ash: Municipal incinerator bottom ash is a solid 

residue containing a complex mixture of inorganic compounds, mainly silicates 

and calcium oxide (CaO), Al2O3 and Fe2O3, heavy metals, and a few percents of 

organic matter that escaped the incineration process.  Due to the chemical 

composition of Municipal incinerator bottom ash, it is strongly alkaline with pH 

value of about 12. Municipal incinerator bottom ash might also be used in a 

similar way by the brick industry (Department for Communities and Local 

Government, 2007). 

 

Notwithstanding substantial efforts to reduce energy usage and emissions arising 

from firing clay brick in kilns, by the use of recycled heat for drying bricks, the 

use of some secondary materials/waste (boron waste, wastewater sludge, silica 

fume, dewatered waste paper sludge, diatomaceous earth, waste glass, colliery 

waste, furnace ash and municipal incinerator bottom ash) as partial substitutes 

for primary clay in the manufacture of fired bricks, conventional fired clay bricks 

still continue to be the main walling material in mainstream construction, 

especially for meeting the huge demand for housing. In order to provide an 

intellectual context of the research, a review of unfired clay brick was also 

carried out. 
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2.2 Unfired Clay Brick 
 
 
Unfired clay bricks were first used in the third millennium BC in Mesopotamia 

(Morton, 2006). Most inhabitants lived in houses made of unfired earth or 

unfired clay bricks. The earth or unfired clay bricks were primarily used for wall 

and floor construction. The walls were thick solid when compared to modern 

masonry walls, which are generally two thin leaves with an insulated cavity 

between. Traditional earth construction techniques, including cob, mud-block, 

wattle and daub, and rammed earth, has a long and largely successful history 

(Pearson, 1992). Rammed earth walls (constructed by compacting the processed 

soil in progressive layers in a rigid formwork) are used for both load bearing and 

non-load bearing structures. The unstabilised rammed earth made with soil, sand 

and gravel, while the addition of stabilisers like cement or lime makes it a 

stabilised rammed earth. Unstabilised rammed earth walls are prone for loss of 

strength on saturation and erosion due to rain impact and are generally thicker. 

Unstabilised rammed earth techniques have been used for wall construction 

(Walker et al., 2005). Depending on locations and techniques of manufacture, 

unfired earth  construction have different names, like “thobe” in North Africa 

and “adobe” in Central America (Smith, 1982). Sun-baked clay bricks are one of 

the earliest forms of unfired clay bricks and the basic building material used by 

man those days and indeed is still used today. This is because of their simplicity 

and low cost, good thermal and acoustic properties, and at the end of a building's 

life the clay material can easily be reused by wetting the clay material with water 

or returned it to the ground without any interference with the environment 

(Morton, 2006). 

 

Unfired clay masonry construction was never a large part of traditional UK earth 

construction, apart from East Anglia, where clay lump techniques were dominant 

and a distinctive building material used for farm buildings and cottages during 

the 18th and 19th centuries (Cottenham Village Design Group, 1994). Over the 
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last ten years there has been a revival of interest in unfired clay building 

construction in the UK.  

 

Most of the major manufacturers of unfired clay bricks at the commercial scale 

in the UK are also producer of fired clay brick (for example Ibstock Limited and 

Errol Brick Company). Ibstock Limited, a brick manufacturing company based 

in Leicestershire (branches in Bristol Wolverhampton, Brighton, London, St 

Helens, Glasgow, Belfast, and Dublin among others) are the producers of 

Ecoterre earth brick, made from clay unsuitable for fired brick making. In order 

to achieve the strength required for internal masonry wall application, the 

Ecoterre earth bricks are dried using recovered heat from brick kilns (Ibstock 

Brick Limited, 2009). Errol Brick Company, a brick manufacturing company 

based in Perth, Scotland, are the producers of Ecobrick (Lawrence, 2008), which 

is slightly larger than a standard brick size and is composed of sand, organic 

sawdust and clay. Lime Technology Limited, a company based in Oxfordshire, is 

the producer of Sumatec bricks. The unfired Sumatec bricks are made from 

compressed clay and chalk (Lime Technology limited, 2009).  

 

2.2.1 Existing research studies on unfired clay bricks 
 
 
In the UK and worldwide, there is a sizeable body of research (Walker, 2004 and 

Jayasinghe and Kamaladasa, 2007 among others) completed on the possibility of 

utilising unfired clay bricks for masonry building wall construction. Some 

secondary materials and waste types are also used as partial substitutes for 

primary clay and as stabilising agents for the manufacture of unfired clay bricks. 

This has arisen to overcome the high energy input needed to produce fired clay 

bricks and at the same time correct the deficiencies associated with sun-baked 

bricks. This research has highlighted potential benefits, including economic 

growth, more efficient use of resources and improved energy-efficient 

construction practices and reduction in the use of fossil fuels for firing 

conventional clay bricks. 
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The Brick Development Association in collaboration with three of its major 

brick industries (Ibstock Brick Limited, Hanson Limited and Errol Brick 

Company), formed an alliance in 2006 to develop unfired clay bricks. The 

research was funded by the Department of Trade & Industry, with the research 

project centre at University of Bath (Brick Development Association, 2009c). 

The findings to date have demonstrated that unfired clay units can be used in the 

construction of domestic load-bearing walls as well as partitions.   

 

Increased agricultural production and the development of agro-based industries 

in many countries of the world have brought about the production of large 

quantities of agricultural wastes, most of which are not adequately managed and 

utilised. For example, tea is one of the most important industrial plants 

worldwide. Work on the potential for utilising processed tea waste in the 

production of unfired clay brick has been ongoing (Demir, 2006). The 

parameters investigated in the study were durability and mechanical properties of 

the unfired clay bricks incorporating tea waste. Test specimens were produced by 

the extrusion method. The results obtained showed that the durability and 

mechanical properties of the unfired brick specimens incorporating tea waste 

were significantly improved with the addition of up to 5% processed tea waste 

(Demir, 2006). 

 

Unfired bricks characteristics are sometimes improved by adding stabilizers such 

as cement, but all of them stress the environmental benefits associated with this 

type of building construction materials (Walker, 1995, Heath et al., 2009, Morel 

et al., 2007 and Walker et al., 2008). Work on the physical characteristics of 

unfired clay bricks was reported by Walker and Stace (1997). A series of test 

blocks were fabricated using a range of composite soils, stabilised with 5% and 

10% cement, and compacted with a manual press. The parameters considered in 

the study were saturated compressive strength, drying shrinkage, wetting/drying 

durability, and water absorption of the unfired clay bricks. The findings showed 
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that for a given compactive effort, the strength, drying shrinkage, and durability 

characteristics of the unfired clay bricks improved with increasing cement and 

reducing clay content. Previous research studies (Heathcote, 1991, Walker, 2004 

and Jayasinghe and Kamaladasa, 2007 among others) reported on Compressive 

strength and erosion characteristics of unfired clay bricks. Venkatarama Reddy et 

al (2007) reported on enhancing bond strength and characteristics unfired clay 

bricks made from PC-clay mixture. Temimi et al (1995) studied the possibility of 

producing low-cost unfired clay building bricks utilising PFA/lime-clay mixture.   

 

In the UK, some new buildings are specifically designed to address the 

challenges of climate change and to meet the demand of a low carbon future 

(minimising the carbon emissions associated with new buildings while still 

meeting society's needs). This has become necessary because, people are 

increasingly aware of the impact of carbon emissions on climate change. In the 

short-term, a concerted effort is needed to realise quick wins through innovative 

research on energy efficient construction materials such as unfired clay bricks.  

 

In current UK mainstream construction for example, unfired clay bricks are now 

used for a large variety of low carbon buildings. This may be due to its potential 

as a commercial construction material. The energy content of clay based 

material, as a low-energy material, mainly consists of the energy spent in some 

primary crushing and transport. Hence, as clay soil can be produced locally, 

these costs can be almost negligible. The fact that a single element can fulfil 

several functions including structural integrity, thermal transmittance and 

durability in service makes the material an excellent walling material when 

compared to the fired earth bricks used in mainstream construction of today. 

However, the use of unfired clay bricks requires performance levels to be 

specified. Some applications for unfired clay bricks are traditional and the related 

specifications are laid down in standards or traditional rules for good practice. 

Other applications might be new and non-traditional, and formulations of the 

performance levels are expected to comply with relevant standards and 
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regulations. In order to understand the science behind the efficiencies of unfired 

clay bricks, a thorough understanding of their performance and durability is 

essential.   

 

2.2.2 Performance and durability unfired clay bricks 
 
The current emerging trend in clay-based building materials development is an 

emphasis on material handle-ability, coupled with a close matching of achievable 

strength with application/demand. The typically reported compressive strengths 

for unfired clay based bricks/blocks are within 1-8 N/mm2. The UK building 

regulations require minimum brick strengths of 5–8 N/mm2 (Department for 

Communities and Local Government, 2008) for most clay masonry walling 

applications, but this requirement is for fired clay bricks not for unfired clay 

bricks. In unfired brick making, strength is not much of a critical issue for 

performance evaluation. The use of fired clay bricks for example, entail higher 

strength, but very energy-intensive during the firing processes which result in 

large quantities of carbon dioxide and other emissions. While it is important to 

acknowledge the contribution of fired clay brick in improving the overall 

properties of clay-based structures, it is equally important to consider that the 

high strength comes at a cost, coupled with the environmental effects caused by 

firing clay in the kiln.  For the unfired clay bricks, the cost of firing is completely 

eliminated, with little environmental burden. The compressive strength of a clay-

based material is its ability to sustain its load without failure or local crushing at 

points of high stress. Compressive strength parameters are critical as a measure 

of durability for load-bearing structures. Since unfired clay-based systems are 

not designed for high load bearing, higher strength is not required as long as the 

unfired clay-based material is able to resist the shrinkage, cracking, 

freezing/thawing and erosion due to directly or indirectly effect of water. In 

addition, if performances such as fire resistance and sound insulation are 

required, additional specifications are usually imposed, such as sufficient 

durability to resist local exposure conditions in order to maintain the structural 

and operational integrity of the building.  
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Durability as applied to unfired clay bricks is the ability to resist the effects of 

varying degrees of exposure (freeze/thaw resistance). It is generally accepted that 

the applicability of any unfired clay brick depends on whether it is able to 

withstand passive, moderate and severe exposure. For unfired clay bricks 

designed for external application (facing brick), water absorption is usually 

determined. Other common requirements for unfired clay bricks are defined in 

terms of density, dimensions, thermal properties, active soluble salt content and 

vapour permeability. 

 

Low thermal conductivity value for a clay based material is of importance for 

energy efficient masonry design, provided that minimum strength and durability 

parameters are also met. The low thermal conductivity of other unfired clay 

bricks systems reported by numerous researchers (Bondi and Stefanizzi, 2001, 

Del Coz Díaz et al., 2007, Al Nahhas et al., 2007, Del Coz Díaz et al., 2008, Sala 

et al., 2008, Demirdag and Gunduz, 2008 and Utama and Gheewala, 2009) are 

therefore of great interest to this current study and were exploited to satisfy or 

assess design requirements for the unfired bricks under this current research 

work. 

 

The possibility of replacing fired clay bricks with unfired clay bricks in the 

building industry has recently renewed research interest in the UK and 

worldwide. The potential of using soil stabilisation principles in building 

applications reported (Walker, 2004, Demir, 2006, Jayasinghe and Kamaladasa, 

2007, Heath et al., 2009, Morel et al., 2007 and Walker et al., 2008 and Utama 

and Gheewala, 2009) high.  In order to achieve the anticipated benefits of this 

current work, a thorough understanding of soil stabilisation and the suitability of 

various wastes, recycled materials as target stabilisation materials or as a 

stabilisers them self is also essential. 
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2.3 Soil Stabilisation 
 

Soil is the biologically active, porous medium that has developed in the 

uppermost layer of the earth's crust.  To a civil engineer, soil is a natural 

aggregate material or grain that can be separated by such gentle mechanical 

means as agitation in water (Terzaghi et al., 1996). Soil has grain and aggregate 

properties. The principle soil grain properties are the size and shape of the grains 

and in some cases the mineralogical character (clay soil). The most significant 

aggregate properties of soil are related to its density (non-cohesive soil) and 

consistency (cohesive soil).  Cohesive soil is a sticky soil such as clay or clayey 

silt whose strength depends on the surface tension of capillary water. A non-

cohesive soil is a soil such as gravel or sand in which the particles do not stick 

together, as opposed to a sticky clay or claylike silt.  Soil serves as a natural 

reservoir of water and nutrients, as a medium for the filtration and breakdown of 

injurious wastes, and as a participant in the cycling of carbon and other elements 

through the global ecosystem. It has evolved through the weathering of solid 

materials such as consolidated rocks, sediments, glacial tills, volcanic ash, and 

organic matter. These are unconsolidated mineral or organic material on the 

immediate surface of the earth that serves as a natural medium for the growth of 

land plants (United State Department of Agriculture, 2009). 

 

In construction, soils can be stabilized through chemical and mechanical 

processes {vibration and compaction} (Huat et al., 2004). Chemical stabilisation 

is a process whereby unsuitable material in the soil can be treated by the addition 

of binder (stabilising agent) to produce a valuable resource. This includes the use 

of chemicals and emulsions as compaction aids to soils, as water repellents, and 

as a means of modifying the behaviour of clay. It also includes deep mixing and 

grouting. Chemical stabilisation can aid in dust control on roads and highways, 

particularly unpaved roads, in water erosion control, and in fixation and leaching 

control of waste and recycled materials. Lime stabilisation is one of the common 

forms of chemical stabilisation. It involves the formation of strong bonds 
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between the clay minerals and other soil particles and is therefore ineffective in 

granular soils. Three processes appear to be operative: (1) rapid replacement of 

exchangeable cations by calcium with increased interparticle bonding and a more 

flocculated fabric; (2) slower attack on the edges of the clay minerals by alkaline 

solutions in which the solubility of silicon is increased, with the possible 

formation of new silicates similar to those in cement; and (3) crystallization of 

calcite to form additional interparticle bridges (Osula, 1996 and Prusinski, 

Bhattacharja, 1999 and Sakr et al., 2009). Chemical stabilisation can also be 

achieved by relatively expensive organic agents which are either water-repellent, 

oily, or bituminous compounds or cementing resins. In mechanical stabilisation, 

fibrous and other non-biodegradable reinforcement of geo-materials can be used 

to improve strength. The first method of mechanical stabilisation is called 

mechanical compaction. It concentrates on soil densification using compaction 

effort such as pad-foot roller.  This is a form of dynamic compaction and it 

involves the rolling or tamping of the soil. In the construction of road bases, 

runways, earth dams, and embankments, the soil is usually placed in layers of 

specified thickness. Each layer is then subjected to a specified amount of 

compactive effort. The other method of mechanical stabilisation is mechanical 

vibration. It is a process in which a vibratory poker is placed into a granular 

material causing compaction. Under good conditions in granular materials a 

cylinder zone as much as 3 m in diameter can be compacted in a single 

penetration (Huat et al., 2004). Vibratory techniques are not used in 

biodegradable, heavily obstructed, chemically unstable, or potentially 

combustible materials, since penetration may create paths through which 

leachates and landfill gases may leak. 

 

The purpose of stabilising any natural soil is to reduce problems associated with 

muddy runoff or dust from bare soil surfaces, to protect the soil surface and 

prepare it for a permanent use. Stabilising soil with binder is an extremely cost 

effective method of converting areas of weak soil into a useable and 

environmentally sound construction material. In principle, most soils on 



Chapter 2 – Literature review 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   28 
 

construction sites can be improved for bulk fill applications and to build roads 

pavements, embankments, reinforced earth structures, railways, and foundations 

for housings and industrial units among other uses. Stabilising available soil on 

site, is a cost effective and quick construction practice coupled with the 

associated environmental benefits (less environmental impact than importing soil 

from elsewhere). 

 

Soil stabilisation principles are also used in housing development projects, 

enabling access roads to be created, providing the main contractor with a strong 

and highly durable product, ensuring that the site remains open. The most widely 

used soil for most stabilisation operations is clay soil. Mitchell and Soga (2005) 

defined clay soil as a natural earthy, fine-grained material which develops 

plasticity when mixed with a limited amount of water. Clay is a fine-grained 

inorganic soil which forms hard lumps when dry and becomes sticky when wet 

(Pye, 2007). It comprises flat particles that tend to pack together tightly, hardens 

when dry, and drains poorly without organic amendments (Mitchell and Soga, 

2005).  

 

The chemical makeup of a particular clay soil for stabilisation operations is 

defined in terms of acidity and alkalinity which is measured in terms of pH 

(Sunil et al., 2009). A clay soil with pH of 7 means, the soil is neutral (Visconti 

et al., 2009). A pH below seven indicates acidity and a pH above seven indicates 

alkalinity (Hammecker et al., 2009). Regions with light rainfall tend to have 

alkaline soils. In calcareous soils H2O and H2CO3 are the main reactants at the 

initial stage of soil formation. The net result of the reaction is the release of 

cations (Ca2+, Mg2+, K+, Na+) from the clay soil and the production of alkalinity 

via HCO3
− (Visconti et al., 2009, Hammecker et al., 2009 and Sunil et al., 2009). 

The atmosphere provides a reservoir for CO2 and for oxidants required in the 

weathering process. 
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Stabilised clay soils crack on drying because of their high swelling/expansion 

potential and their hydraulic conductivities increase (Reeves et al., 2006). To 

solve this problem, it is essential to stabilise the clay soils using additive 

materials (Reddi and Inyang, 2000, Murthy, 2002, Reeves et al., 2006, Hossain, 

2005, Hizal and Apak, 2006 and Consoli et al., 2009). The treatment of clay soils 

with lime and other additives in order to improve its engineering properties has 

been effective for building road pavement (Reddi and Inyang, 2000). Stabilizing 

natural clay soil, will naturally help to increase the resistance against destructive 

forces of the weather by increasing strength and cohesion, reducing moisture 

movement in the soil and imparting water proofing characteristics (Grim, 1968, 

Winterkorn and Fang, 1975, Little, 1995, Minke, 2000, Kjell and Bengt, 2000, 

Kukko, 2000, and Hossain et al., 2007).  Stabilisation of soils with low-bearing 

capacity is an economical way to strengthen the earth for building purposes 

(Kukko, 2000).   

 

Several methods are available for stabilising clay soils in order to increase the 

strength properties and reduce the swelling/expansion behaviour. These include 

the use of chemical additives, rewetting, soil replacement, compaction control, 

moisture control, surcharge loading, and thermal methods (Nelson and Miller, 

1992, Chen, 1988, Steinberg, 1998, Yong and Ouhadi, 2007 and Moavenian and 

Yasrobi, 2008). More recently in the UK and worldwide, several research works 

have been completed and some are currently ongoing. Some secondary materials 

and waste types are used as partial substitutes for primary clay and as partial 

substitutes for conventional stabilisers. The suitability of these various wastes, 

secondary materials, nonconventional and conventional stabilisers (such as silica 

fume, rice husk, volcanic ash, bitumen, PFA, kiln dust,  natural fibre, Grand 

Granulated Blast-furnace Slag (GGBS), Portland Cement (PC), lime among 

others) as stabilisation materials are reviewed further for a better understanding 

of the underlying principles. The use of wastes and secondary materials as a 

target material for soil stabilisation has both cost and environmental benefits, 

these includes the avoidance of Landfill Tax and other waste disposal costs,  
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recovering the energy value in the waste generated, and a sustainable way of 

material utilisation. 

 

2.3.1 Silica fume (SF) 
 
Silica-fume is a by-product of the smelting process for silicon metal and 

ferrosilicon alloy production. It has an amorphous structure and a high SiO2 

content, coupled with a large surface area of around 20 m2 g-1 (Taylor, 1997). 

High quality silica fume contains spherical particles of glass, around 100 nm in 

diameter (Taylor, 1997). It was suggested by Taylor (1997) that up to 5% of 

silica fume can be added to PC for soil stabilisation. However, based on research 

work carried out using paste, mortar and concrete, PC mixtures containing PC-

SF blends may be limited by high demand for water (Taylor, 1997), although this 

property can be modified by the use of superplasticisers (Chen et al., 2009). The 

benefits from the addition of silica fume to PC include acceleration of clinker 

phase reactions; filling of fine spaces between clinker grains (resulting in a 

denser paste), increased strength, and reduced permeability (Chung, 2002). 

Substitution of silica-fume with PC has been shown to eliminate Ca(OH)2 in the 

silica-fume-PC- soil systems (Chung, 2002, Kalkan, 2009a and Kalkan 2009b), 

which indicates high pozzolanic reactivity of the compound. The addition of 

silica fume produces solid products that set rapidly and resulted in stronger 

homogenous products than with PC-only. Silica fume is mostly used as an 

additive. The suitability of silica fume as a stabilisation material to reduce the 

development of desiccation cracks in compacted clay soil was studied by   

Kalkan (2009a).  The clay soil–silica fume mixtures were compacted at the 

optimum moisture content and subjected to laboratory tests. The results showed 

that silica fume decreased the development of desiccation cracks on the surface 

of compacted specimens. The study concluded that silica fume material can be 

successfully used to reduce the development of desiccation cracks in stabilised 

clay soil.  
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Another work by the same author Kalkan (2009b) was on   freezing and thawing 

of stabilised soil incorporating silica fume. Natural fine-grained soil-silica fume 

mixtures were compacted at their optimum moisture contents and subjected to 

laboratory tests. The results showed that the stabilized fine-grained soil 

specimens containing silica fume exhibited high resistance to freezing and 

thawing effects, compared to the natural fine-grained soil specimens. The silica 

fume decreased the effects of freezing and thawing cycles on the unconfined 

compressive strength and permeability. The research concluded that silica fume 

can be successfully used to reduce the effects of freezing and thawing cycles on 

the strength and permeability of the stabilised soil.  

 

2.3.2 Rice husk ash 
 
Several methods of soil improvement using conventional cementitious materials 

have been developed and used successfully in practice. The use of agricultural 

waste and by-products such as rice husk ash for soil stabilisation in civil 

engineering construction has recently gained considerable attention, in view of 

the environmental benefits. Rice husks are the outer husks of rice grains 

discarded in the preparation of rice for food consumption. The husks have been 

found to contain pozzolanic materials and as such, rice husks make good fillers 

and pozzolans for addition to cement (Ajiwe et al., 2000, Muntohar, 2002, Basha 

et al., 2005 and Yin et al., 2006).  

 

Work on the stabilisation of clay soils by mixing rice husk ash with cement and 

lime, to improve the engineering properties of the soil was conducted by Ali et al 

(1992). Based on the compressive strength values obtained from the test sample, 

the research work concluded that rice husk ash material can potentially be used 

as partial replacement of PC for stabilising soil. The presence of lime in the ash 

made the stabilised system to function more effectively. Another researcher 

Muntohar (2009) also undertook an investigation on the effect of the rice husk 

ash content on the compressive and tensile strength of stabilised soil-lime- rice 

husk ash test specimens. The results of the research showed that the presence of 
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rice husk ash increased significantly both the compressive and tensile strength 

values of the stabilised clay soil.  

 

2.3.3 Volcanic ash 
 
Volcanic ash is found abundantly in volcanic areas in many parts of the world 

(Hossain and Lachemi, 2005). The use of volcanic ash in soil stabilisation has a 

low-cost factor and it is one of the environmentally friendly means of disposing 

volcanic ash from volcanic disaster area. A study on the use of various 

percentages of volcanic ash-lime-PC combinations to stabilise clay soil was 

conducted by Hossain and Lachemi (2005) and Hossain et al., (2007). The 

influence of clay-volcanic ash-lime-PC combinations was evaluated through 

standard Proctor compaction test, compressive strength and modulus of elasticity 

measurements. The durability assessment of the clay-volcanic ash-lime-PC 

mixtures was conducted by means of water sorptivity and drying shrinkage test. 

The findings showed that stabilised clay-volcanic ash-lime-PC combinations can 

be used for the construction of road pavements and other engineering 

applications. 

 

2.3.4 Bitumen 
 
One of the most common state of the art stabiliser material used in soil 

stabilisation is bitumen. Since about 3000 BC, bitumen mixtures have been used 

worldwide for soil stabilisation (Raad, 2002 and Refined Bitumen Association, 

2009). Bitumen is a virtually involatile, adhesive and waterproofing material 

obtained by refinery processes from crude petroleum, or present in natural 

asphalt deposits in some parts of the world. It is black or brown in colour and 

completely or nearly completely soluble in toluene. It is very viscous or near 

solid at ambient temperatures and softens gradually when heated (Refined 

Bitumen Association, 2009).  
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Bitumen is produced from selected crude oils through a process of fractional 

distillation. The crude oil is heated to temperatures of between 300- 350°C and 

fed into a distillation column allowing the lightest fractions of the crude to 

separate, through vaporization, from the heavier fractions, which remain liquid 

(Raad, 2002 and Refined Bitumen Association, 2009). The higher boiling point 

fractions are then drawn-off via a heat exchanger and enter a vacuum distillation 

column. This process produces a "short residue" that is used to manufacture 

several grades of bitumen. The pressure and temperature conditions within the 

vacuum process will determine the hardness of the short residue, and as such the 

grade of bitumen produced (Raad, 2002 and Refined Bitumen Association, 

2009).  

 

About 85-90% per cent of the UK's bitumen supply is used in the construction 

and maintenance of roads (Refined Bitumen Association, 2009). Bitumen and 

certain resins as stabilisers act as water proofing agents by providing a physical 

barrier to the passage of water (Raad, 2002 and Refined Bitumen Association, 

2009). While bitumen can be found in nature, most bitumen’s are derived from 

petroleum. Asphalt, a common bitumen mixture generally used for paving, is 

composed primarily of hydrogen and carbon compounds and smaller quantities 

of nitrogen, sulphur, and oxygen (Raad, 2002 and Refined Bitumen Association, 

2009). Consequently, damage to the environment and energy expenditure 

involved in manufacturing asphalt is enormous.  

 

2.3.5 Pulverised Fuel Ash (PFA) 
 
Pulverised Fuel Ash (PFA) is produced in power generation plants as a by-

product from the burning of coal. Large quantities of PFA are being produced by 

coal fired thermal power plants all over the world. It is usually treated as a 

municipal waste. Because of some inherent properties, the dumping of PFA at 

various coal mines may be regarded as a potential hazard that may cause 

environmental pollution (Provis et al., 2009 and Prakash and Sridharan, 2009). 

Due to the growing interest in sustainability worldwide, the need to formulate a 
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practical engineering application for waste streams like PFA or dispose such 

materials that are considered as hazardous in a safe and controlled manner is on 

the increase. 

 

PFA is primarily composed of spherical non-crystalline silicate, aluminum, and 

iron oxides compounded with some microcrystalline material and unburned 

carbon. The composition of PFA varies considerably depending on the nature of 

the coal burned and power plant operational characteristics (Provis et al., 2009 

and Prakash and Sridharan, 2009). PFA has been shown to have advantageous 

properties such as low specific gravity, lower compressibility, higher rate of 

consolidation, high strength, high California Bearing Ratio (CBR), high volume 

stability, water insensitivity to compaction, and pozzolanic reactivity (Provis et 

al., 2009 and Prakash and  Sridharan, 2009). 

 

In general, a mixture of PFA and PC has the ability to decrease the water 

demand of the binder, the pozzolanic nature of the product and its ability to 

influence redox environment, this is one of the ultimate importances of PFA 

when used as a binder additive (Prakash and Sridharan, 2009 and Provis et al., 

2009). The pozzolanic reaction involving PFA is slower than the hydration 

reactions of PC and the 28-day strength of PFA-PC mixture may be lower in 

comparison to PC alone (Taylor, 1997).  

 

The potential for using PFA for soil stabilisation was reported by Turner, (1997) 

who conducted a research on PFA-clay soil mixtures. The studies indicate that 

increasing PFA content had a considerable effect on the strength properties of 

the soil, and the strength strongly depended on the water-binder ratio. A study on 

the stabilisation of an expansive soil with PFA was conducted by 

Mollamahmutoglu (2009). Swell tests were carried out.  The strength variation, 

swelling behaviour of the mixture with curing period, the effects of the 

properties of the PFA and the mineralogical content of the clay on the expansion 

behaviour were examined. The test results showed that stabilising expansive soil 
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with up to 35% PFA gave a satisfactory outcome. Furthermore, the strength of 

the test specimens increased with curing time and swell percentage decreased 

substantially with increase in PFA dosage. 

 

2.3.6 Kiln dust 
 
Kiln dusts are finely divided, dry particulate materials that arise as a 

consequence of PC production. They are mixtures of airborne particles of PC 

raw materials, partly processed PC components, and volatile components. In 

most PC plants, disposal of PC kiln dusts is a substantial economic and 

environmental problem. Most PC kiln dusts tend to generate relatively high pH 

levels when mixed with water. The presence of free-lime (CaO), the high alkali 

content and the high fineness of PC kiln dust also make them potentially 

valuable materials for stabilizing soils (Bhatty, 1995).  

 

Stabilising soil with PC kiln dust can potentially improve a number of its 

properties such as compressive strength. The potential for using PC kiln dust for 

soil stabilisation was also investigated by Peethamparan et al (2008). The results 

of the study suggest that both the compressive strength and the temperature of 

hydration of the PC kiln dust-lime-soil mixture were within the acceptable limits 

for most stabilised soil-based applications. Thus, the results gave an early 

indication of the suitability of PC kiln dust for soil stabilisation. 

 

2.3.7 Natural fibre 
 
Fibre stabilisation is a well established technique for soil stabilisation and soil 

reinforcement. The common natural fibres available for various engineering 

applications include straw, hemp, sisal and timber (Sun et al., 2009). This 

stabilisation method is often used to obtain improved geotechnical materials, 

either through the addition of cementitious agents or through the inclusion of 

oriented or randomly distributed discrete elements. There has been considerable 

recent interest in the use of natural fibres for soil reinforcement. Natural fibres 
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are used to improve the thermal performance and bending and tensile strength of 

soil. Typically, the ideal soil for fibre stabilisation should have a typical 

plasticity index between 15% and 35% with the liquid limit from 30% to 50% 

(Minke, 2000). One disadvantage of fibre stabilisation is that the compressive 

strength of the stabilised soils decreases as the straw content increases (Minke, 

2000). The study conducted by Consoli et al., (2009) on fibre-sandy soil-PC 

mixture. The results of the work indicated that the addition of cement to sand 

increases stiffness, peak strength and brittleness. Consoli et al., (2009) also stated 

in their study that insertions of PC and fibre dramatically affected the peak 

strength behaviour of the sandy soil. The presence of fibre in the stabilised 

system resulted to an increase in the peak strength of the stabilised system at 5% 

PC content, decreased the stiffness and changed the cemented sandy soil brittle 

behaviour to a more ductile one. In addition, the cohesion intercept of the system 

was drastically affected due to fibre addition (Consoli et al., 2009) 

 

2.3.8 Grand Granulated Blast-furnace Slag (GGBS) 
 

GGBS is a by-product from the manufacture of iron, which is tapped from the 

blast-furnace as a molten liquid and it is a well established supplementary binder 

in many cement applications where it provides enhanced durability. GGBS 

provides additional alumina, calcia, silica and magnesia to the system, depending 

on the type and amount of (Bijen, 1996, Smolczyk, 1980, Taylor, 1997, Tasong 

et al., 1999, Rha et al., 2006, Pal et al., 2003 and Oner and Akyuz, 2007). If 

allowed to cool slowly, it forms a crystalline material with virtually no 

cementitious properties but if rapidly quenched in water (granulated), it remains 

in a glassy, non-crystalline state and is a latent hydraulic binder (Taylor, 1997). 

Both PC and lime are sufficiently alkaline to activate the cementitious properties 

of GGBS. Several other materials, including sulfates, chlorides and alkali-

silicates, are also activators. Alkali-stabilised-slag may have enhanced durability 

performance in comparison with conventional cements according to Talling and 

Brandstetr (1993 and 1989). In the stabilisation of soils for road-bases and 
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foundations, it is well-established that when PC or lime is used as a binder, the 

presence of sulfates in the soil can cause expansion and disruption.  

 

The presence of sulfates may also be disruptive because soil stabilisation 

with PC or lime produces an elevated pH at which sulfides are unstable and 

oxidise to sulphate (Higgins et al., 1998 and Wild et al., 1998). Stabilisation 

of sulfates bearing soil using lime and GGBS has been shown to be 

beneficial in both laboratory (Higgins et al., 1998 and Wild et al., 1998) and 

field studies (Talling and Brandster, 1989, Higgins et al., 1998, Wild et al., 

1998 and Tasong et al., 1999) have reported decreases in both hydroxide and 

chloride contents in the pore water when GGBS is used in combination with 

PC. The use of GGBS to stabilise kaolinite and Kimmeridge clay was also 

reported by Wild et al (1998).  The results of the research showed that the 

partial substitution of lime with GGBS gave improved 7 day and 28 day 

strengths for both kaolinite and Kimmeridge clay. The maximum level of 

lime substitution was different for the two clay types. 

 

GGBS is commonly used in combination with lime for various engineering 

applications, resulting in numerous advantages (Smolczyk, 1980, Wild et al., 

1996, Wild et al., 1998 and Sivapullaiah and Lakshmikantha, 2005) 

including improved durability, workability and economic benefits. The 

drawback in the use of GGBS for most engineering works is that the 

strength development of GGBS alone is considerably slower under standard 

20 °C curing conditions than that of conventional stabilisers, although the 

ultimate strength may be higher for the same water–binder ratio (Escalante-

Garcia and Sharp, 2001, Sharp et al., 2003 and Escalante-Garcia and Sharp, 

2004).  

 

The silica content of GGBS is considered to be the most significant variable in 

its use and certainly the most critical to hydraulicity. The rate of quenching, 

which influences glass content, is thus the predominant factor affecting the 
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strength of GGBS when used as a binder. Previous work (Dhir et al., 1996) has 

shown a linear relationship between glass content and strength in GGBS based 

systems, but there is no well-defined or single relationship between strength and 

glass content of GGBS. In the presence of alkaline activators, the more basic the 

GGBS blend, the greater the hydraulic activity (Hewlett, 2003). At constant base 

content, strength increases with alumina (Al2O3) content. A deficiency in 

calcium oxide (CaO) can be compensated for by a larger amount of magnesia 

(MgO). Hydraulic activity increases with increasing calcium oxide, alumina and 

magnesia, and decreases with increasing silica (SiO2) content (Frearson and 

Higgins, 1992). Other researchers (Ganesh Babu and Sree Rama Kumar, 2000) 

have reported that the alumina content of the GGBS influences its sulphate 

resistance. 

 

2.3.9 Portland Cement (PC) 
 

PC is a finely ground powder that becomes solid when mixed with water through 

a process known as hydration. Hydration is the chemical combination of PC 

compounds and water to form submicroscopic crystals. PC primarily consists of 

lime (CaO), silica (SiO2) and alumina (Al2 O3). Each of these components must 

be quarried. PC is a very common soil stabilisation material. The use of PC as a 

soil stabilising agent is an accepted routine practice in most road construction 

irrespective of application. In many situations the use of PC and other 

conventional stabilisers can be avoided by good design. The use of conventional 

stabilisers such as PC has the potential to improve the wet strength and erosion 

resistance in very exposed walls (Houben & Guillaud, 1994). Consequently, 

damage to the environment and energy expenditure involved in manufacturing 

PC is also enormous (Wild, 2003 and Higgins, 2007). PC-based stabilised 

systems make dismantling and reuse difficult (Minke, 2000 and Lyons, 2010) 

 

There are various advantages when using PC as a stabiliser. Soil specimens gain 

strength from both the formation of PC gel matrix that binds together the soil 
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particles and the bonding of the surface-active particles, like clay, within the soil 

(Prusinski and Bhattacharja, 1999). High levels of PC stabilisation improve the 

surface coating and reduce erosion (Walker, 2000). PC has a considerable 

influence on improving the resistance of soils vulnerable to frost attack 

(Prusinski and Bhattacharja, 1999 and Walker, 2000). However there are notable 

disadvantages using PC. The permeability of most soils is reduced and hence the 

natural ability of soil to allow passage of moisture is significantly impaired 

(Minke, 2000, Higgins, 2007 and Lyons, 2010).  

 

PC is typically used in proportions between 4% and 15%, with between 6% and 

10% the most commonly specified for soil stabilisation (Walker, 2000). 

Increased cement content improves strength and erosion resistance. The amount 

of cement required for soil stabilisation will depend on grading and other soil 

characteristics. The presence of clay generally impedes effectiveness of PC 

stabilisation and, therefore should be generally minimised. According to 

Gooding et al (1995), a soil suitable for PC stabilisation should have a low 

plasticity index. However plasticity index range from around 2% to almost 30% 

is typical in most applications (Gooding et al., 1995). It is well known that 

organic matter may affect the cementing process in soils (Chen and Wang, 

2006).  

 

Interactions between clays and cements are generally not thought to be 

detrimental, although in some cases, a stiffening of the mix may occur, requiring 

the addition of a plasticising agent. In many cases however, clays may adsorb 

organic compounds, which are responsible for retardation of PC.  During 

hydration of cement the production of C-S-H is accompanied by a rise in pH to 

12-13 as alkalis become solubilised (Nasir and Fall, 2009). At this high pH, 

certain hydroxides can react with silica derived from clayey soils. This reaction 

results in the production of a gel-phase, which cements the soil matrix and is 

similar to the reaction between soil and lime. Silt particles act as a substrate for 

Ca(OH)2 to grow, thus removing it from further hydration reactions.  In general, 
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when PC is added to a soil, the pH of the soil-PC mixture is elevated some 

hydrates are formed and pozzolanic reactions may also take place (Lea, 1980, 

Lin et al., 2004, Chen and Wang, 2006 and Nasir and Fall, 2009). The basic 

pozzolanic reaction of PC is illustrated in Table 1. 

 

Table 1 - The basic pazzolanic reactions of lime and PC 

 

 
 

2.3.10 Lime 
 
 
Before the widespread manufacture of PC and its use for soil stabilisation, lime 

was the most widely used soil stabilising material for roads and in building 

applications. With the greater awareness of reuse and recycling, lime-based 

stabilised systems are once more becoming more widespread in use. Related to 

this there is a growing interest in the use of non-conventional stabilised and 

waste materials for use in combination with lime. Modification and stabilisation 

of highway and airport pavement sub-grades using lime is a well-established and 

time-tested practice worldwide. The two different type of building lime in 

common use are quicklime and hydraulic lime. 

 

 The addition of lime to reactive fine-grained soils has beneficial effects on their 

engineering properties, including reduction in plasticity and swelling potential, 

improved workability, increased strength and stiffness, and enhanced durability. 

Equation Applied conditions

Ca(OH)2 → Ca++ + 2(OH)– Basic pozzolanic reaction, the same

hydrates formed during the hydration

reaction of lime and PC

Ca++ + OH– + SiO2 (soluble clay silica) → C-S-H Basic pozzolanic reaction, the same

hydrates formed during the hydration

reaction of lime and PC

Ca++ + OH– + Al2O3 (soluble clay alumina) → C-A-H Basic pozzolanic reaction, the same

hydrates formed during the hydration

reaction of lime and PC
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Lime can be used to treat soils to varying degrees, depending upon the objective. 

The least amount of treatment is used to dry and temporarily modify soils. Such 

treatment produces a working platform for construction of temporary roads. 

Unlike PC, which works with the coarse particles of a soil, lime works with the 

clay minerals in a soil. A minimum clay content of approximately 10 percent and 

a plasticity index (PI) greater than 10% are desirable, although benefits have 

been noted for lower PI silty soils containing less clay. It has also been reported 

that for lime stabilisation, a plasticity index between 20% and 30% with the 

liquid limit from 25 to 50% are recommended in most civil engineering 

applications (Sakr et al, 2009; Bell, 1996 and Boardman et al., 2001). 

 

Tests have indicated that there is an optimum lime dosage for a soil beyond 

which compressive strength decreases (Norton, 1997). The likely dosages are 

between 6-12% of lime by dry weight and will increase as clay content increases 

(Houben & Guillaud, 1994, Norton, 1997 and Lepore et al., 2009). Since the 

beneficial effects of lime stabilisation are the result of various reactions between 

the fines portion of the soil and lime, fine-grained soils, such as clay and silty-

clay, respond most favourably. Lime stabilisation is ideally suited for 

stabilisation of expansive soils (Venkatarama Reddy and Lokras, 1998). Lime 

achieves its final strength more slowly than PC (Norton, 1997) and therefore the 

curing period should be at least three times more than the one used for cement 

(normally 28 days). 

 

The addition of lime to a soil may decrease the liquid limit and increase the 

plastic limit, which may result in a significant reduction in the PI. This reduction 

in PI means a marked increase in workability. A change in the moisture to 

density relationship of the soil, as a result of more and more lime being added 

may also occur. The change is marked by a decrease in the maximum dry density 

and increase in the optimum moisture content.  
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When a soil is stabilised with lime, a certain reaction (lime-soil reaction) takes 

place. During the reaction of lime with certain clay soil, such as plastic clay (a 

clay capable of holding large amounts of water), the particles of the plastic clay 

will have highly negative-charged surfaces that will attract free cations (i.e 

positive-charged ions) and water dipoles. As a result, a highly diffused water 

layer will be formed around the plastic clay particles, thereby separating the 

particles and causing the plastic clay to become weak and unstable. The extent to 

which this occurs depends on the amount of water present and the morphology 

and mineralogy of the clay (Little, 1987 and National Lime Association, 2004).  

 

When lime is added to a natural fine-grained soil, two primary reactions take 

place (cation exchange and flocculation–agglomeration), producing immediate 

improvements in soil plasticity, workability, uncured strength, and load-

deformation properties (Osula, 1996 and Prusinski, Bhattacharja, 1999 and Sakr 

et al., 2009). Depending on the characteristics of the soil being treated, a 

pozzolanic reaction may also occur, resulting in the formation of various 

cementing agents that further increase mixture strength and durability. 

Pozzolanic reactions are time and temperature dependent (Bell, 1996 and 

Consoli et al., 2009). Low temperature < 16°C retard the reaction, while higher 

temperatures accelerate the reaction. Strength development is gradual but 

continuous for long periods of time. A fourth reaction which may occur in the 

lime is carbonation, in which lime reacts with atmospheric carbon dioxide to 

form a relatively insoluble carbonate. This chemical reaction is detrimental to the 

stabilisation process. It can be avoided by properly expedited and sequenced 

construction procedures that avoid prolonged exposure to air and/or rainfall. 

 

2.3.10.1 Cation exchange and flocculation–agglomeration 
 
Cation exchange and flocculation–agglomeration reactions occur quite rapidly. 

Assuming equal concentrations, the general order of replaceability of the 

common cations is given by the Lyotropic series, Na+ < K+ << Mg++ < Ca++ (Bell, 

1990, Osula, 1996, Bell, 1996, Prusinski and Bhattacharja, 1999 and Consoli et 
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al., 2009). In general higher valence cations replace those of lower valency, and 

larger cations replace smaller cations of the same valency. The addition of lime 

to a soil in sufficient quantity supplies excess Ca++ which replaces the weaker 

metallic cations from the exchange complex of the soil. The exchange of cations 

causes a reduction in the size of the diffused water layer, thereby allowing clay 

particles to approach each other more closely, or flocculate.  

 

Flocculation and agglomeration produce an apparent change in texture, with the 

clay particles “clumping” together into larger-sized particles (Terrel et al., 1979). 

The flocculation and agglomeration are caused by the increased electrolyte 

content of the pore water and as a result of ion exchange. The net result of cation 

exchange and flocculation–agglomeration is soil modification (Little, 1987), 

which gives rise to substantial reduction and stabilisation of the adsorbed water 

layer. An increase in the internal friction among the agglomerates, thus greater 

shear strength and much greater workability will occur, due to the textural 

change from plastic clay to a friable, sand-like material. 

 

2.3.10.2 Pozzolanic reaction 
 
Pozzolanic reaction is the reactions between lime, water, soil silica and alumina 

that form various cementing-type materials (such as calcium-silicate-hydrates 

{C-S-H} and calcium-aluminate-hydrates {C-A-H} Pozzolanic reactions 

between lime and certain clay minerals form a variety of cement-like compounds 

that can bind soil particles together and at the same time reduce water absorption 

by clay particles (Bell, 1996 and Consoli et al., 2009). Generally speaking, the 

stabilisation behaviour of mixing soil with lime can be attributed to the 

flocculation of clay particles that aggregate together to form larger-size particles, 

or to create new cementing materials due to the pozzolanic reactions of lime with 

the clay minerals. 

 

The possible sources of silica and alumina in typical fine-grained soils include 

clay minerals, quartz, felsdspars, micas, and other similar silicate or alumino-
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silicate minerals, either crystalline or amorphous in nature. The clay minerals 

and amorphous materials are the only important sources of calcium-silicate-

hydrates and calcium-aluminate-hydrates in most soils. The same hydrates are 

formed during the hydration of PC (Terrel et al., 1979). The basic pozzolanic 

reactions of lime are shown in Table 1. During lime-soil reactions, there is a 

substantial pH increase as previously mentioned. Consequently, the solubilities 

of silica and alumina are greatly increased at these elevated pH levels (Little, 

1987). Thus, as long as enough residual calcium from the lime remains in the 

system and the pH remains high enough to maintain solubility, the pozzolanic 

reactions will continue (Bell, 1996 and Consoli et al., 2009).  

 

In general, the effects of lime-soil stabilisation can be classified as immediate 

and long-term. Immediate modification effects are achieved without curing. 

They are attributed to the cation exchange and flocculation–agglomeration 

reactions that take place when lime is mixed with the soil. Long-term 

stabilisation effects take place during and after curing, and are important from a 

strength and durability standpoint. While these effects are generated to an extent 

by cation exchange and flocculation–agglomeration, they are primarily the result 

of pozzolanic strength gain. 

 

2.3.10.3 Carbonation reaction 
 
During the lime-clay reaction, lime carbonation may occur, which is an 

undesirable reaction that occurs in soil–lime mixtures. In this reaction, lime 

reacts with carbon dioxide from the atmosphere to form calcium carbonate 

instead of the cementitious C-A-H and C-S-H. The hardening of lime due to 

carbonation may also be responsible for the increase in strength of some soil-

lime stabilised systems and for the modifications of its porous system. 

Researchers in different scientific fields have reported on the carbonation of lime 

as a chemical reaction process (Taylor, 1997 and Shih et al., 1999). The 

carbonation process is mainly controlled by two mechanisms: Carbon dioxide 

diffusion from the air through the porous system up to the reaction front and the 
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reaction of the diffused carbon dioxide with Ca(OH)2. Free water and calcium 

carbonate are the main products of carbonation reaction (Taylor, 1997 and Van 

Balen, 2005). 

 

In summary of the possible stabilising material, it is very difficult to 

predetermine the behaviour of conventional and non-conventional soil 

stabilisers. However, the extent to which the reaction in stabilised soil proceeds 

is influenced primarily by the natural soil properties and that of the stabilising 

agent. Several soil properties and characteristics (pH, organic carbon content, 

excessive quantities of exchangeable sodium, clay mineralogy, carbonates, 

exchangeable iron and silica-alumina ratio) influence the reactivity of a stabilised 

soil. In order to understand the reaction mechanism in stabilised soil and the 

influenced soil properties and that of the stabilising agent knowledge of the clay 

mineralogy is essential, because clay minerals are the only important sources of 

calcium-silicate-hydrates and calcium-aluminate-hydrates in most soils as 

previously mention. 
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2.4 Clay Mineralogy 
 
 
Clay minerals refers to a group of hydrous aluminosilicates that predominate the 

clay-sized (< 2 µm) fraction of soils (Mitchell and Saga, 2005, Sposito, 2008 and 

Waltham, 2009). These minerals are similar in chemical and structural 

composition to the primary minerals that originate from the earth's crust. 

However, transformations in the geometric arrangement of atoms and ions within 

the mineral structures occur, mostly due to weathering. Clay minerals are found 

most often in shales, the most common type of sedimentary rock. They act as 

"chemical sponges" which hold water and dissolved plant nutrients weathered 

from other minerals (Mitchell and Saga, 2005, Sposito, 2008 and Waltham, 

2009). This results from the presence of unbalanced electrical charges on the 

surface of clay grains, such that some surfaces are positively charged (and thus 

attracting negatively charged ions), while other surfaces are negatively charged 

(attract positively charged ions).  

 

A clay mineral has the ability to attract water molecules by way of surface 

adsorption. Adsorption is different from absorption, because the ions and water 

are not attracted deep inside the clay grains. Whilst clay minerals are usually 

significant, if not predominant, phases of clay materials (solid, liquid and vapour 

phases) present in varying amounts can significantly affect the properties and 

behaviour of the clay based material (Venugopal, 1992, Lekha et al., 1998 and 

Niranjane et al., 2001). Clay minerals are important in engineering because they 

dominate the behaviour of soils. Their particles are crystal in structure and are 

also colloidal in size, so their behaviour is controlled by surface forces (Mitchell 

and Saga, 2005, Sposito, 2008and Waltham, 2009).  

 

Typical clay soils also consist of non- clay and organic materials (Venugopal, 

1992, Lekha et al., 1998, Niranjane et al., 2001, Mitchell and Saga, 2005 and 

Sposito, 2008). Calcite, dolomite, mica, pyrite, feldspar and gibbsite are the 
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common non-clay materials.  The presence of these non-clay materials in any 

soil tends to influence the property of the soil. For example, a soil with high 

pyrite content may be problematic during application. This is because pyrite 

tends to oxidise to form gypsum when they are present in high quantities 

(Czerewko et al., 2003 and Yang et al., 2009). While, on the other hand, organic 

matter comes from products of soil microbes which promote the decay of dead 

plants and animals. One of the most common organic materials is humus, which 

mimics the adsorptive properties of clay minerals. Humus improves soil moisture 

retention while affecting soil chemistry. Cations such as calcium, magnesium, 

sodium, and potassium are attracted and held to humus. These cations are rather 

weakly held to the humus and can be replaced by other metallic ions like iron 

and aluminium (Czerewko et al., 2003 and Yang et al., 2009). 

 
Organic matter is generally dark in colour and usually acts as a pigment. They 

may be present in the clay soil as discrete particles. In recent times, there has 

been an increasing realisation that not only the amount, but also the chemical 

composition of organic material can influence the sorption properties of a soil 

(Grathwohl, 1990 and Baldock and Skjemstad, 2000). Chen and Wang (2006) 

reported on the behaviour of organic matter, using different kinds of extra 

admixtures with cement to stabilize a soft soil with a high organic content. 

Organic material can control soil borne pathogens through several mechanisms 

such as the release of fungitoxic compounds, generation of fungistasis 

(Lockwood, 1977), or selective stimulation of soil microbes which are 

antagonists to pathogens (Hoitink and Boehm, 1999). A number of researchers 

(Salloum et al. 2002 and Chen et al., 2007) have focused on the variability of 

organic material composition of clay soils found aliphatic carbon to be the 

dominant sorbing phase. It has also been suggested that, it is the physical 

conformation, rather than the chemical composition of the organic matter that 

mostly affects sorption (Liang et al., 2006 and Wang et al. 2007).  

 

In general, clay minerals dominate the behaviour of soils. The behaviour of each 

clay mineral differs. Some are crystal in structure and colloidal in size, while 
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some are organic and inorganic phases but still controlled by surface forces. The 

properties that determine the composition of a mineral are derived from its 

chemical foundation, geometric arrangement of atoms and ions, and the electrical 

forces that bind them together (Klein and Hurlbut 1985 and Mitchell and Soga 

2005). Sheet arrangement within the alumina-silicate layers varies between clay 

mineral types resulting in variable physical and chemical properties that 

differentiate the clay mineral classes. Clay minerals belong to the larger class of 

sheet silicates known as phyllosilicates. In order to understand the influence of 

clay minerals on soil properties, a thorough understanding of clay mineral 

structure is essential. 

 

2.4.1 Structure of clay minerals 
 
The clay structure is composed of two basic units (tetrahedral sheets and 

octahedral sheets). The structure of a typical tetrahedral unit is shown in Figure 1 

(Gapal and Rao, 2000 and Ke and Stroeve, 2005). The tetrahedral sheet is 

composed of silicon-oxygen tetrahedra linked to neighbouring tetrahedra by 

sharing three corners to form a hexagonal network. The fourth corner of each 

tetrahedron (the apical oxygen) points into and forms a part of the adjacent 

octahedral sheet.  

 

 
 

Figure 1-Tetrahedral sheet- silica 

 

The octahedral sheet is usually composed of aluminum or magnesium in a six-

fold coordination with oxygen from the tetrahedral sheet and with hydroxyl. 
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Individual octahedra are linked laterally by sharing edges (Mitchell and Soga 

2005). Figure 2 shows a typical structure of octahedral sheet (Gapal and Rao, 

2000 and Ke and Stroeve, 2005). 

 

 
 

Figure 2 - Octahedral sheet structure 

 
Tetrahedral and octahedral sheets taken together form a layer, and individual 

layers may be joined to each other in a clay crystallite by interlayer cations, by 

Vander Waals and electrostatic forces, or by hydrogen bonding (Chen and 

Kurgan, 2009). Figure 3 illustrates how tetrahedral and octahedral sheets are 

connected (Gapal and Rao, 2000 and Ke and Stroeve, 2005).  

 

 

 
 
 

Figure 3- Connection of tetrahedral and octahedral sheets 
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The structure of clay minerals may be further classified by the arrangement of 

tetrahedral and octahedral sheets. Thus, 1:1 clay minerals contain one tetrahedral 

and one octahedral sheet per clay layer; 2:1 clay minerals contain two tetrahedral 

sheets with an octahedral sheet between them. In some cases 2:1:1 clay mineral 

may contain an octahedral sheet that is adjacent to a 2:1 layer. Figure 4 shows 

the 1:1 and 2:1 clay mineral structures (Gapal and Rao, 2000 and Ke and 

Stroeve, 2005).  The atomic arrangement in the unit cell of a two-layer clay 

mineral structure can be seen in Figure 5 (Gapal and Rao, 2000 and Ke and 

Stroeve, 2005). 

 

 
 

Figure 4 - The clay mineral structures 

 

 
 

Figure 5 - Atomic arrangement in the unit cell of a two-layer clay mineral structure 
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Ionic or isomorphous substitutions may occur in any of these sheets (The process 

of replacing one structural cation for another of similar size), thereby giving rise 

to a complex chemistry. This replacement represents the primary source of both 

negative and positive charges in clay minerals. For example, cations small 

enough to enter into tetrahedral coordination with oxygen, cations such as Fe3+ 

and Al3+, can substitute for Si4+ in the tetrahedral sheet (Bentabol et al., 2009).  

 

The substitution of one Al3+ for a Si4+ in the tetrahedron results in a gain of one 

negative charge. Cations such as Mg2+, Fe2+, Fe3+, Li+, Ni2+, Cu2+, and other 

medium-sized cations can substitute for Al3+ in the octahedral sheet (Varma, 

2002). Such substitution produces layers that are negatively charged. 

Alternatively, replacement of a lower valence cation by one with a higher 

valence (Fe2+ by Fe3+) results in a gain of one positive charge (Bentabol et al., 

2009). This charge must be balanced by cations between the layers, which 

provide for chemical bonding between layers (Varma, 2002, Bentabol et al., 

2009 and Peng et al 2009). Some clay minerals exhibit substitutions that result in 

both positive and negative charges. A balance of electron loss and gain within 

the structure determines the net charge of the mineral. In most soils, however, 

substitutions that result in net negative charge exceed those producing a positive 

charge. 

 

In order to properly understand how the structural sheets of clay minerals may be 

combined in various ways to produce the clay structures, the clay minerals are 

further divided into several groups. These groups are, the Kaolinite, the Mica 

group, the Illite group, the Chlorite group, the Smectite group, the Vermiculite 

group and the Attapulgite group (Bailey, 1998, Michell and Soga, 2005, Sposito, 

2008). These clay minerals types will now be discussed briefly.   
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2.4.1.1 Kaolinite group 
 
The kaolinite structures are chemically simple. The tetrahedral sheets are 

occupied by silicon and the octahedral sheets by aluminum (Giese and Costanzo 

1986 and Costanzo and Giese, 1990). The tetrahedral sheet of kaolinite carries a 

small permanent negative charge due to isomorphous substitution of Si4+ by Al3+, 

leaving a single negative charge for each substitution (Giese and Costanzo 1986 

and Costanzo and Giese, 1990).  

 

The chemical composition of kaolinite is expressed by the general formula 

Al2Si205(0H)4. Both the octahedral sheet and the crystal edges have a pH-

dependent variable charge (Lackovic et al 2003 and Srivastava et al., 2005). 

Thus tetrahedral sheets of clay become permanently negatively charged and 

allow electrostatic interaction with positively charged ions (Lackovic et al 2003 

and Srivastava et al., 2005). But this permanent charge is a minor component in 

kaolinite-type clays where the layer edges are exposed OH groups, may exhibit 

acid–based behaviour (Papini and Majone, 2002 and Hizal and Apak, 2006).   

 

Although kaolinite is widely abundant in nature and is characterized by a much 

higher density of hydroxyl groups than clay minerals of the smectite group, its 

interlayer chemistry is much less developed in comparison with smectites. This 

fact is related to its structure: kaolinite is a 1:1 dioctahedral layered mineral 

whose layers are formed of silicium tetrahedral sheets linked to aluminum 

octahedral sheets. The stacked layers are linked by Van der Waals and hydrogen 

bonds (Newman and Brown, 1987 and Bailey, 1988). This makes more difficult 

the access to the aluminol groups (Al–OH) of the interlayer spaces (Letaief and 

Detellier, 2005 and Letaief et al., 2008).  

 

Kaolinite clay mineral is the weathering product of feldspars. It has a white, 

powdery appearance. Kaolinite is named after a locality in China called Kaolin, 

which invented porcelain (known as china) using the local clay mineral. Since 
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kaolinite clay mineral is electrically balanced, its ability of adsorb ions is less 

than that of other clay minerals. Kaolinite has octahedral layer similar to the 

gibbsite structure (Cuevas et al., 2009).  The water absorption and expansion of 

Kaolinite is low. Thus, kaolinite is the preferred type of clay for industrial 

application (Cuevas et al., 2009). 

 

2.4.1.2 Mica group 
 
The joining of two tetrahedral sheets (one from each side) to one octahedral 

sheet produces a three-sheet mineral type, which is called 2:1 and is represented 

by the mica group. They are typical representatives of electrically neutral 2:1 

type minerals in which adjacent layers are joined to each other by Van der Waals 

bonds. The true micas have a similar structure to that of talc and pyrophyllite, 

except that substitution of Al3+ for Si4+ in every fourth tetrahedral site results in 

an excess of one negative charge per formula unit. The negative charge is 

satisfied by monovalent cations, primarily K+, that reside on interlayer sites 

between the 2:1 layers (Waltham, 2009).  The interlayer cation forms a strong 

bond between adjoining tetrahedral sheets, which limits expansion of the 

mineral. The mica group is subdivided into tri- and dioctahedral minerals 

according to cation substitutions in the octahedral sheet and within the interlayer 

(Sposito, 2008 and Waltham, 2009). The trioctahedral group of micas contains 

interlayer K+ cations and is represented by phlogopite [KMg3(AlSi3O10)(OH)2] 

with Mg2+ occupying the octahedral sites, and biotite, which contains both Fe2+ 

and Mg2+ in the octahedron. Muscovite [KAl2(AlSi3O10)(F,OH)2, or 

(KF)2(Al2O3)3(SiO2)6(H2O)] is a dioctahedral mica (Sposito, 2008) containing 

Al3+ in the octahedral sheet and K+ in the interlayer, while paragonite exhibits a 

similar dioctahedral coordination with interlayer K+ and Na+ cations (Sposito, 

2008 and Waltham, 2009).  

 

In most soils, micas are generally inherited from the parent material and occur in 

a relatively unweathered state in the sand and silt fractions. Mica in the clay 

fraction usually exhibits poorer crystallinity, lower K+ content, higher water 
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content, and possible substitutions of Fe2+ and Fe3+ in the octahedral sheets and 

Ca2+ in the interlayer. Manganese, vanadium, lithium, chromium, titanium, and 

several other cations are also known to occur in varying amounts in these fine-

grained or clay sized micas (Sposito, 2008 and Waltham, 2009) 

 

2.4.1.3 Illite group 
 
Illite clay is the weathering product of feldspars and felsic silicates (Cuevas et 

al., 2009 and Missana et al., 2009), and has a three-sheet layer structure, one 

octahedral sheet sandwiched between two silica tetrahedral sheets (Peltonen et 

al., 2009, Buchwald et al., 2009, Cuevas et al., 2009 and Missana et al., 2009). 

The structure of mica (a coarse-grained rock-forming mineral) is essentially the 

same as the structure of illite, except that mica has less substitution in the 

octahedral layer (Peltonen et al., 2009, Buchwald et al., 2009, Cuevas et al., 2009 

and Missana et al., 2009). The Illite clays also have a structure similar to that of 

Muscovite, but are typically deficient in alkalies, with less Al substitution for Si 

(Buchwald et al., 2009, Cuevas et al., 2009 and Missana et al., 2009) 

 

Illite is a non - expansive clay mineral, with a 2:1 structure and a relatively low 

cation exchange capacity (Missana et al., 2009). The dorminating negative 

charge is generated by isomorphous replacement. On the average, one-fourth of 

the tetrahedral atoms are aluminium, and thus the 2:1 sheet has a negative charge 

which is balanced by a layer of potassium (Sposito, 2008 and Waltham, 2009).  

The formula for the illites is: KyAl4(Si8-y,Aly)O20(OH)4    usually with  1 < y < 

1.5, but always with y < 2 (Peltonen et al., 2009 and Buchwald et al., 2009). 

Because of possible charge imbalance, Ca and Mg can also sometimes substitute 

for K. The K, Ca, or Mg interlayer cations prevent the entrance of H2O into the 

structure.  Thus, the illite clays are non-expanding clays but are often present as 

mixed-layer clays with montmorillonite and/or chlorite.   
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2.4.1.4 Chlorite group 
 
Chlorites are a group of minerals that exhibit a basic 2:1 layer structure similar to 

that of pyrophyllite, but with an interlayer brucite- or gibbsite-like sheet, which 

forms a 2:1:1 structural arrangement (Lázár et al., 2009 and Zanazzi et al., 2009). 

The typical general formula is: (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6. This 

formula emphasises the structure of the group. While, a typical formula for the 

interlayer sheet is (MgFeAl)(OH). However, a variety of cation species may 

exist in these brucite or gibbsite-like islands that contribute to a large number of 

mineral species within this group (Sposito, 2008 and Waltham, 2009). There is 

no water adsorption within the interlayer space; thus, chlorites are considered 

non-expansive minerals (Sposito, 2008, Waltham, 2009, Lázár et al., 2009 and 

Zanazzi et al., 2009). Their cation exchange capacity and surface charge 

densities are low. The negative charge generated by isomorphous substitution is 

compensated by brucite (Mg Hydroxide) of ten positive charges due to 

isomorphous exchange of Mg2+ by Al3+ (Sposito, 2008, Waltham, 2009, Lázár et 

al., 2009 and Zanazzi et al., 2009).  This clay mineral is the weathering product 

of mafic silicates (silicates of magnesium and iron) such as Olivine, Labradorite 

and Biotite and is stable in cool, dry, or temperate climates. It occurs along with 

illite (Sposito, 2008, Waltham, 2009, Lázár et al., 2009 and Zanazzi et al., 2009).  

 

2.4.1.5 Smectite group 
 
Smectite clay minerals also occur as a weathering product of mafic silicates. 

They are stable in arid, semi-arid, or temperate climates. Montmorillonite is the 

most common member of this group.  They belong to a family of dioctohedral 

layer, lattic silicate with a 2:1 structure. The 2:1 layers in smectites are held 

together by van der Waals bonds and weak cation-to-oxygen linkages 

(Benhammou et al., 2009, Gates et al., 2009 and Wolters et al., 2009). The 

presence of exchangeable cations located between water molecules in the 

interlayer allows for expansion of the crystal lattice as the mineral hydrates 

(Benhammou et al., 2009, Gates et al., 2009 and Wolters et al., 2009).  
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When the mineral is saturated with water, the basal spacing between layers can 

approach 2nm, while under dry conditions, the basal spacing may be reduced 

(Benhammou et al., 2009, Gates et al., 2009 and Wolters et al., 2009). The 

expansion and contraction trait common with smectites is often referred to as 

shrink-swell potential. This expansion behaviour in smectites is problematic to 

engineers due to the propensity for crack formation and general instability of the 

soil surface. In most cases, their high negative permanent surface charge is 

partially compensated by hydrated cations positioned in the inter-layer spacing 

of the solid. Smectite have a large cation exchange capacity and a high specific 

area and swell (lattic expansion) in the presence of water or polar organic 

molecules (Guimarães et al., 2009 and Kloprogge et al., 1999). Their cations can 

be exchanged reversibly with other ions from the surrounding solutions 

(Guimarães et al., 2009 and Kloprogge et al., 1999). 

 

Some studies (Meier et al. 2001 and Boufatit et al 2007) have showed that if the 

fifth inorganic cation of smectites were replaced by large akyl ammonium ions, 

the physical properties of the smectites may change. Smectites have the ability to 

adsorb large amounts of water, forming a water-tight barrier. They are used 

extensively in the oil drilling industry, civil and environmental engineering (such 

as bentonite), and the chemical industry (Benhammou et al., 2009, Gates et al., 

2009 and Wolters et al., 2009).  

 

The modification of clay minerals belonging to the smectite family has been the 

subject of many investigations in the past, because of their swelling ability, their 

high surface area and their relatively high cation exchange capacity (Tonle et al., 

2003). Smectite has chemical formula: (½Ca,Na)(Al,Mg,Fe)4(Si,Al)8O20(OH)4.nH2O.  

 
The two main varieties of smectite are: sodium smectite and calcium smectite 

(Tonle et al., 2003). Sodium smectite is the high-swelling form of smectite, 

which can absorb up to 18 layers of water molecules between layers of clay.  
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Sodium smectite is the preferred clay mineral for drilling muds, for creating a 

protective clay liner for hazardous waste landfills to guard against future 

groundwater contamination, and for preventing seepage of groundwater into 

residential basements. Sodium smectite will retain its water-tight properties so 

long as the slurry is protected from evaporation of water, which would cause 

extensive mud cracks (Benhammou et al., 2009, Gates et al., 2009 and Wolters et 

al., 2009. Sodium smectite is also used as commercial clay absorbent to soak up 

spills of liquids, while calcium smectite is the low-swelling form of smectite and 

adsorbs less water than sodium smectite, and thus costs less. Calcium smectite is 

commonly used as a drilling mud (Benhammou et al., 2009, Gates et al., 2009 

and Wolters et al., 2009).  

 

2.4.1.6 Vermiculite group 
 
The weathering of mica, via replacement of interlayer K+ with hydrated 

exchangeable cations, results in the formation of vermiculite.  In soils, 

vermiculite exists as an Al3+ dominated dioctahedral and, to a lesser extent, Mg2+ 

dominated trioctahedral mineral. A charge of 0.6-0.9 per formula unit is derived 

in these minerals by tetrahedral substitution of Al3+ for Si4+ (Chmielarz et al., 

2009 and Marwa et al., 2009). Consequently, vermiculites exhibit a high cation 

exchange capacity, particularly for weakly hydrated cations such as K+ and 

NH4+. Because of the tetrahedral charge origin, water molecules and 

exchangeable cations, primarily Mg2+ and Ca2+ are strongly adsorbed within the 

interlayer space of vermiculites (Chmielarz et al., 2009 and Marwa et al., 2009). 

Unlike in smectites, the strong bonding of the interlayer cations holds the 2:1 

layers together in vermiculites, thus limiting expansion (Chmielarz et al., 2009 

and Marwa et al., 2009). Vermiculites may be present as mixed-layer clays with 

mica and chlorite. This clay mineral has the ability to adsorb water, but not 

repeatedly. It is used as a soil additive for retaining moisture in potted plants, and 

as a protective material for shipping packages (Chmielarz et al., 2009 and Marwa 

et al., 2009).  
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2.4.1.7 Attapulgite group 
 
Attapulgite is a crystalline hydrated magnesium aluminum silicate with unique 

three-dimensional structure and has a fibrous morphology. Their unique 

morphology and structure provides a potential for diverse applications (Sun et 

al., 2009 and Yang and Liu, 2009). This mineral actually resembles the 

amphiboles more than it does clay minerals, but has a special property that 

smectite lacks - as a drilling fluid, as it is stable in salt water environments. 

When drilling for offshore oil, conventional drilling mud falls apart in the 

presence of salt water. Attapulgite is used as a drilling mud in these instances 

(Sun et al., 2009 and Yang and Liu, 2009). Attapulgite clay has a fiber-like 

morphology with an ideal structural formula of: Si8O20Mg5(Al)(OH)2(H2O)4·4H2O. 

 

2.4.2 Characteristics of clay minerals 
 

Before venturing into the concept of unfired clay masonry bricks for sustainable 

construction, a thorough understanding of the clay mineral characteristics and the 

underlying properties that make clay minerals suitable for unfired clay brick 

production is essential because of its potential in most building applications. For 

example how the minerals are identified and quantified, how clay minerals 

influences the formation of carbonates, oxides and hydroxides, sulfates, the 

swelling and double layer formation. 

 

2.4.2.1 Identification and quantification of clay minerals 
 
The most common methods used for clay mineral identification and 

quantification of their characteristics are by X-Ray Diffraction (XRD), Energy 

Dispersion X-ray (EDX), Solid-state Backscattered Detector (SBD),  and 

Thermo Gravimetric Analyses (TGA). Scanning Electron Microscopy (SEM) is 

also employed for complementary mineral characterizations. 
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In X-Ray Diffraction (XRD) analysis the basal spacing (or d-spacing) between 

equivalent crystal planes is measured from the specific angle at which they 

diffract X-rays of known wavelength (Osman et al., 2003, Lal, 2006 and He, 

2009). Therefore, diffraction peaks at specific angles corresponding to the 

spacing characteristic of specific minerals are used for mineral identification, 

while diffraction peak intensities are utilized for quantitative estimations (Osman 

et al., 2003, Lal, 2006 and He, 2009). 

 

Energy Dispersion X-ray (EDX) analysis utilizes an electron beam inside a 

scanning electron microscope to displace electrons from their energy levels 

(Osman et al., 2003, Lal, 2006, He, 2009 and Bhaskaran et al., 2009). A position 

vacated by an ejected inner shell electron is occupied by a higher-energy electron 

from an outer shell, accompanied by an X-ray emission. Atoms of each element 

release X-rays with unique amounts of energy during the electron transfer 

process and the energies of the emitted X-rays, can be used to identify the 

elements (Osman et al., 2003, Lal, 2006, He, 2009 and Bhaskaran et al., 2009). 

This type of elemental analysis offers more conclusive evidence of particle 

identity than SEM alone. The identification of minerals with overlapping d-

spacing regions (such as smectite, vermiculite and chlorite) is based on specific 

diffraction peak shifts (Osman et al, 2003, Lal, 2006 and He, 2009). The energy 

of the beam is typically in the range 10-20keV. The energy of the X-rays emitted 

depends on the material under examination. EDX technique has been 

successfully applied as an analytical detection technique worldwide. It is used in 

conjunction with SEM. 

 

Solid-state Backscattered Detector (SBD) is used routinely with most types of 

SEM specimen. It gives excellent atomic number contrast and is seldom affected 

by specimen charging and edge effects normally associated with secondary 

electron images. It has a threshold sensitivity of around 4keV. This is the ideal 

detector for most specimens and is especially recommended for SEMs with EDX 

capabilities where general applications require high keV’s and large probe 
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currents (Osman et al., 2003, Lal, 2006 and He, 2009).  SBD are very helpful for 

obtaining high-resolution of a sample and for quickly distinguishing different 

phases. They are often used in conjunction with spot probe analyses by either 

EDX (Swinney et al., 2000, Francescon et al., 2009, Keil et al., 2009 and 

Bhaskaran et al., 2009). SBD are commonly integrated into an SEM instrument 

or an electron probe micro-analyzer (EPMA)/microbeam instrument. They are 

typically placed above the sample in the sample chamber based on the scattering 

geometry relative to the incident beam.  

 

SBD are solid-state devices, often with separate components for simultaneous 

collection of back-scattered electrons in different directions (Swinney et al., 

2000, Francescon et al., 2009, Keil et al., 2009 and Bhaskaran et al., 2009). 

Detectors above the sample collect electrons scattered as a function of sample 

composition, whereas detectors placed to the side collect electrons scattered as a 

function of surface topography. SBD are a quick means of determining the 

number of phases in a material and their mutual textural relationships (Swinney 

et al., 2000, Francescon et al., 2009 and Keil et al., 2009). 

 

Scanning Electron Microscopy (SEM) has a varied magnification and resolution 

range depending on the equipment type.  SEM still remains the primary tool for 

resolving the 2-3D image-processing and analysis, to assess the morphology, 

chemical composition, and crystalline structure and orientation of materials 

making up the sample (Goldstein et al., 2003, Migliavacca et al., 2009 and 

Covelli et al., 2009). It has a large depth of field, which allows a large amount of 

the sample to be in focus at one time.  

 

The microscope uses electrons (focused beam of high-energy electrons to 

generate a variety of signals at the surface of solid specimens), rather than light, 

to form an image and produce images of high resolution. This means that closely 

spaced features can be examined at a high magnification. Preparation of the 
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specimens is relatively easy since most SEM only require the sample to be 

conductive. 

 

The combination of higher magnification, larger depth of focus, greater 

resolution, and ease of sample observation makes the SEM one of the most 

heavily used instruments in research areas today. The SEM is also capable of 

performing analyses of selected point locations on the sample; this approach is 

especially useful in qualitatively or semi-quantitatively determining chemical 

compositions (EDX) and crystalline structure, and crystal orientations (Goldstein 

et al., 2003, Migliavacca et al., 2009 and Covelli et al., 2009). 

 

Thermal methods are based on characteristic temperature regions in which 

specific clay minerals lose their structural OH water (thermogravimetric analysis 

or TGA) and the enthalpy associated with the dehydroxylation reation 

(differential scanning calorimetry or DSC). Mineral quantities are estimated 

from comparisons of the OH- or enthalpy fractions that have been measured and 

standard quantities of representative pure minerals (Rauma and Johanson, 2009 

and Serapiglia et al., 2009). 

2.4.2.2 Carbonates, Oxides and hydroxides 
 
Carbonate minerals (calcite, magnetite, vaterite, siderite and dolomite) may be 

effective in adsorbing heavy metals and phosphates (Harmsen et al., 1985, 

Michell and Soga, 2005 and Sposito, 2008). Calcite is the most common form 

and has a significant influence on the pH of the soil and pore water.  Oxides and 

hydroxides are abundant weathering products of parent rock, most commonly 

iron oxides. The iron forms are amorphous or cryptocrystalline, with the 

amorphous form having a pH-dependent surface charge. (Harmsen et al., 1985, 

Michell and Soga, 2005 and Sposito, 2008) Because of this surface charge, the 

amorphous forms readily coat solid particles and significantly alter the surface 

reactivity of the particles (Harmsen et al., 1985, Michell and Soga, 2005 and 

Sposito, 2008). 
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2.4.2.3 Sulfates 
 
Sulfates are present in proteins and amino acids bound within the humus and in 

clay minerals. The presence of naturally occurring sulfates depends on the 

geological strata, the weathering history of those strata and the groundwater flow 

patterns (Reeves et al., 2006). Ancient sedimentary clays that are identified as 

those most likely to have, substantial concentrations of sulphates are Mercia 

Mudstone, Lower Lias Clay, Kimmeridge Clay, Lower Oxford Clay, Wealden 

Clays, Gault Clay and London Clay (Reeves et al., 2006). In addition, sulfates 

can be present in locally significant concentrations in a wide range of strata 

ranging from carboniferous mudstones to recent alluvium and peat.  

 

Sulphates occur as SO4 in their natural state, but at laboratory scale test, the total 

sulfate content (determined as the acid soluble sulphate) is typically a measure of 

the sulfates (SO3) already in the soil plus those sulfates converted from the 

oxidation of sulphides. Total sulfate content is determined as the acid soluble 

sulfate. In addition, water soluble sulfate is determined and this helps in 

ascertaining the potential for migration of sulfates and also the level of sulfate 

present in ground water (Kinuthia and Wild, 2001). Sulfates may result from the 

oxidation of sulphide minerals such as pyrite. They may occur through ground 

water movement in the soil or may occur naturally either in the parent material 

used in stabilising the soil. They may also occur artificially due to industrial 

activity, as a result of man's industrial or other activities, in particular sulfates of 

sodium and magnesium (Sherwood, 1992, 1993 and Kinuthia and Wild, 2001). 

The presence of sulphates in the mixing water and ground water caused adverse 

effects in the soil systems (Sherwood, 1993). 1n the UK, the most abundant 

sulphate salt is gypsum, known geologically as selenite, which occurs as 

individual crystals. It is abundant in clay formations such as Lower, Oxford 

Clay, Lower Lias Clay, Kimmeridge Clay and Mercia Mudstone. These clays 

may also contain small quantities of other sulfates including those of sodium and 

magnesium (Sherwood, 1992, 1993 and Kinuthia and Wild, 2001). 
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In most geological deposits (except mercia mudstone) only the weathered zone 

(generally upper 2m-10m) is likely to have a significant quantity of sulfates 

present, although sulfide minerals may be present below this. Within the 

weathered zone it is usual for the top metre or so to be very low in sulphates due 

to leaching by rainfall. It is also common to find high concentrations of sulphates 

(Reeves et al., 2006) at the base of the tree root zone (typically 2-3m) and the 

base of the weathered zone (typically 3-10m). 

 

2.4.2.4 Swelling 
 
Surface forces on clay minerals may make it adsorb water and swell. This is 

caused by movement of water into the interlayer region. One explanation for this 

swelling is osmosis. Osmosis is usually explained as the net movement of 

solvent through a semi-permeable membrane, from the region where the solution 

is more dilute to the region where the solution is more concentrated (Mokni et 

al., 2009). The result is either swelling or, if the swelling is restrained, pressure. 

The report by Mokni et al., (2009) showed that the swelling or the swelling 

pressure can be appreciable (for example, the swelling can be from a few percent 

to more than 30%). In the case of montmorillonite, water moves into the 

interlayer region in response to the interlayer cations, producing a net expansion 

in the crystal structure, and either swelling of the clay mineral or build up of 

swelling pressure (if the swell is restrained).  

 

Sodium ions in the interlayer region cause a much greater osmotic pressure than 

calcium. Thus, sodium montmorillonite exhibits much greater swelling than 

calcium montmorillonite. The ability of sodium montmorillonite to absorb water 

into the interlayer region, thereby causing the clay to swell is a common 

phenomenon (Janovák et al., 2009). This swelling can be observed by X–ray 

diffraction experiments because it causes the crystal to expand. Calcium 

montmorillonite does not swell in this way, and only sodium montmorillonite 

shows this behaviour. However, kaolinite and illite do not show this swelling 

behaviour (Mitchell and Soga, 2005 and Janovák et al., 2009). 
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Expansive or swelling soils are highly plastic soils that typically contain clay 

minerals such as montmorillonite that attract and absorb water (Mitchell and 

Soga, 2005). Reaction of an expansive soil to changed environmental conditions 

is to swell or exert large pressures against non-yielding structures; but it may 

also exhibit a high degree of shrink–swell reversibility with changes in moisture 

content, leading to deformation and damage to buildings (Mitchell and Soga, 

2005). 

2.4.2.5 Double layer 
 
The double layer on the surface of clay minerals arises as a result of swelling.  

This double layer comprises of colloidal particles and it is electrically charged. 

Since a clay mineral surface is negatively charged, cations are adsorbed onto this 

surface. The smaller the particle size in the clay mineral, the more important is 

its double layer. The thickness of the double layer is perhaps 30 nm (Mitchell 

and Soga, 2005, Mokni et al., 2009 and Janováket al., 2009). One effect of the 

double layer is to cause two clay mineral particles to repel each other when they 

approach. Therefore, the double layers of different particles may overlap with 

each other. In this way the double layer controls flocculation and dispersion. The 

effect of the interlayer cation on the double layer can be explained.  For example, 

calcium ions in the interlayer region compress the double layer (divalency Ca2+), 

so the sheets are closer together and do not adsorb water and swelling is reduced. 

But with sodium ions (monovalency Na+), the clay swells more easily (Mitchell 

and Soga, 2005 Mokni et al., 2009 and Janováket al., 2009). In view of cation 

exchange, the broken bonds of soil particle edges and unbalanced ionic 

substitution within the clay mineral lattice result in increasing negative charges 

of soil system. The effect of different cations such as Na+, K+, Ca2+ and Mg2+ on 

lime treated kaolinite clay containing sulphates has been studied by Kinuthia et 

al (1999). 
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2.5 Concept of unfired clay masonry bricks for sustainable construction 
 
 
The current research concept has arisen in order to help reduce energy usage and 

the consequent CO2 emissions arising from firing clay bricks in kilns which has a 

direct effect on climate change (CERAM, 2009).  The UK has recently 

experienced the most dramatic and devastating impact of climate change (the 

flooding in 2007, the drought in 2006 and the heat-waves in 2003) most probably 

as a result of the accumulation of greenhouse gases in the atmosphere, arising 

from human activities, principally CO2 from the burning of fossil fuel (Three 

Region Climate Change Group, 2008). More changes in weather effects are 

expected as climate change progresses. Summer heat-waves make homes 

uncomfortable, while more frequent flooding and drought may expose homes 

and occupants to greater risks unless action is taken.  

 

There is a current growing pressure on energy efficiency for new buildings in the 

UK (Rajgor, 2007 and Carter, 2008). The use of moisture and temperature 

regulating materials (materials that can regulate and stabilize moisture and room 

temperature, in order to increase thermal comfort and reduce energy use for 

space acclimatization) such as unfired clay bricks incorporating activated 

Ground Granulated Blastfurnace Slag-GGBS (Wild et al., 1998) in new building 

may solve this problem.   

 

From the literature reviewed (Walker et al., 2008, Heathcote, 1991 among 

others) on clay based systems, existing research studies on unfired clay bricks for 

building applications is relatively low when compared to the volume of research 

completed on fired brick development. In most of the existing reviewed literature 

on clay-based systems, there are still some identifiable drawbacks, mainly high 

manufacturing costs, high product costs and the use of large proportion of PC. 

Overall, of all the several reported cases of soil stabilisation using various 

wastes, recycled material and conventional stabiliser as a stabilisation material, 
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there have been no reported cases of unfired clay masonry brick technology 

which relies on the use of the activated industrial by-product (GGBS) as the 

main stabilising agent to stabilise Lower Oxford Clay (LOC), for unfired clay 

brick production. Thus it can be stated that this research work on unfired clay 

masonry brick production technology incorporating activated GGBS is novel.  

 

However, in the developing countries and in the UK, the use of GGBS, an 

industrial by-product, is well-established as a binder in many concrete 

applications. It is also widely used for soil stabilisation in highways and other 

foundation layers, where it provides enhanced durability, improve the 

engineering properties, control the volume stability increase the resistance to 

erosion, weathering and traffic loading.  

 

One of the most effective additives to PC is GGBS, which has the potential to 

typically replace a high per cent of the Portland cement. The use activated of 

GGBS binder combination with a lower environmental burden offers significant 

advantages for soil stabilisation (Wild et al., 1998). It helps in the inhibition of 

the deleterious swelling that occurs with soil stabilised soil containing sulphate. 

In addition, the use of activated GGBS to stabilise natural clay soils for unfired 

clay brick making also offers opportunities for significant reductions in energy 

use and carbon dioxide emissions. Also, the use of activated GGBS soil 

stabilisation can potentially result in the reduction in quarrying/energy 

consumption for conventional stabiliser extraction and recovering the energy 

value of waste generation (Wild et al., 1998 and Higgins, 2007).  

 

GGBS has extremely low energy usage and CO2 emission when compared with 

PC. The energy usage of 1 tonne of GGBS is 1300 MJ, with a corresponding 

CO2 emission of just 0.07 tonnes (Higgins, 2007), while the equivalent energy 

usage of 1 tonne of PC is about 5000 MJ (Higgins, 2007), with at least 1 tonne of 

CO2 emitted to the 213 atmosphere (Wild, 2003). The availability of a local 

source for GGBS (the main stabilising agent in this study) means that the 
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research work is in line with the current sustainability guidelines for new 

material development in the UK and worldwide. 

 

This current study hopes to contribute to existing knowledge on clay-based 

systems, by extending the already established principle of soil stabilisation to 

building industry, using unfired masonry brick development technology 

incorporating activated GGBS. The study, hopes to provide knowledge on the 

engineering performance of the unfired bricks and also make the knowledge 

widely available to the fired clay sector, and other building materials 

manufacturers. In today's climate where energy prices and environmental 

awareness of the general public is on the increase, this is considered to be a 

significant contribution to knowledge. 
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CHAPTER 3 – MATERIALS 
 
 

This Chapter describes the details regarding the materials used in the current 

work (material source, reasons for using each material, the oxide and/or 

chemical compositions, some physical properties, and the particle/grain size 

distribution. The materials used consisted of Lower Oxford Clay (LOC), 

Kaolinite Clay (KC), Ground Granulated Blastfurnace Slag (GGBS), Portland 

Cement (PC) and two different types of lime (L1, L2). The basic characterisation 

of these materials was carried out in accordance with the British Standards and 

other internationally accepted engineering standards, in line with the UK 

building regulations.  

 

3.1 Kaolinite Clay (KC) 
 

The Kaolinite Clay (KC) used for this study was a semi-processed industrial 

kaolinite clay. Table 2 shows its mineralogical composition, and its particle size 

distribution is shown in Table 3. Some relevant physical properties of the KC are 

presented in Table 4, while the chemical composition is presented in Table 5. 

 

The clay was supplied by Imerys Minerals Ltd UK, formerly known as English 

China Clay (ECC) International Ltd UK. The use of processed clays is common 

in research (Kinuthia 1997 and Kinuthia et al., 1999). The main advantages of its 

use in this current study include consistency and homogeneity, and the relative 

ease of explaining the reaction mechanisms before venturing into the more 

complex unprocessed clay soils. This enables the establishment of the more 

general, unbiased and easily explainable performance and provides a platform 

for the subsequent variations in other variables such as moisture content and 

blending. 
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3.2 Lower Oxford Clay (LOC) 
 

The Lower Oxford Clay (LOC) used in this study was supplied by Hanson Brick 

Company Ltd., from its Stewartby brick plant in Bedfordshire, UK. Table 2 

shows its mineralogical composition.  The particle size distribution of LOC is 

shown in Table 3, and some of its physical properties can also be seen in Table 

4. The chemical composition is presented in Table 5.  

 

Table 2 - The mineralogical composition of Kaolinite Clay (KC) and Lower Oxford Clay (LOC) 

 

 

 

 

Table 3 – Particle size distribution of Kaolinite Clay and Lower Oxford Clay 

 
 
 
 
 
 
 

Mineralogy Chemical formula

KC LOC

Illite ( K,H30)Al2Si3AlO10(OH)2 0 23

Kaolinite Al2Si205(0H)4 84 10

Chlorite (OH)4( SiAL)8(Mg.Fe)6O20 0 7

Calcite CaCO3 0 10

Quartz SiO2 0 29

Gypsum CaSO4.2H2O 0 2

Pyrite FeS2 0 4

Feldspar CaAlSi3O8 1 8

Micaceous materials  13 0

Organic materials   2 7

%Composition 

Size (m) KC LOC

 53 0.1 1.2

 10 6 12

< 2 68 60
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Table 4 - Some physical properties of KC, LOC, Lime (LI and L2), GGBS and PC 

 
 
 
 
Table 5 -The oxide and some chemical compositions of KC, LOC, Lime (L1, L2), GGBS and PC 

 
 

The decision to use LOC, which is not available in Wales, was made for a 

number of reasons. Firstly, there are very few clay quarrying sites in Wales, with 

most major quarrying sites located elsewhere in the UK. Secondly, LOC is 

currently used by Hanson Brick Company to make fired fletton bricks, therefore, 

Properties KC LOC L1 L2 GGBS PC

Insoluble Residue − − 4.1 2 0.3 0.5
Bulk Density (kg/m³) (1090-1170) (1100-1250) (1150-1300) 490 1200 1400
Relative Density 2.59 2.63 2.8 2.4 2.9 3.1
Blaine fineness (m2/kg) − − 430-1450 300-1400 450 365
pH − − 13.9 12.9
Liquid Limit (LL) (%) 61 67 − − − −
Plastic Limit (PL) (%) 31 35 − − − −
Plasticity Index (%) 30 32 − − − −
Maximum Dry Density {MDD} (mg/m3) 1.42 1.42 − − − −
Optimum Moisture Content {OMC} (%) 31 29 − − − −
Colour White Grey Off - White White Off - White Grey
Glass Content − − − − ≈ 90 −

Notation
KC        Kaolinite Clay from Imerys Minerals Ltd UK 
LOC      Lower Oxford Clay from Hanson Brick Company Ltd, Stewartby,  UK
L1         Quicklime from Tŷ-Mawr Lime Ltd., Llangasty, Brecon, UK
L2         Hydraulic lime from Tŷ-Mawr Lime Ltd., Llangasty, Brecon,  UK
GGBS   Ground Granulated Blastfurnace Slag from Civil and Marine Ltd, UK
PC        Portland Cement from Lafarge Cement, UK

Oxide KC LOC L1 L2 GGBS PC

CaO 0.07 6.15 89.2 66.6 41.99 63.00
SiO2 48.00 46.73 3.25 4.77 35.35 20.00

Al2O3 37.00 18.51 0.19 1.49 11.59 6.00

MgO 0.03 1.13 0.45 0.56 8.04 4.21
Fe2O3 0.65 6.21 0.16 0.71 0.35 3.00

MnO − 0.07 0.05 0.08 0.45 0.03 - 1.11
S2− − − < 0.01 < 0.01 1.18 −
SO3 − − 2.05 < 0.01 0.23 2.30

SO4 − − 2.46 < 0.01 − −

CaCO3 0.02 − − − − −

TiO2 1.60 1.13 − − − −

K2O 0.10 4.06 0.01 0.25 − −

N2O − − 0.02 0.04 − −

FeO − 0.8 − − − −
P2O5 − 0.17 − − − −

Na2O − 0.52 − − − −

CO3 − − 4.00 3.00 − −

Soluble Silica − − 1.10 4.77 − −
Free Lime − − 51.10 39.40 − −
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making a comparison between fired and unfired products easier. LOC is thus not 

only a challenging choice of material but also has practical considerations for 

unfired clay material development because it is generally hard to stabilise 

(especially with lime because of its high organic and sulphate contents). 

It is anticipated that in future product development, the clay content may be 

partially replaced by colliery waste, waste dust from brick, dust from slate waste 

or any other waste material which is in abundance within South Wales. 

Converting these specific waste streams to a usable resource could be viewed as 

resource preservation and environmental enhancement from a visual impact and 

amenity point of view. Furthermore, the embodied energy in recovering and 

reusing such waste for use in unfired bricks is less than the embodied energy in 

quarrying clay. 

LOC is a Jurassic marine sedimentary rock underlying much of South-East 

England, from as far west as Dorset and as far north as Yorkshire. It is 

argillaceous (consists of clay) and is of Callovian to lower Oxfordian age 

(Dunham, 1974, Hallam and Sellwood, 1976, Hallam, 1978 and Waltham, 2009). 

LOC appears at the surface around Oxford, Peterborough and Weymouth and is 

exposed in many quarries around these areas.  

 

The top of the LOC shows a lithological change (change in soil strata), where 

fissile shale changes to grey mudstone. The Middle and Upper Oxford Clays 

differ slightly, as they are separated by an argillaceous limestone in the South 

Midlands. LOC has a porous consistency. It is soft, is often used in the making 

of roads. It is also the source of the Fletton stock brick of which much of London 

is built (Dunham, 1974, Hallam and Sellwood, 1976, Hallam, 1978 and 

Waltham, 2009). For brick making, LOC has the advantage of containing carbon 

which provides part of the fuel required in firing it so reducing the requirement 

for an external fuel source (Waltham, 2009 and Lyons, 2010). 
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3.3 Ground Granulated Blastfurnace Slag (GGBS) 
 

Ground Granulated Blastfurnace Slag (GGBS) in compliance with BS EN 

15167-1, 2006, supplied by Civil and Marine Ltd, Llanwern, Newport, UK, was 

used throughout the research study. Some physical properties of GGBS can be 

seen in Table 4, while the oxide and some chemical composition of GGBS are 

presented in Table 5. The particle size distribution for the GGBS as determined 

by light scattering can be seen in Table 6.  

 

Table 6 - Particle size distribution for GGBS and PC as determined by light scattering 

 

 

 

GGBS was used as a key ingredient because of the proximity of slag works in 

South Wales (Newport and Port Talbot), with the possibility of creating a market 

opportunity for local brick manufacturers in the area. However, the majority of 

brick manufacturers are located elsewhere in the UK, and therefore the relative 

reduced cost of transporting of GGBS will be most beneficial to the few local 

brick manufacturers in Wales and other brick manufacturers located along the 

Welsh border. It is anticipated that this study will motivate investors interested in 

sustainable clay-based construction material development to embrace the 

availability of GGBS in Wales for the manufacture of unfired clay bricks.  

 

Size (m) GGBS (%) PC (%)

 40 9 18

20‐40 22 27

I0‐20 23 12

< 10 46 43
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GGBS is a by-product obtained in the manufacture of pig iron in the blast 

furnace and is formed by the combination of iron ore with limestone flux. If the 

molten slag is cooled and solidified by rapid water quenching to a glassy state, 

little or no crystallization occurs. This process results in the formation of sand 

size fragments, usually with some friable clinker-like material known as GGBS. 

The physical structure and gradation of GGBS depend on the chemical 

composition of the slag, its temperature at the time of water quenching and the 

method of production. 

 

The presence of GGBS in the current study is to ensure that the final product is 

durable. The use of a cement replacement material (GGBS) with a lower 

environmental burden offers opportunities for significant reductions in energy 

use and carbon dioxide emissions. Additional environmental benefits are the 

reduction in mineral extraction required and the potential reduction in land-

filling of GGBS. Thus, one of the most effective alternatives to PC is GGBS, 

which has the potential to typically replace up to 80 per cent of PC. GGBS has 

extremely low energy usage and CO2 emission when compared with PC 

(Higgins, 2007 and Wild, 2003). 
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3.4 Portland Cement (PC) 
 

Portland Cement (PC) – CEM 1, manufactured in accordance with BS EN 197-1, 

2000, and supplied by Lafarge Cement UK, was used throughout this work.  The 

same supplier single of cement was used throughout this research programme. 

Some physical properties of the PC can be seen in Table 4, the chemical 

composition of PC in Table 5, and the particle size distribution for the PC as 

determined by light scattering in Table 6.  

 

PC is a material that binds together solid bodies like aggregate and soil by 

hardening from a plastic state to inorganic cement. When mixed with water, PC 

forms a plastic paste, develops rigidity, and then steadily increases in 

compressive strength (hardens) via chemical reactions with the water 

(hydration).  

 

Taylor (1997) provides an authoritative review of cement manufacture, phase 

chemistry and hydration reactions. PC clinker is produced by calcining a mixture 

of finely ground limestone and clay in an inclined rotary kiln to a maximum 

temperature of 1450°C. After cooling, the clinker is inter-ground with 2 – 6% 

gypsum to control the rate of setting during addition of water. A typical clinker 

composition is in the region of 67% CaO, 22% SiO2, 5% Al2O3, 3% Fe2O3 and 

<3% other components (Taylor, 1997).  

 

The four major phases present are alite, belite, aluminate and ferrite, with alkali, 

sulphates and free lime present in minor proportions. Alite or tricalcium silicate 

(3CaO.SiO2 or C3S) generally constitutes 50 – 70% by mass of a PC clinker 

(Taylor, 1997). It reacts readily with water to produce calcium silicate hydrate 

(C-S-H) gel and portlandite {Ca(OH)2}. Alite is considered to be the most 

significant constituent phase of PC and is a major contributor to strength 

development up to 28 days. Belite or dicalcium silicate (2Ca.SiO2 or C2S) 

constitutes 15 – 30% of PC clinker and is normally present (Taylor, 1997). It 
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also reacts with water to form C-S-H gel and portlandite, although at a slower 

rate. At one year of age the compressive strengths of pure alite and belite are 

comparable. The aluminate phase, tricalcium aluminate (Ca3Al2O6 or C3A) 

constitutes 5 – 10% of PC clinker (Taylor, 1997). Tricalcium aluminate reacts 

rapidly with water and may cause undesirably rapid setting in the absence of 

gypsum. The ferrite phase, tetracalcium aluminoferrite (Ca2AlFeO5 or C4AF) has 

a variable Al/Fe ratio and constitutes 5 – 15% of PC clinker (Taylor, 1997 and 

Qiao et al., 2007). Its reactivity with water is variable.  

 

PC has been used for ages as a raw material for making blocks and concrete for 

buildings. The drawback to the use of PC is the environmental problems 

associated with its use and it is not suitable for the unfired clay bricks because of 

the moisture problem during its reaction with soil. Substances deleterious to 

hardening of the PC-Soil mixture may be present, especially during Curing, if 

the curing regime is not done correctly to allow for full hydration of the stabiliser 

in the system, resulting in less durable product.  Because there is relatively less 

chemical interaction of the PC with the clay due to the reduced availability of 

lime, The PC in the mixture simply covers the clay particles with an insoluble 

and impermeable coating. Higher cement content will be required for the 

stabilisation of soils with high clay content (around 20-40% clay), which might 

result to higher production cost. The ability of the unfired clay bricks to regulate 

moisture is a key quality the material has over conventional masonry units. In 

this current work, PC was used both for investigating the performance of the PC 

activated GGBS blended stabilisers when compared to that of the lime activated 

GGBS blended stabilisers, and as control. 
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3.5 Lime 
 
 
Two different types of limes were used in this research – quicklime (calcium 

oxide) (L1) and hydraulic lime (L2). Both were supplied by Ty-Mawr Lime Ltd, 

Llangasty, Brecon, UK. Some physical properties of both limes are shown in 

Table 4. The chemical compositions of both limes are presented in Table 5. The 

use of lime for clay soil stabilisation has been extensively applied in practice of 

civil engineering such as foundations, roadbeds, embankments and piles 

(Brookes et al., 1997, Balasubramaniam et al., 1989, Bell, 1996, Du et al., 1999, 

Al-Rawas et al., 2005 and Cai et al 2006). In practice between 1 and 3wt.% lime 

is needed for modifying soil properties and between 2 and 8 wt.% lime for 

stabilisation. Previous research work by Kinuthia and Wild (2001) used 6 wt.% 

for stabilisation of kaolinite clay for road construction. In the current work a 

maximum value of 1.5 wt.% lime was chosen for the activation of GGBS after 

several trials. 

 

Lime is a general term for the various forms of calcium oxide or hydroxide and 

of lesser amounts of magnesium oxide and/or hydroxide. Soil stabilisation using 

lime is widely established in the UK (Sherwood, 1993 and Chaddock and 

Atkinson, 1997). Lime is used for the stabilisation of laterite roads (Attoh-Okine, 

1995) and for modifying the plastic properties of soils (Little, 1987). However 

the rate of dissolution of lime can vary according to its production process 

(Robinson and Burnham, 2001). Lime is used widely in industrial processes 

(Oates, 1998) and for geotechnical stabilisation of soils. The reaction of 

quicklime and hydraulic lime with clays in cohesive soils results in 

agglomeration and flocculation of clay particles with a consequent reduction in 

the plasticity and an increase in shear strength of soils, thus facilitating easier 

soil handling (British Lime Association, 1990 and Highways Agency, 2003).  

 

The reason for using quicklime and hydraulic lime as the choice of binder was 

because quicklime for example is made from relatively pure forms of calcium 
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carbonate (e.g. chalk or limestone) burned in a kiln, to produce calcium oxide 

(quicklime). When this is then reacted (slaked) with water it produces calcium 

hydroxide (slake lime). Calcium hydroxide reacts with carbon dioxide 

(carbonates) in the air to reform calcium carbonate, i.e., the composition of the 

raw material originally used to make the lime. Quicklime has been used 

successfully for stabilisation of clays in the low temperature regions for road 

construction and for columns for the improvement of slope stability. Quicklime 

removes water from the stabilised mix or surrounding soil, thereby contributing 

to the rapid stability of the stabilised mix or slope (Greaves, 1996 and Holmes 

and Wingate, 2003).  

 

In a stabilised soil system, quicklime can react with a pozzolan and enhance 

autogenous healing. Quicklime is sometimes used purely as a de-watering agent 

due to the benefits of dehydration of the soil system by reaction and by steam 

generation, within minutes to hours of mixing, leading to a decrease in the 

plasticity of a clay soil caused by the flocculation of the clay particles. This is 

accompanied by an increase in strength caused by both the dehydration and 

fundamental changes in the clay particle chemistry. Quicklime chemically 

combines with free water in a soil and clay minerals undergo cation exchange as 

Na+ and H+ are exchanged for Ca2+. The reaction of soil with Ca(OH)2 is similar, 

but with much reduced generation of heat and the effect of drying. 

 

Hydraulic lime on the other hand is processed from naturally occurring deposits 

of calcium carbonate which can contain impurities, i.e., small amounts of other 

minerals, very often clay or silt. When burned in a kiln the calcium carbonate 

forms calcium oxide, but the impurities form calcium silicates and aluminates 

that will chemically react with water to set and harden regardless of the presence 

of air. In the manufacturing process just sufficient water is added to the kiln 

product to hydrate the calcium oxide to form calcium hydroxide in a dry powder 

form, but not enough to promote setting of the calcium silicates and aluminates. 

The composition of raw materials from different sources varies greatly and this 
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relative content of impurities influences the setting and hardening characteristics 

of the hydraulic lime produced.  

 

Hydraulic lime has silicates that are predominantly in the di-calcium silicate 

form (belite), with only trace amounts of the highly reactive tri-calcium silicate 

(alite). Hence, hydraulic lime has a slower setting time and gain strength 

overtime. Hydraulic lime is one of the most commonly used soil stabilizer 

which, by reacting with clay (pozzolanic reaction) increases soils' stability 

(Prusinski and Bhattacharja, 1999). Use of the two different limes therefore 

provided the research team with a performance profile for the limes. It also 

allowed the team ample flexibility, especially when making recommendations 

for commercial production of unfired clay bricks.  
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CHAPTER 4 - METHODOLOGY 
 
 

This chapter describes the methods and analytical techniques used in the current 

work. The details regarding preliminary tests, mix design, the production of 

laboratory cylinder/brick specimens, and the industrial-scale brick production 

processes can be seen in this chapter. The tests for all the engineering 

parameters such as density, moisture content, percentage of voids, rate of water 

absorption, swelling/shrinkage, compressive  strength, freezing and thawing and 

some specialised tests like microstructural, thermal and environmental analyses 

on the brick specimens are also presented in this chapter. It was not possible to 

carry out other tests such as permeability and bonding strength of the bricks 

because of the non-available of testing equipment in the Laboratory. 

 

4.1 Preliminary Tests 
 
 

4.1.1 Moisture Content 
 
The value for the moisture content of a soil is required as a guide to classification 

of the soil and as a control criterion in re-compacted soils, and is measured on 

samples used for most field and laboratory tests. For the Determination of 

moisture content of both the Kaolinite and Lower Oxford Clay, the oven-drying 

method was used.  The weight of an empty container was recorded and both the 

Kaolinite and Lower Oxford Clay specimens were place in the container and the 

weight of the container and soil were recorded.  The container and the soil were 

then dried in an oven, capable of maintaining a temperature of 105 °C to 110 °C 

and allowed to cool and the weight was taken.  The moisture content of the soils 

was calculated as a percentage of the dry weight of the soil as follows: Although, 

there are several methods available, the oven drying of soil is the standard 

laboratory method. 
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Moisture Content ( MC ) %100
D

m

M

M
................................................Equation 1 

 

Where:
 

mM      = Mass of moisture 

DM      = Mass of the oven dried specimen. 

 

 

 4.1.2 Atterberg (Consistency) limits 
 

The Atterberg (consistency) limits are a means of measuring and describing the 

plasticity range of the soil in numerical terms. In clay soil, there is a range of 

moisture contents within which the consistency of the clay becomes plastic. The 

measurement of Atterberg (Consistency) limits is significant in order to 

understand the nature of a fine-grained soil. The Atterberg limits can be used to 

distinguish between silt and clay, and it can distinguish between different types 

of silts and clays. It was developed in 1911 by a Swedish soil physicist called 

Atterberg (Lal, 2006).  It’s a classification system and method by which the 

states of consistency of soil could be determined. 

 

Depending on the water content of the soil, it may appear in four states: solid, 

semi-solid, plastic and liquid. In each state the consistency and behaviour of a 

soil is different and thus so are its engineering properties. As the water content is 

increased, the consistency of a fine-grained soil changes from a semi-solid state 

to a plastic state and finally to a liquid state. Thus, the boundary between each 

state can be defined based on a change in the soil's behaviour.  The Plastic Limit, 

Liquid Limit (LL) and Shrinkage Limit (SL) of a soil are known collectively 

referred to as the Atterberg (consistency) limits of the soil. The values for these 

limits are dependent on various soil parameters, e.g., particle size and specific 

surface area of the particles that are able to take up water, and hence its particle 

size distribution. 
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4.1.2.1 Plastic limits (PL) 
 
About 20g of air-dried Kaolinite and Lower Oxford Clay from a thoroughly 

mixed sample of the soils were passed through 425µm sieve (BS 1377-2, 1990). 

The soils were mixed with distilled water in an evaporating dish and pastes were 

placed on a glass mixing plate. The soils were allowed  to dry partially on the 

plate until they becomes plastic enough to be shaped into a ball,  and  the ball of 

soils were moulded between the fingers, and roll between the palms of the hands 

until the heat of the hands has dried the soil sufficiently for slight cracks to 

appear on its surface. The moulded and rolled soils were then divided into two 

equal half of about 10 g each (BS 1377-2, 1990).  Each of the equal halves was 

then divided into four more or less equal parts and each part treated separately. 

During the rolling, a uniform rolling pressure was maintained.  Each part was 

then rolled into rods and the rolling continues until the rods crumbled (the rods 

shears both longitudinally and transversely) when they approaches a diameter of 

about 3 mm. The rate of rolling to form the 3mm diameter was between 80 to 90 

strokes per minute (BS 1377-2, 1990). The soil crumbles on account of a lack of 

plasticity. The crumbled soil rods are transferred to suitable container for the 

determination of its moisture content. This moisture content of both the Kaolinite 

and Lower Oxford Clay is defined as the plastic limit of the soils (moisture 

content at which a soil becomes too dry to be plastic).   

 

Thus, plastic limit is the moisture content at which soil begins to behave as a 

plastic material.  It can be described as the point at which, the consistency, 

caused by the soil water content, is transformed from a semi-solid state to a 

plastic state or the plastic limit of a soil is the moisture content, expressed as a 

percentage of the mass of the oven-dried soil, at the boundary between the plastic 

and semi-solid states. The values of the plastic limit of both the Kaolinite and 

Lower Oxford Clay together with the liquid limit was used to determine the 

Plasticity Index (PI), which is then plotted against the liquid limit on the 

plasticity chart in accordance with BS 1377-2, 1990.  Hence, the plasticity index 
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of a soil is the numerical, difference between the liquid limit and the plastic limit 

of the soil and indicates the magnitude of the range of the moisture contents over 

which the soil is in a plastic condition. 

 

4.1.2.2 Liquid limits (LL) 
 
About 200g of air-dried Kaolinite and Lower Oxford Clay from a thoroughly 

mixed sample of the soils were passed through 425µm sieve. The dry soils were 

thoroughly mixed with water using palette knives until the mass becomes a 

smooth homogeneous paste with moisture content at about the liquid limit of the 

soil, in compliance with BS 1377-2, 1990. The stiff paste was thoroughly 

remoulded and then transferred to the cylindrical cup of the fall cone apparatus 

and the test performed using a cone penetration of about 20 mm in the cone 

penetrometer liquid limit device. The test was carried out from the stiff state to 

the soft state by the addition of water. The moisture content at which soil begins 

to behave as a liquid material and begins to flow is described as the liquid limit 

(LL).  At this stage, the consistency of the soil is transformed from a plastic state 

to a liquid state. The liquid limit provides a means of classifying a soil, 

especially when the plastic limit is also known. 

 

4.1.2.3 Shrinkage limits (SL) 
 

Shrinkage Limit (SL) is defined as the moisture content at which no further 

volume change occurs with further reduction in moisture content. Shrinkage due 

to drying is significant in clays but less so in silts and sands. These tests enable 

the shrinkage limit, of clays to be determined, i.e. the moisture content below 

which clay ceases to shrink. They also provide ways of quantifying the amount 

of shrinkage likely to be experienced by clays, in terms of the shrinkage ratio, 

volumetric shrinkage and linear shrinkage. These factors are also relevant to the 

converse condition of expansion due to wetting. Three types of test are specified. 

The first is the definitive method in which volumetric measurements are made on 

a cylindrical specimen, usually of undisturbed soil, as it is allowed to dry. The 
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second is the subsidiary method, in which disturbed soil is mixed to a paste with 

water to form a small pat for the same purpose. In the third test only the total 

linear shrinkage of a soil paste is measured. Under this current study, the 

shrinkage limit was determined by the linear method because it is the most 

commonly used method.  

 

For the determination of the shrinkage limit, the linear method was adopted.  

About 150g of air-dried Kaolinite and Lower Oxford Clay from a thoroughly 

mixed sample of the soils were passed through 425µm sieve. The dry soils were 

thoroughly mixed with water using palette knives until the mass becomes a 

smooth homogeneous paste with moisture content at about the liquid limit of the 

soil, in compliance with BS 1377-2, 1990. The stiff paste is then transferred to a 

hemi-spherical mould.  The mould containing the soil is air dried slowly in a 

position free from draughts until the soil has shrunk away from the walls of the 

mould. Drying was completed in an oven at a temperature of 65 °C until 

shrinkage has largely ceased, and then at 105 °C to 110 °C to complete the 

drying. The mould and soil were allowed to cool and measurements on the 

length of the soil bar recorded. The linear shrinkage of both the Kaolinite and 

Lower Oxford Clay were calculated from the equation: 

 

Shrinkage limit ( SL ) %1001 
O

D

L

L
......................................................Equation 2

 

Where:
 

DL      = length of the oven-dry specimen.         OL      = original length of the specimen.   

 

4.1.3 Density 
 
 

 Density is expressed in terms of mass density. In soil, the expression for density 

is in terms of bulk density or dry density. The volume of a soil can be measured 

using either the linear measurements method or by weighing it submerged in 

water, or by displacement of water. 
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4.1.3.1 Bulk density 
 

The bulk density of a soil is the mass per unit volume of the soil deposit 

including any water it contains. The bulk volume includes the volume of the 

solids and the pore space. Bulk density is needed for converting water percentage 

by weight to content by volume, for calculating porosity and void ratio when the 

particle density is known, and for estimating the weight of a volume of soil too 

large to weigh conveniently. Bulk density of the soil is an important site 

characterization parameter since it changes for a given soil. It varies with 

structural condition of the soil, particularly that related to packing.  The mass 

(weight) of the cylindrical test specimen produce in accordance with BS 1377-

2:1990, using both Kaolinite and Lower Oxford Clay were taken.  The bulk 

density in compliance with BS 1377-2:1990, was calculated from the following 

equation:  

 
 

Bulk density (  ) 
V

M
 ...................................................................................Equation 3

 

 

Where: 

 

M      = Mass of the cylinder test specimen. 

V     = Volume of the cylinder test specimen. 

 

4.1.3.2 Dry density 
 
The dry density is the mass of dry soil contained in a unit volume.  Soil dry 

density is an important property for compaction quality control. The mass 

(weight) of the cylindrical test specimen produce in accordance with BS 1377-

2:1990, using both Kaolinite and Lower Oxford Clay were taken.  In addition, 

the oven dried mass (weight) of the cylindrical test specimens was also taken and 
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the record of the moisture content noted. The dry density in compliance with BS 

1377-2:1990, was calculated from the following equation:  

 

Dry density ( d ) 
MC


100

100
......................................................................Equation 4

 

Where: 

 

MC      = Moist content of the cylinder test specimen. 

 

4.1.4 BS proctor compaction tests 
 
Before designing the laboratory mix compositions, it was found necessary to 

firstly establish the target dry density and moisture content values for the various 

material combinations. Therefore, Proctor Compaction tests were carried out in 

accordance to BS 1924-2: 1990, in order to establish values of the maximum dry 

density (MDD) and optimum moisture (OMC) for the unstabilised Kaolinite and 

Lower Oxford Clay. This was to establish the possible range of moisture 

contents at which the dry unit weight of the clay soils would be maximised so as 

to achieve the best compactive effect. The MDD value for the unstabilised 

Kaolinite and Lower Oxford was 1.42Mg/m³ for both clay soils, while their 

corresponding OMC values were established as 31% and 29% respectively. 

 

In civil engineering practice, due to evaporation, hydration and 

cracking/expansion, the tendency is to compact both unstabilised and stabilised 

clay soils on the wet side of their OMC. The approximate range of moisture 

content over which 90% MDD (1.38 Mg/m³) for the unstabilised Kaolinite Clay 

(KC) and Lower Oxford Clay (LOC) could be achieved was from 22% to 40 %. 

Within this moisture content range (22-40%), moisture content values of around 

27- 40% were aimed at for both the KC/LOC–Lime-GGBS and KC/LOC-PC-

GGBS and systems, with a target mean dry density of 1.40 Mg/m3.  
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4.2 Mix design  
 
 

4.2.1 Preliminary mix 
 
At the preliminary stage of this work, it was found necessary to look at the 

typically current trends in stabiliser dosage, before formulating the preliminary 

mix design for the current research work. For flood plain/erosion control a 

typical stabiliser dosage of 5-15% was found to be most commonly used. For 

road construction, around 3-8% is needed for effective soil stabilisation. This has 

been proven successfully at the University of Glamorgan, resulting to the testing 

of GGBS-based stabiliser combinations for their first application in road 

pavement construction in the UK, on the A421 Tingewick Bypass in 

Buckinghamshire, and on the A130 road near London (Wild et al., 1998). 

However, this current study is a pioneering research to develop a novel 

technology for the manufacture of GGBS-based clay bricks WITHOUT firing.  

 

In low-cost housing applications where stabilised PC-based clay bricks are used, 

a typical stabiliser level of about 6–12% is required for the manufacture of 

stabilised bricks. The use of PC for the manufacture of stabilised soil and 

concrete brick is not a viable alternative method, as PC is associated with high 

energy inputs and exacerbates carbon dioxide emissions into the atmosphere 

outside the associated durability problems (Tasong, 1999, Wild et al., 2003 and 

Higgins, 2007). 

 

The preliminary mixes under this current study were designed to improve some 

of the structurally undesirable properties associated with PC-based clay brick in 

mainstream construction, and at the same time, address the issue of high energy 

cost associated with the firing of clay brick with kiln. Therefore, a higher 

maximum stabiliser combination dosage of 0-20% was used at the preliminary 

mix design stage, using activated GGBS as the main stabilising agent. This 

higher stabiliser dosage is due to the higher strength requirement of building 
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bricks as specified by most building regulations and as compared to the stabiliser 

dosage levels typically used in highways construction. In this way, the full range 

of possible performance of the formulated clay-based product may be estimated. 

This higher stabiliser dosage at the preliminary stage of this work was also to 

ensure that the manufactured product would be capable of carrying loads for 

medium to high applications as required by most building standards and not 

merely for application in low-cost housing. The stabiliser dosage was however, 

scaled down after refined blend optimisation as research progressed.  

 

Three major blends were considered at the preliminary stage of the work. Blends 

made using lime type L1 combined with GGBS were designated L1-GGBS, 

those made with lime type L1 with PC were designated L1-PC, while those made 

with PC with GGBS were designated PC-GGBS. Lime type L1 was quicklime 

and lime type L2 was hydraulic lime. A total of eleven stabiliser combination 

levels were design for each blend (see Table 7).   

 

For the purpose of this current study, only combination levels 1, 4, 7, 9 and 11 

were selected.  Due to time limitations, it was not possible to work on the 

balance combination levels (2, 3, 5, 6, 8, and 10). At this preliminary stage of the 

research study, compaction moisture content of values  of 30, 35 and 40% were 

chosen base of the BS Proctor test, for the various proportions of KC or LOC as 

the key ingredients. The mass density of the mix ingredient for one cylinder test 

specimen was also established as 350g, based on BS Proctor Compaction test.  

 

Table 8 shows the details of the mix compositions of the preliminary laboratory 

cylinders specimens (each 50 mm diameter and 100 mm long) made using 

varying proportions of the KC or LOC as the key ingredient, using LI-GGBS 

blended stabiliser. Similar proportions were used, using lime type L2 and PC 

blended and unblended with GGBS. The unblended lime, PC and GGBS were 

used as controls. 
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Table 7 - The three major blends and their mix proportions in % weight 

 
 
 

 
Table 8 - Mix composition for one cylinder sample of the preliminary L1-GGBS blend 

 

 
 
 

Stabiliser Mix proportion in % by Weight

1 2 3 4 5 6 7 8 9 10 11

L1-GGBS  blends

L1 20 18 16 14 12 10 8 6 4 2 0

GGBS 0 2 4 6 8 10 12 14 16 18 20

L1-PC  blends

L1 20 18 16 14 12 10 8 6 4 2 0

PC 0 2 4 6 8 10 12 14 16 18 20

PC-GGBS  blends

PC 20 18 16 14 12 10 8 6 4 2 0

GGBS 0 2 4 6 8 10 12 14 16 18 20

 L1 - GGBS Mix code MC

Combination (%) L1 PC GGBS S W

Control 20%L1 - 0%GGBS 30 44.80 0.00 0.00 224.40 80.80

14%L1 - 6%GGBS 30 31.36 0.00 13.44 224.40 80.80

8%L1 - 12%GGBS 30 17.92 0.00 26.88 224.40 80.80

4%L1 - 16%GGBS 30 8.96 0.00 35.84 224.40 80.80

Control 0%L1 - 20%GGBS 30 0.00 0.00 44.80 224.40 80.80

Control 20%L1 - 0%GGBS 35 43.21 0.00 0.00 216.05 90.74

14%L1 - 6%GGBS 35 30.25 0.00 12.96 216.05 90.74

8%L1 - 12%GGBS 35 17.28 0.00 25.93 216.05 90.74

4%L1 - 16%GGBS 35 8.64 0.00 34.57 216.05 90.74

Control 0%L1 - 20%GGBS 35 0.00 0.00 43.21 216.05 90.74

Control 20%L1 - 0%GGBS 40 41.67 0.00 0.00 208.33 100.00

14%L1 - 6%GGBS 40 29.17 0.00 12.50 208.33 100.00

8%L1 - 12%GGBS 40 16.67 0.00 25.00 208.33 100.00

4%L1 - 16%GGBS 40 8.33 0.00 33.34 208.33 100.00

Control 0%L1 - 20%GGBS 40 0.00 0.00 41.67 208.33 100.00

Note MC = Moisture content. S = Soil (KC or LOC). W = Water.

Weight of mix ingredient (g)
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4.2.2 Optimised mix  
 
After an initial stage where mixes in Table 8 were investigated, a blend 

optimisation stage followed, where the optimal blending ratios adopted were 

4%LI – 16%GBBS and 4%PC-16%GBBS. These optimal blends were adopted 

due to their superior performance in relation to strength and environmental and 

potential economic benefits, relative to other mix combinations or ratios. Blends 

formulated using similar mix proportions to that of 4%LI-16%GBBS, but in this 

instance, hydraulic lime (L2) were used in place of quicklime, and these mixes 

were labelled 4%L2-16%GBBS.  

 

As mentioned earlier, the use of the two different limes provided the 

performance profile of both limes.  This helped in identifing the benefits likely to 

accrue from  both limes. It also allowed ample flexibility, especially when 

making recommendations for commercial production of unfired clay bricks. At 

this blend optimisation stage, compaction moisture contents of 27, 30 and 33% 

were chosen using varying proportions of the LOC as the key ingredient, based 

on BS Proctor Compaction test. The mass density of the mix ingredients for one 

cylinder sample was increased to 400g. Table 9 shows the details of the mix 

compositions of the optimised laboratory cylinder specimens made using varying 

proportions of the LOC as the key ingredient, stabilised using both limes (L1 and 

L2) or PC to activate GGBS. 

 

Table 9 - Mix compositions for one cylinder sample of the optimised blends. 

 

Mix code MC

(%) L1 L2 PC GGBS LOC W

4%L1 - 16%GGBS 27 10.50 0.00 0.00 42.00 262.50 85.00

4%L2 - 16%GGBS 27 0.00 10.50 0.00 42.00 262.50 85.00

4%PC - 16%GGBS 27 0.00 0.00 10.50 42.00 262.50 85.00

4%L1 - 16%GGBS 30 10.25 0.00 0.00 41.00 257.00 92.00

4%L2 - 16%GGBS 30 0.00 10.25 0.00 41.00 257.00 92.00

4%PC - 16%GGBS 30 0.00 0.00 10.25 41.00 257.00 92.00

4%L1 - 16%GGBS 33 10.00 0.00 0.00 40.10 250.60 99.30

4%L2 - 16%GGBS 33 0.00 10.00 0.00 40.10 250.60 99.30

4%PC - 16%GGBS 33 0.00 0.00 10.00 40.10 250.60 99.30

Weight of mix ingredient (g)



Chapter 4 – Methodology 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   90 
 

 

4.2.3 The laboratory and industrial bricks 
 
After the research work using the optimised blends shown in Table 9, all the mix 

composition showed good performance in terms of strength and linear 

expansion. It was therefore decided to proceed to initial brick industrial trial 

using all the optimised stabilisers (4:16) lime or PC: GGBS. Table 10 shows the 

details of the mix compositions of the laboratory brick specimens (each each 

215 × 102.5 × 65 mm) made using 4% lime to activate 16% GGBS to stabilised 

LOC. The laboratory scale bricks made with this mix composition 

(GGBS + quicklime + LOC) were labelled LGGG1, see Table 10. 

 

Table 10 - Mix compositions for one laboratory brick sample using L1-GGBS-LOC blend 

 

 

The first industrial brick production was carried out at Hanson Brick Company 

Ltd, at Stewartby, Bedfordshire. Table 11 shows the details of the mix 

compositions for each of the 215 × 102.5 × 65 mm unfired clay bricks series 

produced during the trials.  

 

Table 11 - Mix compositions for one unfired clay brick sample (first industrial trial) 

 

 

Bricks made using lime type L1 combined with GGBS were designated LG1, 

while those made with lime type L2 with GGBS were designated LG2. For PC-

Mix code

L1 GGBS LOC W

LGGG1 70.91 292.73 1789.10 506.26

Weight of mix ingredient (kg)

Mix code

L1 L2 PC GGBS LOC W

LG1 36.36 0.00 0.00 145.46 2327.27 163.64

LG2 0.00 36.36 0.00 145.46 2327.27 163.64

PG1 (control) 0.00 0.00 36.36 145.46 2327.27 118.18

PG2 (control) 0.00 0.00 36.36 145.46 2327.27 136.36

Weight of mix ingredient (g)
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GGBS binder, bricks designated PG1 were made at a moisture content of 4.5%, 

while bricks designated PG2 were made at the slightly higher moisture content 

of 5.1%. During the trials, bricks made with the PG1 mix had noticeable lower 

moisture content. Thus, the moisture content was slightly increased when 

formulating the PG2 mix. The use of the two different moisture content for PC-

GGBS binder (4.5% and 5.1%), provided the performance profile of both 

moisture content in terms of strength and durability.  This helped in identifing 

the benefits likely to accrue from increasing or decreasing the moisture content 

and allowed ample flexibility. The assessment of the various mix composition 

during various phases of brick (LG1, LG2, PG1 and PG2) production is shown in 

Table 12.  During the first phase (phase ONE) of the trials (Trials 1–4), only 

quicklime (L1) was used. Trial 1 which was the originally intended mix 

proportion did not work because it was too wet (due to improved compaction 

using a semi-automated process as opposed to a manual laboratory process), and 

the materials were therefore discarded. During the subsequently re-formulated 

trial (Trial 2), the moisture content was reduced and the results were again not 

successful because the bricks showed noticeable cracking, thought to be due to 

high stabiliser content (especially high lime content). 

 

In the follow-up Trial 3, both the moisture content and stabiliser content were 

further reduced and this time the results were successful. However, fine tuning 

was still required to the mix. Thus, during a further trial (Trial 4), a more 

consistent mix proportion was achieved and this was successful. The bricks 

made with this mix composition (GGBS + quicklime + LOC) were labelled LG1. 

 

The second phase (phase TWO) of the industrial trials (Trials 5–7) developed the 

workable mix further. Trial 5 was made using a similar mix proportion to that for 

Trial 4 but in this instance hydraulic lime was used instead of quicklime, and this 

mix was labelled LG2. Again this trial was successful. In Trial 6 the blend was 

further modified and PC was used instead of lime. This mix was referred to as 

PG1 and was successful although it was noticeable low in lower moisture 
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content. Thus, a further trial 7 was formulated which was similar to Trial 6 but 

the moisture content was slightly increased and the mixture was labelled PG2. 

The bricks were stacked in a plastic container and covered with polythene 

sheeting to prevent further moisture loss.  

 

Table 12 - Assessment of the various mix composition during various phases of the first 
industrial trial 

 

 
 
 

Following the success of the first industrial trial at Stewartby, Bedfordshire, a 

second industrial brick production was carried out at PD Edenhall Ltd, Priority 

works, Ewenny, Bridgend, Rhondda Cynon Taff.  The aim of the second 

industrial trial was to further fine-tune the mix design used during the first 

industrial trial to produce large quantities of lime activated GGBS unfired clay 

bricks, enough to build a trial wall, using a locally available brick production 

plant. The original mix proportion used during the first industrial trial was 

Phase Trial (T) Mix Code Ingredients Remarks

(kg) (%)

    

T1 LG1 1 Clay Soil  19.1 65  Original intended mix proportion,

2 Lime 1    0.9 3 did not work, too wet, material 

3 GGBS     3.2 11 discarded.

4 Water     6.2 21

T2 LG1 1 Clay Soil  22.1 75 The stabiliser content was thought 

2 Lime 1     0.9 3 to be too high,  causing cracking, 

3 GGBS     3.5 12 and the mix did not work.

4 Water      2.9 10

ONE

T3 LG1 1 Clay Soil  24.7 84 This mix proportion was successful,

2 Lime 1     0.6 2 but required some fine-tuning

3 GGBS     1.5 5

4 Water      2.6 9

T4 LG1 1 Clay Soil  25.6 87 This mix proportion was also

2 Lime 1     0.4 1.5 successful, no further fine-tuning

3 GGBS     1.6 5.5 required; quicklime was used

4 Water      1.8 6

T5 LG2 1 Clay Soil  25.6 87 This mix proportion was also

2 Lime 2     0.4 1.5 successful, it had similar mix 

3 GGBS     1.6 5.5 proportion as LG1, but hydroulic 

4 Water      1.8 6 lime  was used

T6 PG1 1 Clay Soil  25.6 88.6 This mix composition was also

TWO 2 PC     0.4 1.4 successful

3 GGBS     1.6 5.5

4 Water      1.3 4.5

T7 PG2 1 Clay Soil  25.6 88 This mix composition was the 

2 PC  0.4 1.4 same as PG1, except that the 

3 GGBS     1.6 5.5 water content was slightly 

4 Water      1.5 5.1 adjusted. The trial was successful.

Mix Proportions 
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further fine tuned. The details regarding the mix composition for the 

215 × 102.5 × 65 mm unfired clay bricks produced during the second industrial 

trial are shown in Table 13.  

 

Table 13 - Mix compositions for one unfired clay brick sample (Second industrial trial) 

 

For the second industrial trial, the mix composition was designed for a batch of 

445 No 215 × 102.5 × 65 mm bricks as against 11 No unfired clay bricks in the 

first trial. The main difference between the mixes compositions used in this trial 

to that of the first industrial trial can be explained.  During the second industrial 

trial, slightly lower lime content (1.4) was use, as against 1.5% lime used during 

the first trial. In addition, during the second trial, a slightly higher GGBS content 

(5.6) was used, as against 5.5% GGBS used during the first trial. Overall, the 

total stabiliser content in both trials remains the same. The water content used for 

the mix design during the second industrial trial was 3.2%, which is lower than 

that used during the first trial (6%). The quantity of LOC used in the mix design 

during the second industrial trial was slightly higher (89.9%), when compared to 

that of the first industrial trial (87%).   

The mix composition (GGBS + L1 + LOC) used in making the bricks during the 

second industrial trial were labelled LGG1. It is important to note that the LOC 

used for industrial-scale brick production had a natural moisture content of 17%. 

The moisture content of the sample at the point of testing includes the natural 

moisture in the clay and the added water at the point of mixing. The clay was 

used at its natural moisture content because, in practice, laboratory oven drying 

is unfeasible. 

Mix code

L1 GGBS LOC W

LGG1 33.40 148.12 2404.74 72.74

Weight of mix ingredient (kg)
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4.3 Preparation of Test Specimens 
 

4.3.1 Laboratory scale cylinder and brick test specimens 
 
For the laboratory specimens, it was not practically possible to compact each 

individual system at its particular MDD and OMC, and thus specimens of 

different composition may have deviated slightly from their optimal compaction 

conditions. However, equal weights of initial materials were used and the test 

specimens were therefore expected, within experimental error, to be of the same 

bulk density and volume for all the material compositions in a given stabiliser 

system. By keeping these experimental procedures the same for all the different 

mixtures, and despite the minor variations in MDD and OMC already mentioned, 

the tested cured specimens were expected to show the effects of the varied 

parameters such as intended changes in compaction moisture content, 

compactive effect or changes in mix composition. 

 

For the production of the laboratory cylinder specimens, enough dry materials 

necessary for the fabrication of three compacted cylindrical test specimens were 

weighed. The materials were thoroughly mixed in a variable-speed Kenwood 

Chef KM250 mixer for 2 minutes before slowly adding the calculated amount of 

water. Intermittent hand mixing with a palette knife was carried out for another 2 

minutes to achieve a homogeneous mix to ensure that the full potential of 

stabilisation was realised. 

 

Immediately after mixing, the materials were compressed into cylinders, to the 

prescribed dry density and moisture content. A steel mould fitted with a collar 

was used to accommodate all the material required for one sample; compaction 

was carried out using a hydraulic jack. The prefabricated mould, which was oiled 

to reduce friction, ensured that the soil was subjected to no further compaction 

once the desired volume had been achieved. The compacted cylinder was left in 
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the mould under pressure for about 2 minutes in order to allow for dissipation of 

pore pressure, thus enabling test specimen stability and/or relaxation.  

 

The cylinders were then extruded using a steel plunger (see Figure 6), trimmed, 

cleaned of releasing oil, weighed and wrapped in cling film. The cylinders were 

labelled and placed in polythene bags before placing them in sealed plastic 

containers. The specimens were moist-cured for 3, 28 and 90 days at room 

temperature of about 20°C. This was done to avoid sample carbonation that is 

common with most stabilised soil based systems. Carbonation is an undesirable 

reaction that may occur. In this reaction, lime reacts with carbon dioxide to form 

calcium carbonate instead of forming cementitous reaction products (C-A-H, C-

A-S-H, C-S-H among other complex compounds) 

 

In order to establish the viability of the transition from the laboratory cylinder 

specimens to actual brick production, a full-scale steel mould was fabricated 

with a view to producing full-size bricks for further testing, rather than using 

cylinder test specimens. This enabled laboratory-scale production of full-size 

building bricks of dimensional configuration of 215 x 102.5 x 65mm using the 

mix composition shown in Table 10. The results were an immediate success, as 

demonstrated in Figures 7-11 (unfired full size clay bricks made at laboratory 

scale trial). 

 

 
Figure 6 - Steel mould and the extruded cylinder test specimen (extension collar not shown) 
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Figure 7 - Steel mould for laboratory-scale brick making, showing mould (containing stabilised 
material) and compacting assembly, prior to compaction. 

 
 

Figure 8 - Steel mould for laboratory-scale brick making, showing mould (containing stabilised 
material) and compacting assembly, after compaction 
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Figure 9 - Steel brick-extrusion kit, showing two aluminium hollow square sections, and a steel 
frame, all for the purpose of compacted brick extrusion. 

 
 

Figure 10 - Freshly compacted bricks extruded from the mould using L1-GGBS-LOC blend at 
laboratory scale 
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Figure 11 - Laboratory-scale brick making, showing freshly compacted bricks made using L1-
GGBS-LOC blend. 

 
 

4.3.2 Industrial scale brick specimens 
 
 

For the production of the unfired clay bricks during the first industrial trial, 

enough fresh material was weighed for each trial to produce a batch of at least 11 

bricks. The dry materials were thoroughly mixed in an industrial mixer before 

gradually adding the estimated quantity of water. The ingredients were then 

further mixed for about 5 minutes. For each brick, a constant weight of 2.6 kg of 

the mixed material was loaded in the manually operated industrial hydraulic 

press to manufacture the unfired bricks (Figure 12). The maintenance of 

consistent loading was achieved between the different bricks because the same 
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amount of material was used for each brick. The same press was used to produce 

all the bricks during phase ONE of industrial trials.  

 
Figure 12 - Two dimensional view of the manually operated industrial hydraulic press used for 

the unfired brick manufacture (during the first industrial trial) 

 
The automatically controlled loading pressure of the press was 150x105 Pa. The 

total production cycle time from initial materials mixing to pressing of the final 

production of 11 bricks was typically 20–25 minutes. Figure 13 shows the 

freshly produced unfired clay bricks during this first industrial trial. After 

compaction the fresh bricks were extruded from the press, covered in polythene 

bags, and stored in plastic container for transport to the University of Glamorgan 

material laboratories for curing and further testing.  

 
 

Figure 13 - First industrial -scale bricks showing freshly produced unfired clay masonry bricks 
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For the second industrial scale brick production, the fresh materials were 

weighed to produce a batch of at least 445 bricks. The Lower Oxford Clay use 

during the second industrial trial  can be seen in Figure 14, the quicklime used 

during the second industrial in Figure 15 and the tractor used in transporting the 

of Lower Oxford Clay and quicklime for loading point (Figure 16), were the 

materials are then transported on conveyor belts to an automated industrial 

mixer. In this trial, the mix ingredients were unloaded in separate receiving 

tanks, one for the stabiliser and the other for the clay (see Figure 17).  

 

 
 

Figure 14 - The Lower Oxford Clay use during the second industrial trial. 

 

 
 

Figure 15 - The quicklime used during the second industrial 
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Figure 16 - The tractor used in conveying the of Lower Oxford Clay and quicklime for loading 

 

 
Figure 17 - The diagrammatic layout of the automated industrial plant for second industrial trial. 

 

Water was then introduced into the mixing enclosure by a digital control system. 

Here, the entire ingredients were subjected to an automated mixing process and 

later compacted with an industrial press at a loading pressure of 120x105 Pa. The 

compacted bricks were then released onto a conveyor belts for storage.  The 

diagrammatic layout of the plant, complete with the brick production process, 

used in monitoring the plant operations during the second industrial trial is 

shown in Figure 17. The freshly produced unfired clay bricks, still at the 

production line (Figure 18), the initial stacking of the freshly produced unfired 

clay bricks can be seen in Figure 19. 
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Figure 18 - The freshly produced unfired clay bricks, still at the production line. 

 
 

 
 

Figure 19 - Second industrial - scale bricks, showing the initial stacking of the freshly produced 
unfired clay bricks. 

 

The bricks produced during the second industrial trials were also stacked in 

plastic containers and covered with polythene sheeting to prevent further 

moisture loss. The plastic containers containing were then labelled and the bricks 

transported in these containers to the laboratory at the University of Glamorgan 

for prolonged curing (7, 28, 56 and 90 days) at room temperature of about 20 °C.  
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4.4 Testing 
 

4.4.1 Moisture content at the time of testing 
 
The moisture content of both the stabilised cylinder and brick specimens at the 

time of testing were determined in compliance with BS 1377-2:1990, using the 

Oven-drying method (determination of the moisture content of a specimen of soil 

as a percentage of its dry mass). At every testing age, small slices of (2-4 mm 

thickness) of the crushed cylinder and brick specimens (average of three 

specimens per mix composition) were weighted and dried at around 60 °C for 

24 hours to obtain a constant mass. The mass of moisture (MM) and mass of the 

oven dried specimens (MD) were determined.  The moisture content of the 

unfired clay specimens at the time of testing were calculated from equation 1. 

 

Moisture Content ( MC ) %100
D

m

M

M
................................................Equation 1

 

 

4.4.2 Bulk density 
 
The bulk densities for both the stabilised cylinder and brick specimens were 

determined in compliance with BS EN 771-1:2003 and BS EN 772-13:2000. The 

28-day moist cured specimens (average of six specimens per mix composition) 

were dried at 60 °C for 24 hours to obtain a constant mass. The volume (V) and 

mass (M) of the dried specimens were determined, and the bulk densities 

calculated using equation 3. 
 

 

Bulk density (  ) 
V

M
 .................................................................................Equation 3
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4.4.3 Percentages of voids 
 
The percentages of voids for all the test specimens were determined by 

hydrostatic weighing in accordance with BS EN 771-3:1998. The 28-day moist 

cured specimens (average of six specimens per mix composition) were dried at 

60 °C for 24 hours to obtain a constant mass. The percentages of voids for all the 

test specimens were calculated as shown by the formula below: 

 

Percentage of voids %100
GU

VU

V

V
...........................................................Equation 5 

 

Net volume (
W

WUAU
NUV




) ..............................................................Equation 6 

Gross volume {cylinder} ( U
U

GU L
D

V 
4

)
2

.........................................Equation 7 

Gross volume {brick} ( UUUGU HWLV ) .........................................Equation 8 

Volume of voids ( NUGUVU VVV )  ..........................................................Equation 9 

 
Where:

   

UL      = Length of the specimen. 

UD     = Diameter of the specimen. 

UW   = Width of the specimen.  

UH  = Height of the specimen.  

       = 3.1429.  

WU  = Apparent weight of the specimen in water. 

AU  = Weight of the wet specimen in air. 

  w   = Density of water. 
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4.4.4 Water absorption 
 

The water absorption for both the laboratory and industrial specimens were 

determined in accordance with BS EN 771-1:2003. Six cylinders/bricks per mix 

composition tested were dried (around 60 °C for 24 hours) to constant mass and 

allowed to cool to ambient temperature in accordance with BS EN 771-1:2003. 

The specimens were then placed in a water tank that has the capacity to 

submerge the whole specimen, at a room temperature of 20ºC. After 24 hours, 

the specimens were removed from the tank, and the surface water on the 

specimens was wiped off with a damp cloth. The water absorption of each 

specimen was calculated by using the equation below: 

 

Water absorption
 

%100)( 





D

DW
wW .......................Equation 10 

Where: 

D  = Mass of the specimens after drying. 

W  = Wet mass of the specimens after being removed from the water tank. 

 

 

4.4.5 Swelling/shrinkage  
 

The determination of the swelling/shrinkage behaviour was done by means of 

linear expansion measurement. The linear expansion of the optimised cylinder 

test specimens was carried out using a VJ Instruments MX 2000VJ Tech multi-

channel data logger, equipped with digital displacement transducers. Two 

cylindrical test specimens representing each of the various mix compositions 

(L1-GGBS, L2-GGBS and PC-GGBS) were prepared for the test. In order to 

effect partial soaking, the cling film wrapping a test specimen was carefully cut 

and removed to expose the bottom 10mm of the specimen, using a sharp razor. 
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The specimens were then placed on a platform in a plastic tank, with the exposed 

surface resting n the platform (See Figure 20). 

 

 
 
 

Figure 20 - A 64-channel data logger for recording linear expansion of the optimised cylinder 
test specimens (L1-GGBS, L2-GGBS and PC- GGBS blends). 

 
The specimens were then allowed to moist cure in the tank, by ensuring that 

water was always present below the platform upon which the test specimens 

were placed. In order to minimise evaporation and drying out of the test 

specimens, the plastic containers were fitted with lids which were always used to 

cover the containers. The lids were also fitted with digital gauges to monitor 

linear expansion (see Figure 20). 

 

The process of moist-curing was allowed to take place for the initial 7 days of 

sample preparation. Thereafter, the specimens were partially immersed in water 

to a depth of 10mm above their base by carefully increasing the water level in 
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the tank with a siphon, thus ensuring minimal disturbance of the specimens. This 

process of curing after raising the water level is referred to as soaking. 

 

The record of the linear expansion measurements for 7- days of moist curing and 

for 43-days of partial soaking in deionised water were taken. This was done 

automatically and the readings were recorded by a computer digital device every 

12 hours. The monitoring of the linear expansion measurements were continued 

until no further significant expansion was observed. 

 

Both the moist-curing and soaking environments were sealed systems to reduce 

the availability of carbon dioxide that would otherwise cause carbonation of the 

lime in the hydrating system, which may reduce the amount of lime available for 

pozzolonic reactions. For soaking, deionised water was used to avoid sample 

contamination from metallic or other ion species in the water. 

 

In order to determine the linear expansion of the unfired clay bricks (LGGG1, 

LGG1, LG1, LG2, PG1 and PG2), the test specimens that had been moist cured 

for 7, 28, 56 and 90 days were used for the measurements. The procedure 

adopted for this measurement can be explained as follows:   Immediately after 

the fabrication of the brick test specimens the dimensions of each brick test 

specimen were recorded. At the end of each moist curing period, a record of the 

dimensions was also taken. There was no significant dimensional or volume 

increase in all the test specimens. At the end of each moist curing age, the 

specimen was then dried at 60 °C for 24 hours and then the length of the dried 

specimens determined. The dried specimens were soaked in a water bath for 

24 hours and their length then re-measured. The percentage linear changes of the 

unfired clay bricks test specimens were calculated as shown by the formula 

below:  
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% Linear expansion      %100



S

DS

L

LL
...........................................Equation 11 

Where: 

DL  = Dried length. 

SL  = Soaked length. 

 

4.4.6 Unconfined compressive strength 
 

To understand the engineering properties and at the same time the potential or 

ability of the KC/LOC to gain strength upon stabilisation with lime/PC-based 

stabilisers, tests on the level of strength achievable using the various mix 

composition at the end of the various moist curing periods (3, 28, 56 and 90days) 

were carried out. The unconfined compressive strength testing of the laboratory 

cylinder specimens was carried out using a Hounsfield testing machine. An 

average of three specimens per mix composition was tested for unconfined 

compressive strength, in accordance with BS 1924-2; 1990, using a special self-

levelling device to ensure uniaxial load application. A compression loading rate 

of 1 mm/min was adopted. The mean strength of the three test specimens was 

determined as the representative strength for a particular mix composition. 

 

For the industrial/laboratory brick specimens, two 3 mm thick sheets of plywood 

(one on each loading face) were used to distribute the loading during testing (see 

Figure 21). The bricks were loaded in their normal orientation as pressed during 

fabrication (bed face aspect) in accordance with BS 1924-2: 1990, BS EN 772-

1:2000 and BS EN 771-1:2003. Using a 2500 kN capacity Avery Denison testing 

machine, the load was applied continuously at a steady rate of 2.5 kN/s up to 

failure. The test method for frogs (unfilled bricks) was adapted, where the frog 

area of the brick will not filled with mortar before testing. This was because the 

net loaded area of the frog face of the bricks (LG1, LG2, PG1 and PG2) is more 

than 35% of the bed face, thus these bricks were tested without filling the frog. 

For the other brick specimens (LGG1 and LGGG1) the same test method (as for 
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unfilled bricks) was adopted. For all brick specimens, each test result is an 

average of ten specimens. The strength values of each test specimen at every 

testing age were very close to each other (approximately the same).  There was 

little or no visible deviation of the ten specimens. The coefficient of variation for 

the ten specimens taken per test is about 2%. The compressive strength of each 

brick was determined from its failure load and averaged bed face area (less the 

area of the frog). No pockets of unstabilised soil material, which may affect the 

durability of the stabilised bricks, were observed after testing. Figure 22 shows 

the bricks after the unconfined compressive strength testing. The equation below 

was used to determine unconfined compressive strength: 

 

CR   =  
C

C

A

F
.........................................................................................................Equation 12

 

Where: 
 

cR   Unconfined compressive strength  

cF  Maximum load at fracture (N) 

cA  Area of the 215 × 102.5 × 65 mm brick or Area of the cylinder test specimen 

 
 
 

 
 

Figure 21 - The unconfined compressive strength test for the unfired clay bricks. 
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Figure 22 - Specimens of the unfired clay bricks after undergoing the unconfined compressive 
strength test. 

 

4.4.7 Freezing and thawing 
 
Since the major factors influencing the durability of masonry is the degree to 

which the masonry becomes saturated with water, the durability assessment of 

the unfired clay bricks in a severe environment was carried out by means of 24 

hour repeated freezing/thawing cycles. For the purpose of this study, the freeze-

thaw test was performed for the brick specimens alone (LGGG1, LGG1, LG1, 

LG2, PG1 and PG2). Thus, no freeze-thaw tests were carried out for the 

laboratory-scale cylinder test specimens. This is because the brick specimens 

were more representative of the likely end product of the research work. 

 

The unfired clay bricks were first dried to a constant weight, at a temperature of 

40°C in a Tawnson Mercer desiccator cabinet. A carbon-dioxide absorbing 

compound (carbosorb) was used for drying. This method of drying was adopted 

to minimise any sample carbonation that is common in most systems containing 

hydraulic lime - Ca(OH2). Drying was accelerated by using silica gel, which was 

continually replenished on a daily basis. The freezing and thawing test was 

performed in a Prior Clave LCH/600/25 model 0.7m3 volume capacity 
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environmental chamber (See Figure 23), in compliance with BS 5628-3:2005, 

BS 6073-2:2008, ASTM D560-03:1989 and DDCEN/TS 772-22:2006.  

 

 
Figure 23 - Prior Clave environmental chamber used for freeze-thaw measurement 

The experimental cycles were then modified in light of the capabilities of the 

available equipment to replicate these ideals in BS 5628-3:2005, BS 6073-

2:2008 and DDCEN/TS 772-22:2006. For freeze–thaw, the specimens were 

maintained at a temperature of – 15 to + 20 °C for 24 hours, as against 8 hours as 

stipulated in DDCEN/TS 772-22:2006 for the first cycle and 4 hours for 

subsequent freezing and thawing cycles specified in the British standard. The test 

methodology used in this study was therefore viewed as a more severe test 

method. The 24-hour cycle was repeated 100 times, and the weight losses at 7, 

28, 50, 75 and 100 cycles recorded. At the end of the 100th freeze/thaw cycle, 

visible damage on the exposed faces of the unfired clay masonry bricks was 

recorded.  

 

4.4.8 Microstructure  
 
In order to demonstrate the link between the properties and microstructure of the 

unfired clay bricks, small slices (of 2 mm thickness) from each of the unfired 



Chapter 4 – Methodology 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   112 
 

clay brick specimens (LG1, LG2, PG1 and PG2) were taken for microstructural 

analyses after 28 days of moist curing. For the purpose of this study, no 

microstructural analysis work was performed for the brick specimens LGG1, 

LGGG1 and the cylinder test specimens. This is because the LG1, LG2, PG1 and 

PG2 brick specimens were more representative of all the mix compositions and 

are of the likely end product of the research work. The slices were first dried to a 

constant weight at a temperature of 40 °C in a Tawnson Mercer desiccator 

cabinet. In order to obtain a view of the microstructure and to conduct an 

elemental analysis of the hydrated mixture, the dried specimens were examined 

using a Carl Zeiss SMT 1430 Scanning Electron Microscope (SEM), fitted with 

a Solid-state Backscattered (electron) Detector (SBD), and also equipped with an 

INCA-SUITE version 4.01 Oxford Instrument linked with an Energy Dispersive 

X-ray (EDX). This combination is capable of analysing electrons in the range of 

10–100 atomic weights. The specimens were impregnated into a double sided 

stub with a sticky tab coated with carbon to make them electrically conductive. 

The particles in the specimens were sufficiently thin and transparent to the 

electron beam. The SEM micrographs of the specimens were taken and the 

characteristic crystalline phases identified and analysed using the SBD/EDX 

system. It is appreciated that in using this method of sample preparation, 

specimens may not be truly representative of the whole unfired clay brick test 

sample. Therefore, several stubs were compiled, taken from different parts of the 

dried brick sample. 

 

4.4.9 Thermal properties 
 
For the determination of the design value for thermal conductivity and thermal 

resistance, test specimens of dimensions 102 mm width × 102 mm in 

length × 35 mm thickness were cut out from the unfired clay bricks (LGGG1, 

LGG1, LG1, LG2, PG1 and PG2), using an electrically powered cutting tool in 

order to replicate the requirements of BS EN 1745:2002 (see Figure 24). Due 

care was taken when cutting out the specimens from the parent unfired clay brick 

to ensure that the smoothest possible surfaces were obtained, subject to the 
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limitations caused by the cutting technique and the natural toughness, brittleness 

and variability of the material.  

 

 
 

Figure 24 - Test specimens for the determination of the design value for thermal conductivity 
and thermal resistance (102 mm width × 102 in length × 35 mm thickness). 

 
For the purpose of this study, the determination of design value for thermal 

conductivity and thermal resistance was performed for the brick specimens 

LGGG1, LGG1, LG1, LG2, PG1 and PG2. The difference in the mix ingredient 

for the five brick test specimens used in the test can be seen from the mix 

composition. For detail see Tables 10, 11 and 13. LGGG1, LGG1 and LG1 are 

the brick test specimens made using a quicklime-activated-GGBS-LOC 

stabilised system. In contrast, LG2 are the brick test specimens made using a 

hydraulic lime-activated-GGBS-LOC stabilised system, while the brick test 

specimens PG1 and PG2 were prepared using a PC-activated-GGBS-LOC 

stabilised system.  

 

Table 14 shows some engineering properties of the test specimens used for the 

determination of thermal properties. Prior to testing, the test specimens for 

LGGG1, LGG1, LG1, LG2, PG1 and PG2 brick types were first dried to a 

constant weight, at a temperature of 40 °C in a Tawnson Mercer desiccator 

cabinet. The moisture content and dry density of the test specimens and some 

basic engineering properties of the test specimens were determined in 
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compliance with BS EN 1745:2002. The specimens were wrapped in a single 

layer of cling film to prevent ingress of moisture and frost accumulation. 

 

Table 14 - Some engineering properties of the test specimens used for the determination of 
thermal properties 

 

 

The thermal properties (conductivity and resistance) of the stabilised earth bricks 

were determined using the measured lower and upper lambda limits. For the 

conductivity tests, a Laser-comp FOX 200 thermal conductivity meter equipped 

with WinTherm32an software package was employed for the laboratory data 

collection and analysis, using the measured lower and upper lambda limits 

methodology. The specification for the thermal conductivity equipment can be 

seen in Table 15. The equipment is in compliance with BS EN 1745:2002 ASTM 

C518-91 and ASTM C1132-89.  

 

Table 15 - Specifications for the thermal conductivity equipment 

 

Engineering properties LGGG1 LGG1 LG1 LG2 PG1 PG2

D 1 215 × 102.5 × 65 215 × 102.5 × 65 215 × 102.5 × 65 215 × 102.5 × 65 215 × 102.5 × 65 215 × 102.5 × 65

D 2 102 × 102 × 35 102 × 102 × 35 102 × 102 × 35 102 × 102 × 35 102 × 102 × 35 102 × 102 × 35

W 102 102 102 102 102 102

U 2 0.06 or 6 0.06 or 6 0.06 or 6 0.06 or 6 0.06 or 6 0.06 or 6

U 1 0.02 0r 2 0.02 or 2 0.02 0r 2 0.02 or 2 0.02 0r 2 0.02 or 2

D 1500 1500 1500 1500 1500 1500

Notation

D 1  = Dimensions of the actual unfired brick sample (mm)

D 2  = Dimensions of test sample for thermal property test  (mm)
W  = Width of the thermal property test sample (mm)

U 2 = Design moisture content of the thermal property test specimen (kg/kg) or (%) 

U 1 = Test moisture content of the thermal property test specimen (kg/kg) or (%) 

D = Density of the thermal property test specimen (kg/m3) 

Maximum specimen size : 203mm × 203 mm ×  51mm thick 

Temperature range : −20°C - 100oC

Absolute accuracy : ±1%

Reproducibility : ±0.5%

Repeatability: ±0.2%

Thickness measurement accuracy: ±0.025mm

Temperature control stability: ±0.03°C 

Maximum temperature  of hot plate: 75°C

Minimum temperature of cold plate: −20°C

Conductivity range : 0.0050 - 0.6012 W/mK

Conductance : Max. 12 W/m 2 
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At the start of the test, the test specimen was established to be in thermal 

equilibrium. The top section of the instrument is the actual test chamber while 

the bottom section houses all the electronics. The door of the equipment was 

opened and the test specimen placed flat between the two plates in the test stack. 

The upper plate is stationary while the lower plate is powered for upward and 

downward movement. The equipment used for the thermal conductivity test can 

be seen in Figure 25. 

  
Figure 25 - The equipment used for the determination of thermal conductivity 

 
The position of each corner of the bottom plate is monitored and controlled by a 

sophisticated digital control system. A high output Thin Film Heat Flux 

Transducer is permanently bonded to the surface of each plate and is active over 

a square section of 75 mm × 75 mm in the centre of the plate. A thermocouple is 

bonded in the centre of each transducer and both are sealed to ensure precision 

over time. The same thermocouple is also used for the control of the plate 

temperature. From measurements of the steady-state heat flux through the 

sample, the software computes the thermal conductivity (λ) in compliance with 

ASTM C1045–90.  
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To prevent damage to the cooling/heating system, the FOX 200 instrument was 

connected to a steady flow of clean tap water throughout the test, using semi-

rigid plastic hose. The water flow rate was adjusted to satisfy the recommended 

range of 57–75 l/h, at approximately 18 °C. The test duration for each 

temperature setting was in excess of 2½ h. It was confirmed that the water flow 

rate into/out of the instrument was adequate since, after the final equilibrium was 

reached, the temperatures of the plates were stable within ±0.02 °C. For each test 

specimen, the heat flow and thermal conductivity measurements were carried out 

for four sets of temperature settings shown in Table 16. The settings were 

selected in order to simulate the exposure conditions of the internal and external 

faces of the exterior walls of a building for different weather conditions. All test 

data (input and output results) were monitored during the test. 

 

Table 16 - Temperature settings in use for heat flow and thermal conductivity measurements. 

 

 

 

 

Theory of heat flow 

Temperature development is determined by the heat transfer to and within a 

structural component. The rate of heat flow by conduction is on the other hand 

governed by Fourier–Biot law which states that the rate of heat flow is 

proportional to the temperature gradient. The law assumes that conduction is the 

main mechanism of heat transfer, and that Fourier’s law applies. Furthermore, it 

assumes that states of thermal equilibrium always exist. For the heat transfer 

analysis it was assumed that the unfired clay thermal property test specimens 

obeyed Fourier–Biot law of heat conduction 

Test 
number

Temp. of 
lower plate 

(TU)

Temp. of 
upper 

plate (TL)

Temp. 
difference

Mean 
temp.

1 -10oC 15oC 25oC 2.5oC
2 -5oC 20oC 25oC 7.5oC
3 0oC 25oC 25oC 12.5oC
4 5oC 30oC 25oC 17.5oC
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Notations: 
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4.4.10 Performance evaluation and environmental profiling 
 
The performance evaluation and environmental profiling of the lime/PC 

activated GBBC-LOC stabilised system was studied using unfired clay brick test 

specimens LGGG1, LGG1, LG1, LG2, PG1 and PG2 and a comparison to fired 

bricks, sun-baked brick and PC-stabilised brick currently used in mainstream 

construction today. Performance evaluation analysis was carried out using 

considerations such as, firing, stabiliser content, design application, robustness/ 

durability, cost, use of PC, and breathability. 

 

The analysis of some major environmental concerns relating to new product 

development was carried out using criteria such as considerations for 

transportation, carbon dioxide emissions, embodied energy, depletion of 

resources, use of waste material, landfill, occupants’ health (regarding end-

products), product reuse and overall perception in terms of care for the 

environment. The environmental and sustainability scoring methodology of 
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Breeam was used for the assessment of the major environmental concerns 

relating to new product development. 

 

In the current work, the environmental characteristics under consideration are 

input energy and emissions output of the production process. It is not yet 

possible to quantify the environmental profile for the whole lifecycle of the 

product. A full lifecycle assessment would involve time-consuming mass data 

accumulation and extensive calculations. This current analysis is an indication of 

carbon and energy inventory in terms of energy inputs and emissions outputs for 

the production process for 1 tonne of unfired clay masonry bricks.  In 

determining the energy and carbon dioxide emissions of the unfired clay bricks, 

the embodied energy of the binder was taken into consideration. Typical reported 

embodied energy and carbon dioxide emissions of the various binders used in 

this research are listed in Table 17. The equivalent values for 1.5, 1.4 and 5.5% 

binder contents used for the various unfired clay brick combinations (LG1 and 

PG1) are also listed. Widely quoted values of embodied energy and carbon 

dioxide emissions for pressed unfired clay with no binder are around 525.6 MJ/t 

and 25 kgCO2/t respectively. In order to determine the embodied energy and 

carbon dioxide emissions of the unfired clay bricks, these values for the binder 

combinations were added to those for pressed unfired clay with no binder and the 

analytical results reported. 

 

Table 17 - Embodied energy and carbon dioxide emission of the various binders (Wild et al., 
2003, Higgins, 2007 among others) 

 
 

Binder Widely quoted values %  binder Equivalent values

Energy CO2   content  Energy CO2

MJ/tonne kg/tonne MJ/tonne kg/tonne

Lime 4000 800 1.5 60 12

PC 5000 1000 1.4 70 14

GGBS 1300 70 5.5 71.8 3.9
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CHAPTER 5 - RESULTS 
 

This chapter describes the results obtained from the current work. The detailed 

results of the various tests for both the laboratory cylinder and the actual brick 

specimens can be seen in this chapter.  

 

5.1 Density 
 

5.1.1 Preliminary cylinder specimens made using Kaolinite Clay or LOC, 
stabilised with lime/PC-GGBS blended and unblended stabiliser 
 
 

Table 18 shows the details of the density of the preliminary laboratory cylinder 

specimens (each 50 mm in diameter and 100 mm long) made using Kaolinite 

Clay or LOC, stabilised with varying proportions lime/PC-GGBS blended and 

unblended stabiliser. The compaction moisture content for both Kaolinite Clay 

and LOC system was 30%, 35% and 40%.  

 

Table 18 - Density measurements for preliminary laboratory cylinder specimens of Kaolinite 
Clay or LOC stabilised with various proportions of lime/PC-GGBS blended and unblended 

stabiliser. 

 
 

Mix code

30% M/C 35% M/C 40%M/C 30% M/C 35% M/C 40% M/C

Control 20%L1 - 0%GGBS 1387 1382 1374 1394 1384 1382

14%L1 - 6%GGBS 1387 1383 1375 1396 1385 1382

8%L1 - 12%GGBS 1389 1384 1375 1396 1387 1384

4%L1 - 16%GGBS 1390 1386 1378 1398 1389 1386

Control 0%L1 - 20%GGBS 1392 1388 1380 1399 1390 1387

Control 20%L1 - 0%PC 1387 1382 1374 1394 1384 1382

14%L1 - 6%PC 1389 1385 1377 1396 1388 1384

8%L1 - 12%PC 1390 1386 1378 1398 1390 1385

4%L1 - 16%PC 1392 1388 1380 1400 1393 1387

Control 0%L1 - 20%PC 1394 1390 1382 1403 1396 1390

Control 20%PC - 0%GGBS 1394 1390 1382 1403 1396 1390

14%PC - 6%GGBS 1393 1390 1382 1402 1394 1393

8%PC - 12%GGBS 1391 1389 1381 1401 1392 1395

4%PC - 16%GGBS 1392 1389 1381 1400 1391 1396

Control 0%PC - 20%GGBS 1392 1388 1380 1399 1390 1387

Notes 

Sample density (kg/m3) using LOCSample density (kg/m3) using KC

M/C = Compaction moisture content 

KC  = Kaolinite Clay

LOC = Lower Oxford Clay
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The density results is for the 28-day moist cured cylinder test specimens that 

were dried at 60 °C for 24 hours to obtain a constant mass. From the results it 

can be seen that the densities of the cylinder test specimens made with Kaolinite, 

stabilised using both the PC and Lime activated GGBS blended mixtures were 

within the ranges of 1387 – 1394 kg/m3, 1382 – 1390 kg/m3 and 1374 – 1382 

kg/m3, at 30%, 35% and 40% compaction moisture contents respectively. Similar 

trends were observed  for the preliminary laboratory cylinder specimens made 

with LOC, stabilised using PC and Lime activated GGBS blended mixtures at 

30, 35 and 40% compaction moisture contents, except that in these instances,  a 

slightly higher densities were observed  (1394 – 1403 kg/m3, 1384 – 1396 kg/m3 

and 1382 – 1390 kg/m3   respectively). From these density ranges, it may be 

summarised that the density decreased with compaction moisture content for 

both Kaolinite clay and LOC, and LOC achieved higher densities compared with 

KC. 

 
 

5.1.2 Optimised cylinder specimens made using LOC, stabilised with lime/PC-
GGBS blended stabiliser 
 

The density measurements for the cylinder specimens at the final optimised 

blends adopted due to their superior performance in relation to strength and 

environmental and potential economic benefits, relative to other mix ratio, after 

the initial preliminary stage (as mentioned earlier in chapter 4) are  shown in 

Table 19. At this stage, LOC alone was used for a number of reasons. Firstly, the 

soil is more representative of the likely end product of the research work. 

Secondly, LOC is currently used by Hanson Brick Company to make fired 

fletton bricks, therefore, making a comparison between fired and unfired 

products easier (as mentioned earlier in chapter 3). LOC is thus not only a 

challenging choice of material but also has practical considerations for unfired 

clay material development because it is generally hard to stabilise (especially 

with lime because of its high organic and sulphate contents). 
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The optimised test cylinders specimens were made with LOC, stabilised using 

4% lime or PC to activate 16% GGBS blended mixtures (4%LI – 16%GBBS, 

4%L2 – 16%GBBS and 4%PC-16%GBBS).  The compaction moisture contents 

at this optimisation stage were maintained at 27%, 30% and 33%. As before, this 

result is for the 28-day moist cured cylinder test specimens that were dried at 

60 °C for 24 hours to obtain a constant mass. From the results it can be seen that 

the densities of the cylinder test specimens made with the 4%LI – 16%GBBS 

blended LOC mixtures were within the ranges of 1575 – 1568 kg/m3 at 27%, 

30% and 33% compaction moisture content. For the 4%L2 – 16%GBBS and 

4%PC – 16%GBBS blended LOC mixtures, the densities of the optimised 

cylinder specimens were within the ranges of 1562 – 1556 kg/m3 and 1580 – 

1571 kg/m3 at 27%, 30% and 33% compaction moisture content respectively. It 

can be observed from the density results in Table 19 that like as before, the 

density of all the optimised cylinder test specimens made using LOC, stabilised 

with lime (L1 or L2) or PC-GGBS blended stabiliser decreases with increase in 

compaction moisture content. 

 

Table 19 - Density measurement for optimised laboratory cylinder specimens made of LOC 
stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends. 

 
 
 

5.1.3 Unfired clay brick specimens made using LOC, stabilised using lime/PC-
GGBS blended stabiliser.  
 
 
The density measurement for the unfired clay masonry brick test specimens 

produced using LOC, stabilised using lime or PC activated GGBS blended 

stabilisers (LGGG1, LGG1, LG1, LG2, PG1 and PG2) are shown in Table 20. 

Mix code

27% M/C 30% M/C 33% M/C

4%L1 - 16%GGBS 1575 1570 1568

4%L2 - 16%GGBS 1562 1558 1556

4%PC - 16%GGBS 1580 1578 1571

Note 

Sample density (kg/m3) 

M/C = Compaction moisture content 
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The result are for the 28-day moist cured brick test specimens that were dried at 

60 °C for 24 hours to obtain a constant mass. From the results it can be seen that 

the densities of the LGGG1, LGG1, LG1, LG2, PG1 and PG2 unfired clay 

specimens were within the ranges of 1750 – 1800 kg/m3. It can be observed from 

the density results in Table 20 that the densities of unfired clay brick test 

specimens produced at laboratory scale (LGGG1) were lower when compared to 

those for unfired clay bricks produced at industrial scale, with the highest density 

value obtain from unfired clay brick test specimens produced during the first 

industrial trial (LG1, LG2, PG1 and PG2).  

 

Table 20 - Density measurement for the unfired clay brick test specimens 

 
 

 
 
 
 

 

 

 

 

 

Mix code

LGGG1 1750

LGG1 1780

LG1 1800

LG2 1800

Control PG1 1800

Control PG2 1800

Notes

LGGG1 = Unfired clay bricks produced at laboratory scale using L1-GGBS-LOC mixture

LGG1   = Unfired clay bricks produced during the second industrial trial using L1-GGBS-LOC mixture

LG1     = Unfired clay bricks produced during the first industrial trial using L1-GGBS-LOC mixture

LG2     = Unfired clay bricks produced during the first industrial trial using L2-GGBS-LOC mixture

PG1    = Unfired clay bricks produced during the first industrial trial using PC-GGBS-LOC mixture (1.3% M/C)

PG2    = Unfired clay bricks produced during the first industrial trial using PC-GGBS-mLOC mixture (1.5% M/C)

M/C    = Compaction moisture content

Density of unfired  bricks (kg/m3) 



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   123 
 

 

5.2 Percentage of Voids 
 

 5.2.1 Preliminary cylinder specimens made using Kaolinite Clay or LOC, 
stabilised with lime/PC-GGBS blended and unblended stabiliser 
 
Figures 26-28 illustrates the percentage of voids present in the preliminary 

laboratory cylinder specimens made with Kaolinite Clay (KC) stabilised, using 

varying amount of lime or PC stabiliser blended and unblended with GGBS as 

the key ingredient, at the curing ages of 3, 28, 56 and 90 day.  

 

 
Figure 26 - Percentage of voids present in the preliminary laboratory cylinder specimens of 

Kaolinite clay stabilised with various L1-GGBS blends. 

 

The compaction moisture content reported in this work was 30% only. However, 

similar trends were observed for 35 and 40 compaction moisture content. From 

the results it can be seen that the percentage of voids present in the preliminary 

cylinder specimens made with Kaolinite clay stabilised with various L1-GGBS 

blends were within the ranges of 5.5-2.0% (see Figure 26). For the preliminary 

cylinder specimens made with Kaolinite clay stabilised with various L1-PC 

blends, the percentage of voids present were within the ranges 5.3-2.0% (see 

Figure 27). While for the preliminary cylinder specimens made with Kaolinite 

clay stabilised with various PC-GGBS blends, the percentages of voids present 
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were within the ranges 5.5-3.3% (see Figure 28). In all cases, it can be seen that 

the percentages of voids present appears to be higher as the amount of lime 

increases and directly proportional to the amount of PC and GGBS.  In addition, 

the percentages of voids present reduce with curing age. 

 

 
Figure 27 - Percentage of voids present in the preliminary laboratory cylinder specimens of 

Kaolinite Clay stabilised with various L1-PC blends. 

 
 
 

 
Figure 28 - Percentage of voids present in the preliminary laboratory cylinder specimens of 

Kaolinite Clay stabilised with various PC-GGBS blends. 
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Figures 29-31 shows the percentage of voids present in the preliminary 

laboratory cylinder specimens made with Lower Oxford Clay (LOC) stabilised 

using varying amount of lime or PC stabiliser blended and unblended with 

GGBS at the curing ages of 3, 28, 56 and 90 days. Like the case for Kaolinite 

stabilised with varying amount of lime or PC stabiliser blended and unblended 

with GGBS, this results shows only the measurement of the percentage of voids 

present for stabilised LOC, for 30% compaction moisture content. However, 

similar trends were observed for 35 and 40% compaction moisture content.  

 

From the results, it was observed that the percentage of voids present in the 

preliminary cylinder specimens made with LOC stabilised with various L1-

GGBS blends were within the ranges 2.0-5.0% (see Figure 29). The percentages 

of voids present in the specimens made with the L1-PC-LOC blend were within 

the ranges 2.0-4.8% (see Figure 30). While for the PC-GGBS-LOC blends, the 

percentages of voids were within the ranges of 2.5-5.0% (see Figure 31). Again, 

like the case for stabilised Kaolinite, it can be seen that in all cases, the 

percentage of voids present appears to be inversely proportional to the amount of 

lime and directly proportional to the amount of PC and GGBS. 

 

 
Figure 29 - Percentage of voids present in the preliminary laboratory cylinder specimens of LOC 

stabilised with various L1-GGBS blends. 
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Figure 30 - Percentage of voids present in the preliminary laboratory cylinder specimens of LOC 

stabilised with various L1-PC blends. 

 
 

 
Figure 31 - Percentage of voids present in the preliminary laboratory cylinder specimens of LOC 

stabilised with various PC-GGBS blends. 
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content only. However, similar trends were observed for 30 and 33% compaction 

moisture content. From the results, it can be seen that the specimens made with 

LOC stabilised with 4%LI-16%GBBS blended stabiliser (L1-GGBS) showed the 

lowest percentage of voids present. While, the specimens made with LOC 

stabilised with 4%PC-16%GBBS blended stabiliser (PC-GGBS) shows the 

highest percentage of voids present at all curing age. In all cases, the percentage 

of voids present in the cylinder specimens produced using LOC stabilised with 

4% lime (L1 and L2) or PC-16% GGBS blended stabiliser were within the range 

of 1-4%. 

 

 
Figure 32 - Percentage of voids present in the optimised laboratory cylinder specimens made of 

LOC stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends. 
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7.0% at the end of the 28 day moist curing period. From the 28 day, up to the age 

of 90 days, no further reductions in the percentage void were observed regardless 

of the brick type. The LG1 unfired brick type exhibiting lower percentage of 

voids present, while the LGGG1 unfired brick type  showed somewhat larger 

percentage of voids present at the end of the of 90 days moist curing period.   

 

 
Figure 33 - Percentage of voids present in the various unfired clay bricks specimens 
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5.3 Unconfined compressive strength (UCS) 
 

 5.3.1 Preliminary mixes  
 
No unconfined compressive strength data was recorded for early (3 days) or later 

age 56 and 90 days) moist curing period, for preliminary test cylinder specimens 

made using Kaolinite Clay (KC) or LOC, stabilised with lime/PC-GGBS blended 

stabiliser. This was in light of the capabilities of the available material and 

equipment in the Laboratory. Limited number of the available prefabricated steel 

mould/plunger and steel platforms used for the cylinder test specimens 

production. In addition, since it was just a preliminary mix, the test specimen 

were produced for the standards curing age of 28 day in line with BS 1924-2: 

1990, BS EN 772-1:2000 and BS EN 771-1:2003, this was done also to ensure 

that the Kaolinite clay, quicklime, hydraulic lime and PC will be enough for the 

final stage of the research. 

 

5.3.1.1 Strength development  
 

Figure 34 illustrate the 28-day unconfined compressive strength development of 

the preliminary cylinder specimens made using Kaolinite Clay (KC), stabilised 

with lime (LI) /PC-GGBS blended and unblended stabiliser (KC-L1-GGBS, KC-

L1-PC and KC-PC-GGBS). The compaction moisture content was 35%. The 

moisture content value of 35% is slightly wetter than the optimal compaction of 

KC (without stabiliser). 

 

For the KC-L1-GGBS system, a reduction in the proportion of lime and increase 

in the quantity of GGBS from 20%L1 - 0%GGBS to 8%L1 - 12%GGBS showed 

a significant strength increase from about 0.4 to about 0.8 N/mm2 (approximately 

122% increase). Further reduction in the lime content and increase in the 

proportion of GGBS resulted in a decrease in strength to only 0.085 N/mm2 for 

0%L1-20%GGBS.  
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Figure 34 - Unconfined compressive strength development of the preliminary stabilised cylinder 
specimens of (a) KC- L1-GGBS, (b) KC-L1-PC and (c) KC-PC-GGBS blends and unblended 

systems, at 35% compaction moisture content. 
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In the case of the KC-L1-PC system, a reduction in the proportion of lime and 

the corresponding increase in the quantity of PC from 20%L1-0%PC to 0%L-

20%PC led to a significantly higher strength development of the stabilised 

mixtures from about 0.4 to around 1.6 N/mm2 (approximately 352% increase in 

strength). While for the KC-PC-GGBS system, a gradual reduction in the 

quantity of PC and increase in the quantity of GGBS showed a correspondingly 

gradual reduction in strength development, from about 1.6 to about 0.1 N/mm2 

(approximately 95% reduction in strength). 

 

The 28-day unconfined compressive strength development of the stabilised LOC 

preliminary cylinder specimens made using L1-GGBS, L1-PC and PC-GGBS 

blended and unblended stabilisers are shown in Figures 35.  Unlike the case for 

the stabilised Kaolinite clay system, where a slightly wetter than the optimal 

compaction moisture content value of 35% was reported, this result for stabilised 

LOC shows only the unconfined compressive strength development for 30% 

compaction moisture content.  

 

It can be seen from Figure 35 that for the LOC-L1-GGBS system, a reduction in 

the proportion of lime and increase in the quantity of GGBS from 20%L1 - 

0%GGBS to 4%L1 - 16%GGBS shows a significant strength increase from 

about 0.6 to 2 N/mm2 (approximately 200% increase in strength), and a further 

reduction in the lime content and increase in the quantity of GGBS to 0%L1 - 

20%GGBS led to a 14% decrease in strength. It is interesting to note that unlike 

the case for stabilised Kaolinite Clay, the optimal stabiliser blend was 4%L1 - 

16%GGBS (unlike 8%L1 - 12%GGBS for the case of stabilised Kaolinite Clay), 

and also that the use of 20%GGBS did not result in a large loss in strength as 

was the case with stabilised Kaolinite Clay. 
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Figure 35 - Unconfined compressive strength development of the preliminary stabilised cylinder 
specimens of (a) LOC- L1-GGBS, (b) LOC-L1-PC and (c) LOC-PC-GGBS blends and 

unblended systems, at 30% compaction moisture content. 
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For the LOC-L1-PC system, the trends are similar to those observed with LOC-

L1-GGBS system. Thus, a reduction in the proportion of lime (and increase in 

the quantity of PC) from 20%L1- 0%PC to 4%L1-16%PC showed a significant 

increase in strength development of the stabilised mixtures from about 0.7 to 

about 1.8 N/mm2 (approximately 153% increase in the strength). A further 

reduction in lime dosage and increase in the PC content to 0%L1-20%PC 

showed a reduction in strength to about 1.5 N/mm2, representing an 

approximately 14% reduction in strength from the peak strength as was the case 

for the LOC-L1-GGBS system. However, this is unlike the case with stabilised 

Kaolinite Clay system, where there was no reduction in strength in moving from 

4%L1-16%PC to 0%L-20%PC.  

 

In the case of the LOC-PC-GGBS system, the trends are very similar to those 

observed with LOC-L1-GGBS and LOC-L1-PC systems, whereby a reduction in 

the quantity of  GGBS activator (in this case PC), and increase in the quantity of 

GGBS from 20%PC-0%GGBS to 4%PC-16%GGBS showed a significant 

increase in strength development. In this instance, the starting (PC-only) strength 

was much higher (being about 1.5N/mm2) increasing gradually to about 

1.9N/mm2 (approximately 28% increase in strength, compared with the 153–

200% increase observed previously with the lime activated GGBS system). As 

observed with the lime-based blends, a further reduction in the PC dosage and 

increase in the quantity of GGBS resulted in a decrease in strength. The decrease 

in strength from 4%PC-16%GGBS to 0%PC-20%GGBS was observed to be 

about 8%.  

 

The performance of the stabilised preliminary laboratory cylinder specimens 

made with 20%GGBS content showed variation in strength for LOC and 

Kaolinite Clay because of the difference in the material composition. The author 

hypothesises that GGBS may have been activated by some phases within the 

LOC, that are absent or inactive in the Kaolinite Clay used. The author’s 
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experience suggests that the sulfate in LOC enhances GGBS hydration. Similar 

sulphate activation of GGBS has been observed by Wild et al., (1998).  

 

5.3.1.2 Effect of moisture content  
 
The effect of varying moisture content (30, 35 and 40%) on the strength of 

stabilised KC-L1-GGBS, KC-L1-PC and KC-PC-GGBS systems was studied 

using the median stabiliser blending ratio 8% -12%, for the various stabiliser 

systems (i.e. 8%L1-12%GGBS, 8%L1-12%PC and the 8%PC-12%GGBS). The 

results are shown in Figure 36, where the highest strength value of about 

0.8N/mm2 was obtained at 35% compaction moisture content and with the 

8%L1- 12%GGBS blend. This reflects a moisture demand slightly wetter than 

the OMC of the unstabilised Kaolinite Clay which had been observed to be 30%.  

 

 
Figure 36 - The effect of varying compaction moisture content on compressive strength of 

stabilised Kaolinite Clay using one selected blending ratio (8%-12%). 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

2
8

 -
d

a
y 

u
n

c
o

n
fi

n
e

d
 c

o
m

p
re

s
s

iv
e

 s
tr

e
n

g
th

 
d

e
v

e
lo

p
m

e
n

t (
N

/m
m

²)

Compaction moisture content (%)

8%L1-12%GGBS

8%L1-12%PC

8%PC-12%GGBS



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   135 
 

 

There is a tendency in practice to compact stabilised material on the wetter side 

of the OMC, in order to cater for evaporation and other water loses, full 

hydration and minimise cracking. In practice, variation in moisture content to 

within the range of 30–35% would be expected to be adopted for the systems 

investigated. With an increase in moisture content from 35–40%, a significant 

reduction in strength values was observed with all the stabiliser blends.  

 

One obvious reason for this reduction in strength is the high residual moisture 

content at the time of testing, lubricating and facilitating movement during 

testing. In terms of chemical reactions, the exact explanation for the variation in 

strength is difficult, due to the various pozzolanic and other reactions involved in 

the hydration process within the complex mixture, exacerbated by the sensitivity 

of the stabilised mixtures to minor changes in dry density and moisture content.  

 

Figure 37 illustrates the effects of compaction moisture content using the 

unblended stabilisers. Using lime or PC, the trends were similar to those with the 

8%L1-12%GGBS blended stabiliser where the highest 28-day strength was 

obtained at 35% compaction moisture. With GGBS, the highest 28-day 

unconfined compressive strength value occurred at 30% moisture content. This 

may be attributed to the low water demand for GGBS relative to lime or PC.  

 

Figure 37 - The effect of varying compaction moisture content on compressive strength of 
stabilise Kaolinite Clay, using unblended stabilisers. 
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It is however unlikely that GGBS would be used on its own, and therefore the 

overall results suggest a general optimal moisture content of 35% for Kaolinite 

clay, using lime blended with GGBS at a lime: GGBS optimum ratio of about 1: 

3 or blended with GGBS at a varying ratio of increasing PC depending on the 

desired strength. 

 

Figure 38 illustrate the effects of varying the compaction moisture content of the 

LOC system stabilised using the various blended stabilisers (L1-GGBS, L1-PC 

and PC-GGBS). In all cases the highest strength values were achieved at 30% 

moisture content. Of the blended stabilisers, the blending ratio 4:16 for Lime: 

PC, Lime: GGBS and PC: GGBS showed the peak strength.  

 

Using the unblended control stabilisers (Lime, PC and GGBS only) at different 

moisture contents (Figure 39), the optimal performance was also observed to 

take place at 30% moisture content, suggesting that the water demand in the 

control mixes was not much different from that in the systems stabilised with the 

different blends, and that the optimal water demand in the LOC system was 

lower than that observed with stabilised Kaolinite Clay system (35%). This may 

be attributed to the differences in clay content and chemistry for the two clays, to 

the physical such as particle size and particle size distribution, and other inherent 

differences. 
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Figure 38 - The effect of varying compaction moisture content on compressive strength of 
stabilised LOC using (a) L1-GGBS, (b) L1-PC and (c) PC-GGBS blends systems, at 30% 

compaction moisture content. 
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Figure 39 - The effect of varying compaction moisture content on compressive strength of 

stabilise LOC, using unblended stabilisers. 
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Figure 40 - The compressive strength of the stabilised LOC-Lime/PC-GGBS system up 90-day 
moist curing age at (a) 27%, (b) 30% and (c) 33% compaction moisture content, at the blend 

optimisation stage. 
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Figures 41 illustrate the change in relative strength with increasing curing time, 

to the proceeding age (28-days relative to 7-day, 56-day relative to 28-day and 

90-day relative to 56-day). Overall, the rate of increase in strength is higher 

around the moist curing age of 28 days (relative to the 7-day strength) for all the 

stabilised mixtures at all compaction moisture contents. At 27% compaction 

moisture content, the blend containing PC and GGBS exhibited high increases in 

strength value compared with the Lime-GGBS blends at the moist curing age of 

28-day. At late curing age, this was reversed, in favour of the Lime-GGBS 

blended stabilisers. Thus, at 56-90 days, the blends containing lime and GGBS 

showed high increases in strength relative to the PC-GGBS system, at 27 and 30% 

compaction moisture content (see Figure 41). At 33% compaction moisture content, no 

significant variance in the rate of increase in strength values were observed at 56 

and 90 days. 

 

 
Figure 41 - The rate of increase in compressive strength value strength value relative to the 

proceeding age for the stabilised LOC-Lime/PC-GGBS system up 90-day moist curing age at 
27%, 30% and 33% compaction moisture content, at the blend optimisation stage. 
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5.3.3 Unfired clay brick mixes  
 
 

5.3.3.1 Strength development 
 
Figure 42 illustrates the strength development of the unfired clay bricks, for the 

six blended unfired mixtures (LGGG1, LGG1, LG1, LG2, PG1 and PG2) at 7, 

28, 56 and 90 days. The full size unfired clay bricks were made using stabilised 

LOC-Lime/PC-GGBS, at both laboratory and industrial scale. The results 

demonstrate that the LG1 blend (the LOC quicklime activated GGBS system, 

used in producing the unfired bricks at the first industrial trial) has a higher 

strength potential compared to the other blends. However the performances by 

the LGG1 (brick produced during the second industrial trial with LOC-quicklime 

activated GGBS system) and LG2 (brick produced during the first industrial trial 

with LOC- hydraulic lime activated GGBS system) unfired clay brick types, 

were also encouraging. 

 

The LGGG1 (brick produced at laboratory scale with LOC- quicklime activated 

GGBS system) brick type showed lower strength value when compared to the 

other three lime-based unfired clay bricks (LG1, LG2 and LGG1). This can be 

attributed to difference in the method of sample preparation (LGGG1 is 

laboratory made bricks while LG1, LG2 and LGG1 were made with industrial 

press) and variance in mix composition. The unfired bricks produced with the 

mixture of PC and GGBS using an industrial press (PG1 and PG2) also tended to 

show lower strength values at all curing age when compared to the other three 

lime-based unfired clay bricks (LG1, LG2 and LGG1) also  produced at an 

industrial scale.  
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Figure 42 - Compressive strength for all unfired clay brick test specimens up to 90-day moist 

curing age. 

 

Figure 43 shows the rate of increase in strength relative to the proceeding age 

(28-days relative to 7-day, 56-day relative to 28-day and 90-day relative to 56-

day). It was observed that at an early curing age (0–28 days) the rates of increase 

in strength for PG1, PG2 and LGGG1 were all higher than those of LGG1, LG1 

and LG2. At a later curing age (28–90 days) the roles are reversed, and the rate 

of increase in strength for PG1, PG2 and LGGG1 tended to be lower when 

compared to that of LGG1 and LG2. 

 

 
Figure 43 - The rate of increase in compressive strength value relative to the proceeding age for 

all unfired clay brick test specimens. 
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5.4 Moisture content at the time of testing for UCS 
 

5.4.1 Preliminary cylinder specimens made using Kaolinite Clay or LOC, 
stabilised with lime/PC-GGBS blended and unblended stabiliser 
 

The moisture content at the time (age) of testing for the preliminary laboratory 

cylinder specimens made with Kaolinite Clay (KC) stabilised, using varying 

amount of lime or PC stabiliser blended and unblended with GGBS as the key 

ingredient can be seen in Figures 44-46.   

 

 
Figure 44- Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay 

stabilised with various L1-GGBS blends at the age of testing for unconfined compressive 
strength. 
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moisture content at the age of testing for 30% compaction moisture content. 

However, similar trends were observed for 35 and 40.  

 

From the results in Figure 44, it can be seen that the moisture content of the 
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and 90 days (see Figure 44). Similar trends were observed with the preliminary 

cylinder specimens made with Kaolinite clay stabilised with various L1-PC and 

PC-GGBS blends. For detail see Figures 45 and 46 respectively. In all cases, it 

can be seen that the moisture content at the time of testing appears to be 

inversely proportional to the amount of lime and directly proportional to the 

amount of PC and GGBS.  

 

 
Figure 45 - Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay 
stabilised with various L1-PC blends at the age of testing for unconfined compressive strength. 

 
 

 
Figure 46 - Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay 

stabilised with various PC-GGBS blends at the age of testing for unconfined compressive 
strength. 
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Figures 47-49 illustrate the moisture content at the age of testing for the 

preliminary laboratory cylinder specimens made with Lower Oxford Clay (LOC) 

stabilised using varying amount of lime or PC stabiliser blended and unblended 

with GGBS as the key ingredient. Like the case for stabilised Kaolinite, this 

result shows only the measurement of moisture content for stabilised LOC at the 

age of testing, for 30% compaction moisture content. However, similar trends 

were observed for 35 and 40% compaction moisture content.  

 

From the results, it was observed that the moisture content of the preliminary 

cylinder specimens made with LOC stabilised with various L1-GGBS blends 

were within the ranges 12-28% for the testing ages of 3, 28, 56 and 90 days (see 

Figure 47). Similar trends were observed L1-PC- LOC and the PC-GGBS-LOC 

blends (see Figures 48 and 49 respectively). Again, like the case for stabilised 

Kaolinite, it can be seen that in all cases, the moisture content at the time of 

testing appears to be inversely proportional to the amount of lime and directly 

proportional to the amount of PC and GGBS.  

 

 

 
Figure 47 - Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised 

with various LI-GGBS blends at the age of testing for unconfined compressive strength. 
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Figure 48 - Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised 

with various L1-PC blends at the age of testing for unconfined compressive strength. 

 

 
Figure 49 - Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised 

with various PC-GGBS blends at the age of testing for unconfined compressive strength. 
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Figure 50. At this blend optimisation stage, the measurement of moisture content 

at the age of testing reported under this current study is for 27% compaction 

moisture content only. However, similar trends were observed for 30 and 33% 

compaction moisture content.   

 

 
Figure 50 - Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised 

with various LI-GGBS, L2-GGBS and PC-GGBD blends at the age of testing for unconfined 
compressive strength. 
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all cases, the moisture content at the time of testing appears to decrease as the 

age of testing for unconfined compressive strength increases. The cylinder test 

specimens made with LOC stabilised with 4%LI – 16%GBBS blend had the 

lowest moisture content at all age before testing while on the other hand, the 

cylinder test specimens made with LOC stabilised with 4%PC – 16%GBBS 

blend had the highest moisture content at all age before testing. 
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5.4.3 Unfired clay brick specimens made using LOC, stabilised using lime/PC-
GGBS blended stabiliser. 
 
Figure 51 illustrates the moisture content of various bricks (LGGG1, LGG1, 

LG1, LG2, PG1 and PG2) at the time of testing after moist curing the unfired 

clay bricks for 7, 28, 56 and 90 days. It was observed that the unfired clay bricks 

made with the LG1 blend had lowest moisture content at 7 days of moist curing 

before testing while those bricks made with LGGG1, LGG2, LG2, PG1 and PG2 

had the highest moisture content. Similar trends were observed up to the end of 

the 90-day moist curing period. 

 

 It is important to note that the LOC used during the industrial trial (from which 

the test clay bricks were obtained) already had a natural moisture content of 

17%. The moisture content of the specimen at the point of testing therefore 

includes this natural moisture in the clay and the added water at the point of 

mixing. The clay was used at its natural moisture content because in real 

practice, oven drying operation will not be feasible. 

 

 
Figure 51 - Moisture content of the various unfired clay bricks specimens at the age of testing 

for unconfined compressive strength. 
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5.5 Water Absorption  
 

5.5.1 Preliminary cylinder specimens made using Kaolinite Clay or LOC, 
stabilised with lime/PC-GGBS blended and unblended stabiliser 
 

The water absorption for the preliminary laboratory cylinder specimens made 

with Kaolinite Clay (KC) stabilised, using varying amount of lime or PC 

stabiliser blended and unblended with GGBS, at the curing ages of 3, 28, 56 and 

90 day, is illustrated in Figure 52. it can be observed from the results that the 

water absorption of the cylinder specimens made with stabilised Kaolinite Clay, 

using varying amount In all cases, like the case for void percent measurement, 

the compaction moisture contact was 30%, and the curing ages of 3, 28, 56 and 

90 day were also adopted. In all mixes (higher lime, higher PC or higher GGBS 

or unblended lime PC/GGB/), the water absorption of the cylinder specimens 

made with stabilised Kaolinite Clay were within the range of 20-24% at the end 

of the 90 day moist curing period. The blended mixes with higher lime or PC 

tended to show higher water absorption when compare to the higher GGBS 

blends. Similar trends were observed for the blended mixtures at 35 and 40% 

compaction moisture content. 

 

Figure 53 shows the water absorption for the cylinder specimens made with 

stabilised LOC. Like the case for stabilised Kaolinite Clay, higher water 

absorption rate were observed with blended mixes with higher lime or PC higher 

except that in this case of stabilised LOC, the water absorption were within the 

range of 19-23%  as against 20-24% for stabilised Kaolinite Clay at the end of 

the 90 day moist curing period. From the results in Figures 52 and 53, it can be 

summarised that there is a typical variation in water absorption  with time for the 

Kaolinite clay /LOC stabilised using, unblended and blended systems with 

higher lime, higher PC or higher GGBS. The water absorption is higher during 

the first 3 days of moist curing and at later ages lower and fairly stable.  
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Figure 52 – Water absorption of the preliminary laboratory cylinder specimens of Kaolinite Clay 

stabilised with (a) L1-GGBS, (b) L1-PC and (c) PC-GGBS blends and unblended stabilisers. 
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Figure 53 – Water absorption of the preliminary laboratory cylinder specimens of LOC 
stabilised with (a) L1-GGBS, (b) L1-PC and (c) PC-GGBS blends and unblended stabilisers. 
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5.5.2 Optimised cylinder specimens made using LOC, stabilised with lime/PC-
GGBS blended stabiliser  
 
Figure 54 illustrates the water absorption of all the cylinder specimens produced 

with stabilised LOC, at the final blend optimisation stage using 4% lime or PC to 

activate 16% GGBS blended stabilisers. Unlike for the case of the preliminary 

laboratory cylinder specimens where the results show for 30% compaction 

moisture, the water absorption of the final optimised blends reported under this 

current study is for 27% compaction moisture content only. However, similar 

trends were observed for 30 and 33% compaction moisture content.  

 

 
Figure 54 - Water absorption of the optimised laboratory cylinder specimens made of LOC 

stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends at 27% compaction moisture 
content. 
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curing period. In contrast, the water absorption for the PC – GGBS blend was 

within the range of 22.0- 26.0% at the end of the 90 days moist curing period.  

 

5.5.3 Unfired clay brick specimens made using LOC, stabilised using lime/PC-
GGBS blended stabiliser 
 
 
Figure 55 shows the water absorption for the various unfired clay brick. These 

test specimens  were produced using LOC, stabilised using lime or PC activated 

GGBS blended stabilisers (LGGG1, LGG1, LG1, LG2, PG1 and PG2) at the 

moist curing age of 7, 28, 56 and 90 days. It can be seen from Figure 55 that 

there is variation in the water absorption for the unfired clay brick test 

specimens. In all case, water absorption decreases with increasing in age of the 

unfired clay bricks.  

 

 
Figure 55 - Water absorption of the various unfired clay bricks specimens 
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press) and to variations in mix composition.  The water absorption for the PG1 

and PG2 blends were within 20.0-22.0%. The addition of PC had an effect on 

water absorption.  The water absorption is higher for the unfired clay bricks 

made using LOC, stabilised using PC activated GGBS blended stabilisers (PG1 

and PG2). In contrast, the water absorption for bricks from the lime activated 

GGBS blended systems was lower.   
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5.6 Swelling/Shrinkage behaviour 
 
 
Work on swelling/shrinkage behaviour was done by means of linear expansion 

measurement. The linear expansion results were used to speculate the 

swelling/shrinkage behaviour of the reduced numbers for the optimised cylinder 

specimens made using LOC, stabilised with lime/PC-GGBS blended stabiliser 

and the various unfired clay bricks specimens. However, no work on linear 

expansion measurement was conducted for the preliminary cylinder specimens 

made using Kaolinite Clay or LOC, stabilised with lime/PC-GGBS blended and 

unblended stabiliser. This was in light of the capabilities of the available 

equipment in the Laboratory, such as limited number of the available channels in 

the data logger, digital displacement transducers, plastic tanks, plastic platforms 

and porous discs for recording linear expansion of the cylinder test specimens.   

 

5.6.1 Optimised cylinder specimens made using LOC, stabilised with lime/PC-
GGBS blended stabiliser  
 
Figure 56 illustrates the linear expansion during moist curing and subsequent 

soaking of the various cylinder specimens produced using the optimised mixes.  

At this stage, LOC was stabilised using 4% lime (L1or L2) or PC to activate 

16% GGBS blended stabilisers (L1-GGBS, L2-GGBS and PC-GGBS). The 

linear expansion of the final optimised blends reported under this current study is 

for 27, 30 and 33%   compaction moisture content. 

 

It can be seen from Figure 56 that there is variation in the linear expansion 

behaviour with compaction moisture content. The linear expansion behaviour of 

all the stabilised cylinder specimens increases with increasing compaction 

moisture content. At the end of the 7-day moist curing period, the linear 

expansion of the stabilised LOC cylinder specimens, using L1-GGBS, L2-GGBS 

and PC-GGBS blended stabilisers were within the range of 0.3-7%, for 27, 30 

and 33% compaction moisture content.  At the end of the 7-day moist curing 

followed by 43-days partial soaking in deionised water, the maximum linear 
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expansion of all the stabilised LOC cylinder specimens increased to within the 

range of 0.9-1.6% for all compaction moisture levels.  

 

 

 

 
Figure 56 - Linear expansion behaviour of the optimised laboratory cylinder specimens made of 

LOC stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends at 27, 30 and 33% 
compaction moisture content. 
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Linear expansion during soaking of the blended specimens suggested relatively 

more rapid expansion during the first 7- days partial soaking. The stabilised LOC 

cylinders containing lime and GGBS blended stabilisers showed higher ultimate 

expansion magnitudes. The blend made with quicklime (L1-GGBS) showed the 

highest expansive behaviour, with the highest recorded expansion magnitude of 

about 1.6% at 33% compaction moisture content. The lowest linear expansion (at 

the end of the 43-day days partial soaking) of 0.9% was observed from the 

blended optimised cylinder specimens made using the PC – GGBS blend. 

 

5.6.2 Unfired clay brick specimens made using LOC, stabilised using lime/PC-
GGBS blended stabiliser 

Figure 57 shows typical linear expansion of the unfired clay brick test specimens 

(LGGG1, LGG1, LG1, LG2, PG1 and PG2). It can be seen that at 7-day moist 

curing period, the linear expansion of the stabilised brick specimens were within 

the range of 0.7-1.1%. A slight increase in the linear expansion (0.8-1.2%) and a 

fairly stable expansion magnitude were observed for all brick types for the rest of 

the moist curing period.   

 

Figure 57 – Linear expansion of the various unfired clay bricks specimens 

Like the case of the stabilised cylinder test specimens, the percentage linear 

expansion of all the unfired clay bricks test specimens up to 90-day moist curing 

0.6

0.8

1

1.2

1.4

1.6

0 14 28 42 56 70 84 98

L
in

e
a

r 
E

x
p

a
n

s
io

n
 (

%
)

Curing age (Days)

LG1

LG2

PG1

PG2

LGG1

LGGG1



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   158 
 

age were low. In both cases, the linear shrinkage was negligible. These results 

therefore suggest that, the effect of swelling/shrinkage on the unfired clay bricks 

is negligible, further suggesting good durability of the stabilised clay masonry 

units.  
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5.7 Freezing and Thawing 

 
The effect of freezing and thawing on stabilised LOC-Lime/PC-GGBS systems 

was studied using the unfired clay bricks produced at both laboratory and 

industrial scale. The typical profile of the freezing and thawing cycles of the 

unfired clay bricks as recorded by the digital monitoring device for 7 (24 h) 

freezing and thawing cycles is shown in Figure 58. Only 7 freezing and thawing 

cycles are shown, but a similar trend of the cycles was maintained up to the 100th 

cycle. 

 

 
 

Figure 58 - The profile of seven days of 24 h repeated freezing and thawing cycles. 

 
 

5.7.1 Weight loss due to freezing and thawing 
 

Figure 59 illustrates the record of the percentage weight loss of the unfired clay 

bricks (LGGG1, LGG1, LG1, LG2, PG1 and PG2) for up to the 100th freezing 

and thawing cycle. The weight losses for all unfired clay brick test types made 

from LOC-Lime/PC-GGBS system were within the range of 1.2-1.60% at the 

end of the 7th cycle. A steep increase in weight loss of about 1.4-1.9% was 

observed at the end of the 28th cycle, for all stabilised brick test specimens. No 

further significant increases in weight loss were observed at the end of the 100th 

cycle for all the stabilised bricks. Overall, the highest weight loss at the end of 

the 100th freezing and thawing cycle was just 1.9%, which is considered good 
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performance for stabilised clay masonry subjected to 24-hour repeated freezing 

and thawing cycles. 

 

 

 
Figure 59 - The percentage weight loss on all unfired clay bricks during freezing and thawing 

cycles 

 

5.7.3 Physical assessment at the end of the 100th freezing and thawing cycle 
 
The analysis of results of the examination of the specimens after the 100th 

freezing and thawing showed no damage of any type. The visual condition of a 

few of the bricks at the end of the freezing and thawing cycle can be seen in 

Figure 60. Table 21 further presents the detailed assessment of the results of the 

unfired clay bricks (LGGG1, LGG1, LG1, LG2, PG1 and PG2) after the 100th 

freezing and thawing cycles. 
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Figure 60 - The visual condition of few of the bricks at the end of the freezing/thawing cycles 

 
Table 21 - Assessment of damage on the unfired clay bricks at the end of the freezing/thawing 

cycles (DDCEN/TS 772-22:2006) 

 

 
 

 
 
 
 

Description of damage Remarks

Crater  No craters were observed at the end of the 100th

freezing /thawing cycles for all the  unfired clay bricks

under investigation.

Hair Crack > 0.2 mm  No hair cracks were observed for specimens LGGG1,

LG1, LG2, PG1 and PG2 during the entire freezing and 

thawing cycles.

Minor crack At the end of the 100th freezing and thawing cycles, no 

minor cracks were observed.

Surface crack > 0.2 mm  From the begining to the end of the freezing and 

thawing cycles, no surface cracks were observed in all

the stablised brick types.

Chipping, peeling, scaling No type of chipping, peeling, scaling were noted at the

end of the 100th freezing and thawing cycles. 

Fracture  At the end of the 100 freezing  and thawing cycles, no 

fracture observed.

Spalling, delamination No sort of spalling or delamination were noted during

the entire freezing and thawing cycles.



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   162 
 

 

5.8 Microstructural Analysis  
 

The microstructural properties of Lower Oxford Clay stabilised using Lime or 

PC-activated GGBS binder was studied using selected mix composition using 

fragments obtained from the testing for compressive strength of the LG1, LG2, 

PG1 and PG2 unfired clay brick test specimens. 

 

Scanning Electron Microscopy (SEM) with a Solid-state Backscattered Detector 

(SBD) and Energy Dispersive X-ray (EDX) analysis was employed to obtain a 

view of the microstructure, morphology and composition of the dried unfired 

clay brick specimens, after 28 days of moist curing. The analysis was conducted 

on the actual (industrial) brick specimens in order to relate the pozzolanic action 

in the stabilised Clay or Lower Oxford Clay system with strength enhancement. 

  

5.8.1 SEM of unfired brick test specimens (LG1 and LG2) 
 
Figure 61 illustrates the Scanning Electron Microscopy (SEM) images for the 

bricks made with lime-activated GGBS–LOC mixtures (LG1 and LG2), that had 

been moist cured for 28 days. The analysis shows formation of C-S-H gel around 

the stabilised LOC at the points marked A and B.  

 

When clay is stabilised with a calcium-based binder (such as lime), the reaction 

of calcium (from lime), alumina (primarily from the clay) and any sulfate present 

in the hydrated system produces calcium aluminate sulphate hydrate  

)( HSAC   minerals. These minerals have a very large expansive potential. 

One of these minerals is ettringite, which absorbs very large quantities of water 

within its structure. During its formation, very high swelling pressures can 

develop with disruptive increases in volume. The ettringite occupies a greater 

volume than the original constituent reactants and grows as gel-coated needle-

like structures (see points marked C) that generate high internal stresses in the 

stabilised system and can cause it to crack and may disintegrate.  
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Figure 61 - SEM micrographs of stabilised LOC, using lime activated GGBS system (LG1 and 
LG2) after 28 days of moist curing, (Notations — (A) C-S-H gel production, (B) Additional 
pozzolanic C-S-H gel around the LOC particle, (C) Gel-coated needle-like structures). 

 

With the incorporation of GGBS in the system, the GGBS may react with the 

excess calcium aluminate sulfate hydrate minerals (Wild et al., 1998) to form a 

dispersed system, which further fill the pores, reducing the capacity to retain 

large quantities of water within the structure, and thus reducing the continuous 
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formation of ettringite (see image for LG1 in Figure 61). The matrix of this 

stabilised soil system shows fewer large capillary pores or elongated structures, 

resulting in a more stable microstructure. The clay particles are more spherical, 

more compact and the microstructure becomes more continuous and less open. 

This may be a contributing factor to the higher strength observed in the LG1 

unfired brick types relative to LG2 and other unfired brick types (for more 

details, see Figure 42, in Section 5.3.3.1). Surface hydration and the formation of 

coatings on hydration products, due to the high exothermic action of quicklime 

are well known.  

 

For the LG2 system, where hydraulic lime was used for GGBS activation, the 

rate of exothermic reaction is much slower relative to the LG1 system where 

there is a higher rate of exothermic reaction using quicklime.  This difference in 

heat generation was observed during the mixing and production of the test 

specimens. This suggested that more water would be available for ettringite 

formation in the LG2 system relative to the LG1 system. The surface 

morphology in LG2 showed gel-coated needle-like structures growing on the 

surface of the clay plates. The increase in concentration of the gel-coated needle-

like features can be seen, with better defined boundaries. The microstructure 

becomes more open and is therefore more likely to undergo carbonation.  

 

The subsequent initiation and faster dissolution of the silica phase of the 

hydrated LOC-Lime-GGBS mix, and the formation of additional nucleation 

centres for the promotion of the precipitation of hydrated compounds are also 

widely reported (Wild et al., 1998). This phenomenon will make the matrix more 

compact, which can only result in stronger bonds between the soil grains, and the 

possibility of additional cementing pozzolanic C-S-H gel.  
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5.8.2 SBD/EDX of unfired brick test specimens (LG1 and LG2) 
 
 

The elemental analysis of the moist-cured surfaces for the LG1 and LG2 

specimens was obtained using Solid-state Backscattered Detector (SBD) and 

Energy Dispersive X-ray (EDX) technology. Using backscatter electron analysis, 

the various intensities of the different elemental peaks were obtained, and the 

final plots reproduced in Figure 62 were automatically processed using a 

dedicated INCA-SUITE software program. 

 

The elemental analysis gave estimated relative percentage weight proportions of 

the compounds present. The elemental data (and associated mineralogy) as 

determined by SBD/EDX spectra from the SEM analysis, as shown in Figure 62, 

is presented in Table 22. The most prominently observed elements are those 

associated with Calcite (CaCO3), Quartz (SiO2), Alumina (Al2O3) and 

Wollastonite (CaSiO8) crystals. Traces of elements associated with other minor 

phases such as Albite (NaAlSi3O8), Magnesium Fluoride (MgF2), Magnesia 

(MgO), Pyrite (FeS2), Feldspar (CaAlSi3O8), Titanium (Ti) and Tin (Sn) were 

also detected. The contribution of these minor phases (less than 1.5%) to the 

individual SBD/EDX spectra and towards the hydraulic activity of the system is 

likely to be relatively low.  
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Figure 62 – Elemental analysis using Energy Dispersive X-ray (EDX) of stabilised LOC, using 
lime activated GGBS system (LG1 and LG2) test specimens after 28 days of moist curing. 
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Table 22 - The quantification of the elements (and associated compounds), in certain sites in 
hydrated LG1, LG2, PG1 and PG2 brick specimens. 

 
 

 

5.8.3 SEM of unfired brick test specimens (PG1 and PG2) 
 
Figure 63 shows the Scanning Electron Microscopy (SEM) micrograph 

observations for the stabilised LOC, using PC activated GGBS system (PG1 and 

PG2). Scattered patches of small non-continuous and poorly defined products 

(A) can be seen. The products grow outwards from the pore spaces between the 

clay particles. Patches of additional nucleation centres, promoting the 

precipitation of hydrated compounds, can be also seen on the clay plates (B). For 

the PG1 system, where moisture of 4.5% was used for the production of this 

brick type, the microstructure (seen after testing for UCS) has loosely 

fragmented particles, in a more compact system relative to the PG2 system. For 

the PG2 system, where a slightly higher moisture content of 5.1% was used for 

the specimen production, the microstructure is more open. From the elemental 

Element Compound content Weight% Weight% Weight% Weight%

   LG1 LG2 PG1 PG2

C Calcite (CaCO3) 40.57 48.02 49.6 58.89

O Quartz (SiO2) 45.96 36.85 35.52 24.37

F Magnesium fluoride (MgF2) 0.49

0

0.24 0

Na Albite (NaAlSi3O8) 0.15 0.11 0.12 0.07

Mg Magnesia (MgO) 0.54 0.49 0.42 0.29

Al Alumina (Al2O3) 4.65 3.93 3.2 2.63

S Pyrite (FeS2) 0.62 0.47 3.31 0.48

K  Feldspar (CaAlSi3O8) 1.2 0.74 0.9 0.81

Ca Wollastonite (CaSiO3) 5.52 9.03 6.25 11.84

Ti Titanium (Ti) 0.29 0.16 0.2 0.15

Sn Tin (Sn) 0 0.19 0 0

Nr Not defined 0 0 0.24 0.48

Totals 100 100 100 100
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data presented in Table 22, these open sites are likely to be relatively more 

carbonated compared with the more compacted PG1 system. Dislodged and 

scattered patches of particles can be seen in the PG2 system. There is evidence of 

open cavities, and this may be a contributing factor to the lower strength 

observed in the PG2 brick type relative to the PG1. 

 

Generally, the reactions between LOC-PC-activated GGBS in water are 

complex. When PC reacts with water, the insoluble hydration products (mainly 

calcium silicate hydrates) form close to the cement particles. The more soluble 

product of hydration (calcium hydroxide) migrates through the pore solution and 

precipitates as discrete crystals, surrounded by large pores. Some of this lime is 

consumed in pozzolanic reactions with the clay particles (Wild et at., 1998). 

 

When GGBS particles are also present, both the GGBS and PC hydrate to form 

additional calcium silicate hydrates. Additionally, the GGBS reacts with the 

excess calcium hydroxide to further form more gel, which continues to fill the 

pores. The reaction between lime and GGBS is faster than the Lime-Clay 

pozzalanic reaction, and relative to the lime clay mixture, requires only small 

quantities of lime (Wild et al., 1999). The overall result in the stabilised soil 

mixture is a hardened cement paste, which contains far fewer calcium hydroxide 

crystals and therefore has fewer large capillary pores. The reduction in free 

calcium hydroxide makes the system chemically more stable, and the refined 

pore structure limits the ability of external aggression due to the impervious 

nature of the system. 

 

From the quantification of the elements (and their associated compounds) in 

certain sites in hydrated LG1, LG2, PG1 and PG2 brick specimens, it can be seen 

that the calcite contents for LG2 and PG2 are relatively higher compared to those 

for both LG1 and PG1 (see Table 22). Most of the hydraulic lime will carbonate 

with prolonged curing or exposure, and this might also be one contributing factor 

to the lower strength values observed in the unfired bricks LG2 and PG2 relative 

to LG1 and PG1 systems.   
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 Figure 63 - SEM micrograph of the stabilised LOC, using PC activated GGBS system (PG1 and 
PG2) after 28 days of moist curing, (Notations — (A) C-S-H gel production, (B) Additional 
pozzolanic C-S-H gel around the LOC particle, (D) open cavity (D) deep depressions). 
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5.8.4 SBD/EDX of unfired brick test specimens (PG1 and PG2) 
 

The Solid-state Backscattered Detector (SBD) and Energy Dispersive X-ray 

(EDX) spectra of the LOC-PC- GGBS system of unfired bricks, obtained from 

the Scanning Electron Microscopy (SEM) analysis are shown in Figure 64. The 

element/compound contents are also presented in Table 22, showing the amounts 

of the predominant minerals to be Calcite (CaCO3), Quartz (SiO2), Alumina 

(Al2O3) and Wollastonite (CaSiO8) crystals. These were established when the 

electron beam was focussed on the particle surfaces of the LOC-PC-GBBS based 

unfired bricks. 

 

The silica (quartz) content of the stabilised LOC, using PC activated GGBS 

system showed lower influence on the hydraulic activity in the mixture because 

of the lower pH of the activator (the pH of PC was observed as 12.1 compared 

to13.9 and 12.9 for quicklime and hydraulic limes respectively). Due to the 

lower alkaline environment provided by the PC, the reactivity and subsequent 

formation of the strength-enhancing soil-based silicates and aluminates were not 

advanced to the same degree as in the soil-based equivalent compounds in the 

lime system. This is because the dissolution of both silica and alumina from the 

clay is pH dependent (Wang and Scrivener, 1995, Song and Jennings, 1999, 

Puertas et al., 2004 and Gruskovnjak et al., 2006). In the lime-based system 

(LG1 and LG2), the formation of strength-contributing silicates and aluminates 

was enhanced, due to the high pH resulting from the reactivity of lime. This may 

be the reason for the lower strength values/observed for the stabilised LOC, 

using PC activated GGBS system (PG1 and PG) relative to LG1 and LG2. It is 

worth noting that in the PC system, there are added silicate and aluminate 

compounds formed from the hydration of the PC itself, but the amount of 

stabiliser used (1.4%) is such that the bulk of the strength development mainly is 

reliant on the dissolution of the silica and alumina from the clay, which forms the 

major composition of the material. 
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Figure 64 - Energy Dispersive X-ray (EDX) of stabilised LOC, using PC activated GGBS 
system (PG1 and PG2), after 28 days of moist curing. 
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5.9 Thermal Properties 
 

The knowledge of the thermal properties of a material is vital to engineers 

interested in energy efficient masonry design when making specifications for 

new buildings. For this reason, the thermal properties of stabilised LOC-lime-

GBBS and LOC-PC-GGBS systems were studied using the unfired clay brick 

test specimens made during the industrial trials reported in Chapter 4. No work 

on thermal properties was carried out on the preliminary and optimised 

laboratory cylinder test specimens. This was in light of the capabilities of the 

available equipment in the laboratory. There were only a limited number of the 

available chambers for use for the determination of thermal conductivity, making 

it impossible to conduct tests for thermal properties for the laboratory cylinder 

test specimens. In order to determine the thermal properties of unfired bricks, it 

is vital to first define certain terminologies in common use, as follows: 

(1) Measured transducer signal or Lambda limit reading - is used for the 

direct measurement of heat-flux using hot and cold plate techniques. This 

is a simple method for determining the heat transfer coefficient from a 

high temperature surface to a low temperature surface.  

(2) Thermal conductivity - is the ability of a material to transfer heat.  

(3) Basic thermal conductivity - is a conductivity value for a product in a dry 

state and it is a basis for the calculation of design thermal conductivity.  

(4) Basic thermal resistance - is a value of resistance of a product in a dry 

state and it is a basis for the calculation of design thermal resistance. 

(5) Design thermal conductivity - is the value of conductivity of a product 

under specific external and internal conditions which can be considered 

as typical of the performance of that product when incorporated in a 

building component. 

(6) Design thermal resistance - is the value of resistance of a product under 

specific external and internal conditions which can be considered as 

typical of the performance of that product when incorporated in a 

building component. 
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Notations 

 

 

 

q  =  Heat flux (W/m2) flowing through the sample

  = The thermal conductivity (Wm-1K-1) of the material

dT/dx  = Temperature gradient on the isotherm flat surface in the sample (Km-1)

∆T  = T hot-Tcold  (Temperature gradient of the hot and cold plates respectively)

TU  = Temperature of the upper plate (°C)

TL  = Temperature of the lower plate (°C)

QU  = Upper transducer signal reading 

QL  = Lower transducer signal reading

U2  = Design moisture content of the thermal property test sample

U1  = Test moisture content of the thermal property test sample

W  = Width of the thermal property test sample (mm)

D  = Dry density of the thermal property test sample (kg/m3)

 Dry  = Thermal conductivity of the sample at 10°C (Wm-1K-1)

C  = Specific heat capacity (kJkg-1K-1)

f  = Moisture conversion coefficient (kg/kg)

  = Water vapour diffusion coefficient

P  = Fractile of population

U  = Design thermal conductivity (Wm-1K-1)

B  = Basic thermal conductivity (Wm-1K-1)

RU  = Design thermal resistance (m2.KW-1)

R  = Basic thermal resistance (m2.KW-1)
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For a thorough understanding of the overall behaviour and potential of the 

stabilised LOC-Lime-GGBS and LOC-PC-GGBS building products, a good 

knowledge of their thermal properties is needed. The two categories of thermal 

parameter reported in the results are (a) the determined thermal parameters, and 

(b) the design thermal parameters. These parameters allow the comparison of 

measured data with predicted values.  

 

5.9.1 The determined thermal parameters 
   
 

5.9.1.1 Thermal conductivity (λ) of unfired clay brick 
  
The thermal conductivities of the stabilised LOC-Lime-GGBS and LOC-PC-

GGBS unfired clay brick test specimens (LGGG1, LGG1, LG1, LG2, PG1 and 

PG2) were determined from the measured transducer signal or Lambda limit 

reading obtained from the thermal conductivity equipment. Table 23 shows the 

lambda values for all the unfired clay brick types. The moisture content prior to 

testing was at 2%. Each test result is an average of values from three test 

specimens.  

 

From the test results, it can be seen that for all brick types, the highest mean 

transducer signal (Lambda limit) readings were obtained for test T1, which has 

the least mean temperature setting (TM) of 2.5 °C. The lowest mean transducer 

signal (Lambda limit) readings were obtained for test T4, which has the highest 

mean temperature setting (TM) of 17.5 °C. This was anticipated because the 

temperature settings for test T1 and T4 are the lowest and highest temperatures 

respectively. Normally, the thermal conductivity of a masonry product is tested 

in a dry condition. It is also possible to carry out tests in a moist environment of 

around 23°C and 50% relative humidity. In such a case, the measured Lambda 

values have to be converted to a dry state condition. Under this current study, 

four temperatures range were chosen (see Table 23) in accordance with BS EN 

1745:2003, to simulate the dry state condition temperature of 10°C. 
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Table 23 – The Lambda values (Wm−1 K−1) for all unfired clay bricks 

 
 

Notations: TU = temperature of the upper plate (°C); TL = temperature of the lower plate (°C); TM 
= mean temperature of the lower and upper plates; T1, T2, T3 and T4 = number of test sets 
completed, 1, 2, 3 and 4 respectively; QU = upper transducer signal reading (Lambda) 
(Wm−1 K−1), QL = lower transducer signal reading (Lambda) (Wm−1 K−1) and QM, mean 
transducer signal reading  (Lambda) (Wm−1 K−1). 
             = Example used for Table 24. 

(a) Lambda limit reading of test specimens from LGGG1 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.2971 0.2881 0.2926
T2 − 5 20 7.5 0.2930 0.2851 0.2891
T3 0 25 12.5 0.2907 0.2804 0.2856
T4 5 30 17.5 0.2864 0.2765 0.2815

(b) Lambda limit reading of test specimens from LGG1 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.2701 0.2619 0.2660
T2 − 5 20 7.5 0.2668 0.2592 0.2628
T3 0 25 12.5 0.2643 0.2549 0.2596
T4 5 30 17.5 0.2604 0.2514 0.2559

(c) Lambda limit reading of test specimens from LG1 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.2811 0.2495 0.2653

T2 − 5 20 7.5 0.2778 0.2467 0.2623
T3 0 25 12.5 0.2698 0.2413 0.2545

T4 5 30 17.5 0.2644 0.2390 0.2517

(d) Lambda limit reading of test specimens from LG2 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.2911 0.2595 0.2753
T2 − 5 20 7.5 0.2879 0.2567 0.2723
T3 0 25 12.5 0.2796 0.2513 0.2645
T4 5 30 17.5 0.2744 0.2490 0.2617

(e) Lambda limit reading of test specimens from PG1 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.2902 0.2555 0.2729
T2 − 5 20 7.5 0.2867 0.2524 0.2696
T3 0 25 12.5 0.2776 0.2464 0.2620
T4 5 30 17.5 0.2718 0.2439 0.2579

(f) Lambda limit reading of test specimens from PG2 unfired clay brick

Test TU TL TM Qu  QL   QM

T1 − 10 15 2.5 0.3042 0.2695 0.2869
T2 − 5 20 7.5 0.3007 0.2664 0.2836
T3 0 25 12.5 0.2916 0.2604 0.2760
T4 5 30 17.5 0.2858 0.2579 0.2719
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It is important to mention here that the density of the unfired brick specimens of 

dimensions 102 mm width × 102mm length × 35 mm thickness used for the 

thermal property test was established to be 1500 kg/m3 at dry state (see Table 14 

in Chapter 4). At the steady state condition during testing, the prevailing test 

conditions were considered to simulate a one-dimensional heat transfer situation. 

 

A correlation between the thermal conductivity at a dry state of 10 °C (λ10,DRY) 

and at the typical density of the unfired clay bricks (1500 kg/m3) was 

established, in compliance with BS EN 1745:2003. From Table 23, it can be seen 

that the average temperature setting for tests 2 and 3 (T2 and T3) gave the 

required dry state condition for a temperature of 10°C (Tm is within the range of 

7.5-12.5°C).  

 

For the determination of thermal conductivity of a material, two confidence 

levels are necessary (BS EN 1745:2003). One confidence level is at 10% 

representing the lower Lambda limit reading and the other at 90 % representing 

the upper Lambda in Table 23. Thus, for all unfired clay brick types, the thermal 

conductivity value for the confidence level of 10%, were derived as the average 

sum of the lower transducer reading (QL ) for test T2 and T3 from Table 23. On 

the other hand, the thermal conductivity values of 90% were derived as the 

average sum of the upper transducer reading (QU) for test T2 and T3 from Table 

23. 

 

The next stage of the analysis was to record the mean for the thermal 

conductivity values of 10 and 90% confidence levels, as the thermal conductivity 

of all unfired clay brick types at a density of 1500 kg/m3. A typical 

methodological approach for the determination of the thermal conductivity at 10 

and 90% confidence levels, using the example of unfired brick type LG1, is 

shown in Table 24. A similar procedure was adopted for the other brick types. 

These values are shown in Table 25. The values for water vapour coefficient, 

moisture conversion coefficient and specific capacity for all the unfired clay 



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   177 
 

brick types, LGGG1, LGG1, LG1, LG2, PG2, PG2 were obtained in compliance 

with BS EN 1745:2003.  

 

Table 24 - Methodological approach for the determination of the thermal conductivity at 10 and 
90% confidence levels, using the example of unfired brick type LG1, using data in Table 23. 
 

 
 
 

 

Table 25 - Thermal conductivity of all unfired clay brick types at a density of 1500 kg/m3. 

 
 

 

5.9.1.2 Basic value for thermal conductivity (λΒ) of unfired clay 
 

The basic value for thermal conductivity of a masonry material is obtained from 

test specimens of various densities. Thermal conductivity values at 10% and 90 

% confidence for unfired clay brick at a density of 1500 kg/m3 are evaluated as 

(a) For 10% confidence level

QL for at test T2 = 0.2467

QL for at test T3 = 0.2413

Sum = 0.2467+0.2413= 0.4880

Average 

Thermal conductivity = 0.2440 Wm
‐1
K
‐1

(b) For 90% confidence level

Qu for at test T2 = 0.2778

Qufor at test T3 = 0.2698

Sum = 0.2778+0.2698= 0.5476

Average 

Thermal conductivity = 0.2738 Wm‐1K‐1

112440.0
2

4880.0  KWm

112738.0
2

5476.0  KWm

Abstracting parameters at density of 1500kg/m3
Fired brick

LGGG1 LGG1 LG1 LG2 PG1 PG2 (BS EN 1745:2003)

Thermal conductivty (Wm‐1K‐1) at A 0.2828 0.2571 0.2440 0.2540 0.2494 0.2634 0.3700

Thermal conductivty (Wm‐1K‐1) at B 0.2919 0.2656 0.2738 0.2838 0.2822 0.2962 0.4300

Thermal conductivty (Wm‐1K‐1) of the material 0.2874 0.2614 0.2589 0.2689 0.2658 0.2798 0.4000

Specific heat capacity (C) (kJg ‐1K ‐1) (BS EN 1745:2003) 1 1 1 1 1 1 1

Moisture conversion coefficient (fy) (kg/kg) (BS EN 1745:2003) 10 10 10 10 10 10 10

Water vapour diffusion coefficient (m) (BS EN 1745:2003) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Notations

A = 10% confidence level corresponding to the upper transducer reading

B = 90% confidence level corresponding to the lower transducer reading

            = Example using brick type LG1, as shown in Table 24

Unfired brick test samples
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shown in Table 25.  The next step was to derive the density range for the unfired 

clay bricks in accordance with BS EN 1745:2003. This is only representative, as 

different batches of unfired clay bricks are bound to have different densities. 

Assuming a density within the range of 1200-1700 kg/m3 is chosen for the 

various unfired clay bricks, it was possible to establish a correlation between the 

density and thermal conductivity of the unfired bricks, in compliance with BS 

EN 1745:2003 as shown in Figure 65.  Both the thermal conductivity and density 

at 1500 kg/m3 for 10 and 90% confidence levels are the measured values, while 

those at 1200, 1300, 1400, 1600 and 1700 kg/m3 were achieved by linear 

interpolation (in compliance with BS EN 1745:2003) are the predicted values. 

 

There are two possible methods used in the determination of the basic value for 

thermal conductivity. The first method is to evaluate the upper and lower density 

at 10% and 90 % confidence levels and read off the corresponding thermal 

conductivity values from the correlation shown in Figure 65. From these two 

thermal conductivity values, the mean is obtained and then a factor of safety 

added to obtain the basic value for thermal conductivity for all brick types. A 

typical methodological approach for the determination of the factor of safety at 

10 and 90% confidence levels, using the example of unfired brick type LG1 is 

shown in Table 26. A similar procedure adopted for the other brick types.  

 

The second method is the arithmetic method, which involves a more detailed 

methodology and is more time consuming. In this current study, this arithmetic 

method was adopted. With the arithmetic method, two density values are 

required, the upper and lower density, in compliance with BS EN 1745:2003. 

Table 27 shows the detailed approach to the arithmetic methodology using the 

example of unfired brick type LG1. Other brick types are treated in exactly the 

same manner. Firstly, the 10% and 90% confidence (lower and upper densities) 

(1250 kg/m3 and 1650 kg/m3 respectively) were derived. Secondly, thermal 

conductivity values corresponding to these densities were established, as shown 

in Table 27. Like for the case of 1500 kg/m3 density, two confidence levels were 
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necessary. The results of the LG1 test specimen in Table 27 may be taken as an 

example.  

 

  

 

 
Figure 65 – Measured and predicted thermal conductivity values corresponding to a density 
within the range of 1200–1700 kg/m3 for unfired clay bricks (a) LGGG1 and LGG1, (b) LG1 and 
LG2, (c) PG1 and PG2, and a correlation for typical fired clay bricks. 
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Table 26 – Methodological approach for the determination of the safety factor at 10 and 90% 
confidence levels, using the example of unfired brick type LG1in Figure 65. 

 

 
 

 
Table 27 - Analysis for the mean thermal conductivity for density values of 1250 kg/m3 and 
1650 kg/m3 using the example of unfired brick type LG1(Density values of 1250 kg/m3 and 1650 
kg/m3 are the 10% and 90% confidence levels respectively). 
 

 

(a) For 10% confidence level

At a density of 1200 kg/m3 Thermal conductivity = 0.1340 Wm‐1K‐1 (see  Figure 65, or Table for Figure 65 in Appendix 7.1)

At a density of 1300 kg/m3 Thermal conductivity = 0.1740 Wm‐1K‐1 (see Figure 65, or Table for Figure 65 in Appendix 7.1)

The difference = 0.1740‐0.1340=0,0400 Wm‐1k‐1

(b) For 90% confidence level

At a density of 1200 kg/m3 Thermal conductivity = 0.1738 Wm‐1K‐1 (see Figure 65, or  Table for Figure 65 in Appendix 7.1)

At a density of 1300 kg/m
3

Thermal conductivity = 0.2038 Wm
‐1
K
‐1
 (see Figure 65, or Table for Figure 65 in Appendix 7.1)

The difference = 0.1738‐0.2038=0,0400 Wm‐1k‐1

(c) Factor of safety

Average of the difference

at (a) and (b)

Factor of safety Wm‐1K‐1

110350.0
2

0300.00400.0 


 KWm

Density Range = 1200‐1700 (500)

Lower density

Upper density

Thermal conductivity (10% confidence level)    

Average thermal conductivity (10% confidence level)

Thermal conductivity (90% confidence level)

Average thermal conductivity (90% confidence level)

Mean thermal conductivity  

Density

1250 kg/m3

1650kg/m
3

3/1650500
100

10
1700 mkg

3/1250500
100

10
1200 mkg

111530.01900.0
100

10
1340.0  KWm

113050.01900.0
100

10
3240.0  KWm

112290.0
2

3050.01530.0 


 KWm

111918.01800.0
100

10
1738.0  KWm

113358.01800.0
100

10
3538.0  KWm

112638.0
2

3358.01918.0 


 KWm

112464.0
2

2638.02290.0 


 KWm
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At 10% confidence level, the thermal conductivity value at a density of 1200 

kg/m3 is 0.1340 Wm-1K-1 while that for 1700 kg/m3 is 0.3240 Wm-1K-1 (Figure 

65). The difference between these thermal conductivity values is 0.1900 Wm-1K-

1. Using this information, an average thermal conductivity value of 0.2290 Wm-

1K-1 was obtained as shown in Table 28. A similar procedure was adopted at 90% 

confidence level. 

 

The third step was to calculate the mean thermal conductivity at both confidence 

levels. This was evaluated as the average thermal conductivity values at 10% and 

90% confidence levels. Table 28 illustrates the results for this analysis for all 

unfired clay brick types. The typical mean thermal conductivity value for fired 

clay bricks as obtained from BS EN 1745:2003 can also be seen.  

 

Table 28 – The mean thermal conductivity of all unfired clay brick types at density values of 
1250 kg/m3 and 1650 kg/m3 

 

 
 
 
After the determination of the mean thermal conductivity values, the fourth and 

final step was to determine the basic thermal conductivity values (λΒ) for all 

unfired clay brick types. This was done by adding a design Factor of Safety (F.S) 

of ±0.0350 W m−1 K−1 (methodology for the derivation shown in Table 26) to the 

already determined mean thermal conductivity values in Table 28. Thus, 

analysing the basic thermal conductivity values (λΒ) with a design s factor safety 

of +0.0350 W m−1 K−1 (the worst case scenario), the basic thermal conductivity 

values (λΒ) for the unfired clay bricks LGGG1, LGG1, LG1, LG2, PG1 and PG2 

were determined. On the other hand, the basic thermal conductivity value for 

Fired brick

LGGG1 LGG1 LG1 LG2 PG1 PG2 (BSEN 1745:2003)

Average thermal conductivity at 10% confidence level 0.2678 0.2471 0.2290 0.2440 0.2344 0.2484 0.3505

Average thermal conductivity at 90% confidence level 0.2819 0.2556 0.2638 0.2736 0.2722 0.2862 0.4200

Mean thermal conductivity value in Wm-1K-1 
0.2749 0.2514 0.2464 0.2588 0.2533 0.2673 0.3853

Note:

        =  Example shown in Table 27

Unfired brick test samples
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typical fired clay as obtained from BS EN 1745:2003 can also be seen (see Table 

29). 

 

Table 29- Basic value for thermal conductivity value (λΒ) for the unfired clay bricks 

 

 

 

 

5.9.1.3 Basic value for thermal resistance (R) of unfired clay 

 
From the evaluated basic values for thermal conductivity (λΒ) for the unfired clay 

bricks as determined above, the basic values for thermal resistance (R) for all 

unfired clay brick types were evaluated using equation 16 (seen earlier in 

Chapter 4). These values are shown in Table 30.   

 

R = 








B

W


 (BS EN 1745:2002).................................................................................Equation 16 

 
 
 

Where: 

 

R = basic value for thermal resistance. 

λΒ = basic  value for thermal conductivity. 

W = width of the test specimens, already estimated to be 0.102m (102mm).  

Brick type Basic thermal  conductivity value (W m−1 K−1 )

Unfired brick (LGGG1) 0.3099

Unfired brick (LGG1) 0.2864

Unfired brick (LG1) 0.2814*

Unfired brick (LG2) 0.2939

Unfired brick (PG1) 0.2883

Unfired brick (PG2) 0.3023

Typical fired brick (BS EN 1745:2003) 0.4203

Notes: The λΒ values are estimated for the worse case scenario, it also possible to

estimate for the best scenario, in such a case, ‐0.0350 Wm‐1K‐1 is added to all the 

mean thermal conductivity values in in Table 28

* = 0.2464 (Table 28)+ 0.0350 (FS)
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Table 30 - Basic value for thermal resistance (R) for the unfired clay bricks 
 

 
 

5.9.2 Thermal parameter values for design purposes 
 

5.9.2.1 Design values for thermal conductivity (λU) and thermal resistance (RU) 
of unfired clay 
 

After the determination for the basic thermal conductivity (λΒ), and for the basic 

thermal resistance (R), it was now possible to establish the design values that 

would be applicable for thermal conductivity (λU) and thermal resistance (RU), 

for all the unfired clay brick types investigated. This was carried out in 

compliance with BS EN 1745:2003, using the equations 14 and 15 in Chapter 4. 

Table 31 shows these design values (λU and RU) for all brick types. 

 

 12 uufU
e

R
R 

  (BS EN 1745:2003).......................................................................Equation 14
 

 12. uuf
BU e    (BS EN 1745:2003)...................................................................Equation 15  

 
 
Where  
 
             = moisture conversion coefficient (kg/kg), estimated to be 4. 
 
             = design moisture content of the test specimen, estimated to be 0.06kg/kg (6%).  

             = test moisture content of unfired brick specimen, estimated to be 0.02kg/kg (2%).  

        λΒ = basic value for thermal conductivity for the unfired clay bricks 

         R = basic value for thermal resistance for the unfired clay bricks. 

      λU =  design value for thermal conductivity for the unfired clay bricks. 

       RU = design value for thermal resistance for the unfired clay bricks. 

Brick type Basic thermal  resistance value (m2. K−1 W‐1)

Unfired brick (LGGG1) 0.3291

Unfired brick (LGG1) 0.3562

Unfired brick (LG1) 0.3625

Unfired brick (LG2) 0.3471

Unfired brick (PG1) 0.3538

Unfired brick (PG2) 0.3375

Typical fired brick (BS EN 1745:2003) 0.2427

f

1u
2u
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Table 31– Design values for thermal conductivity (λU) and resistance (RU) for the unfired clay 
brick 

 

 
 

 

5.9.2.2 Relationship between thermal design values (λU, RU) and moisture 
content 
 
 
Figure 5.40 shows the relationship between the design values for thermal 

conductivity (λU) and thermal resistance (RU) for all unfired clay brick types 

investigated, and moisture content. It can be seen that the design values for 

thermal conductivity increase with increase in moisture content, while the design 

thermal resistance of the unfired clay masonry bricks decreases with increase in 

moisture content. Similar trends were observed for typical fired clay brick.  

 

The design value for thermal conductivity and resistance is useful for most 

design engineers in the building and construction industry and these values 

depend on the moisture content of material. Research work conducted by 

Houben and Guillaud (1994) has shown state that thermal conductivity is very 

sensitive to moisture content and that calculations must allow for variations due 

to hygro-thermal behaviour of the material.  Thus, more data will be required, for 

the complete understanding of thermo-physical behaviour of rammed earth 

materials. The outcome of this result will be a particularly useful contribution to 

knowledge, more especially engineers interested in stabilised clay bricks 

incorporating lime or PC activated GGBS relative to fired clay brick. Walker et 

al (2005) found a similar relationship between dry density and thermal 

Numenclature Fired brick

LGGG1 LGG1 LG1 LG2 PG1 PG2 (BSEN 1754:2003)

U 0.3099 0.2864 0.2814 0.2939 0.2883 0.3023 0.4203

RU 0.3637 0.3361 0.3302 0.3449 0.3383 0.3548 0.4932

Notations
U = Design value for thermal conductivity (Wm-1K-1)

RU = Design value for thermal Resistance (m2.K-1W-1)

Unfired brick test samples
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conductivity for rammed earth. The specimens were compacted to different 

densities using the same soil type and tested in a guarded hot box apparatus. 

 

 

 

  
Figure 66 – The relationship between the design values for thermal conductivity and thermal 
resistance of for unfired clay bricks investigated and moisture content for (a) LGGG1 and LGG1, 
(b) LG1 and LG2 and (c) PG1 and PG2. The correlation for the typical fired clay bricks is also 
included (BS EN 1745:2003). 
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5.10 Performance Evaluation and Environmental Profile.  
 

The evaluation of performance and environmental profiling of the stabilised 

LOC-lime-GBBS and LOC-PC-GGBS systems were studied using the 

experimental unfired brick made during the industrial trials reported in Chapter 

4. The performance was compared to that of conventional fired bricks, sun-baked 

bricks or PC-stabilised bricks already being used in mainstream construction as 

control. It was not found practical to carry out such comparative work on the 

laboratory cylinder test samples.    

 

5.10.1 Performance of the experimental unfired bricks compared to 
mainstream construction bricks  
 
 

Table 32 illustrates the analysis of the performance of the experimental unfired 

bricks compared to mainstream construction bricks. The parameters used for the 

analysis include: firing in the kiln, stabiliser content, robustness/durability, 

design application, cost, use of PC and breathability. From this analysis, it can be 

seen that the experimental unfired bricks in the current study demonstrate 

excellent results for most parameters. For example, there is a significantly low 

level of conventional stabiliser used, compared to PC-stabilised bricks used in 

mainstream construction. This means that the final price of the experimental 

unfired bricks is expected to be relatively low compared to its fired or PC-

stabilised counterpart. The level of lime content used in the new development is 

not sufficient for most road construction applications where low strength values 

are needed, and 5–8% lime is required for effective soil stabilisation. The 

experimental unfired bricks can be used for both internal/external design 

applications, competing favourably with conventional fired or PC-stabilised 

bricks, especially for low cost, none load bearing and environmentally friendly 

applications. 
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The robustness/durability of the experimental unfired brick when compared to its 

sun-baked or PC-stabilised counterpart shows excellent quality. In the past, sun-

baked bricks have been a traditional construction material. However, the main 

deficiency of the sun-baked clay bricks is its susceptibility to water damage. This 

problem is now overcome by stabilising the clay soil with the addition of a small 

amount of lime or PC, thereby enhancing many of the engineering properties of 

the soil and producing an improved construction material (Kinuthia and Wild, 

2001, Mckinley et al., 2001, Rao and Shivananda, 2005). The drawback in using 

stabilised lime or PC alone results in durability problems, as reported by other 

investigators (Wild et al., 1996 and Wild et al., 1998). The outcome of previous 

research (Tasong et al., 1999 and Rajasekaran, 2005) reveals that the addition of 

GGBS to a lime-stabilised soil system is able to improve many engineering 

properties of the soil including robustness/durability. Similar trends were 

observed for the experimental unfired bricks investigated in the current study.  

 

Table 32 - Performance of the experimental unfired bricks compared to mainstream construction 
bricks. 

 
 

 

On the other hand, the use of fired clay bricks for example, entail higher 

strength, which comes at a cost, coupled with the environmental effects (large 

quantities of carbon dioxide and other emissions) caused by firing clay in the 

kiln. For the experimental unfired bricks, LOC - (PC or Lime) - GGBS 

combination was used as binder. The use of activated GGBS soil stabilisation 

Parameter Unfired clay bricks

Fired clay Sun-baked PC-stabilised  LGG1, LG1, LG2, PG1 and PG2

Firing Yes No. No. No. 

Stabiliser content None None About 8-12% PC;
high cost factor. 

About 1.5% lime for GGBS activation; a
major cost saving factor. 

Design application Internal/external walls Internal walls Internal walls Internal/external walls 

Robustness/Durability Frost resistant Susceptible to
water damage

Dependent on the
stabiliser dosage 

Robustness achieved with addition of
GGBS. Durable with activated GGBS
blendCost High Low High Low

Use of PC None None PC used and the
content varies

No PC required in the formulation: a
significant breakthrough

Breathability No No Impeded by PC
content

Achieved with lime-GGBS blend.

Bricks used in mainstream construction 
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can potentially result in the reduction in quarrying /energy consumption for 

conventional stabiliser extraction and recovering the energy value of waste 

generation. GGBS has extremely low energy usage and CO2 emission when 

compared with PC, and the material is locally available in certain parts of the 

UK. The use of activated GGBS binder combination with a lower environmental 

burden offers significant advantages for soil stabilisation. It helps in the 

inhibition of the deleterious swelling that occurs with soil stabilised soil 

containing sulphate. It is also widely used for soil stabilisation in highways and 

other foundation layers, where it provides enhanced durability, improve the 

engineering properties, control the volume stability, and increase the resistance 

to erosion, weathering and traffic loading. The breathability of the experimental 

unfired bricks, due to the use of lime, when compared to its sun-baked or PC-

stabilised counterpart is yet another excellent parameter. Providing better quality 

of air for occupants in buildings where the unfired bricks (LOC-Lime-GGBS 

system) are used as a walling material.   

 

5.10.2 Comparison of selected environmental concerns  
 
Table 33 shows the analysis of some major environmental concerns relating to 

the experimental unfired bricks.  The major environmental concerns were 

compared to those of conventional fired bricks, sun-backed brick, or PC-

stabilised bricks, used in mainstream construction. Environmental analyses are 

increasingly being used in new product development. Under this study, the 

environmental and sustainability scoring method of Breeam was used (Building 

Research Establishment, 2008). Criteria such as transportation, carbon dioxide 

emissions, embodied energy, depletion of resources; use of waste materials, 

landfill, occupants’ health (regarding end-products), product reuse and overall 

perception in terms of care for the environment were considered. Such analyses 

can lead to improvements in the life cycle of products and provide criteria for 

design decisions, when choosing materials offering similar performances for a 

given application.  

 



Chapter 5 ‐ Results 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   189 
 

From the results of the analysis presented in Table 33, it can be seen that the 

experimental unfired bricks demonstrate excellent results against most criteria. 

The average performance range and total score for the unfired bricks were 

between 3-4 (good-excellent) and 23-24 respectively, significantly better 

performance compared with the other conventional bricks used as control. The 

performance range and total score for the experimental unfired bricks are only 

comparative to those for the sun-baked brick. The unfired clay brick has thus 

demonstrated a high sustainability profile and characteristic, which could be 

exploited for energy-efficient masonry wall construction. The experimental 

unfired bricks will potentially fit in with current trends and desire for flexible 

and ‘green’ product development in the UK.  

 

Table 33 - Comparison of selected environmental concerns between the experimental unfired 
bricks and mainstream construction bricks (Breeam environmental and sustainability scoring 

method: 4, excellent; 3, good; 2, low; 1, poor) 

 
 

 
 
 
 
 
 
 
 
 

Environmental concern Unfired clay bricks

Fired clay Sun-baked PC-stabilised  LGG1, LG1, LG2, PG1 and PG2

Material

Transportation 2 4 3 3
Depletion of resources 2 2 2 2
Use of Waste/by-product 1 1 1 2

Production process
CO2 emmission (Firing with kiln) 1 3 2 3

Energy usage (Firing with kiln) 1 3 2 3

Product utilisation

Occupant health 2 3 2 3

Demolition

Product reuse 1 4 2 4

Disposal at landfill 1 4 2 3

Average performance range (1-2) (3-4) (2-3) (3-4)

Total  score (11-12) (24-25) (16-17) (23-24)

Bricks used in mainstream construction 
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5.10.3 Analysis for carbon and energy balance (input and output) 
 
  
Table 34 shows the energy and carbon dioxide emission found in the literature 

for the main stabilisers used in the current investigation (PC, Lime and GGBS) 

(Higgins, 2007, Wild, 2003 among others). Using these values, the energy and 

CO2 emission inputs for the binders combinations in the current study were 

computed using the dosage levels adopted. 

 

Morton (2008) estimated the energy input and CO2 contribution for pressed sun-

baked clay bricks to be 525.6 MJ/tonne and 25.1 kgCO2/tonne respectively. 

Using these estimates, the extra energy inputs and CO2 emissions associated with 

the use of stabilisers were applied to the unfired bricks in the current research. 

The energy and CO2 values of the binder combinations in Table 35 were 

combined with those of the pressed sun-baked clay brick estimated by Morton, 

2008. The results are presented in both Table 36 and Figure 67. 

 

Figure 67 shows energy inputs and emissions outputs for the production process 

of 1 tonne of the unfired bricks and conventional bricks used as control. The total 

energy usage for the LOC-Lime-GGBS unfired brick types (LGG1, LG1 and 

LG2) was estimated at around 657.1 MJ/tonne and 667.1 MJ/tonne for the LOC-

PC-GGBS experimental unfired brick types (PG1 and PG2). The carbon dioxide 

emissions for the experimental unfired bricks were estimated at 40.9 

kgCO2/tonne and 42.9 kgCO2/tonne respectively.  

 

Table 34 - Energy and CO2 emission values for PC, Lime and GGBS (Wild, 2003, Higgins, 
2007, among others) 

 

Widely quoted values for stabilisers

Stabiliser Energy (MJ/t)  CO2 (kg /t) 

Lime 4000 800

PC 5000 1000

GGBS 1300 70

At 100% stabiliser
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Table 35 - Energy and CO2 emission values for the binder combinations used in the research 

 
 

 

 
Table 36 - Quantification for energy usage and CO2 emission experimental unfired bricks 

 

 

 
 
 

 

 

 

(a) Stabilisers combinations 

Binder combinations % binder  content 

Lime 1.5

PC 1.4

GGBS 5.5

Lime‐GGBS 1.5 Lime +5.5 GGBS

PC‐GGBS 1.4 Lime +5.5 GGBS

(b) Energy inputs

Binder combinations Energy  (MJ/tonne) at 1.5, 1.4 and 5.5% stabiliser  Energy (MJ/tonne) 

Lime 1.5% of 4000 = 60 60

PC 1.4% of 5000 =70 70

GGBS 5.5% of 1300 =71.5 71.5

Lime‐GGBS 60+71.5 = 131.5 131.5

PC‐GGBS 70+71.5= 141.5 141.5

(c) CO2 emmissions

Binder combinations CO2 (kg/tonne) at 1.5, 1.4 and 5.5% stabiliser  CO2 (kg/tonne)

Lime 1.5% of 800    = 12 12

PC 1.4% of 1000 = 14 14

GGBS 5.5% of 70      = 3.9 3.9

Lime‐GGBS 12+3.9 = 15.9 15.9

PC‐GGBS 14+3.9= 17.9 17.9

(a) Analysis for energy usage

Brick type Quantification for Energy  (MJ/tonne)   Energy usage(MJ/tonne)  

Sun‐baked bricks 525.6 (Morton, 2008) 525.6 (Morton, 2008)

Unfired bricks (LOC‐Lime‐GGBS) 525.6+131.5= 657.1 657.1

Unfired bricks (LOC‐PC‐GGBS) 525.6+141.5=667.1 667.1

(b) Analysis for Carbon dioxide emission

Brick type Quantification for CO2 (kg CO2/tonne)   Carbon dioxide emission (kg CO2/tonne)  

Sun‐baked bricks 25 (Morton, 2008) 25 (Morton, 2008)

Unfired bricks (LOC‐Lime‐GGBS) 25+15.9=40.9 40.9

Unfired bricks (LOC‐PC‐GGBS) 25+17.9=42.9 42.9
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Figure 67 – Estimate for energy usage and carbon dioxide emission for the production of 1tonne 
of various bricks 

 

For common fired bricks, the total energy usage (input) is estimated at 4186.8 

MJ/t with equivalent output emissions of 202 kgCO2/t (Brick Development 

Association, 2009b). This large difference in energy usage between the common 

fired bricks and the experimental unfired bricks in the current study may be 

attributed to the heating to high-temperatures (900–1200°C) use in kilns during 

the firing of conventional bricks, to give the final product the strength and 

durability it requires to perform in service. Furthermore, firing clay-based 

material to such high-temperatures generally results in the release of several 

gases other than carbon dioxide, further exacerbating pollution.  

 

Traditional sun-baked bricks tend to have the least energy usage (525.6 MJ/t), 

with emissions of 25.1 kgCO2/t (Morton, 2008). However, the main deficiency 

of sun-baked brick is their susceptibility to water damage. Common PC-

 

                                                            Carbon dioxide emission (kg CO2/tonne)/ Energy usage (MJ/tonne) 

 

                                                                    Energy usage                                              Carbon dioxide emission 
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stabilised bricks with about 12% binder content have an energy usage of about 

1025.6 MJ/t, with emissions of 125.1 kgCO2/t. In the past, there have been 

several reported cases on the environmental performance of new products, using 

various wastes and recycled material.  However, there has been no attempt to 

combine energy use and emission to come up with one parameter rating.  This 

study is one of the earliest attempts to combine energy use and emission for unfired 

clay bricks relative to those bricks used in mainstream construction, as initial 

innovative steps towards the formulation of one combined parameter rating. 
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CHAPTER 6 - DISCUSSIONS AND PRACTICAL 
IMPLICATIONS 
 
 

This chapter discusses the laboratory and industrial analytical results, the 

physical observations during these two processes, their correlations and the 

overall practical implications emanating from the research. A comparison of the 

design thermal values of the unfired clay brick specimens has also been 

discussed, together with an indication of carbon and energy inventory in terms of 

energy inputs and emissions outputs, for the unfired clay brick products under 

investigation.   

 

6.1 Discussions 
 
 

6.1.1 Variations in moisture, density and percentage of void of the stabilised 
specimens 
 

There were variations in moisture content at every curing (testing) age (3, 28, 56 

and 90 days) for both the stabilised Kaolinite Clay and LOC lime-based and PC-

based mixes. For all systems, the moisture content at the time of testing appears 

to decrease as the age of testing for unconfined compressive strength increases. 

The Lime-based systems consistently exhibited lower moisture contents at all 

ages relative to their PC-based counterparts, throughout the 90 days of curing. 

This may be attributed to the increased pozzolanic reaction 

(stabilisation/solidification) between lime and the clay fractions and the rapid 

cation exchange reactions as a result of dissolution of lime in the exothermic 

reaction, hence enhancing the formation of CASH- gel, which is considered 

partly responsible for the dense nature of the stabilised lime-based mixture.  

 

The industrial scale bricks had lower moisture at all ages before testing 

compared to the laboratory scale bricks. This variation in trend can be attributed 

to the drying behaviour of each mixture and better compaction with industrial 
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plant, as opposed to the laboratory practice of manual compaction that is prone 

to loss of moisture that is trapped in pockets of material. The moisture content 

affects strength development and durability of the material (Kaliyan and Vance 

Morey, 2009). 

 

Like for the case of moisture content at every testing age, there were variations 

in density measurements taken after the 28-day moist curing period at the varied 

compaction moisture contents, for both the stabilised Kaolinite Clay and LOC 

lime-base and PC-base mixes. The density decreased with compaction moisture 

content for both stabilised Kaolinite clay and LOC, although the stabilised LOC 

achieved marginally higher densities compared with stabilised Kaolinite clay. 

This was expected, the bulk density of Kaolinite clay is lower than that of LOC 

(see Table 5). Since the material used for each batch of cylinder and brick 

specimens were typically the same it is anticipated that volume stability with age 

(beyond 28-days moist) would prevail. However, variations in other properties 

may have occurred, due to the variations in the composition of the blends and the 

differences in the reaction mechanisms for the different stabilisers used in the 

formulation process. 

 

Again, like the case for moisture content at every testing age, the percentage of 

voids present in all the stabilised systems appeared to decrease as the curing 

increased. The KC/LOC-Lime-GGBS systems consistently exhibited lower voids 

percent present relative to the KC/LOC-PC-GGBS counterparts throughout the 

90 days of curing. This variation may be attributed to the modification of the 

plastic behaviour and enhances volume stability of the lime-based system. Since 

part of the properties that control the plasticity of stabilised clay soil are the 

plate-like structures and their association with the adsorbed water, due to the 

formation of more cementitious products in the lime-based system, less voids 

will be formed, hence enhancing the formation of CASH- gel, which is 

considered partly responsible for the dense nature of the stabilised lime-based 

mixture.  
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The positive effect of the Lime-based systems seems to have on the one hand 

cemented the soil particles together and filled in the pore spaces in the Koalinite 

Clay or LOC and on the other hand prevented the formation of more voids. The 

variations in the unconfined compressive strength on the stabilised Kaolinite 

Clay and LOC lime-based and PC-base systems will now be discussed. 
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6.1.2 Variation in unconfined compressive strength 
 
 
As was the case of variations in the stabilised product moisture content, density 

and voids, there were variations in unconfined compressive strength for both the 

stabilised Kaolinite Clay and LOC lime-based and PC-based mixes with age, 

clay type, stabiliser content, compaction moisture content plus other varied 

engineering factors. For the whole systems, the unconfined compressive strength 

at the time of testing appears to increase as the age of the specimen increases. 

The compressive strength values obtained using the more natural LOC is better, 

relative to that observed for the semi processed Kaolinite Clay. The Lime-based 

systems showed better unconfined compressive strength than the values observed 

using the PC-based system throughout the 90 days of curing. The MDD values 

for the unstabilised Kaolinite Clay and LOC were observed to be about 31 and 

29% respectively, and it is therefore reasonable to observe maximum strength at 

around 30-35% compaction moisture content for the KC-based system and 27- 

30% compaction moisture content for LOC-based systems. Therefore, in 

practice, an approximate compaction moisture content value within the range of 

25-40% would be expected to prevail for both the Kaolinite Clay and LOC-based 

systems. The reasons for the improved performance with the LOC relative to the 

Kaolinite Clay-based system may include better material size distribution (better 

matrix, upon clay modification by the lime) and variable mineral composition. 

The different mineral phases in the LOC may have provided a better hydration 

profile.  

 

It was extremely difficult to make technical comparison of the overall 

engineering performance of the industrial  and laboratory scale unfired stabilised 

brick test specimens due to the disparities in test methods and brick shape (one 

solid and the other incorporating a frog), mixing and compaction methods. The 

higher strength values of the industrial scale bricks when compared to those of 

the laboratory may be explained as follows: (a) better compaction with industrial 
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plant, (b) possible advantages of mixing larger batches of materials as opposed to 

the laboratory practice of manual compaction with small scale batch mixing that 

is prone to moisture losses/localised pockets of material in-homogeneity, and (c) 

better handling of the freshly made product (as opposed to manual, and 

sometimes forced extrusion in the laboratory). 

 

The current emerging trend in stabilised clay-based construction or building 

product development is an emphasis on material handle-ability, coupled with a 

close matching of achievable strength with application/demand. The UK 

building regulations require minimum brick strengths of 5–8 N/mm2 for most 

clay masonry walling applications, but this requirement is for fired clay bricks 

not for unfired stabilised clay-based material. In unfired stabilised brick making 

for example, strength is not a critical issue for performance evaluation. The use 

of fired clay bricks for example, entail higher strength, but very energy-intensive 

during the firing processes which result in large quantities of carbon dioxide and 

other emissions. While it is important to acknowledge the contribution of fired 

clay brick in improving the overall properties of clay-based structures, it is 

equally important to consider that the high strength comes at a cost, coupled with 

the environmental effects caused by firing clay in the kiln.  For the unfired 

stabilised clay bricks, the cost of firing is completely eliminate, with little or no 

environmental burden. The compressive strength of a clay-based material is its 

ability to sustain its load without failure or local crushing or spalling at points of 

high stress.  

 

Compressive strength parameters are only critical as a measure of durability for 

load-bearing structures. Since unfired stabilised clay-based systems are not 

designed for high load bearing, higher strength is not required as long as the 

unfired clay-based material is able to resist swelling, shrinkage, cracking, 

freezing/thawing and erosion due to direct or indirect effect of water. Durability 

as applied to unfired stabilised clay-based systems is the ability to resist the 

effects of varying degrees of exposure. Other common requirements for unfired 
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stabilised clay-based systems are defined in terms of density, dimensions, 

thermal properties, active soluble salt content and vapour permeability. 

 

Overall, the explanation for this variation in the strength of the various cylinder 

and brick test specimens is very complex due to the various pozzolanic and other 

reactions involved in the hydration processes within the systems. The different 

stabiliser blends contain varying amounts of residual lime, resulting in 

differences in the pH of the systems and hence differences in reacting ion 

species. This may be a typical reason for the strength variations in the different 

systems. By blending CaO with GGBS, the combined pozzolanic reactions 

involved (Lime-LOC, GGBS hydration, and activated GGBS–LOC) result in 

more gel formation and hence pore refinement and preventing the formation of 

more voids, with resultant hardened paste. GGBS may also play the role of 

diluting the stabilised system, thus reducing the amount of expansive products in 

the pore space and also increasing the effective water to stabiliser ratio. This 

would enable a greater degree of CaO hydration. This minimises any possible 

disruption to the hardened product and the overall expansion may be reduced. In 

addition to the above hypotheses, GGBS may also mitigate expansion by 

providing a surface upon which lime can be adsorbed and subsequently interact 

by activating the hydration process with the enhanced pH environment. The pH 

of quicklime is higher than that of PC. This means a higher pH or higher alkaline 

activator, and this is beneficial for the hydration and hence strengthening 

process. This may account for the higher strength values observed in the LOC-

Lime-GGBS system relative to the LOC-PC-GGBS system. The system may 

have high concentration of calcium ion (Ca2+) and hydroxide ions (OH−). The 

concentration of divalent Ca2+ may then induce the flocculation of the clay 

colloids which may then transform the plastic soil particles to a granular state. 

 

For the LOC-PC-GGBS mixture, the PC present in the system affected the clay 

to a lesser degree due to the reduced lime in the system. By the time lime is 

available in the system (after PC hydration), some of the clay is already coated 
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with hydration products. The PC in the blended mixtures simply covers the clay 

particles with an insoluble and impermeable coating. This may be the reason for 

the lower strength values observed from the unfired clay bricks made from the 

LOC-PC-GGBS system (PG1 and PG2). 

 

During the pozzolanic reaction of the blended systems, pozzolanic compounds 

and ettringite develop, resulting in the formation of calcium silicate hydrates and 

calcium aluminate hydrates in crystalline or semi crystalline phases. The 

presence of lime in LOC-Lime-GGBS systems and subsequent acceleration of 

pozzolanic reactions due to the exothermic reaction may have led to the 

formation of alumino-silicates such as gismondine (CaAl2Si2O8·4H2O) and 

gehlenite hydrate (Antiohos et al., 2006 and Bernal et al., 2010). The exothermic 

reaction may initiate a faster dissolution of amorphous silica from the siliceous 

form of the LOC and GGBS. Also there is a possible continuous generation of 

pozzolanic reaction products that fill the pores in the blended systems. This may 

lead to the formation of additional C–S–H gel and the subsequent increase of the 

volume occupied by hydrated compounds. These compounds are able to make 

the system to be denser, and may contribute to the superior strength of the 

stabilised LOC-Lime-GGBS systems. 

 

The higher strength development of stabilised LOC-Lime-GGBS system relative 

to the LOC-PC-GGBS system may also be attributed to either the gradual 

continued formation of C–S–H gel within the pore structure, without necessarily 

developing a crystalline structure, but blocking pores and providing strength as it 

develops (Wild et al., 1997, 1998). The majority of researchers (Zhang, 1995, 

Wild et al., 1999, Bai et al., 2003, Antiohos and Tsimas, 2004 and Antiohos et 

al., 2008) dealing with the use of supplementary cementing materials agree that, 

in most cases, GGBS activated with CaO improves the properties of clay soils 

during the stabilisation process. Based on the laboratory results, there are 

possible economic as well as environmental advantages accruing from the use of 

L–GGBS blended binders, with or without additional PC to stabilise clay soils 
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for the production of unfired clay brick building products. The consequences of 

the subsequent water-resistance behaviour of the stabilised Kaolinite and LOC 

systems are now discussed below. 
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6.1.3 Variation in water resistance 
 

6.1.3.1 Water absorption 
 

Clay-based materials have a considerable capacity of water intake which can 

result to swelling by absorption of water either onto the clay particle surfaces, for 

example illite and kaoline, or between the alumino-silicate layers of the clay 

structure in the cases of smectites, vermiculite and halloysite (Mitchell and Soga 

2005 and Yong and Ouhadi, 2007). Therefore, the level of water absorption is 

critical when stabilised clay materials are to be used for masonry wall 

application. High water absorptionof a specimen causes swelling of the stabilised 

clay fraction, while water loss causes the clay fraction to shrink (Rao and 

Shivananda 2002). Typical water absorption rate above 40%, of stabilised soil-

based product exposed to unprotected environment, will result in loss of strength 

of the product over time for the stabilised product. 

 

Like the unconfined compressive strength behaviour, the variation in water 

absorption follows a similar fashion. Higher initial water absorptionthen slows 

down as the curing age increases.  For all mixes, the water absorption rate is 

higher during the first 3-7 days of moist curing and at later ages lower and fairly 

stable. For the preliminary cylinder mixes made with stabilised Kaolinite clay or 

LOC, the mixes with higher lime or PC had higher water absorption rate when 

compared to the mixes with higher GGBS content. For the optimised cylinder 

mixes and unfired clay bricks produced at both laboratory and industrial-scale, 

the water absorption was lower for the LOC-Lime-GGBS system relative to the 

LOC-PC-GGBS system. In contrast, these LOC-Lime-GGBS mixes were the 

ones with higher unconfined strength. 

 

The cylinder and laboratory-scale brick test specimens had slightly higher water 

absorption rate than industrial scale bricks. This variation can be attributed to 

differences in the method of sample preparation (manually made bricks and 
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those made using an industrial press). It was expected that the interaction and 

bonding between the initial starting materials is better with industrial press hence 

lower pore spaces will be available for the stabilised soil to absorb water. This is 

because, with the industrial press, the stabilisation will be more compact, with 

improvement on the overall size distribution (better matrix) of the stabilised 

mixture, enhancing the mechanical and hydration dynamics of the system. 

 

6.1.3.2 Linear expansion 
 
To some degree, all building materials containing clay swell on contact with 

water and shrink up on drying. In both cases failure might occur and hence 

swelling and shrinkage control is vital. The extent of these phenomena is very 

much dependent on the clay mineral present (type and amount), soil grading and 

moisture content changes. Only experimental data can confidently predict the 

percentage of swell or shrinkage to be expected for a particular soil. 

 

The variations in the linear expansion results in the current research may be used 

to speculate on the potential swelling or shrinkage behaviour of both stabilised 

LOC-Lime-GGBS and LOC-PC-GGBS systems. The linear expansion of the 

stabilised cylinder specimens increased with increasing compaction moisture 

content and there was a relatively more rapid expansion during the first 7- days 

of partial soaking. Thereafter, the expansion magnitudes remained fairly stable 

for the rest 43 days. In the case of the of the unfired clay brick specimen, the 

variations in linear expansion measurements were on the moist cured (7, 28, 56 

and 90 days) specimen. It is important to note that at the end of each moist 

curing age, the specimens were dried at 60 °C for 24 hours before the record of 

the initial measurements were taken.  Thereafter, the dried specimens were 

soaked in a water bath for 24 hours and their length then re-measured. The 

percentage linear expansion was lower than that of the cylinder specimen during 

the 7-day moist curing period. A slight increase in the linear expansion and a 

fairly stable expansion magnitude was observed up to 90-day moist curing age.  
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In both the cylinder and brick specimens, linear expansion at the end of the moist 

curing age was low and the linear shrinkage was negligible. The reason for this 

can be due to several factors. Firstly, in both stabilised LOC-Lime-GGBS and 

LOC-PC-GGBS systems, the cementing effect of the anticipated hydration 

reaction products (C-A-H, C-A-S-H, C-S-H gels among other complex 

compounds) bind the clay particles together, thus resisting expansion. Secondly, 

due to the presence of GGBS in both the systems, the formation of colloidal 

reaction products which has the capability of imbibing large volumes of water 

(Mehta, 1973; Mitchell, 1986) is dramatically reduced thus the expansion 

potential of the stabilized systems are low. On the other hand, a compound with 

higher crystalline structure known as ettringite may be formed instead of 

colloidal reaction products (Wild et al., 1998, Kinuthia et al., 1999). Although, 

ettringite are  also known (Wild et al., 1993 Wild et al., 1996) to impart 

significant strength enhancement, due to its needle-like crystalline morphology. 

 

The stabilised LOC specimens containing Lime-GGBS blended stabilisers 

showed higher ultimate expansion magnitudes relative to the stabilised LOC-PC-

GGBS system. Interestingly, it is the LOC-PC-GGBS system that had lower 

strength values. This can be attributed to the presence higher level of lime in the 

LOC-Lime-GGBS system compared with the LOC-PC-GGBS system. This is 

because the Lime-LOC is the main contributor to expansion. The hydration of 

the LOC-PC-GGBS system is much more rapid compared with the pozzolanic 

reaction of LOC Lime-GGBS. In both systems, the hydration reactions involved 

will consume lime, because of the presence of GGBS thus less swelling potential 

in the PC system which has less lime. 

 

There is a large coverage in the literature on swelling or shrinkage reported by 

researchers (Anderson et al., 2009 and Durucan et al., 2009 among others). 

Different approaches to the problem of swelling or shrinkage behaviour is 

recorded. Regardless of any specification requirements, the swelling or shrinkage 

characteristics of stabilised clay based systems is a vital service requirement for 
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unfired clay masonry bricks. Shrinkage cracks can be limited if the drying out of 

the bricks is carefully controlled, the clay content of the soil reduced and 

movement joints introduced. The overall effect of swelling or shrinkage on the 

unfired clay product under investigation is negligible, further suggesting good 

durability of the stabilised clay masonry units. 

 

6.1.3.3 Freezing and thawing 
 
As was the case of variations in the stabilised product moisture content, density, 

voids, unconfined compressive strength, water absorption and linear expansion, 

there were variations in the weight loss due to repeated freezing and thawing 

behaviour  for the both stabilised LOC-Lime-GGBS and LOC-PC-GGBS 

systems. For all systems, the weight loss due to repeated freezing and thawing 

appeared to decrease as the number of cycle increased. Unlike the case of linear 

expansion, where the stabilised LOC-PC-GGBS system showed a lower 

magnitude, the stabilised LOC-Lime-GGBS systems consistently exhibited 

lower weight losses relative to their LOC-PC-GGBS counterparts throughout the 

100th freezing/thawing cycles. The assessment conducted showed no damage of 

any type for all stabilised systems. 

 

When a stabilised masonry building material is exposed to severe environment of 

cycles of freezing and thawing, the presence of un-stabilised pockets of material 

could contribute to deterioration of the clay masonry product. Another drawback 

is the presence of moisture inside a stabilised clay masonry material when it 

freezes. This moisture inside the material may freeze and hence expand. In most 

cases, the material may not be able to withstand further cycles of freezing and 

thawing and the face of the material may crack and spall off. 

 

Most stabilised clay masonry building materials are durable as long as they are 

not saturated with water. Thus, most of the durability problems in stabilised clay 

products arise as a result of long-term saturation, especially when the material is 

exposed to various climatic conditions. In general, stabilised clay material may 
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be potentially vulnerable to damage from rising damp, freeze/thaw cycles and 

surface erosion caused by wind-driven rain. 

 

During the freezing and thawing cycles, the unfired clay bricks were able to 

resist the ice crystallization pressure, resulting only in a minor loss in weight 

without breaking. The majority of researchers dealing with stabilised building 

materials development (Edwards, 1991, Kværnø and Øygarden, 2006 and 

Cultrone et al., 2007) agree that in most cases freezing of pore water inside a 

masonry building material occurs when the material is subjected to repeated 

freezing and thawing. The expansion of water on freezing causes a reduction of 

granular interlock within the stabilised material. The ensuing migration of 

unfrozen water towards the freezing front creates further disturbance to material 

moisture properties and texture. Throughout the freezing and thawing cycles, and 

after close extermination, no noticeable evidence of cracks was observed in the 

unfired clay bricks. The results suggest that the unfired bricks produced during 

the industrial trial are considered suitable for use in a severe environment. 

 

Durability in the context of clay based material is the ability of the material to 

withstand the destructive action of weathering and other actions without 

degradation to the expected service life. Rain and frost are the most destructive 

natural agents causing erosion and deterioration of stabilised clay based systems. 

Some previous studies have noted relationship between compressive strength or 

durability and accelerated durability test performance (Walker, 2000, Shihata 

and Baghdadi, 2001 and Keable 1996). 

 

The ability of stabilised clay-based material to retain integrity when exposed to 

freezing temperatures cannot be readily predicted when there is a driving rainfall. 

The main test procedure used to assess freeze-thaw of stabilised clay based 

systems are ASTM D560:1989, BS 5628-3:2005, BS 6073-2:2008 and 

DDCEN/TS 772-22:2006. Suitability criteria percentage of the mass loss at the 

end of the test is reported to vary between 5 and 14% (ACI Materials Journal 



Chapter 6 – Discussions and practical implications 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   207 
 

Committee Report, 1990). Shihata and Baghdadi (2001) proposed a test method 

for freeze/thaw for soil cement that seems to be simplified. To date there is no 

recognised procedure for freeze-thaw testing of unfired clay bricks. Freeze-thaw 

may not be a significant problem in light of the general requirement to maintain 

low moisture content in walls. Freeze-thaw problems are therefore likely to be of 

most significant concern immediately following construction, when the freshly 

used material or product may be considered green and at uniformly high 

moisture content. In order to ascertain the morphology and fabric of the 

stabilised LOC-Lime-GGBS and LOC-PC-GGBS system, the microstructure 

will now be discussed. 
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6.1.4 Variation in microstructure 
 

Like the case of compressive strength and other material properties investigated, 

there were variations microstructural formations for both the stabilised LOC-

Lime-GGBS and LOC-PC-GGBS systems. Several factors may contribute to the 

microstructural variations. For example, the hydration dynamics of the various 

bonding elements, pH and unconfined compressive strength among others are 

links to the observed variations in the characteristics and the magnitude of 

microstructural changes. 

When a natural clay soil is compacted, there is a reduction in particle–particle 

frictional forces (George et al., 1992). The dry density increases with increase in 

initial water content (Bell and Coulthard, 1990, Kinuthia et al., 1999), as more 

water displaces the clay particles during the compaction process. The water 

content however reaches an optimum point, beyond which its further addition 

results in fewer solid particles per unit volume. Because clay soil particle 

surfaces are normally negatively charged (Grim, 1968) due to an imbalance in 

ionic charge, the negative charges results in particle–particle repulsive forces. 

When lime is added to the clay soil, the formation of strong bonds between the 

clay minerals and other soil particles will be prominent. According to Shi (2001), 

when lime comes into contact with water, it hydrates rapidly, liberating much 

heat. Considerable heat is produced by way of the hydration reaction, 

immediately forming calcium hydroxide.  

Heat of hydration = CaO+H2O→Ca(OH)2 ΔH=   −65.27 kJ/mol (Anthony et al., 

1999).  

Other workers (Abdi and Wild, 1993; Kinuthia, 1997) have reported that if the 

lime content is increased, lower maximum dry densities and higher optimum 

moisture contents are normally observed. 
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The cationic exchange process commences, when Ca2+ cations and OH− anions 

are introduced to the hydrated clay system. The Ca2+ cations are attracted to the 

negatively charged clay particle surfaces, resulting in a reduction of the particle–

particle repulsive forces. This cation exchange process displaces Na+ and K+ ions 

into the pore water and induces changes in the soil system and soil properties. 

The OH− anions remain in the pore solution, where they increase the alkalinity of 

the system (George et al., 1992, Kinuthia et al., 1999 among others). 

During the metallic ions exchange in a stabilised soil, the dispersed clay particles 

flocculate (adherence of clay particles to each other) to form stronger 

agglomeration of finer particles, impeding water penetration and reducing 

plasticity as already discussed. Some investigators (Rogers and Glendinning, 

1997, Kinuthia et al., 1999 and Cultrone et al., 2007) have also found that the 

durability behaviour of the stabilised soil was greatly improved. The formation 

of flocs results in an increase in voids volume and hence a reduction in dry 

density of the stabilised material. Flocculation and agglomeration are short time 

reactions (Locat et al., 1990; Abdi and Wild, 1993). The long time reactions that 

occur when a clay soil is stabilised with lime are pozzolanic reactions that 

involve the formation of cementitious products, which further increases strength 

(Kinuthia, 1997, Wild et al., 1998, Kinuthia et al., 1999). Another reaction that 

may occur in the presence of lime is carbonation, in which lime reacts with 

atmospheric carbon dioxide to form a relatively insoluble carbonate. This 

chemical reaction is detrimental to the stabilisation process. It can be avoided by 

properly expedited and sealed curing procedures that avoid prolonged exposure 

to air and/or rainfall. 

When a natural clay soil is stabilised with PC, the hydration of phases present in 

PC (mainly C3S, C2S, C3A and C4AF) results in cementitious products (C-A-H,

SHCA , C–S–H gels among other complex compounds) are formed, similar to 

those occurring in lime stabilised clay mixtures. In this case, less lime is 

available in the system. The effects of PC on the clay particles are therefore less, 

relative those taking place in systems containing equal amount of lime, due to 
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reduced availability of lime. As previously mentioned, by the time lime is 

available in the system after PC hydration, some of the clay particles are already 

coated with hydration products. 

When GGBS is added to the clay soil-Lime or soil-PC system as a partial 

replacement to lime or PC, it dilutes the system, reducing the level of lime 

available for hydration reactions. Lime in the stabilised Lime or PC system is 

known to be consumed by GGBS and additional C-S-H gel formation may also 

occur (Sivapullaiah and Lakshmikantha, 2005, Okagbue and Yakubu, 2000 and 

Wild et al., 1998). The reduction in free calcium hydroxide makes the system 

chemically more stable, and the finer pore structure limits the ability of external 

aggression due to the impervious nature of the system. In addition, the activated 

GGBS cementation process reduces the porosity of the LOC due to the 

cementation gel development within the pores (Rajasekaran, 2005). For this 

reason, one of the beneficial effects of inclusion of activated GGBS in stabilised 

soil is the reduction of deleterious heaving effects caused by the formation and 

growth of ettringite, due to the rapid removal of lime or alumina (Tasong et al., 

1999, Wild et al., 1996, Wild et al., 1998 and Kinuthia and Wild, 2001).  

Although the improvement of the soil properties is attributed to lime and cement 

hydration (Boardman et al., 2004, Chew et al., 2004, Kamruzzaman et al., 2006, 

Kinuthia et al., 1999), the differences in microstructure of both the stabilised 

LOC-Lime-GGBS system and LOC-PC-GGBS system can be attributed to 

differences in the hydration reactions between lime and PC. From the from SEM 

and SBD/EDX results, it is clear that more clay particles are coated with 

hydration products in the LOC-PC-GGBS system relative to the LOC-Lime-

GGBS system. The production of C-S-H gel and additional pozzalanic C-S-H gel 

and gel-coated prismatic structures were observed in clay plate for LG1 and 

LG2. The dimensional stability of the stabilised LOC-Lime-GGBS system 

certainly depends on the stability of the components in the system. This 

additional benefit of adding GGBS in the LOC-Lime-GGBS system is to ensure 
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that the stability is better enhanced when compared to the relative to the LOC-

PC-GGBS system, hence a better microstructure.  

The pH of both lime and PC may have lead to differences in the microstructures 

of both the stabilised LOC-Lime-GGBS system and LOC-PC-GGBS system. It 

is expected that the pH of the soil system increases due to the increase in 

alkalinity originating from lime or cement reactions. The increase in pH above 9 

dissolves silica and alumina, and induces the formation of several reaction 

products including ettringite (Rajasekaran, 1994). The effect of pH on the 

structure and composition of C-S-H gel is still controversial. In the past, PC, 

gypsum, quicklime and many alkalis have been used as activators. The influence 

of the high alkaline activators, which significantly increase the pH in the 

systems, revealed that the pH-dependent characteristics of CaO, Al2O3 and SiO2 

appear to be the most important factors explaining the hydraulic activities of the 

LOC-Lime-GGBS mixture. A high pH concentration is reported (Wang et al., 

2003) to produce high silicon (Si) and Al species with lower concentrations of 

Ca and Mg. Previous work (Wang and Scrivener, 1995 and Song and Jennings, 

1999) reported that a large quantity of C-S-H gel is formed in a high pH or high 

alkali-activated system. Other workers (Gruskovnjak et al., 2006 and Puertas et 

al., 2004) have reported that a low quantity of C-S-H gel is formed in a high pH 

or high alkali-activated system, which is in contrast to the other previous 

researchers (Wang and Scrivener, 1995 and Song and Jennings, 1999). 

From SEM and SBD/EDX results, it has been observed that the hydraulic 

activities in the mixtures and the formation of a large quantity of C-S-H gel are 

favoured by LOC-Lime-GGBS mixture. The LOC-PC-GGBS system showed 

relatively lower hydraulic activity because of the lower pH of the activator (the 

pH of PC was observed as 12.1 compared to 13.9 and 12.9 for quicklime and 

hydraulic limes respectively as earlier mention in Chapter 5). Similar variations 

were observed in the unconfined compressive strength results where, stabilised 

LOC-Lime-GGBS system performed favourably compared to the LOC-PC-

GGBS system. Due to the lower alkaline environment provided by the PC, the 
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reactivity and subsequent formation of the strength-enhancing silicates and 

aluminates were not advanced to the same degree as in the lime system. In the 

lime-based brick system (LG1 and LG2), the formation of strength-contributing 

silicates and aluminates was enhanced due to the high reactivity of lime. This 

may be attributed to the better microstructure of the stabilised LOC-Lime-GGBS 

system relative to the LOC-PC-GGBS system. In order to ascertain the design 

values for thermal conductivity and thermal resistance, and the relationship 

between thermal design values to moisture content for both systems, the thermal 

properties will now be discussed. 
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6.1.5 Variation in thermal properties 
 
 
From the results of the thermal properties of the unfired bricks, it can be seen 

that the characteristics and magnitude of the thermal behaviour showed by each 

specimen have peculiarities that depend on the various bonding elements, density 

and moisture content. Like for the unconfined compressive strength, water 

resistance and microstructure, there is no significant variation in thermal 

properties between the Lime and PC-based systems. This is because the principal 

reactants of both stabilised LOC-Lime-GGBS and LOC-PC-GGBS systems are 

similar, and the properties of the hydrated product are also governed by 

properties of the C–S–H gel, such as its amount, porosity, permeability, and 

fineness of all reactants involved, efficiency of mixing, temperature and curing 

time. 

 

In all brick types, the design thermal conductivity increases with increase in 

moisture content while the design thermal resistance reduces with increasing 

moisture content. The relationship at 2% moisture content and the predicted 

values for up to 8% moisture content can be explained by the linear regressions 

shown in Figure 68. The regression in Figure 68 can be summarised by the 

simple equation of a straight line as shown below. The linear regression 

parameters of m (slope) and intercepts ( c ) and 2R are summarised in Table 37. 

 

cmxy  .........................................................................................................Equation 17 

 

For LG1 for example, 2877.00213.0  xy  

  

Where  
 

Uy  or UR  

mcx   
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Table 37 - The summarised regression values for all brick types 

 

 
 

From the linear regression values in Table 37, it can be seen that the R squared 

values (coefficient of determination) are positive and very close to unity. This 

means that the parameters being matched are highly dependent on each other 

which is clear from the plots shown in Figures 68. The regression lines for the 

thermal conductivity and resistance plotted against moisture content pass through 

all the corresponding data points. The relationship can be particularly useful as it 

provides the basis upon which the design values for thermal conductivity and 

thermal resistance of unfired clay masonry bricks can be broadly assessed or 

estimated.  

 

The effects of density of the unfired clay brick on the design value for thermal 

conductivity are shown in Figures 69. It can be seen that the design value for 

thermal conductivity increases with the increase in density of the unfired clay 

bricks. 

m C m C

LG1 0.0213 0.2877 0.0145 0.3379

LG2 0.0213 0.3024 0.0145 0.3248

LGGG1 0.0213 0.3212 0.0145 0.3389

LGG1 0.0213 0.2936 0.0145 0.3325

PG1 0.0213 0.2958 0.0145 0.3305

PG2 0.0213 0.3123 0.0145 0.3166

Notations

λ U  = Design value for thermal conductivity

R U  = Design value for thermal resistance

m   = Slope

C    = intercept

λ U R U
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Figure 68 – Linear regression values of the unfired clay bricks (a) LG1 and LG2, (b) LGGG1 

and LGG1, (c) PG1 and PG2. 
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. 
Figure 69 - The effects of density on the design values of thermal conductivity of unfired clay 

bricks. 

 
From many research findings, the thermal conductivity of a material is 

approximately a function of the material density (Hall and Allinson, 2009 and 

Sundberg et al., 2009). The results obtained from this current study are therefore 

in compliance with the numerous test results reported in the literature (Bondi and 

Stefanizzi, 2001, Al Nahhas et al., 2007, Sala et al., 2008, Hall and Allinson, 

2009 and Sundberg et al., 2009). The typical relationship in Figure 69 is 

therefore shown as a practical guide for estimating conductivity of unfired clay 

bricks.  

 

In most building regulations, the ability of new masonry walling material to have 

efficient thermal transmittance values is increasingly being highlighted. Thermal 

conductivity of clay-based or concrete-based masonry units is of great 

importance in satisfying design requirements. Based on the results of this current 

work, it can be seen that the thermal conductivity of unfired clay masonry bricks 

depends on their density, moisture content and mineralogical composition of the 

clay and other additives. The higher conductivity values for the fired clay bricks 

can be explained. The firing process of clay bricks makes the clay to partially 

fuse to form a glassy product so as to give the product the strength and durability 
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it requires to perform in service. Thus the important change relating to the higher 

thermal property of the fired brick results from the breakdown of the original 

clay mineral and the formation of new crystalline material and glass phases. It is 

preferable that the optimum thermal properties of a masonry material are as low 

as possible. The thermal conductivity value adopted for a particular material can 

only comply with the current building regulations if the thermal transmittance 

values are low. However, the material is also expected to comply with minimum 

strength and durability parameters under the current UK building regulations. 

 

From economic and environment conservation points of view, it is more 

beneficial to design buildings with lower design values for thermal conductivity 

characteristics. The good thermal properties of unfired masonry bricks suggests 

that they are likely to contribute to some extent in reducing the high costs of 

heating in the winter and air conditioning in summer. Perhaps, the thermal 

bridges (thermally low points, at the intersection) usually observed in external 

masonry walls which render the thermal resistance of the whole enclosure lower 

than that assigned in the designed value may also be reduced because of the 

breath-ability properties of the unfired clay bricks. The breath-ability of the 

stabilised LOC-Lime-GGBS unfired clay brick will discourage harmful mould 

growth while providing better air quality for the building’s occupants. When the 

lime based bricks are used for masonry wall construction, the wall will be 

characterised by low thermal transmittance. The temperature inside such a wall 

in a building envelope will be regulated especially in summer. Therefore, heavy 

use of heaters will be reasonably reduced, and the energy consumption will be 

low. This will result in long-term benefits, reducing the cost of cooling/heating 

as well as minimising environment pollutants that arise due to heavy use of 

power. 

 

The ability of walling bricks to satisfy design requirements for thermal 

transmittance is increasingly being highlighted because thermal properties in 

addition to strength are required for practical application of clay-based building 

material. It is preferable for the optimum thermal properties of masonry material 
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to be as low as possible because the thermal conductivity value adopted for a 

particular material can only comply with current building regulations if the 

thermal transmittance values are low, provided that minimum strength and 

durability parameters are also met. The low thermal conductivity property of 

other unfired clay-based systems as reported by other research workers (Hendry, 

2001, Goodhew and Griffiths, 2005 and Utama and Gheewala, 2009) is therefore 

of great interest and the output of these research works could be exploited to 

satisfy design requirements for unfired clay masonry bricks. As earlier 

mentioned, it is also possible that the breathability of lime-based unfired clay 

bricks will discourage harmful mould growth, thus providing better air quality 

for building occupants; furthermore, they are biodegradable and can absorb 

odours. 

 

It would be helpful to have a combined parameter that would consider energy 

use and emission formulating a one parameter rating system. For this reason, the 

variation in performance and environmental profile of the experimental unfired 

bricks for the stabilised LOC-Lime-GGBS and LOC-PC-GGBS systems 

compared to mainstream construction bricks will now be discussed.   
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6.1.7 Evaluation of combined performance and environmental profiles  
 
 

The current research work was keen in the analysis for performance evaluation, 

combined with selected environmental concerns and the carbon and energy 

balance (input and output) of the experimental unfired bricks, compared to 

mainstream construction bricks. In all cases, the experimental unfired bricks 

performed incredibly well relative to mainstream construction bricks. However, 

it is worth mentioning that it is difficult to establish common comparable 

environmental profile analysis data for building construction materials, because 

each research work has tended to show its own and different type of analysis. As 

mentioned earlier in Chapter 5, there has been no attempt so far to combine 

energy use and emissions profile to come up with one single parameter rating for 

a product. This study is one of the earliest attempts to compare fired and unfired 

clay technology, and also to combine energy use and CO2 emission for unfired 

clay bricks relative to those bricks used in mainstream construction. This is an 

attempt to come up with one parameter rating. Thus this research work on 

unfired clay masonry brick development is considered to be a significant 

contribution to knowledge for the sustainable future. 

 

Sustainability issues for the development of new infrastructural materials can be 

interpreted as minimising both resource inputs and environmental impact at all 

stages of resource production and use. The overall intention is thus to minimise 

energy, raw material inputs and pollutant output at the manufacturing stage, over 

the life of the component and ultimately it’s recyclability at the end of life. The 

experimental unfired bricks were more energy efficient than other commonly 

used kiln-fired bricks. They could thus be exploited for energy-efficient masonry 

wall construction, and may potentially aid current trends towards green and 

flexible product development. 

 

Experimental construction with the developed unfired bricks has suggested 

extremely low levels of waste; any waste created during the manufacturing 
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process can be fully recycled within the system by simply re-wetting and mixing 

the materials. As clay materials are inert and non-toxic, the use of clay for the 

manufacture of unfired bricks generally causes no direct environmental pollution 

during the whole brick life cycle. The stabilisers used, though reactive at the 

initial stages, are only used in low dosages relative to the bulk material, and end 

up being rendered inert upon hydration and subsequent pozzolanic reaction. 

Masonry bricks made from fired clay and clay stabilised with high PC/lime 

content require fossil fuel energy to manufacture and cause a net gain in carbon 

dioxide emissions and other pollutants. Other common masonry materials (stone, 

concrete brick, mortar) also have a high embodied energy and/or, because of 

their high PC content, the recycling of concrete bricks and mortar is 

uneconomical. 

 

The experimental unfired bricks produced as a result of this research could be 

used for community-based housing development, with the overall target of 

improving quality, cost effectiveness and sustainability of such infrastructure. If 

current sustainability goals are to be met, more research and development into 

suitable products for the built environment should be encouraged. 

 

The prudent use of resources based, couple with the prevailing ecological 

principles and integration of the key aspects of construction and environmental 

protection, will be vital for a healthy built environment. This study has shown 

that unfired masonry bricks can be produced using clay and activated GGBS; 

their manufacture would offset the current decline in the production of fired clay 

bricks arising as a result of growing sustainability awareness and new emissions 

targets.  

 

Unfired clay brick technology offers radical improvements over current kiln-

firing methods in terms of minimising environmental effects and elevating the 

future of a brick industry that is currently under pressure from low prices and 

government legislation. Most brick works are struggling to replace/upgrade old 
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plants and make a healthy turnover. The time is right for the fired brick industry 

to advance existing products, with a subsequent shift towards more sustainable 

infrastructure development. The possibility of using alternative types of  binder 

combinations such as those adopted in the current research for other clay types 

currently used commercially is also being considered. 
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6.2 Practical implication 
 

The outcome of the strength results obtained in the current research has shown 

that it is possible to develop viable GGBS-based stabilised clay building 

components. This is encouraging, and may have significant practical 

implications. The more sustainable blended (Lime activated GGBS system) 

stabiliser showed the best strength development (PC activated GGBS system). 

Thus, Lime–GGBS can be used as a strengthening agent for LOC soil. In 

addition, the use of Lime and GGBS in the stabilisation of soil for unfired clay 

brick development, for low-cost, energy efficient and sustainable housing has 

special practical significance in relation to the economic and environmental 

considerations. In practice, it is generally accepted that the level of CO2 and the 

embodied energy associated with either fired or unfired bricks depend on the 

production process. It is difficult to establish common comparable data, as each 

research studies have tended to show their own in-house quantifications. In the 

present research, Lime-activated GGBS was the preferred stabiliser blend rather 

than blends containing PC whose production is associated with high energy 

consumption and high CO2 generation. This research work has however given an 

indication of the embodied energy and the CO2 emission of both LOC-Lime-

GBBS and LOC-lime-GBBS unfired bricks. These embodied energy figures for 

the unfired clay bricks incorporating GGBS are considered to have a significant 

practical and realistic reference, especially to engineers and developers interested 

in low-embodied energy design. 

 

This research is practically relevant to all those involved in the use of industrial 

by-products to improve soil and geotechnical properties, including civil and 

construction engineers. Furthermore, this research work could also be of interest 

to people working in developing countries, as they will learn the art of using 

industrial by-products (such as GGBS) for new soil-based materials 

development, to enable more giant steps towards similar product processes. 
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The knowledge of the design values for thermal conductivity and thermal 

resistance of unfired clay masonry bricks from both experimental and theoretical 

design point of view is important for industries interested in energy efficient 

masonry design. From the results of this study, it can be seen that thermal 

conductivity of the unfired clay bricks was approximated as a function of the 

material density and moisture content. The use of unfired masonry bricks may 

contribute to a reduction in the cost of heating in the winter and air conditioning 

in summer. The breath-ability of the Lime-based unfired clay brick will further 

be beneficial, as it discourages harmful mould growth thus providing better air 

quality for the building’s occupants. 

 

In view of the technological, environmental and socio-economical advantages of 

the unfired bricks developed, this research work is relevant to those involved in 

the use of industrial by-products to improve soil and geometrical properties of 

soil-based building materials, including civil and construction engineers, and 

other professionals involved in waste and resource management. Furthermore, 

this work could also be of interest to people working in developing countries, 

where the use of soil-based building materials is much more widespread and 

much more significant. They will learn the art of using lime-activation of latently 

hydraulic binders (GGBS) for new soil-based material development, to enable 

more giant steps towards similar product processes when making design 

decisions. 

 

It provides in-depth details of the properties of unfired clay bricks and 

application in a civil and structural engineering context. This research work will 

be an invaluable resource for civil engineers and other built environment 

professionals who need quick access to up-to-date, accurate information about 

the qualities of various materials. In addition, the success of the full-scale 

industrial trials also has a significant practical implication.  
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
 

The principle objective of this study was to develop unfired clay building 

materials for sustainable building construction that does not involve firing. Thus, 

the key industrial problem that this project was intended to address is the high 

energy costs in the manufacture of building components. With both clay and non-

clay bricks and blocks that do not require firing or do not wholly rely on the use 

of traditional binders such as PC (for example), not only is the final pricing of 

the building components lower, but there are also added environmental 

advantages of utilising industrial waste and/or by-products that are sourced 

locally. Thus the possible benefits of this research in terms of technology, 

economy and care for the environment are high. This chapter deals with 

conclusions of the research work, and also explores on some of the 

recommendations found necessary for future work.  

 

7.1 Conclusions  

The results obtained suggest that there is potential for the use of clay stabilised, 

using blended binders for the manufacture of unfired clay materials within the 

building industry and for other various stabilised soil applications. This will 

facilitate more sustainable construction. The following conclusions are therefore 

drawn from this research:  

(A) Engineering performance 

1. The preliminary and optimised cylinder test specimens made using 

Kaolinite Clay or LOC, stabilised with lime-GGBS blended stabiliser 

showed highest overall potential for unfired bricks manufacture, although 

there were instances where these blends showed lower strength values in 

comparison with Kaolinite Clay or LOC-PC-GGBS blends. However, 
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there are many applications of both low and high-strength building 

materials, and low strength values alone cannot rule out the application of 

Kaolinite Clay or LOC-PC-GGBS blends. 

 

2. The results obtained from the engineering performance of industrial-scale 

brick test specimens suggest that, using Lower Oxford Clay as the target 

stabilisation material, the bricks made with PC-GGBS blends tended to 

achieve lower strength values compared with the different limes-GGBS 

blends. This in some way corroborated the work carried out at laboratory 

scale. Thus, strength characteristics of the unfired clay bricks were 

improved by the presence of both lime and GGBS whose combined 

action strongly bound the soil particles. The lime and GGBS offers other 

benefits in enhancing all-round performance, including volume stability 

and overall durability. There are still a large number of material 

manufacturers, who have no deep full knowledge of, or experience with, 

GGBS and its properties and there is therefore, a limitation regarding the 

real application of activated GGBS both in highways and in building 

construction. 

 

3. The strength-enhancing effect of lime is thought to be due to pozzolanic 

reaction that results in the accumulation of additional C–S–H gel within 

the pore structure. With the incorporation of GGBS in the Clay-lime 

system, gel formation was further promoted. This resulted in the higher 

strength values observed in the stabilised LOC-Lime-GGBS system. 

 

4. The success of the full scale industrial trials and the ability to handle the 

freshly extruded brick at both laboratory and industrial scale trials is an 

extremely positive outcome. Thus, it is possible to utilise Lime-GGBS 

binder, with or without dosing with small amounts of PC, as a viable 

binder for the manufacture of a sustainable and unfired clay brick 

products. 
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5. Besides meeting the strength criteria, most of other brick-related 

parameters for the stabilised cylinder and unfired clay brick test 

specimens in this current study (water absorption, percentage of void, 

density, moisture content freezing/thawing and expansive behaviour upon 

moist curing and soaking in water of) were within the acceptable limit for 

the durability of stabilised clay masonry units. 

 

6. It was possible to determine the design values for thermal conductivity 

and thermal resistance of unfired clay masonry bricks from both 

experimental and theoretical design point of view. From the results of 

this study, it can be seen that thermal conductivity of the unfired clay 

bricks was approximated as a function of the material density and 

moisture content. Material density and moisture content are the 

fundamental parameters for thermal conductivity of the unfired clay. 

After the manufacturing of a clay masonry unit, dimensional and density 

changes take place in service, following changes in moisture content, and 

thus clay masonry bricks tend to expand in service unlike concrete units 

that tend to shrink. The movement of moisture in a masonry wall may 

induce tensile stresses that may ultimately lead to the cracking of the 

wall. At the design stage, provisions are made to cater for these defects. 

Overall, there was no significant difference between the design values for 

thermal conductivity/thermal resistance and the density/moisture content 

of the unfired clay masonry bricks made using the LOC-Lime-GGBS and 

LOC-PC-GGBS systems. However, both showed lower conductivity 

values relative to the fired clay bricks, whose increased conductivity can 

be attributed to the firing process of clay brick making. 

 

7. The unfired clay bricks showed compliance with the design thermal 

requirements for clay masonry units. The unfired clay bricks can 

therefore be used for low-medium cost housing and energy efficient 
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masonry structures characterised by low thermal transmittance. The use 

of unfired masonry bricks may contribute to a reduction in the cost of 

heating in the winter and air conditioning in summer. The breath-ability 

of the lime based unfired clay brick will further be beneficial, as it 

discourages harmful mould growth thus providing better air quality for 

the building’s occupants. 

 
(B) Analytical 

 

1. Results from SEM and SBD/EDX analyses suggest that a large quantity 

of C-S-H gel was formed in the LOC-Lime-GGBS system. The formation 

of additional pozzolanic C-S-H gel due to the exothermic reactions and 

the subsequent initiation/faster dissolution of amorphous silica phase acts 

as additional nucleation sites for promoting the precipitation of hydrated 

compounds. The presence of Calcite, Quartz, Alumina and Wollastonite 

crystals were all detected, together with other minor elements that are 

perhaps of a low contribution to the hydraulic activities of the system was 

also present. This may be attributed to the higher alkali/pH 

concentrations of the lime system compared to the PC system. 

 

(C) Environmental and Sustainability 

 

1. An environmental analysis of brick production processes indicated that 

firing is very energy intensive. Furthermore, most of the reported 

emissions from clay brick production are attributed to the energy used for 

firing kilns. The unfired clay technology using GGBS as the main 

stabilising agent for the production of building bricks will help reduce the 

energy costs of the firing process, reduce the environmental damage 

associated with the manufacturing of traditional stabilisers, and thus, 

reduce greenhouse gas emissions that contribute enormously to global 

warming. The unfired clay building material would therefore be an 
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energy-efficient and economical alternative to the firing of clay building 

components.  

 

2. Appropriate research and development into new technologies that reduce 

energy usage and carbon dioxide emissions are vital for sustainable 

building construction. More significant engagement in the development 

of new materials will help the construction industry meet global 

challenges and develop business. 

 
3. Unfired clay bricks incorporating GGBS provide a sustainable and 

healthy alternative as a replacement to conventional masonry bricks, such 

as fired clay bricks and concrete block, in both non-load-bearing and low 

rise load-bearing applications. Unfired clay bricks exhibition good 

physical material behaviour, with respect to an energy conscious and 

ecological design, which fulfils all strength and serviceability 

requirements for thermal transmittance. 

 
4. Unfired clay bricks are expected to perform favourably in most building 

applications where fired bricks are currently being used for masonry wall 

construction.  
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7.2 Recommendations for Future Work 
 

Despite having assessed a wide range of parameters that are related to brick 

manufacture, application and serviceability, there is still, a significant body of 

research work in the field of scope for unfired clay technology. Thus, based on 

this current study, the following recommendations may be drawn for future and 

further work: 

 

1) Higher strength values are likely to be achieved by further optimising the 

mass density. A higher compaction effort, in a controlled manner, 

without necessarily compromising the thermal insulation and freeze-thaw 

properties of the unfired clay masonry brick, or increasing the dead load 

that might create structural problems could also result in higher strength 

and durability.  

 

2) The use of clay with a lower organic content, together with the partial 

replacement of the clay content with other granular materials such as 

sand, gravel, and waste and /or by-product materials such as colliery and 

dust waste arising from quarrying activities (coal, slate and limestone), 

which are in abundance in many parts of the of the world, including the 

South Wales region of the UK, could be investigated. It is anticipated that 

the partial replacement of the clay content will improve the overall size 

distribution (better matrix) of the stabilised mixture, enhancing the 

mechanical and hydration dynamics of the system. 

 
3) Market studies and economic business cases for the widespread 

application of the unfired clay technology as herein investigated is 

necessary. This will add confidence to material manufacturers and 

entrepreneurs to invest in such technologies. 
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4) A thorough study of the existing building regulations is necessary, so as 

to identify the hindrances and bottlenecks that lower the potential for the 

uptake of these similar technologies for wide application in construction, 

social housing and other possible applications.  
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APPENDIXES 
 

Appendix 1- Percentage of Voids  

 

Appendix 1.1- Data Table for Figure 26  
 
 

(Percentage of voids present in the preliminary laboratory cylinder specimens of Kaolinite clay 
stabilised with various L1-GGBS blends) 

 

 
 
 
 
 
 

Appendix 1.2 - Data Table for Figure 27  
 
 
(Percentage of voids present in the preliminary laboratory cylinder specimens of Kaolinite Clay 

stabilised with various L1-PC blends) 
 

 
 
 
 
 
 
 
 

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 3.5% 3.0% 2.0% 2.0%

14%L1 - 6%GGBS 4.0% 3.5% 3.0% 3.0%

8%L1 - 12%GGBS 4.5% 4.0% 3.5% 3.5%

4%L1 - 16%GGBS 5.0% 4.5% 4.0% 4.0%

0%L1 - 20%GGBS 5.5% 5.0% 4.5% 4.5%

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%PC 3.5% 3.0% 2.0% 2.0%

14%L1 - 6%PC 4.2% 3.7% 3.0% 3.0%

8%L1 - 12%PC 4.6% 4.0% 3.3% 3.5%

4%L1 - 16%PC 5.0% 4.3% 4.0% 4.0%

0%L1 - 20%PC 5.3% 5.0% 4.2% 4.1%
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Appendix 1.3 - Data Table for Figure 28 
 
 
(Percentage of voids present in the preliminary laboratory cylinder specimens of Kaolinite Clay 

stabilised with various PC-GGBS blends) 
 

 
 
 
 

 

Appendix 1.4 - Data Table for Figure 29  
 
 
 
(Percentage of voids present in the preliminary laboratory cylinder specimens of LOC stabilised 

with various L1-GGBS blends) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 5.3% 5.0% 4.2% 4.1%

14%PC - 6%GGBS 5.0% 4.7% 4.1% 3.7%

8%PC - 12%GGBS 4.7% 4.0% 3.3% 3.3%

4%PC - 16%GGBS 4.2% 3.8% 3.7% 3.5%

0%PC - 20%GGBS 5.5% 5.0% 4.5% 4.5%

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 3.0% 2.5% 2.0% 2.0%

14%L1 - 6%GGBS 3.5% 3.0% 2.5% 2.5%

8%L1 - 12%GGBS 4.0% 3.5% 3.0% 3.0%

4%L1 - 16%GGBS 4.5% 4.0% 3.5% 3.5%

0%L1 - 20%GGBS 5.0% 4.5% 4.0% 4.0%
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Appendix 1.5 - Data Table for Figure 30 
 
 
 
(Percentage of voids present in the preliminary laboratory cylinder specimens of LOC stabilised 

with various L1-PC blends) 
 

 
 
 
 
 
 

 
 

Appendix 1.6 - Data Table for Figure 31 
 
 
 
(Percentage of voids present in the preliminary laboratory cylinder specimens of LOC stabilised 

with various PC-GGBS blends) 
 

 
 
 
 
 
 
 
 
 
 
 

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%PC 3.0% 2.5% 2.0% 2.0%

14%L1 - 6%PC 3.2% 2.8% 2.5% 2.5%

8%L1 - 12%PC 3.8% 3.2% 3.0% 3.0%

4%L1 - 16%PC 4.3% 3.8% 3.5% 3.5%

0%L1 - 20%PC 4.8% 4.2% 4.0% 4.0%

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 4.8% 4.2% 4.0% 4.0%

14%PC - 6%GGBS 3.5% 3.2% 2.8% 2.5%

8%PC - 12%GGBS 4.0% 3.6% 3.0% 3.0%

4%PC - 16%GGBS 4.2% 4.0% 3.6% 3.5%

0%PC - 20%GGBS 5.0% 4.5% 4.0% 4.0%
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Appendix 1.7 - Data Table for Figure 32  
 
 

(Percentage of voids present in the optimised laboratory cylinder specimens made of LOC 
stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends) 

 

 
 
 
 
 
 
 

Appendix 1.8 - Data Table for Figure 33 
 
 
 

(Percentage of voids present in the various unfired clay bricks specimens) 
 

 
 

 
 
 
 
 
 
 
 
 

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

4%L1 - 16%GGBS 2% 2% 1% 1%

4%L2 - 16%GGBS 3% 3% 2% 2%

4%PC - 16%GGBS 4% 4% 3% 3%

Blend % of void present in the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

LG1 3% 2% 2% 2%

LG2 5% 4% 4% 4%

PG1 6% 5% 5% 5%

PG2 7% 6% 6% 6%

LGG1 4% 3% 3% 3%

LGGG1 7.5% 7% 7% 7%
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Appendix 2 – Unconfined Compressive Strength UCS 
 
 

Appendix 2.1 - Data Table for Figures 34 
 
 
(Unconfined compressive strength development of the preliminary stabilised cylinder specimens 
of (a) KC- L1-GGBS, (b) KC-L1-PC and (c) KC-PC-GGBS blends and unblended systems, at 

35% compaction moisture content) 
 

 
 
 
 
 

Appendix 2.2 - Data Table for Figures 35 
 
 
(Unconfined compressive strength development of the preliminary stabilised cylinder specimens 
of (a) LOC- L1-GGBS, (b) LOC-L1-PC and (c) LOC-PC-GGBS blends and unblended systems, 

at 30% compaction moisture content) 
 

 
 

 
 
 
 
 
 
 
 

 28‐day compressive strength (N/mm2)

L1‐ GGBS blend L1‐PC blend PC‐GGBS blend

20%L1‐0%GGBS 0.358 20%L1‐0%PC 0.358 20%PC‐0%GGBS 1.618

14%L1‐6%GGBS 0.478 14%L1‐6%PC 0.476 14%PC‐6%GGBS 0.933

8%L1‐12%GGBS 0.793 8%L1‐12%PC 0.753 8%PC‐12%GGBS 0.701

4%L1‐16%GGBS 0.463 4%L1‐16%PC 1.069 4%PC‐16%GGBS 0.306

0%L1‐20%GGBS 0.085 0%L1‐20%PC 1.618 0%PC‐20%GGBS 0.085

 28‐day compressive strength (N/mm2)

L1‐ GGBS blend L1‐PC blend PC‐GGBS blend

20%L1‐0%GGBS 0.693 20%L1‐0%PC 0.693 20%PC‐0%GGBS 1.515

14%L1‐6%GGBS 1.254 14%L1‐6%PC 0.980 14%PC‐6%GGBS 1.730

8%L1‐12%GGBS 1.817 8%L1‐12%PC 1.307 8%PC‐12%GGBS 1.847

4%L1‐16%GGBS 2.077 4%L1‐16%PC 1.756 4%PC‐16%GGBS 1.938

0%L1‐20%GGBS 1.778 0%L1‐20%PC 1.515 0%PC‐20%GGBS 1.778
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Appendix 2.3 - Data Table for Figure 36 
 
 

(The effect of varying compaction moisture content on compressive strength of stabilised 
Kaolinite Clay using one selected blending ratio (8%-12%).) 

 

 
 
 

 

Appendix 2.4 - Data Table for Figure 37 
 
 

(The effect of varying compaction moisture content on compressive strength of stabilise 
Kaolinite Clay, using unblended stabilisers) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Compaction   28‐day compressive strength (N/mm2)

moisture content L 1‐ GGBS L 1‐ PC PC ‐ GGBS

30% 0.55 0.74 0.67

35% 0.79 0.75 0.70

40% 0.49 0.49 0.43

Blend   28‐day compressive strength (N/mm
2
)

30%  moisture 35%  moisture 40%  moisture

LI 0.195 0.358 0.334

PC 0.935 1.618 0.744

GGBS 0.174 0.085 0.039



Appendixes 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   266 
 

 

Appendix 2.5 - Data Table for Figure 38 
 
 

(The effect of varying compaction moisture content on compressive strength of stabilised LOC 
using (a) L1-GGBS, (b) L1-PC and (c) PC-GGBS blends systems, at 30% compaction moisture 

content) 
 

 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

Blend   28‐day compressive strength (N/mm2)

30%  moisture 35%  moisture 40%  moisture

20%L‐0%GGBS 0.693 0.597 0.405

14%L‐6%GGBS 1.254 1.042 0.758

8%L‐12%GGBS 1.817 1.509 1.058

4%L‐16%GGBS 2.077 1.904 1.567

0%L‐20%GGBS 1.778 1.477 0.815

Blend   28‐day compressive strength (N/mm2)

30%  moisture 35%  moisture 40%  moisture

20%L‐0%PC 0.693 0.597 0.405

14%L‐6%PC 0.98 0.925 0.737

8%L‐12%PC 1.307 1.205 1.051

4%L‐16%PC 1.756 1.436 1.196

0%L‐20%PC 1.515 1.368 0.778

Blend   28‐day compressive strength (N/mm
2
)

30%  moisture 35%  moisture 40%  moisture

20%PC‐0%GGBS 1.515 1.368 0.778

14%PC‐6%GGBS 1.73 1.429 1.088

8%PC‐12%GGBS 1.847 1.568 1.258

4%PC‐16%GGBS 1.938 1.721 1.351

0%PC‐20%GGBS 1.778 1.477 0.815

(a) 

(c) 

(b) 
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Appendix 2.6 - Data Table for Figure 39 
 

(The effect of varying compaction moisture content on compressive strength of stabilise LOC, 
using unblended stabilisers) 

 

 
 

 

Appendix 2.7 - Data Table for Figures 40 
 
(The compressive strength of the stabilised LOC-Lime/PC-GGBS system up 90-day moist curing 

age at (a) 27%, (b) 30% and (c) 33% compaction moisture content, at the blend optimisation 
stage) 

 

 

 
 
 
 
 
 
 
 

Blend   28‐day compressive strength (N/mm2)

30%  moisture 35%  moisture 40%  moisture

LI 0.693 0.597 0.405

PC 1.515 1.368 0.778

GGBS 1.778 1.477 0.815

Blend  Compressive strength (N/mm
2
) at 27% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 1.653 3.204 4.253 5.021

L2 ‐ GGBS 1.545 3.094 4.138 4.903

PC ‐ GGBS 1.191 2.713 3.37 3.469

 Compressive strength (N/mm
2
) at 30% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 1.306 3.019 4.071 4.69

L2 ‐ GGBS 1.225 2.833 3.92 4.482

PC ‐ GGBS 1.084 2.385 3.019 3.208

 Compressive strength (N/mm
2
) at 33% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 0.913 2.757 3.656 4.101

L2 ‐ GGBS 0.897 2.613 3.497 3.985

PC ‐ GGBS 0.663 1.862 2.401 2.613



Appendixes 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   268 
 

 

Appendix 2.8 - Data Table for Figures 41  
 
(The rate of increase in compressive strength value strength value relative to the proceeding age 

for the stabilised LOC-Lime/PC-GGBS system up 90-day moist curing age at 27%, 30% and 
33% compaction moisture content, at the blend optimisation stage) 

 

 
 

 

Appendix 2.9 - Data Table for Figure 42 
 
 
 

(Compressive strength for all unfired clay brick test specimens up to 90-day moist curing age) 
 

 
 
 
 
 
 
 
 
 

Blend  % rate of increase in strength at 27% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 100% 194% 133% 118%

L2 ‐ GGBS 100% 200% 134% 119%

PC ‐ GGBS 100% 228% 124% 103%

 % rate of increase in strength at 30% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 100% 231% 135% 115%

L2 ‐ GGBS 100% 232% 138% 114%

PC ‐ GGBS 100% 220% 127% 106%

 % rate of increase in strength at 33% compaction moisture content

3‐day 28‐day 56‐day 90‐day

L1 ‐GGBS 100% 302% 133% 112%

L2 ‐ GGBS 100% 291% 134% 114%

PC ‐ GGBS 100% 281% 129% 109%

Blend Compressive strenght (N/mm2)

7‐day 28‐day 56‐day 90‐day

LG1 2.8 3.8 6.5 7.4

LG2 2.4 3.7 5.6 6

PG1 1.7 3.4 5 5.5

PG2 1.5 3.3 4.8 5.1

LGG1 2.3 3.5 5.2 5.8

LGGG1 1.6 3.2 4.3 5
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Appendix 2.10 - Data Table for Figure 43 
 
 
(The rate of increase in compressive strength value relative to the proceeding age for all unfired 

clay brick test specimens).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blend % rate of increase in strenght (N/mm2)

7‐day 28‐day 56‐day 90‐day

LG1 100% 137% 171% 114%

LG2 100% 154% 150% 111%

PG1 100% 200% 147% 108%

PG2 100% 220% 146% 106%

LGG1 100% 152% 149% 112%

LGGG1 100% 200% 134% 116%
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Appendix 3 - Moisture content at the time of testing for UCS  
 

 

Appendix 3.1 - Data Table for Figure 44  
 
 
(Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay stabilised 

with various L1-GGBS blends at the age of testing for unconfined compressive strength) 
 

 
 

 
 
 
 

Appendix 3.2 - Data table for Figure 45 
 
 
(Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay stabilised 

with various L1-PC blends at the age of testing for unconfined compressive strength) 
 
 

 
 
 
 
 
 

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 22% 18% 14% 12%

14%L1 - 6%GGBS 24% 20% 16% 14%

8%L1 - 12%GGBS 26% 22% 17% 15%

4%L1 - 16%GGBS 28% 23% 18% 16%

0%L1 - 20%GGBS 30% 24% 19% 17%

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%PC 21% 17% 14% 12%

14%L1 - 6%PC 23% 18% 15% 14%

8%L1 - 12%PC 25% 20% 17% 15%

4%L1 - 16%PC 27% 22% 18% 16%

0%L1 - 20%PC 28% 23% 19% 17%
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Appendix 3.3 - Data Table for Figure 46  
 
 
(Moisture content of the preliminary laboratory cylinder specimens of Kaolinite Clay stabilised 

with various PC-GGBS blends at the age of testing for unconfined compressive strength) 
 

 
 

 
 
 
 

Appendix 3.4 - Data Table for Figure 47 
 
 

(Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised with 
various LI-GGBS blends at the age of testing for unconfined compressive strength) 

 

 
 
 
 
 
 
 
 
 
 
 

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 21% 17% 14% 12%

14%PC - 6%GGBS 23% 19% 16% 14%

8%PC - 12%GGBS 24% 21% 17% 15%

4%PC - 16%GGBS 27% 22% 18% 16%

0%PC - 20%GGBS 28% 23% 19% 17%

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 21% 17% 14% 12%

14%L1 - 6%GGBS 22% 19% 16% 14%

8%L1 - 12%GGBS 24% 20% 17% 15%

4%L1 - 16%GGBS 26% 22% 18% 16%

0%L1 - 20%GGBS 28% 23% 19% 17%
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Appendix 3.5 - Data Table for Figure 48  
 
 

(Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised with 
various L1-PC blends at the age of testing for unconfined compressive strength) 

 
 
  

 
 
 
 
 
 

Appendix 3.6 - Data Table for Figure 49  
 
 
 

(Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised with 
various PC-GGBS blends at the age of testing for unconfined compressive strength) 

 

 
 
 
 
 
 
 
 
 

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%PC 21% 17% 14% 12%

14%L1 - 6%PC 22% 18% 16% 14%

8%L1 - 12%PC 24% 19% 17% 15%

4%L1 - 16%PC 25% 21% 18% 16%

0%L1 - 20%PC 27% 22% 19% 17%

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 21% 17% 14% 12%

14%PC - 6%GGBS 23% 18% 16% 14%

8%PC - 12%GGBS 25% 21% 17% 15%

4%PC - 16%GGBS 27% 22% 18% 16%

0%PC - 20%GGBS 28% 23% 19% 17%



Appendixes 
 

 

J.E Oti (CEng, MICE, FNSE, MACE)   273 
 

 

Appendix 3.7- Data Table for Figure 50 
 
 
 

(Moisture content of the preliminary laboratory cylinder specimens of LOC stabilised with 
various LI-GGBS, L2-GGBS and PC-GGBD blends at the age of testing for unconfined 

compressive strength) 

 

 
 
 
 
 

 
 

Appendix 3.8 - Data Table for Figure 51 
 
 
 

(Moisture content of the various unfired clay bricks specimens at the age of testing for 
unconfined compressive strength) 

 

 
 
 
 
 
 
 
 
 

Blend Moisture content at the point of testing

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

4%L1 - 16%GGBS 20% 16% 13% 11%

4%L2 - 16%GGBS 21% 17% 14% 12%

4%PC - 16%GGBS 22% 18% 15% 14%

Blend Moisture content at the point of testing

7 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

LG1 20% 16% 12% 11%

LG2 21% 17% 13% 12%

PG1 23% 20% 16% 14%

PG2 24% 21% 17% 15%

LGG1 22% 18% 14% 13%

LGGG1 26% 23% 18% 16%
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Appendix 4 - Water absorption  
 
 

Appendix 4.1 - Data Table for Figure 52 
 

  
(Water absorptionof the preliminary laboratory cylinder specimens of Kaolinite Clay stabilised 

with (a) L1-GGBS, (b) L1-PC and (c) PC-GGBS blends and unblended stabilisers) 
 

  
 

 
 

 
 
 
 
 
 
 

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 26% 25% 24% 24%

14%L1 - 6%GGBS 25% 24% 23% 23%

8%L1 - 12%GGBS 24% 23% 22% 22%

4%L1 - 16%GGBS 23% 22% 21% 21%

0%L1 - 20%GGBS 22% 21% 20% 20%

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%PC 26% 25% 24% 24%

14%L1 - 6%PC 24% 23% 23% 23%

8%L1 - 12%PC 23% 22% 22% 22%

4%L1 - 16%PC 22% 21% 21% 21%

0%L1 - 20%PC 21% 20% 20% 20%

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 21% 20% 20% 20%

14%PC - 6%GGBS 25% 24% 23% 23%

8%PC - 12%GGBS 24% 23% 22% 22%

4%PC - 16%GGBS 23% 22% 21% 21%

0%PC - 20%GGBS 22% 21% 20% 20%

(c) 

(b

(a) 
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Appendix 4.2 - Data Table for Figure 53 
 
 
 

(Water absorptionof the preliminary laboratory cylinder specimens of LOC stabilised with (a) 
L1-GGBS, (b) L1-PC and (c) PC-GGBS blends and unblended stabilisers) 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 25% 24% 23% 23%

14%L1 - 6%GGBS 24% 23% 23% 23%

8%L1 - 12%GGBS 23% 22% 22% 22%

4%L1 - 16%GGBS 22% 21% 21% 21%

0%L1 - 20%GGBS 21% 20% 20% 20%

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%L1 - 0%GGBS 25% 24% 23% 23%

14%L1 - 6%GGBS 24% 23% 23% 23%

8%L1 - 12%GGBS 23% 22% 22% 22%

4%L1 - 16%GGBS 22% 21% 21% 21%

0%L1 - 20%GGBS 20% 19% 19% 19%

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

20%PC - 0%GGBS 20% 19% 19% 19%

14%PC - 6%GGBS 25% 24% 23% 23%

8%PC - 12%GGBS 24% 23% 22% 22%

4%PC - 16%GGBS 23% 22% 21% 21%

0%PC - 20%GGBS 21% 20% 20% 20%

(c) 

(b) 

(a) 
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Appendix 4.3 - Data Table for Figure 54 
 
 

(Water absorptionof the optimised laboratory cylinder specimens made of LOC stabilised with 
various LI-GGBS, L2-GGBS and PC-GGB blends at 27% compaction moisture content) 

 

 
 
 
 
 
 

Appendix 4.4 - Data Table for Figure 55 
 
 

(Water absorptionof the various unfired clay bricks specimens) 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blend Water absorption rate of the test samples

3 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

4%L1 - 16%GGBS 23% 21% 20% 19%

4%L2 - 16%GGBS 24% 22% 21% 20%

4%PC - 16%GGBS 26% 24% 23% 22%

Blend Water absorption rate of the test samples

7 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

LG1 18% 17% 16% 16%

LG2 20% 19% 18% 18%

PG1 21% 20% 20% 20%

PG2 22% 21% 21% 21%

LGG1 19% 18% 17% 17%

LGGG1 23% 22% 22% 22%
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Appendix 5 - Swelling/shrinkage behaviour  

 

Appendix 5.1 - Data Table for Figures 56 
 
 

(Linear expansion behaviour of the optimised laboratory cylinder specimens made of LOC 
stabilised with various LI-GGBS, L2-GGBS and PC-GGB blends at 27, 30 and 33% compaction 

moisture content) 
 

 
 

Age (days) Swelling/Shrinkage and linear  Swelling/Shrinkage and linear  Swelling/Shrinkage and linear 

Linear expansion at 27% moisture Linear expansion 30% moisture  Linear expansion 33% moisture 

L1‐GGBS L2‐GGBS PC‐GGBS L1‐GGBS L2‐GGBS PC‐GGBS L1‐GGBS L2‐GGBS PC‐GGBS

0 0 0 0 0 0 0 0 0 0

1 0.5 0.3 0.2 0.6 0.4 0.28 0.63 0.47 0.35

2 0.5 0.31 0.21 0.61 0.41 0.29 0.64 0.48 0.36

3 0.51 0.33 0.22 0.62 0.42 0.32 0.65 0.49 0.37

4 0.53 0.34 0.23 0.63 0.45 0.35 0.66 0.5 0.39

5 0.55 0.36 0.24 0.64 0.46 0.37 0.67 0.52 0.41

6 0.56 0.37 0.25 0.65 0.47 0.38 0.68 0.53 0.42

7 0.56 0.38 0.26 0.66 0.48 0.39 0.69 0.54 0.43

8 1.21 0.92 0.8 1.49 1.2 1.01 1.54 1.25 1.09

9 1.22 0.93 0.81 1.51 1.22 1.02 1.55 1.26 1.1

10 1.24 0.96 0.82 1.51 1.23 1.04 1.56 1.28 1.13

11 1.25 0.97 0.83 1.51 1.24 1.05 1.57 1.29 1.14

12 1.26 0.98 0.85 1.51 1.26 1.07 1.58 1.3 1.16

13 1.27 0.99 0.86 1.51 1.27 1.09 1.59 1.32 1.17

14 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

15 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

16 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

17 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

18 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

19 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

20 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

21 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

22 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

23 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

24 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

25 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

26 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

27 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

28 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

29 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

30 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

31 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

32 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

33 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

34 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

35 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

36 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

37 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

38 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

39 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

40 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

41 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

42 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

43 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

44 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

45 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

46 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

47 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

48 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

49 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18

50 1.29 1 0.87 1.51 1.28 1.1 1.59 1.33 1.18
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Appendix 5.2 - Data Table for Figures 57 
 
 

(Linear expansion of the various unfired clay bricks specimens) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blend Linear expansion of the test samples (%)

7 ‐ Day 28 ‐ Day 56 ‐ Day 90 ‐ Day

LG1 1 1.2 1.2 1.2

LG2 0.9 1.1 1.1 1.1

PG1 0.7 0.8 0.8 0.8

PG2 0.7 0.8 0.8 0.8

LGG1 1 1.2 1.2 1.2

LGGG1 1.1 1.2 1.2 1.2
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Appendix 6 – Freezing and thawing 

 

Appendix 6.1 - Data Table for Figure 58 
 

 
(The profile of the seven days 24 h repeated freezing and thawing cycles) 

 

 
 
 
 
 
 
 

Time(Min) Temp.(ºC) Time(Min) Temp.(ºC) Time(Min) Temp.(ºC) Time(Min) Temp.(ºC) Time(Min) Temp.(ºC) Time(Min) Temp.(ºC)

0 19.79 235 19.86 485 ‐16.25 735 ‐16.08 985 ‐16.03 1235 ‐12.35

5 19.75 240 19.86 490 ‐16.15 740 ‐16.03 990 ‐16.03 1240 ‐10.83

10 19.77 245 19.75 495 ‐16.22 745 ‐16.06 995 ‐16.01 1245 ‐9.38

15 19.81 250 19.66 500 ‐16.13 750 ‐16.03 1000 ‐15.87 1250 ‐7.9

20 19.79 255 19.77 505 ‐16.22 755 ‐16.06 1005 ‐16.01 1255 ‐6.51

25 19.88 260 19.81 510 ‐16.22 760 ‐16.08 1010 ‐16.01 1260 ‐5.03

30 19.86 265 19.72 515 ‐16.15 765 ‐16.03 1015 ‐15.94 1265 ‐3.59

35 19.86 270 17.19 520 ‐16.22 770 ‐16.15 1020 ‐16.03 1270 ‐2.18

40 19.88 275 15.29 525 ‐16.1 775 ‐16.08 1025 ‐16.03 1275 ‐0.75

45 19.86 280 13.37 530 ‐16.03 780 ‐16.08 1030 ‐15.8 1280 0.73

50 19.84 285 11.62 535 ‐16.2 785 ‐16.01 1035 ‐16.08 1285 2.01

55 19.79 290 10 540 ‐16.13 790 ‐16.01 1040 ‐15.94 1290 3.43

60 19.79 295 8.26 545 ‐16.2 795 ‐15.99 1045 ‐15.92 1295 5.01

65 19.81 300 6.49 550 ‐16.1 800 ‐16.01 1050 ‐16.01 1300 7.11

70 19.88 305 4.8 555 ‐16.13 805 ‐16.01 1055 ‐15.84 1305 8.1

75 19.77 310 3.06 560 ‐16.25 810 ‐16.06 1060 ‐15.96 1310 9.38

80 19.81 315 1.48 565 ‐16.15 815 ‐16.06 1065 ‐15.89 1315 10.9

85 19.79 320 ‐0.33 570 ‐16.13 820 ‐16.03 1070 ‐15.99 1320 12.48

90 19.75 325 ‐1.95 575 ‐16.18 825 ‐16.03 1075 ‐15.87 1325 13.95

95 19.9 330 ‐3.73 580 ‐15.99 830 ‐16.01 1080 ‐15.92 1330 15.4

100 19.75 335 ‐5.31 585 ‐16.08 835 ‐16.03 1085 ‐16.01 1335 16.85

105 19.7 340 ‐6.67 590 ‐16.1 840 ‐16.01 1090 ‐16.06 1340 18.37

110 19.75 345 ‐7.71 595 ‐16.06 845 ‐16.06 1095 ‐15.94 1345 19.88

115 19.86 350 ‐8.96 600 ‐16.01 850 ‐16.03 1100 ‐15.94 1350 19.88

120 19.79 355 ‐10.22 605 ‐15.94 855 ‐16.01 1105 ‐16.06 1355 19.72

125 19.7 360 ‐11.35 610 ‐16.18 860 ‐16.01 1110 ‐15.92 1360 19.97

130 19.75 365 ‐12.51 615 ‐16.03 865 ‐15.96 1115 ‐15.99 1365 20.11

135 19.77 370 ‐13.72 620 ‐16.08 870 ‐16.06 1120 ‐16.06 1370 19.93

140 19.77 375 ‐14.73 625 ‐16.22 875 ‐15.99 1125 ‐15.94 1375 19.93

145 19.68 380 ‐15.8 630 ‐16.06 880 ‐16.03 1130 ‐15.99 1380 20.02

150 19.7 385 ‐16.6 635 ‐16.06 885 ‐16.03 1135 ‐15.99 1385 20.06

155 19.79 390 ‐17 640 ‐16.18 890 ‐15.99 1140 ‐15.99 1390 19.9

160 19.88 395 ‐16.53 645 ‐16.13 895 ‐16.01 1145 ‐15.99 1395 19.86

165 19.88 400 ‐16.51 650 ‐16.06 900 ‐15.99 1150 ‐15.96 1400 19.93

170 19.77 405 ‐16.55 655 ‐16.15 905 ‐16.06 1155 ‐15.96 1405 19.95

175 19.77 410 ‐16.46 660 ‐16.03 910 ‐15.94 1160 ‐15.94 1410 19.88

180 19.57 415 ‐16.46 665 ‐16.06 915 ‐16.01 1165 ‐15.94 1415 20.02

185 19.77 420 ‐16.6 670 ‐16.08 920 ‐15.96 1170 ‐15.99 1420 20.04

190 19.79 425 ‐16.36 675 ‐16.1 925 ‐16.01 1175 ‐16.01 1425 20.02

195 19.88 430 ‐16.32 680 ‐16.08 930 ‐16.03 1180 ‐15.89 1430 20

200 19.93 435 ‐16.41 685 ‐16.06 935 ‐16.01 1185 ‐15.94 1435 20

205 19.81 440 ‐16.36 690 ‐16.08 940 ‐16.06 1190 ‐15.96 1440 20.02

210 19.7 445 ‐16.34 695 ‐16.08 945 ‐15.94 1195 ‐15.94 1445 19.97

215 19.41 450 ‐16.29 700 ‐16.08 950 ‐16.08 1200 ‐15.94 1450 20
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Appendix 6.2 - Data Table for Figure 59 
 
 

(The percentage weight loss on all unfired clay bricks during the freezing and thawing cycle) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Blend % weight loss ‐freezeing and thawing

7‐cycle 28‐cyle 56‐cycle 90‐cycle

LG1 1.2 1.4 1.4 1.4

LG2 1.3 1.5 1.5 1.5

PG1 1.5 1.7 1.7 1.7

PG2 1.6 1.9 1.9 1.9

LGG1 1.25 1.45 1.45 1.45

LGGG1 1.4 1.6 1.6 1.6
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Appendix 7 – Thermal Properties 

 

Appendix 7.1 - Data Table for Figure 65  
 
(Measured and predicted thermal conductivity values corresponding to a density within the range 
of 1200–1700 kg/m3 for unfired clay bricks (a) LGGG1 and LGG1, (b) LG1 and LG2, (c) PG1 

and PG2, and a correlation for typical fired clay bricks) 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Test sample Measured and predicted thermal conductivity values ( 10Dry) at varied density

1200 1300 1400 1500 1600 1700

90% production (Fired brick) 0.3300 0.3600 0.4000 0.4300 0.4700 0.5100
10% production (Fired brick) 0.2600 0.3000 0.3400 0.3700 0.4100 0.4500

90% production (Unfired brick - LG1) 0.1738 0.2038 0.2438 0.2738 0.3138 0.3538

10% production (Unfired brick - LG1) 0.1340 0.1740 0.2140 0.2440 0.2840 0.3240
90% production (Unfired brick - LG2) 0.1836 0.2136 0.2536 0.2836 0.3236 0.3636

10% production (Unfired brick - LG2) 0.1540 0.1840 0.2240 0.2540 0.2940 0.3340

90% production (Fired brick) 0.3300 0.3600 0.4000 0.4300 0.4700 0.5100

10% production (Fired brick) 0.2600 0.3000 0.3400 0.3700 0.4100 0.4500
90% production (Unfired brick - LGG1) 0.1656 0.1956 0.2356 0.2656 0.3056 0.3456

10% production (Unfired brick - LGG1) 0.1571 0.1871 0.2271 0.2571 0.2971 0.3371

90% production (Unfired brick - LGGG1) 0.1919 0.2219 0.2619 0.2919 0.3319 0.3719

10% production (Unfired brick - LGGG1) 0.1728 0.2128 0.2538 0.2828 0.3228 0.3628

90% production (Fired brick) 0.3300 0.3600 0.4000 0.4300 0.4700 0.5100

10% production (Fired brick) 0.2600 0.3000 0.3400 0.3700 0.4100 0.4500

90% production (Unfired brick - PG1) 0.1822 0.2122 0.2522 0.2822 0.3222 0.3622

10% production (Unfired brick - PG1) 0.1394 0.1794 0.2194 0.2494 0.2894 0.3294

90% production (Unfired brick - PG2) 0.1962 0.2262 0.2662 0.2962 0.3362 0.3762

10% production (Unfired brick - PG2) 0.1534 0.1934 0.2334 0.2634 0.3034 0.3434
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Appendix 7.2 - Data Table for Figure 66  

 
(The relationship between the design values for thermal conductivity and thermal resistance of 

for unfired clay bricks investigated and moisture content for (a) LGGG1 and LGG1, (b) LG1 and 
LG2 and (c) PG1 and PG2. The correlation for the typical fired clay bricks is also included [BS 

EN 1745:2003]) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variation in design values with moisture content

2% 4% 6% 8%

Design value for thermal conductivity for fired bricks 0.4932 0.5357 0.5782 0.6207

Design value for thermal conductivity for LG1 unfired bricks 0.3302 0.3727 0.4152 0.4577

Design value for thermal conductivity for LG2 unfired bricks 0.3449 0.3874 0.4299 0.4724

Design value for thermal resistance fired bricks 0.2068 0.1778 0.1488 0.1198

Design value for thermal resistance for LG1 unfired bricks 0.3089 0.2799 0.2509 0.2219

Design value for thermal resistance for LG2  unfired bricks 0.2958 0.2668 0.2378 0.2088

Design value for thermal conductivity for fired bricks 0.4932 0.5357 0.5782 0.6207

Design value for thermal conductivity for LGGG1 unfired bricks 0.3637 0.4062 0.4487 0.4912

Design value for thermal conductivity for LGG1 unfired bricks 0.3361 0.3786 0.4211 0.4636

Design value for thermal resistance fired bricks 0.2068 0.1778 0.1488 0.1198

Design value for thermal resistance for LGGG1 unfired bricks 0.3099 0.2809 0.2519 0.2229

Design value for thermal resistance for LGG1  unfired bricks 0.3035 0.2745 0.2455 0.2165

Design value for thermal conductivity for fired bricks 0.4932 0.5357 0.5782 0.6207

Design value for thermal conductivity for PG1 unfired bricks 0.3383 0.3808 0.4233 0.4658

Design value for thermal conductivity for PG2 unfired bricks 0.3548 0.3973 0.4398 0.4823

Design value for thermal resistance fired bricks 0.2068 0.1778 0.1488 0.1198

Design value for thermal resistance for PG1 unfired bricks 0.3015 0.2725 0.2435 0.2145

Design value for thermal resistance for PG2  unfired bricks 0.2876 0.2586 0.2296 0.2006
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Appendix 8 – performance evaluation and environmental profiling 
 
 

Appendix 8.1 - Data Table for Figure 67 
 
 
 
(Estimate for energy usage and carbon dioxide emission for the production of 1tonne of various 

bricks)  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Brick Type

Energy Usage (MJ/tonne) Carbondioxide Emission (kg CO2/tonne)

Fired Clay Brick 4186.8 202

Unfired Brick (LGG1, LG1/LG2) 657.1 40.9

Unfired Clay Brick (PG1/ PG2) 667.1 49.9

Sun Baked Bricks 525.6 25.1

12% PC Stabilised Brick 1025.6 125.1

Embodied energy values
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Appendix 9 - Discussions 
 
 

Appendix 9.1 - Data Table for Figure 68  
 
 
(Linear regression values of the unfired clay bricks (a) LG1 and LG2, (b) LGGG1 and LGG1, (c) 

PG1 and PG2). 

 
 

 
 
 
 

Appendix 9.2 - Data Table for Figure 69  
 
 

(The effects of density on the design values of thermal conductivity of unfired clay bricks) 
 

 
 
 
 

Variation in thermal conductivity with moisture content

2% 4% 6% 8%

Design value for thermal conductivity for LG1 unfired bricks 0.3302 0.3727 0.4152 0.4577

Design value for thermal conductivity for LG2 unfired bricks 0.3449 0.3874 0.4299 0.4724

Design value for thermal resistance for LG1 unfired bricks 0.3089 0.2799 0.2509 0.2219

Design value for thermal resistance for LG2  unfired bricks 0.2958 0.2668 0.2378 0.2088

Design value for thermal conductivity for LGGG1 unfired bricks 0.3637 0.4062 0.4487 0.4912

Design value for thermal conductivity for LGG1 unfired bricks 0.3361 0.3786 0.4211 0.4636

Design value for thermal resistance for LGGG1 unfired bricks 0.3099 0.2809 0.2519 0.2229

Design value for thermal resistance for LGG1  unfired bricks 0.3035 0.2745 0.2455 0.2165

Design value for thermal conductivity for PG1 unfired bricks 0.3383 0.3808 0.4233 0.4658

Design value for thermal conductivity for PG2 unfired bricks 0.3548 0.3973 0.4398 0.4823

Design value for thermal resistance for PG1 unfired bricks 0.3015 0.2725 0.2435 0.2145

Design value for thermal resistance for PG2  unfired bricks 0.2876 0.2586 0.2296 0.2006

Variation in thermal conductivity with density

1500 1600 1700 1800

Design value for thermal conductivity for LG1 unfired bricks 0.3302 0.3727 0.4152 0.4577

Design value for thermal conductivity for LG2 unfired bricks 0.3449 0.3874 0.4299 0.4724

Design value for thermal conductivity for LGGG1 unfired bricks 0.3637 0.4062 0.4487 0.4912

Design value for thermal conductivity for LGG1 unfired bricks 0.3361 0.3786 0.4211 0.4636

Design value for thermal conductivity for PG1 unfired bricks 0.3383 0.3808 0.4233 0.4658

Design value for thermal conductivity for PG2 unfired bricks 0.3548 0.3973 0.4398 0.4823
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Appendix 10 - Publications (Journal papers) 
 
 

1) Design thermal values for unfired clay bricks.  

2) Unfired clay bricks: from laboratory to industrial production.  

3) Compressive strength and microstructural analysis of unfired clay 

masonry bricks. 

4) Engineering properties of unfired clay masonry bricks. 

5) Using slag for unfired-clay masonry-bricks. 

6) Developing unfired stabilised building materials in the UK.  
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a b s t r a c t

This paper reports on a laboratory and theoretical method for determining the design values for thermal
conductivity and thermal resistance of unfired clay masonry bricks from both experimental and theoret-
ical design point of view. The paper describes the methodology of obtaining these values using the mea-
sured lower and upper lambda limits. In order to determine the basic design thermal value and the design
thermal resistance, a Laser-comp FOX 200 thermal conductivity meter equipped with WinTherm32an
software package was employed for the laboratory data collection and analysis. Lime or Portland cement
(PC)-activated Ground Granulated Blastfurnace Slag (GGBS) binder was used to stabilise Lower Oxford
Clay (LOC) for unfired masonry brick specimen production. The major influence of the design values
on the thermal conductivity and thermal resistance are illustrated in this study, using two different types
of unfired clay bricks (LG and PG) at 2% moisture content prior to test. This paper covers conductivity test
for each unfired clay bricks within the temperature range 2.5–17.5 �C. The measured thermal properties
of the unfired clay bricks were compared to the design thermal properties of fired bricks. The results were
used to predict the design thermal values of unfired clay masonry bricks at varied density and moisture
contents prior to testing. A comparison of the measured thermal values for the unfired bricks to the
design thermal values of fired clay bricks can also be seen. The results demonstrate that the unfired clay
bricks were able to comply with the design thermal requirements for clay masonry units, suggesting that
the unfired clay bricks can be used for low-medium cost housing and energy efficient masonry structures.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There is a growing interest in unfired clay building materials
with good physical material behaviour, with respect to an energy
conscious and ecological design, which fulfils all strength and ser-
viceability requirements for thermal transmittance (thermal va-
lue). Due to the present global concerns for sustainable
development that has arisen from extensive environmental prob-
lem (such as climate change and impoverishment of resources)
coupled with the rapid pace of technological development within
the building sector. Most building regulations have increasingly
laid down strict criteria for the thermal performance of buildings
rather than the theoretically possible level of performance, used
in the design of thermal value in the past. This has become neces-
sary because the energy efficiency of a building depends on the
ability of the whole building envelop to retain internal heat,
amongst other factors such as heat loss and moisture movement
from a building through the walls. Thus, the pressure for energy
ll rights reserved.

Research Unit, Department of
rsity of Glamorgan, Llantwit
ed Kingdom. Tel.: +44 1 443
efficient structures in the built environment is on the increase in
today’s climate due the current sustainability alert worldwide.

Literature review on the thermal properties of various materials
has showed that the thermal transmittance of a material is partly
related to the material density. The presence of moisture is known
to increase the conductivity of a material. Numerous variations
may arise in cavity walls which may be bridged by other compo-
nents in the masonry wall, thereby reducing the thermal resistance
of that wall area. This can potentially affect the air movement in
the cavity and possibly also the moisture content of the masonry.
In such circumstances, adjustments of the U-value will be required
to allow for these effects. One construction material that has a
desirable thermal flexibility is the unfired clay masonry brick.
Bricks produced using unfired technology can increase the thermal
mass of a building, giving increased comfort in the heat of summer
and the cold of winter. The unfired clay masonry brick wall stores
the benefits of passive gains and is buffered against short-term cli-
matic variations.

The resurgence of renewed research interest in recent years in
unfired clay building bricks may be partially due to its potential
as a commercial construction material. Unfired clay bricks typically
will not require painting and so can provide a structure with
reduced life-cycle costs. The use of unfired clay bricks seems to
have many benefits outside the obvious environment benefits of

http://dx.doi.org/10.1016/j.matdes.2009.07.011
mailto:joti@glam.ac.uk
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


Nomenclature

q heat flux flowing through the sample heat flux (W/m)
k thermal conductivity of the material (W m�1 K�1)
dT=dx temperature gradient, isotherm flat surface of sample

(K m�1)
DT Thot � Tcool (temperature gradient of the hot and cold

plates)
Dx thickness of the sample (mm)
TU temperature of the upper plate (�C)
TL temperature of the upper plate (�C)
Qu upper transducer signal reading
QL lower transducer signal reading
U2 design moisture content of the thermal property test

specimen
U1 test moisture content of the thermal property test spec-

imen

W width of the thermal property test specimen (mm)
k0 dry density of the thermal property test specimen

(kg m3)
k10,DRY thermal conductivity of the material at 10 �C

(W m�1 K�1)
C specific heart capacity (kJ g�1 K�1)
fw moisture conversion coefficient (kg/kg)
l water vapour diffusion coefficient
P fractiles of population
kU design thermal conductivity (W m�1 K�1)
kB basic thermal conductivity (W m�1 K�1)
Ru design thermal resistance (m2 K/W)
R basic thermal resistance (m2 K/W)
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by-passing the firing process. The fact that a single element can ful-
fil several functions including structural integrity, thermal trans-
mittance and durability in service makes the material an
excellent walling material when compared to the bricks used in
mainstream construction of today.

At the present time, energy consumption of buildings in the UK,
other countries within the European Union (EU) and world wide is
a high-priority subject. With growing pressure on economic viabil-
ity of buildings and new building regulations aimed at the reduc-
tion of the energy consumption, concern for thermal
performance of internal enclosure has been on the increase. It
can be stated therefore, that the unfired clay masonry bricks are
among the feasible bricks for low to medium cost masonry wall
construction. With the climate change agreement which allowed
for more stringent emission targets (set by the European Union
Emissions Trading Scheme – EUETS and the Climate Change Levy
– CCL) [1–4], there is a continuing concern for most industries pro-
ducing construction materials, more especially the brick industries.
As of today there is a fall in demand and decline in production of
fired clay bricks. For example, the actual production of bricks in
the UK decreased from 2601 million bricks in 2005 to 2359 million
bricks in 2006 [5–8]. This is a drop of 9.3% on the previous year. The
decline in the production of clay bricks may be attributed to sev-
eral factors, including the general lack of investment to replace
the obsolete brick works with modern brick factories in the indus-
try. The majority of brick works do not have the capacity to meet
the new emission targets. The pressure applied by low price and
uncertainty remains a significant concern for an industry which
struggles to replace old plants and to have a net turnover. In view
of the numerous problems, the unfired clay masonry bricks devel-
opment targets energy saving, offering radical improvements on
the current method of firing clay brick inklins in order to minimise
their detrimental affects on the naturals environment [4,9,10] is
perhaps the most sustainable choice for the industry.

The basic thermal value is the value of a thermal property of a
building material or product in a dry state. This value is used as
the basis for calculation of design thermal values. The basic ther-
mal value is usually expressed as thermal conductivity or thermal
resistance while design thermal value is the value of a thermal
property of a building material or product under specific external
and internal conditions which can be considered as typical of the
performance of that material or product when incorporated in a
building component. The design thermal value is usually expressed
as the thermal conductivity or thermal resistance. The design val-
ues for thermal conductivity and thermal resistance of construc-
tion materials has been established by various researchers using
different methodologies. Del Coz Díaz et al. [11], reported on the
analysis and optimization of the heat-insulating light concrete hol-
low brick walls design by the finite element method. The authors
also reported on non-linear thermal optimization and design
improvement of a new internal light concrete multi-holed brick
walls using a numerical thermal analysis technique [12]. Bondi
and Stefanizzi [13], reported on the hydro-thermal performance
of hollow bricks and current standards. Al Nahhas et al. [14], re-
ported on the resistance to fire of walls constituted by hollow
blocks, using experiments and thermal modelling. Sala et al. [15],
reported on static and dynamic thermal characterisation of a hol-
low brick wall using laboratory test and numerical analysis. The
thermal conductivity of volcanic slag aggregate lightweight con-
crete for high performance masonry construction was reported
by Demirdag and Gunduz [16]. Utama and Gheewala [17], reported
on the Influence of material selection on energy demand in resi-
dential houses. In most of the reported investigations, the
researchers seems to agree that the thermal transmittance of a
material used in building construction depends mainly on the
material density, permanent moisture content and mineralogical
composition.

The main objective of this paper is to determine the design
values for thermal conductivity and thermal resistance of unfired
clay masonry bricks, under temperate and cold climates. This is
done to achieve an acceptable standard of comfort internally with
a small expenditure of energy as practicable. The paper used the
measured lower and upper lambda limits to replicate the idea. It
is important to acknowledge that the maximum possible energy
efficiency is not practicable in buildings because of the huge cost
implication, and the possibility of conflicting with functional
requirement in the building can be imminent. This paper also in-
tends to show how thermal transfer properties of unfired clay
bricks vary with density and moisture content of the material.
The knowledge of thermal transmittance of a construction mate-
rial is important for industries interested in energy efficient ma-
sonry design. This paper is relevant to those involved in the use
of industrial by-products to improve soil and geometrical proper-
ties of soil-based building materials, including civil and construc-
tion engineers, and engineers involved in waste and resource
management. Furthermore, this paper could also be of interest
to people working in developing countries, where the use of
soil-based building materials is much more widespread and much
more significant. They will learn the art of using lime-activation
of latently hydraulic binders for new soil-based material develop-
ment, to enable more giant steps towards similar product pro-
cesses when making design decisions.



Table 3
The engineering properties of the unfired clay bricks used for thermal conductivity
measurement.

Engineering properties LG PG

Dimensions of the actual unfired brick
specimen (mm)

215 � 102.5 � 65 215 � 102.5 � 65

Dimensions of test specimens for thermal
property test (mm)

102 � 102 � 35 102 � 102 � 35

Width of the thermal property test
specimen, W (mm)

102 102

28-day compressive strength (kN/mm2) 3.8 3.4
90-day compressive strength (kN/mm2) 7.4 5.5
Rate of water absorption (%) 18 20
Cycles of 24 h repeated freezing–thawing

(passed)
100 100

Design moisture content of the thermal
property test specimen (U2)

6 5

Test moisture content of the thermal
property test specimen (U1)

2 2

Dry density of the thermal property test
specimen (kg/m3) (kD)

1500 1500
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2. Methodology

2.1. Materials

The materials used in the research consisted of Lower Oxford
Clay (LOC), Ground Granulated Blastfurnace Slag (GGBS) Portland
Cement (PC) and quicklime lime. The oxide and chemical composi-
tion, and some physical properties of the starting materials (LOC,
GGBS and lime) can be seen in Tables 1 and 2. The details (material
source and reasons using each material) regarding the starting
materials are also reported elsewhere [10].

2.2. Mix composition, sample preparation

The mix composition of the unfired clay bricks used for thermal
conductivity specimen preparation is also reported elsewhere [4],
while the engineering properties of the unfired clay bricks are
shown in Table 3.

For the unfired clay brick production, fresh materials were
weighed to produce a batch of at least 445 bricks. The mix ingredi-
ents were unloaded in separate receiving tanks, one for the stabi-
liser and the other for the clay. The separate materials were then
transported on conveyor belts to an automated industrial mixer.
Water was then introduced inside the mixer by a digital control
system. Here, the ingredients were subjected to an automated mix-
Table 1
Physical properties of the starting materials.

Physical properties LOC L GGBS PC

Loss on ignition (LOI) 15.75 – –
Insoluble residue – 4.1 0.3 0.5
Relative density – 2.9 3.15
Bulk density (kg/m3) – 1200 1400
Blaine specific surface (m2/kg) – 510 380
Liquid Limit (LL) (%) 67 – –
Plastic Limit (PL) (%) 35 – –
Plasticity Index (%) 32 – –
Colour Grey Off-white Grey
Glass content – �90 –

Notes. LOC, Lower Oxford Clay from Hanson Brick Company Ltd., Stewartby, Bed-
fordshire; L, Quicklime from Ty-Mawr Lime Ltd., Llangasty, Brecon, UK; GGBS,
Ground Granulated Blastfurnace Slag from Civil and Marine Ltd., Llanwern Works,
Newport; PC, Portland Cement from Lafarge Cement, UK.

Table 2
The oxide and chemical properties of the starting materials.

Oxide Composition (%)

LOC L GGBS PC

CaO 6.15 89.2 41.99 63
SiO2 46.73 3.25 35.35 20
Al2O3 18.51 0.19 11.59 6
MgO 1.13 0.45 8.04 4.21
Fe2O3 6.21 0.16 0.35 3
MnO 0.07 0.05 0.45 0.03–1.11
s2� – <0.01 1.18 –
SO3 – 2.05 0.23 2.3
SO4 – 2.46 – –
CaCO3 – – –
TiO2 1.13 – –
K2O 4.06 0.01 – –
N2O – 0.02 – –
FeO 0.8 – –
P2O5 0.17 – –
Na2O 0.52 – –
CO3 – 4 – –
Soluble silica – 1.1 – –
Free lime – 51.1 – –
ing process and later compacted using an adjacent industrial press
at a loading pressure of 120 bars. The compacted bricks were then
released onto conveyor belts for delivery to storage. The digital lay-
out of the plant used in monitoring the plant operations, complete
with the brick production process is shown in Fig. 1. Fig. 2 shows
the freshly produced unfired clay bricks using the lime/PC-acti-
vated GGBS. The unfired bricks were then stacked in a plastic con-
tainer and covered with polythene sheeting to prevent further
moisture loss. The plastic containers containing each set of bricks
were then labelled and the samples moist-cured at room temper-
ature of about 20 �C ± 2 �C for 28 and 90 days. At the end of the
moist curing period, the bricks were tested for compressive
strength in accordance with BS EN 772-1 [18]. Selected test speci-
mens were subjected to 100 freeze/thaw cycles in compliance with
DDCEN/TS 772-22 [19]. Some of the unfired clay brick test speci-
mens were dried to constant mass and allowed to cool to ambient
temperature and the rate of water absorption determined in accor-
dance with BS EN 771–1 [20]. The details regarding the test meth-
ods for strength, freeze/thaw and the rate of water absorption of
the unfired clay bricks can be seen elsewhere [4].

For the determination of the design value for thermal conduc-
tivity and thermal resistance, test specimens of dimensions
102 mm width � 102 in. length � 35 mm thickness were cut out
from the unfired clay bricks, using an electrically powered cutting
tool in order to replicate the requirements of BS EN 1745 [21] (see
Fig. 3). Due care was taken when cutting out the samples from the
parent unfired clay brick to ensure that the smoothest possible sur-
faces were obtained, subject to the limitations caused by the cut-
ting technique and the natural toughness, brittleness and
variability of the material.

The difference between the two test specimens used in the test
(LG and PG) is that test specimens LG were made using a lime-acti-
vated-GGBS-LOC stabilised system, while test specimen PG bricks
were prepared using a PC-activated-GGBS-LOC stabilised system.
The engineering performance of sample LG and PG can be seen in
Table 3.

Prior to testing, the test samples for both LG and PG brick types
were first dried to a constant weight, at a temperature of 40 �C in a
Tawnson Mercer desiccator cabinet. A carbon-dioxide absorbing
compound (carbosorb) was used during drying. This method of
drying was adapted to minimise any sample carbonation that is
common in most systems containing hydrated lime – Ca(OH2).
The drying operation was accelerated by using silica gel, which
was constantly replenished on a daily basis. The moisture content
and dry density of the test specimens were determined in



Fig. 1. The digital layout of the brick production process for the monitoring the plant operations.

Fig. 2. Second industrial-scale bricks, showing freshly produced unfired clay
masonry bricks.
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compliance with BS EN 1745 [21]. Prior to testing, the samples
were wrapped in a single layer of cling film to prevent ingress of
moisture and frost accumulation.
Fig. 3. Test specimens for the determination of the design value for thermal conducti
2.3. Testing

In order to determine the basic design thermal value and the
design thermal resistance, a Laser-comp FOX 200 thermal conduc-
tivity meter equipped with WinTherm32an software package, was
employed for the laboratory data collection and analysis. The spec-
ification for the thermal conductivity equipment can be seen in Ta-
ble 5. The equipment is in compliance with BS EN 1745 [21], ASTM
C518-91 [22] and ASTM C1132-89 [23]. At the start of the test, the
test specimen was established to be in thermal equilibrium. The
top section of the instrument is the actual test chamber while
the bottom section houses all the electronics. The door of the
equipment was opened and the test specimen was then placed flat
between the two plates in the test stack. The upper plate is station-
ary while the lower plate is powered for upward and downward
movement. The position of each corner of the bottom plate is mon-
itored and controlled by a sophisticated digital control system. A
high output Thin Film Heat Flux Transducer is permanently
bonded to the surface of each plate and is active over a square
vity and thermal resistance (102 mm width � 102 in length � 35 mm thickness).
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section of 75 mm � 75 mm in the centre of the plate. A thermocou-
ple is bonded in the centre of each transducer and both are sealed
to ensure precision over time. The same thermocouple is also used
for the control of the plate temperature. From measurements of the
steady-state heat flux through the sample, the software computes
the thermal conductivity (k) in compliance with ASTM C1045–90
[24].

To prevent damage to the cooling/heating system, the FOX 200
instrument was connected to a steady flow of clean tap water
throughout the test, using semi-rigid plastic hose. The water flow
rate was adjusted to satisfy the recommended range of 57–75 l/
h, at approximately 18 �C. The test duration for each temperature
setting was in excess of 2½ h. It was confirmed that the water flow
rate into/out of the instrument was adequate since, after the final
equilibrium was reached, the temperatures of the plates were sta-
ble within ±0.02 �C. For each test specimen, the heat flow and ther-
mal conductivity measurements were carried out for four sets of
temperature settings shown in Table 4. The settings were selected
in order to simulate the exposure conditions of the internal and
external faces of the exterior walls of a building for different
weather conditions. All test data (input and output results) were
monitored during the test.

2.1.1. Governing heat transfer equation
Temperature development is determined by the heat transfer to

and within a structural component. The rate of heat flow by con-
duction is on the other hand governed by Fourier–Biot law which
states that the rate of heat flow is proportional to the temperature
Table 4
Temperature settings for heat flow and thermal conductivity measurements.

Test
number

Temp, of lower
plate, TU (�C)

Temp, of upper
plate, TL (�C)

Temp,
difference
(�C)

Mean
temp. (�C)

1 �10 15 25 2.5
2 �5 20 25 7.5
3 0C 25 25 12.5
4 5 30 25 17.5

Table 5
Specification for the thermal conductivity equipment.

Maximum specimen size 203 mm � 203 mm � 51 mm thick
Temperature range �20 �C to 100 �C
Absolute accuracy ±1%
Reproducibility ±0.5%
Repeatability ±0.2%
Thickness measurement accuracy ±0.025 mm
Temperature control stability ±0.03 �C
Maximum temperature of hot plate 75 �C
Minimum temperature of cold plate �20 �C
Conductivity range 0.0050–0.6012 Wm�1 K�1

Conductance Max. 12 W/m2

Table 6
The thermal transmittance of test specimen LG at 2% moisture content prior to testing.

Test TLG2U TLG2L TLG2M QLG2U QLG2L QLG2M Test conditions

T21 �10 15 2.5 0.2811 0.2495 0.2653 Dried in desiccator/humidity
room conditions of temperatT22 �5 20 7.5 0.2779 0.2467 0.2623

T23 0 25 12.5 0.2696 0.2413 0.2545
T24 5 30 17.5 0.2644 0.2390 0.2517

Notations: TLG2U, temperature of the upper plate (�C) for LG at 2% moisture prior to test;
mean temperature of the lower and upper plate (�C) for LG at 2% moisture prior to test;
test; QLG2L, lower transducer signal reading (Wm�1 K�1) for LG at 2% moisture prior to tes
test.
gradient. The law assumes that conduction is the main mechanism
of heat transfer, and that Fourier’s law applies. Furthermore, it as-
sumes that states of thermal equilibrium always exist. For the heat
transfer analysis it was assumed that the unfired clay thermal
property test specimen obeys Fourier–Biot law of heat conduction.

2.1.2. Notations

q ¼ �k
dT
dx

� �
ðBS EN1745 ½21�Þ ð1Þ

RU ¼
R

efWðu2�u1Þ
ðBS EN1745 ½21�Þ ð2Þ

kU ¼ kB � efWðu2�u1ÞðBS EN1745 ½21�Þ ð3Þ

R ¼W
kB

ðBS EN1745 ½21�Þ ð4Þ
3. Results

3.1. Design values for thermal conductivity and thermal resistance of
LG at 2% moisture

The results of the thermal transmittance of test specimen LG at
2% moisture content prior to testing is shown in Table 6. Each test
result is an average of three specimens. From the test results it can
be seen that the highest mean temperature value for the lower and
upper plates (QLG2M) was obtained for test T21 which has the least
mean temperature (2.5 �C) setting. The lowest mean temperature
value (QLG2M) was obtained for test T24 which has the highest mean
temperature (17.5 �C) setting.

The test condition is considered a one-dimensional body in heat
transfer conditions and first steady-state conditions applies. The
mean thermal transmittance value QLG2 = 0.2585 Wm�1 K�1 was
evaluated from Table 6 by taking the average of the separate mean
transmittance for the different temperature ranges (QLG2M). In or-
der to obtain the thermal conductivity in dry state at an average
temperature of 10 �C (k10,DRY) to density correlation for the unfired
clay material in compliance with BS EN 1745 [21], the correspond-
ing value of QLG2 was evaluated from the design value of materials
in BS EN 1745 [21] using the fired clay unit specification to repli-
cate the idea in the standards, since the thermal standard for un-
fired clay units is yet to be established.

From Tables 6 it can be seen that the value of k10,DRY can be
estimated as the mean of the results from tests T22 and T23 of
specimen LG. at 2% moisture content prior to testing. Therefore
k10,DRY for the LG unfired clay test sample with a density of
1500 kg/m3 (see Table 3) can thus be correlated with the ther-
mal conductivity values shown in BS EN 1745 [21] for fired brick
at 50% and 90% fractiles of population. The results of the corre-
lation are shown in Table 7. The values for water vapour coeffi-
cient, moisture conversion coefficient and specific capacity for
unfired (LG) and fired clay masonry bricks can also be seen in
Table 7.
cabinet till constant weight was achieved; then wrapped in cling film and stored at
ure and humidity prior to test (moisture content prior to test: 2%)

TLG2L, temperature of the lower plate (�C) for LG at 2% moisture prior to test; TLG2M,
QLG2Um, upper transducer signal reading (Wm�1 K�1) for LG at 2% moisture prior to
t; QLG2M, mean transducer signal reading (Wm�1 K�1) for LG at 2% moisture prior to



Table 7
Comparison of k10,DRY and density correlation for unfired clay test sample (LG) and fired clay brick.

Abstracting parameters at density of 1500 kg/m3 Unfired clay brick (LG test sample) Fired clay brick

Thermal conductivity of the material at 10 �C (k10,DRY) (W m�1 K�1) at P = 50% 0.2440 0.3700
Thermal conductivity of the material at 10 �C (k10,DRY) (W m�1 K�1) at P = 90% 0.2736 0.4300
Specific heart capacity, C (kJ g�1 K�1) 1 1
Moisture conversion coefficient, fw (kg/kg) 10 10
Water vapour diffusion coefficient, l 0.5 0.5

Note. P, fractiles of population.

Table 9
Design values for thermal conductivity (kU) and thermal resistance (RU) of unfired clay
sample (LG).

R 0.4008 m2 K/W
kU 0.3797 W m�1 K�1

RU 0.2687 m2 K/W
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Fig. 4 shows the measured and predicted thermal conductivity
values corresponding to a mean temperature of 10 �C, for dry
tested samples at a density range of 1200–1700 kg/m3 for unfired
clay bricks (LG). A comparison of the thermal transmittance values
for fired clay bricks can also be seen in Fig. 4. It was observed that
linear relationships exist between the thermal conductivity values
and the density for both the unfired and fired clay bricks. However,
it can also be observed that the thermal transmittance values for
the unfired clay bricks (LG) tended to be lower for the same sample
density when compared to those of fired bricks.

Table 8 shows the linear interpolation for the product density
range of 1200–1700 kg/m3 for both the unfired and fired clay
bricks. It can be observed that the mean k value for the unfired clay
brick is 0.2545 W m�1 K�1 using the LG test specimen and the cor-
responding mean k value for fired clay is 0.4007 W m�1 K�1. In or-
der to determine the basic design kD value, a k value of
±0.0350 W m�1 K�1 was considered as the design safety factor.
Thus the basic design kD value for the unfired clay brick (LG) is
0.2545 ± 0.0350 W m�1 K�1 while the corresponding basic design
kD for fired clay is 0.4007 ± 0.0350 W m�1 K�1. From the basic kD
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Fig. 4. Measured and predicted thermal conductivity and density for unfired clay
bricks (LG) in comparison to fired clay bricks.

Table 8
Linear interpolation for the product density range of 1200–1700 kg/m3.

Unfired clay (LG) Fired clay

Product density range 1700–1200 kg/m3 500 kg/m3 500 kg/m3

Product density at 10% production 1250 kg/m3 1250 kg/m3

Corresponding mean k value at 10%
production

0.1602 W m�1 K�1 0.3073 W m�1 K�1

Product density at 90% production 1750 kg/m3 1750 kg/m3

Corresponding mean k value at 90%
production

0.3487 W m�1 K�1 0.4941 W m�1 K�1

Mean k value 0.2545 W m�1 K�1 0.4007 W m�1 K�1
value determined above, the design thermal resistance RU and de-
sign thermal conductivity kU of the unfired clay masonry brick (LG)
were evaluated from Equations (1)–(4). Thus, the calculated design
values for thermal conductivity and thermal resistance of the un-
fired clay masonry brick (LG) for 2% moisture was determined
and the values are shown in Table 9.

3.2. Design values for thermal conductivity and thermal resistance of
PG at 2% moisture

The results of the thermal transmittance of test specimen PG at
2% moisture content prior to testing are shown in Table 10. Using
the PG test specimen, similar analyses were carried out as the LG
test specimen. The corresponding results are shown in Fig. 5 and
Tables 11–13.

3.3. Comparison of the LG and PG thermal design values and the
prediction of design values

Fig. 6 shows the relationship between the design values for
thermal conductivity and thermal resistance of unfired clay ma-
sonry bricks (LG and PG) at 2% moisture content and the Predicted
Values up to 8% moisture content. It can be seen from Fig. 6 that
the design values for thermal conductivity of unfired clay masonry
bricks (LG and PG) increase with increase in moisture content
while the thermal resistance of unfired clay masonry bricks (LG
and PG) decreases with increase in moisture content.

4. Discussion

Since the starting clay material for each unfired brick (LG and
PG) are of the same origin, the anticipation therefore, is that com-
mon trends of thermal behaviour and micro-structural formation
will prevail, except that the hydration mechanisms are somewhat
different due to the differences in the mixtures and stabiliser
blends. The fabric for all the samples is therefore characterised
by a high degree LOC micro structural orientation. The characteris-
tics and the magnitude of thermal behaviour showed by each sam-
ple have peculiarities that depend on the various bonding
elements, density and moisture content. The various mineral
phases in LOC are also expected to play a role. Previous research
work by the authors [4,9,10] has shown that the LG unfired clay
brick is characterised by larger amounts of C–S–H gel production
during the hydration process [25]. This perhaps has resulted to
the bonding of sufficient calcite, quartz, alumina and wollastonite



λλ 1
0d

ry
(W

/m
K

) 

0.1

0.2

0.3

0.4

0.5

0.6

1100 1200 1300 1400 1500 1600 1700 1800

Density (kg/m3)

90% production (Fired clay brick)
50% production (Fired clay brick)
90% production (Unfired clay brick -PG)
50% production (Unfired clay brick -PG)

Measured values
Predicted values

Predicted values

Fig. 5. Measured and predicted thermal conductivity and density for unfired clay
bricks (PG) in comparison to fired clay bricks.

Table 10
The thermal transmittance of test specimen PG at 2% moisture content prior to testing.

Test TPG2U TPG2L TPG2M QPG2U QPG2L QPG2M Test conditions

T21 �10 15 2.5 0.2902 0.2555 0.2729 Dried in desiccator/humidity
cabinet till constant weight

T22 �5 20 7.5 0.2867 0.2524 0.2696 was achieved; then wrapped
in cling film and stored at room

T23 0 25 12.5 0.2776 0.2464 0.2620 conditions of temperature and
humidity prior to test (moisture

T24 5 30 17.5 0.2718 0.2439 0.2579 content prior to test: 2%)

Notations: TPG2U, temperature of the upper plate (�C) for PG at 2% moisture prior to test; TPG2L, temperature of the lower plate (�C) for PG at 2% moisture prior to test; TPG2M,
mean temperature of the lower and upper plate �C) for PG at 2% moisture prior to test; QPG2U, upper transducer signal reading (W/mK) for PG at 2% moisture prior to test;
QPG2L, lower transducer signal reading (W/mK) for PG at 2% moisture prior to test; QPG2M, mean transducer signal reading (W/mK) for PG at 2% moisture prior to test.
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crystals in the C–S–H gel, with the strength enhancement princi-
pally via C–S–H gel formation.

The mechanism of reaction in the PG unfired clay brick is some-
what different, and there is relatively less chemical interaction
Table 11
Comparison of k10,DRY and density correlation for unfired clay test sample (PG) and
fired clay brick.

Abstracting parameters at density of 1500 kg/
m3

Unfired clay brick
(PG test sample)

Fired
clay
brick

Thermal conductivity of the material at 10 �C
(k10,DRY) (W m�1 K�1) at P = 50%

0.2494 0.3700

Thermal conductivity of the material at 10 �C
(k10,DRY) (W m�1 K�1) at P = 90%

0.2822 0.4300

Specific heart capacity, C (kJ g�1 K�1) 1 1
Moisture conversion coefficient, fw (kg/kg) 10 10
Water vapour diffusion coefficient, l 0.5 0.5

Note. P, fractiles of population.

Table 12
Linear interpolation for the product density range of 1200–1700 kg/m3.

Unfired clay (PG) Fired clay

Product density range 1700–1200 kg/m3 500 kg/m3 500 kg/m3

Product density at 10% production 1250 kg/m3 1250 kg/m3

Corresponding k value at 10% production 0.1665 W m�1 K�1 0.3073 W m�1 K�1

Product density at 90% production 1750 kg/m3 1750 kg/m3

Corresponding k value at 90% production 0.3559 Wm�1 K�1 0.4941 Wm�1 K�1

Mean k, value 0.2612 Wm�1 K�1 0.4007 Wm�1 K�1
with the clay due to the reduced availability of lime. The principal
reactants are similar to those in the lime-activated system, thus
the strength of the hydrated product is also governed by properties
of the C–S–H gel, such as its amount, porosity, permeability, and
fineness of all reactants involved, efficiency of mixing, temperature
and curing time. The PC in the mixture simply covers the clay par-
ticles with an insoluble and impermeable coating.

Thermal conductivity of units is of great importance in satisfy-
ing design requirements. Based on the results of this current work,
it can be seen that the thermal conductivity of unfired clay ma-
sonry bricks depends on its density, its permanent moisture con-
tent and mineralogical composition of the clay and other
additives. At the product density ranges of 1200–1700 kg/m3, the
LG and PG unfired clay bricks have basic design values of
0.2545 ± 0.0350 W m�1 K�1 and 0.2612 ± 0.0350 W m�1 K�1,
respectively. The corresponding basic design value for fired clay
is 0.4007 ± 0.0350 W m�1 K�1 according to EN 1745 [17] standard.
The higher conductivity values for the fired clay bricks can be
explained. The firing process of clay bricks makes the clay to par-
tially fuse to form a glassy product so as to give the product the
strength and durability it requires to perform in service. Thus the
important change relating to the higher thermal property of the
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Table 13
Design values for thermal conductivity (kU) and thermal resistance (RU) of unfired clay
sample (PG).

R 0.3905 m2 K/W
k 0.3897 W m�1 K�1

RU 0.2618 m2 K/W
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fired brick results from the breakdown of the original clay mineral
and the formation of new crystalline material and glass phases. It is
preferable that the optimum thermal properties of a masonry
material are as low as possible. The thermal conductivity value
adopted for a particular material can only comply with the current
building regulations if the thermal transmittance values are low.
However, the material is expected to comply with minimum
strength and durability parameters under the current UK building
regulations.

From many research findings, the thermal conductivity of a
material is approximately a function of the material density [5,7].
The results obtained from this current study are therefore in com-
pliance with the series of test results reported in the literature
[5,10]. The average relationship is therefore shown as a practical
guide rule for estimating conductivity of unfired clay bricks. This
research showed that the design thermal resistance RU and design
thermal conductivity kU of the LG and PG unfired clay masonry
brick at moisture of 2% were 0.2687 m2 K/W, 0.3797 W m�1 K�1

and 0.2618 m2 K/W and 0.3897 W m�1 K�1, respectively.
There is not a great deal of difference between the design values

for thermal conductivity/thermal resistance and the moisture con-
tent of the LG and PG unfired clay masonry bricks from both exper-
imental and theoretical design points of view. From Fig. 6, it can be
seen that the design thermal conductivity increases with the in-
crease in moisture content while the design thermal resistance re-
duces with increasing moisture content. The relationship between
the design values for thermal conductivity and thermal resistance
of unfired clay masonry bricks (LG and PG) at 2% moisture content,
and the predicted values for up to 8% moisture content in Fig. 6 can
be explained by the linear regression values shown in Fig. 7.

Design value for thermal conductivity for LG ;

Y ¼ 0:025X þ 0:324;R2 ¼ 0:994: ð5Þ
Design value for thermal conductivity for PG ;

Y ¼ 0:025X þ 0:334;R2 ¼ 0:994: ð6Þ
Design value for thermal resistance for LG ;

Y ¼ 0:013X þ 0:293;R2 ¼ 0:997: ð7Þ
Design value for thermal resistance for PG ;

Y ¼ 0:013X þ 0:286;R2 ¼ 0:997: ð8Þ
Design value for thermal conductivity for LG
Y = 0.025X + 0.324 and R² = 0.994

Design value for thermal conductivity for PG
Y = 0.025X + 0.334 and R² = 0.994

Design value for thermal resistance LG  
Y = -0.013X + 0.293 and R² = 0.997

Design value for thermal resistance for PG
Y = -0.013X + 0.286 and R² = 0.997
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Fig. 7. Linear correlation and R2 values
where Y = design value for thermal conductivity and X = moisture
content.

From the linear regression values, it can be seen that the R
squared values (coefficient of determination) are positive and very
close to unity. This means that the parameters being matched are
highly dependent on each other which is clear from the plots ob-
tained from Fig. 7 in that the regression lines for the thermal con-
ductivity and resistance pass through all the corresponding points.
The relationship can be particularly useful as it provides the basis
upon which the design values for thermal conductivity and ther-
mal resistance of unfired clay masonry bricks (LG and PG) can be
broadly assessed. In most building regulations, the ability of new
masonry walling material to have efficient thermal transmittance
values is increasingly being highlighted. The effects of density of
the unfired clay brick on the design value for thermal conductivity
(LG and PG test specimen) are shown in Fig. 8. It can be seen that
the design value for thermal conductivity increases with the in-
crease in density of the unfired clay bricks.
           8            9

Design value for thermal 
conductivity for LG unfired bricks

Design value for thermal 
conductivity for PG unfired bricks

Design value for thermal resistance 
for LG unfired bricks

Design value for thermal resistance 
for PG unfired bricks

Linear (Design value for thermal 
conductivity for LG unfired bricks)

Linear (Design value for thermal 
conductivity for PG unfired bricks)

Linear (Design value for thermal 
resistance for LG unfired bricks)

Linear (Design value for thermal 
resistance for PG unfired bricks)

the unfired clay brick (LG and PG).
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The use of unfired masonry bricks contributes to some extent in
reducing the high costs of heating in the winter and air condition-
ing in summer. Perhaps, the thermal bridges usually observed in
external masonry walls which render the thermal resistance of
the whole enclosure lower than that assigned designed value
may also be reduced because of the breath-ability properties of
the unfired clay bricks. The breath-ability of the lime-based unfired
clay brick (LG) will discourages harmful mould growth while pro-
viding better air quality for the building’s occupants. When the LG
bricks are used for masonry wall construction, the wall will be
characterised by low thermal transmittance. The temperature in-
side such a wall in a building envelope will be regulated especially
in summer. Therefore, heavy use of heaters will be reasonably re-
duced, and the energy consumption will be low. From economic
and environment conservation points of view, it is more beneficial
to design buildings with lower design values for thermal conduc-
tivity characteristics. This will result in long-term benefits, reduc-
ing the cost of cooling/heating as well as minimising environment
pollutants that arise due to heavy use of power.

5. Conclusions

Unfired clay bricks incorporating GGBS provide a sustainable and
healthy alternative as a replacement to conventional masonry
bricks, such as fired clay bricks and concrete block, in both non-
load-bearing and low rise load-bearing applications. Unfired clay
bricks exhibition good physical material behaviour, with respect to
an energy conscious and ecological design, which fulfils all strength
and serviceability requirements for thermal transmittance.

It was possible to determine the design values for thermal con-
ductivity and thermal resistance of unfired clay masonry bricks
from both experimental and theoretical design point of view. From
the results of this study, it can be seen that thermal conductivity of
the unfired clay bricks was approximated as a function of the
material density and moisture content. Material density and mois-
ture content are the fundamental parameters for thermal conduc-
tivity of the unfired clay. After the manufacturing of a clay masonry
unit, dimensional and density changes take place in service, fol-
lowing changes in moisture content, and thus clay masonry bricks
tend to expand in service unlike concrete units that tend to shrink.
The movement of moisture in a masonry wall may induce tensile
stresses that may ultimately lead to the cracking of the wall. At
the design stage, provisions are made to cater for these defects.
Overall, there was no significant difference between the design val-
ues for thermal conductivity/thermal resistance and the density/
moisture content of the unfired clay masonry bricks made using
lime-activated GGBS (LG) and PC-activated GGBS (PG). However,
both showed lower conductivity values relative to the fired clay
bricks, whose increased conductivity can be attributed to the firing
process of clay brick making.

The unfired clay bricks showed compliance with the design ther-
mal requirements for clay masonry units. The unfired clay bricks can
therefore be used for low-medium cost housing and energy efficient
masonry structures characterised by low thermal transmittance.
The use of unfired masonry bricks may contribute to a reduction in
the cost of heating in the winter and air conditioning in summer.
The breath-ability of the lime based unfired clay brick (LG) will fur-
ther be beneficial, as it discourages harmful mould growth thus pro-
viding better air quality for the building’s occupants.
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This paper reports on the production of unfired clay

masonry bricks at both laboratory and industrial scales.

The laboratory-scale bricks were produced at the

University of Glamorgan while industrial brick production

was carried out at Hanson Brick Company in Stewartby,

Bedfordshire. Lime-activated ground granulated blast-

furnace slag and Portland cement activated slag was used

to stabilise Lower Oxford Clay (LOC) for laboratory and

industrial brick production. The engineering performance

(strength) of the industrial-scale bricks (blended binder

content around 7%) at the end of a 90-day moist curing

period tends to be higher than that of the laboratory

bricks (blended binder content of 13?1%). It was extre-

mely difficult to make a thorough technical comparison of

the overall engineering performance of the laboratory

and industrial bricks owing to disparities in test methods,

brick format (one solid and the other a frog brick) and

mixing and compaction methods. However, a comparison

of the strength and other properties required for

practical application of unfired clay bricks with those of

bricks currently used in mainstream construction was

carried out. A comparison of the environmental profile

was also conducted. The results suggest that there is

potential for using unfired clay bricks for low–medium

cost housing and energy efficient masonry wall construc-

tion within the UK.

1. INTRODUCTION

There is a rapid pace of technological change within the UK

building sector. With rising carbon dioxide emissions, global

warming and climate change, the need to stimulate knowledge

transfer and best practices regarding the development of new

building products is vital. This research on unfired clay brick

production was targeted towards energy saving, especially new

cementitious materials for sustainable building material devel-

opment. The prospects are good for new cementitious materials

that do not need firing, utilising already embodied energy in

their formulations, and therefore offer lower environmental

impact.

Recent changes in UK building regulations have arisen partly

owing to the need to reduce carbon dioxide emissions to meet

targets set for 2020 and 2050.1–4 Building regulations are to be

progressively tightened over the next decade to boost energy

efficiency and reduce the ‘carbon footprint’ of new homes. New

and emerging technologies and building techniques can help

reduce carbon dioxide emissions and build a better quality of life.

In current mainstream UK construction, fired clay bricks are

used for a large variety of applications, and each requires

performance levels to be specified. Some applications are

traditional and the related specification is laid down in

standards or traditional rules for good practice. Other applica-

tions might be new and non-traditional, and formulations of the

performance levels are expected to comply with relevant

standards and regulations. In addition, if performances such as

fire resistance, sound insulation and thermal insulation are

required, additional specifications are usually imposed, such as

sufficient durability to resist local exposure conditions in order

to maintain the structural and operational integrity of the

building.5 Excessive wetting during construction or inadequate

protection of masonry bricks may allow water to percolate

through parts of the completed construction. This can lead to

aesthetic problems with a deposit of white, thin and foggy salts

occurring on the bricks (efflorescence).5

The quest for a more environmentally friendly brick (unfired

clay brick) that complies with the performance levels required

for fired bricks seems to have attracted the interest of many

researchers.6–11 Research into environmentally friendly building

masonry bricks is ongoing, but specific research using activated

ground granulated blast-furnace slag (GGBS) as a binder for the

clay and comparative analyses of the engineering performance

and environmental profile of unfired/other clay masonry bricks

with those of fired bricks currently used in mainstream

construction has not yet been reported.

The key sustainability issue this paper intends to address is the

high energy cost of manufacturing fired clay masonry bricks,

which is currently a significant contributor to the final cost of

building components. This high cost is currently transferred to

consumers, thus indirectly affecting the UK building industry

and the economy in general.

As part of a global agreement to reduce emissions significantly

in the built environment, research and development aimed at

improving the efficiency of the building sector could make a

considerable contribution towards achieving reductions of

emissions. The other sustainability issue to be addressed is the
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current lack of significant engagement regarding the utilisation

of waste and by-product materials from various industrial

processes in the building industry. It should be noted that the

use of activated GGBS with clay in building components (apart

from use in normal concrete applications) is rare in the UK. This

paper proposes that any viable building product(s) emerging

from such use are therefore quite innovative.

2. METHODOLOGY

2.1. Materials

The materials used in the research were Lower Oxford Clay

(LOC), two different types of lime (L1 and L2), GGBS and

Portland cement (PC).

2.1.1. Lower Oxford clay. The LOC used in this study was

supplied by Hanson Brick Company Ltd from the Stewartby brick

plant in Bedfordshire, UK. The mineralogical composition of the

LOC is shown in Table 1 and its chemical and physical properties

are shown in Table 2. The decision to use LOC, which is not

available in Wales, was made for a number of reasons. Firstly, the

number of clay quarrying sites in Wales is few, with most major

quarrying sites located elsewhere in the UK. Secondly, LOC is

currently used by Hanson Brick Company to make fired fletton

bricks, therefore making a comparison between fired and unfired

products easier. LOC is thus not only a challenging choice of

material but also has practical consideration for unfired clay

material development because it is generally hard to stabilise

(especially with lime because of its high organic and sulphate

contents). It is anticipated that in future product development, the

clay content may be partially replaced by colliery waste, dust

from slate waste, or any other waste material that is in abundance

within South Wales. Converting these specific waste streams to a

usable resource could be viewed as resource preservation and

environmental enhancement from a visual impact and amenity

point of view. Furthermore, the embodied energy in recovering

and reusing such waste for use in unfired bricks is less than that

embodied in clay quarrying.

2.1.2. Lime. Two different types of lime were used in this

research – quicklime (calcium oxide) (L1) and hydrated lime

(L2). Both were supplied by Tŷ-Mawr Lime Ltd, Llangasty,

Brecon, UK. The chemical and physical properties of both limes

are also shown in Table 2. After several trials, a maximum value

of 1?5 wt% lime was chosen for the activation of GGBS.

Quicklime was chosen as a binder because it has been used

successfully for stabilisation of clays for road construction in

low-temperature regions and also for improvement of slope

stability. Quicklime removes water from a stabilised mix or

surrounding soil, thereby contributing to rapid stability of the

stabilised mix or slope.12,13 In a stabilised soil system, quicklime

can react with pozzolan and enhance autogenous healing.

Hydrated lime, on the other hand, contains silicates that are

predominately in di-silicate form (belite), with only trace

amounts of highly reactive tri-silicate (alite). Hydraulic lime

thus has a slower setting time and gains strength over time.

Use of the two different limes therefore provided the research

team with a performance profile of the limes. It also allowed the

team flexibility, especially when making recommendations for

commercial production of unfired clay bricks.

2.1.3. Ground granulated blast-furnace slag. The GGBS used

was supplied by Civil and Marine Ltd, Llanwern, Newport, UK.

Its chemical and physical properties are shown in Table 2. GGBS

was used as a key ingredient because of the location of slag

works in South Wales (Newport and Port Talbot), with the

possibility of creating a market opportunity for local brick

manufacturers in the area. However, the majority of brick

manufacturers are sited elsewhere in the UK, and therefore the

relative reduced cost of transporting of GGBS will be most

beneficial to the few local brick manufacturers in Wales and

other brick manufacturers located along the Welsh border. It is

anticipated that this study will motivate investors interested in

sustainable clay-based material development to embrace the

availability of GGBS in Wales for the manufacture of unfired

clay bricks.

Currently, demand for (and production of) fired clay bricks is

declining. For example, the actual production of fired bricks in

the UK decreased by 9?3% from 2601 million bricks in 2005 to

2359 million bricks in 2006.14 The decline in production may be

attributed to several factors, including growing public aware-

ness of sustainability issues and general lack of investment in

replacing obsolete works with modern brick factories. The

majority of existing brick works do not have the capacity to

meet new emissions targets. Pressures created by low pricing

and market uncertainty are a significant concern for an industry

that is struggling to replace old plant and make profit. In view of

these issues, activated GGBS-based unfired clay brick technol-

ogy targeted energy saving (offering radical improvements on

the current method of firing clay bricks in kilns) in order to

minimise the detrimental effects of brick production on the

environment.15–17 The proposed technology is perhaps the most

sustainable choice for the industry.

The amorphous glass content of GGBS is considered to be the

most significant variable in the technology and certainly the

most critical to hydraulicity. The rate of quenching, which

influences glass content, is thus the predominant factor

affecting the strengths of slag cements. Previous work18 has

shown a linear relationship between glass content and strength

in GGBS-based systems, but there is no well-defined or single

relationship between strength and glass content of GGBS. In the

presence of alkaline activators, the more basic the GGBS blend,

the greater the hydraulic activity.19 At constant basicity,

strength increases with alumina (Al2O3) content, and a

deficiency in calcium oxide (CaO) can be compensated for by a

larger amount of magnesia (MgO). Hydraulic activity increases

with increasing calcium oxide, alumina and magnesia, and

Chemical formula Composition: %

Illite (K,H3O)Al2Si3,AlO10

(OH)2

23

Kaolinite Al2Si2O5(OH)4 10
Chlorite (OH)4(SiAl)8(Mg.Fe)6O20 7
Calcite CaCO3 10
Quartz SiO2 29
Gypsum CaSO4.2H2O 2
Pyrite FeS2 4
Feldspar CaAlSi3O8 8
Organic materials — 7

Table 1. The mineralogical composition of Lower Oxford Clay
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decreases with increasing silica (SiO2) content.20 Other

researchers21 have reported that the alumina content of the slag

influences its sulphate resistance.

2.1.4. Portland cement. PC, manufactured in accordance with

British Standard BS EN 197-1,22 was supplied by Lafarge

Cement UK (see Table 2). PC is a material that binds together

solid bodies like aggregate and soil by hardening from a plastic

state to inorganic cement. When mixed with water, PC forms a

plastic state, develops rigidity, and then steadily increases in

compressive strength (hardens) by way of chemical reactions

with the water (hydration). The mineralogical composition of the

major compounds in PC are shown in Table 3.

2.2. Mix composition, sample preparation and testing

Details regarding the mix composition for the 2156102?5

665 mm unfired clay bricks produced in the laboratory and at

industrial scale are shown in Table 4. It is important to note that

the LOC used for industrial-scale brick production had a natural

moisture content of 17%. The moisture content of the sample at

the point of testing includes the natural moisture in the clay and

the added water at the point of mixing. The clay was used at its

natural moisture content because, in practice, laboratory oven

drying is unfeasible.

The mixes were formulated using the locally available industrial

by-product GGBS, activated with an alkali (lime or PC), and

clay. The ability of unfired clay bricks to regulate moisture is a

key advantage over conventional masonry units. In this work,

PC was used to compare the performance of the PG1-laboratory

and PG1-industrial blended stabilisers with that of LG1-

laboratory, LG1-industrial, LG2-laboratory and LG2-industrial,

and as a control. The drawback of using PC is its associated

environmental problems. Furthermore, it is not best suited for

use in unfired clay bricks because of moisture problems that

occur during its reaction with soil.

Details regarding initial sample preparation, blend optimisation

and the laboratory brick production process have already been

reported.23 For the industrial-scale production, sufficient fresh

material was measured to produce a batch of at least 11 bricks.

For each brick, a constant weight of 2?6 kg of the mixed material

was loaded in a manually operated industrial hydraulic press.

Figures 1 and 2 show the freshly produced unfired clay bricks at

both laboratory and industrial scale using the lime or PC

activated LOC mixture. The laboratory and industrial bricks were

moist cured at room temperature of about 20¡2 C̊ for 28, 56

and 90 days. At the end of the moist curing period, the bricks

were tested for compressive strength in accordance with BS EN

772-1, using a 2500 kN capacity Avery Denison testing

machine, with the load applied continuously at a steady rate of

2?5 kN/s up to failure. The test method for solid bricks was

adapted for the laboratory bricks and, for the industrial bricks,

the test method for frogs (unfilled bricks) was adapted. It is

important to mention here that the net loaded area of the frog

face is more than 35% of the bed face, thus the industrial bricks

were tested without filling the frog. Two 3 mm thick sheets of

plywood (one on each loading side) were used to distribute the

load during testing. The bricks were loaded in their normal

orientation as pressed (bed face aspect). The compressive

Composition: %

LOC L1 L2 GGBS PC

CaO 6?15 89?20 66?60 41?99 63?00
SiO2 46?73 3?25 4?77 35?35 20?00
Al2O3 18?51 0?19 1?49 11?59 6?00
MgO 1?13 0?45 0?56 8?04 4?21
Fe2O3 6?21 0?16 0?71 0?35 3?00
MnO 0?07 0?05 0?08 0?45 0?03—1?11
S22 — ,0?01 ,0?01 1?18 —
SO3 — 2?05 ,0?01 0?23 2?30
SO4 — 2?46 ,0?01 — —
CaCO3 — 2?20 — — —
TiO2 1?13 — — — —
K2O 4?06 0?01 0?25 — —
N2O — 0?02 0?04 — —
FeO 0?8 — — — —
P2O5 0?17 — — — —
Na2O 0?52 — — — —
CO3 — 4 3 — —
Soluble silica — 1?1 4?77 — —
Free lime — 51?1 39?40 — —

Physical properties

Insoluble residue — 4?1 2 0?3 0?5
Bulk density: kg/m3 — — 1200 1400
Relative density — — — 2?9 3?1
Blaine fineness: m2/kg — — — 450 365
Liquid limit (LL): % 67 — — — —
Plastic limit (PL): % 35 — — — —
Plasticity index: % 32 — — — —
Colour Grey Off-white Grey
Glass content — — — <90 —

Table 2. Chemical composition and physical properties of LOC, quicklime (L1), hydrated lime (L2), GGBS and PC
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Chemical formula Composition: %

Tricalcium silicate Ca3SiO5 or 3CaO.SiO2 50
Dicalcium silicate Ca2SiO4 or 2CaO.SiO2 25
Tricalcium aluminate Ca3Al2O6 or 3CaO.Al2O3 10
Tetracalcium aluminoferrite Ca4Al2Fe10 or 4CaO.Al2O3.Fe2O3 10
Gypsum CaSO4.2H2O 5

Table 3. The mineralogical composition of the major compounds in Portland cement

Composition: %

L1 L2 GGBS PC Water LOC

LG1-laboratory 2?6 0 10?5 0 21?3 65?6
LG2-laboratory 0 2?6 10?5 0 21?3 65?6
PG1-laboratory 0 0 10?5 2?6 21?3 65?6
LG1-industrial 1?5 0 5?5 0 6?0 87?0
LG2-industrial 0 1?5 5?5 0 6?0 87?0
PG1-industrial 0 0 5?5 1?4 5?5 88?6

Table 4. Mix composition

Figure 2: Freshly produced unfired industrial-scale masonry brick

Figure 1. Freshly produced unfired laboratory-scale masonry brick
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strength of each industrial brick was determined from its failure

load and average bed face area. For both the laboratory- and

industrial-scale bricks, each test result is an average of ten

samples. It should be acknowledged that the test methods and

brick format for the laboratory and industrial scale brick

specimens are different. It is thus extremely difficult to make an

accurate technical comparison of the laboratory- and industrial-

scale bricks.

3. RESULTS

3.1. Engineering performance

The compressive strengths of the unfired clay bricks are shown in

Figure 3. The control mixtures (PG1-laboratory and PG1-indus-

trial) tend to show lower strength at all curing ages. It should be

noted that the 90-day strength of all mixtures incorporating lime-

activated GGBS–LOC (LG1-laboratory, LG1-industrial, LG2-

laboratory and LG2-industrial) is higher that that of PC-activated

GGBS-LOC bricks. Overall, the strength of the industrial-scale

bricks (with a binder content of around 7%) was higher than that

of the laboratory bricks at all curing ages. Figure 4 shows the

increase in strength with age for all the activated mixtures relative

to the 28-day strength. Interestingly, it was observed that at a later

curing stage (56–90 days), the blends containing lime-activated

GGBS–LOC (LG1 and LG2) exhibited progressively higher

increases in strength than the PC-activated GGBS–LOC mixtures.

Table 5 compares the engineering parameters of the unfired clay

bricks and bricks used in mainstream construction. Only about

1?5% lime was used for GGBS activation in all the industrial-

scale bricks (Table 4), which means that the final price of the

unfired clay bricks is expected to be relatively low. However,

this level of lime content is not sufficient for most road

construction applications where lower strength values are

needed and 5–8% lime is required for effective soil stabilisation.

Most of the bricks used in current mainstream construction are

also made with a binding agent (PC) in order to improve some

undesirable properties of clay; the amount of binder used for

rammed earth is about 6% PC, for adobes 3% bitumen, for

pressed clay bricks 8% PC and for poured clay 12% PC. For the

industrial-scale bricks incorporating PC binder (used as a

control in this research), only 1?4% PC was used.

The strength of the laboratory bricks was around 2?7–5 N/mm2

while that of the industrial-scale unfired bricks was 3?4–7?4

N/mm2 between 28 and 90 days of moist curing (see Figure 3).

These strength values are within the range specified in UK

building regulations for internal/external clay walling applica-

tions. The regulations require minimum brick strengths of

5–8 N/mm2 for most clay masonry walling applications, but this

requirement is for fired clay bricks not for unfired clay bricks.

Durability as applied to fired clay bricks is the ability to resist

the effects of varying degrees of exposure (freeze/thaw

resistance). It is generally accepted that the applicability of any

fired clay brick depends on whether it is able to withstand

passive, moderate and severe exposure. For bricks designed for

external application (facing brick), water absorption is usually

determined. Another important property of a fired brick is the

structural requirement for bond strength of the unit in

combination with mortar in terms of the characteristic initial

shear strength. Other common requirements for most fired clay

masonry units are defined in terms of density, dimensions,

thermal properties, active soluble salt content, fire resistance

and vapour permeability. For the UK building industry,

specification usually also includes place of origin and particular

name, clay composition, variety and typical application, form

and manufacturing process, colour and surface texture. Most

fired clay bricks are either facing bricks or engineering bricks.

Detailed applications of the unfired clay bricks in relation to

codes and standards and the ability of the product to meet UK

building regulations will be reported later. Ongoing laboratory-

based fine-tuning operations will investigate a range of

possibilities such as replacing LOC content with slate or colliery

wastes. The focus of this paper was mainly the strength

enhancement of activated GGBS-LOC mixtures and the benefit

of using GGBS in clay brick production. At this stage it is

therefore not possible to devolve all the engineering properties

of the unfired clay bricks, but some characteristics (e.g. lower

thermal transmittance, biodegradability, breathability, reduced

cost of heating/cooling and good acoustic properties) increase

the appeal of constructing with such products. The use of

unfired clay bricks is also more cost effective than most of the

bricks used in mainstream construction. Cost is one of the main

criteria in the building industry worldwide so, while generally
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acceptable performance must be provided, the overall cost of

construction is very important.

3.2. Environmental profile

At this stage of study, the environmental characteristics under

consideration are input energy and emissions output of the

production process. It is not yet possible to quantify the

environmental profile for the whole life cycle of the product, as

such an assessment would involve time-consuming mass data

accumulation and extensive calculations.

Figure 5 shows energy inputs and emissions outputs for the

production process of 1 t of bricks. In determining the energy

and carbon dioxide emissions of the unfired clay bricks, the

embodied energy of the binder was taken into consideration.

Typical reported embodied energy and carbon dioxide emissions

of the various binders used in this research are listed in Table 6.

The equivalent values for 1?5, 1?4 and 5?5% binder contents

used for the various unfired clay brick combinations are also

listed. Widely quoted values of embodied energy and carbon

dioxide emissions for pressed unfired clay with no binder are

around 525?3 MJ/t and 25 kgCO2/t respectively.

In order to determine the embodied energy and carbon dioxide

emissions of the unfired clay bricks, these values for the binder

combinations were added to those for pressed unfired clay with

no binder. Thus, energy usage was around 657?1 MJ/t for the

lime-activated GGBS system (LG1 and LG2) and 667?1 MJ/t for

the PC-activated GGBS system (PG1) and carbon dioxide

emissions were around 40?9 kgCO2/t and 42?9 kgCO2/t respec-

tively.

This environmental performance is excellent when compared

with energy usage and carbon dioxide emissions of fired clay

bricks currently in use in mainstream construction. For common

fired bricks, energy usage (input) has been reported to be 4186?8

MJ/t with emissions of 202 kgCO2/t.
24 This might be attributed to

the high-temperature kiln firing of the bricks. Fired clay

masonry materials are produced at a temperature of around

900–1200 C̊ to give the final product the strength and durability

it requires to perform in service. Firing clay-based material in

such high-temperature kilns generally results in the release of

several gases, including carbon dioxide. Traditional sun-baked

bricks tend to have the least energy usage (525?6 MJ/t) with

equivalent emissions of 25?1 kgCO2/t.
25 However, the main

deficiency of sun-baked brick is their susceptibility to water

damage. Common PC-stabilised bricks with about 12% binder

content have an energy usage of about 1025?6 MJ/t with

emissions of 125?1 kgCO2/t.

4. DISCUSSION

From the results in Figure 3, it is reassuring to note that the

performance of using lime-activated GGBS for both laboratory-

and industrial-scale unfired clay masonry brick production is

better than that of the PC-activated GGBS bricks. As the starting

clay soil of each brick was of the same origin, it is anticipated

that common trends of micro-structural formation will prevail,

except that the hydration mechanism will be somewhat different

due to differences in the mixture of the binder blend. The fabric

of all the samples may be characterised by a high degree of LOC

micro-structural orientation.23

The hydration of an activated GGBS-LOC system is governed by

two processes

(a) nucleation and growth of the hydration phases

(b) phase boundary interactions between the particles of LOC

and the binding agent.

This may result in surface hydration and the formation of

coatings on hydration products. The main product of activated

GGBS hydration is calcium silicate hydrate (CSH) gel.21,26–28 In

Parameter

Bricks used in mainstream construction
Laboratory and industrial
scale bricks, LG1 and LG2Fired clay Sun-baked PC-stabilised

Firing Yes No No No
Stabiliser content None None About 8–12% PC; high

cost
1?5% lime for GBBS activa-
tion; major cost saving

Design application Internal/external walls Internal walls Internal walls Internal/external walls
Robustness/durability Frost resistant Susceptible to water

damage
Dependent on
stabiliser dosage

Robustness achieved with
addition of GBBS; durable
with activated GBBS blend

Cost High Low High Low
Use of PC None None Average PC content No PC required in the

formulation: a significant
breakthrough

Breathability No No Impeded by PC con-
tent

Achieved with lime–GBBS
blend

Table 5. Engineering parameters and performance of the unfired clay brick and mainstream bricks

12% PC-stabilised brick

Sun-baked brick

Unfired clay brick
(PG1)

Unfired clay brick
(LG1/LG2)

Fired clay brick

20 620 1220 1820 2420 3020 3620 4220

Carbon dioxide emission: kgCO2/t

Energy usage: MJ/t

Figure 5. Energy usage and carbon dioxide emissions for the
production of 1 t of bricks
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lime-activated GGBS systems, there may be a breakdown and

dissolution of the glassy structure, as calcium hydroxide in the

system is consumed and additional CSH gel formation takes

place.29–35 The morphological composition and the nature of

CSH gel formation depend on the pH. In practice, a high pH is

expected to produce high silicon and aluminium species with

lower concentrations of calcium and magnesium. Previous

works36,37 reported that a large quantity of CSH gel is formed in

a high pH or high alkali activated system. Other workers38,39

have, however, reported low quantities of CSH gel formed in a

high pH or high alkali activated system. The effect of pH on the

structure and composition of CSH gel is thus controversial. In

the past, PC, gypsum quicklime and many alkalis have been used

as activators, but the results in Figure 1 show that hydraulic

activities in the mixture and the formation of a large quantity of

CSH gel is favoured in lime-activated GGBS-LOC mixtures. This

means a higher pH or higher alkaline activator is beneficial for

strengthening, and this may account for the higher strength

values observed in the lime-activated GGBS products.

It is extremely difficult to make a technical comparison of the

overall engineering performance of the laboratory- and

industrial-scale bricks owing to disparities in test methods, brick

format (one solid and the other frog) and mixing and

compaction methods. The higher strength value of the

industrial-scale bricks, in which a lower binder content of

around 7% was used, when compared with that of the laboratory

bricks (binder content 13?1%) may be due to

(a) better compaction in the industrial process and the possible

advantage of mixing larger batches of material as opposed

to the laboratory practice of manual compaction and small-

scale batch mixing that is prone to moisture losses and/or

localised pockets of material inhomogeneity

(b) better handling of fresh products at industrial scale rather

than manual extrusion in the laboratory.

It must be borne in mind that at present, a common emerging

trend is an emphasis on material handle-ability and matching

achievable strength to application/demand. Properties in addi-

tion to strength are required for practical application. The ability

of walling bricks to satisfy design requirements for thermal

transmittance is increasingly being highlighted. It is preferable

for the optimum thermal properties of masonry material to be as

low as possible because the thermal conductivity value adopted

for a particular material can only comply with current building

regulations if the thermal transmittance values are low,

provided that minimum strength and durability parameters are

also met. The low thermal conductivity of other unfired clay-

based systems reported by others40–42 is therefore of great

interest and the output of these research works could be

exploited to satisfy design requirements for unfired clay

masonry bricks. It is also possible that the breathability of lime-

based unfired clay bricks will discourage harmful mould growth,

thus providing better air quality for building occupants;

furthermore, they are biodegradable and can absorb odours.

Sustainability issues for the development of new infrastructural

material can be interpreted as minimising both resource inputs

and environmental impact at all stages of use. The overall

intention is thus to minimise energy and raw material inputs

and pollutant output at the manufacturing stage, over the life of

the component and ultimately its recycling at the end of life.

Figure 5 shows that the unfired clay bricks tested were more

energy efficient than other commonly used (kiln-fired) bricks.

They could thus be exploited for energy-efficient masonry wall

construction, and may potentially aid current trends for green

and flexible product development.

Construction with unfired clay bricks creates extremely low

levels of waste; any waste created during the manufacturing

process can be fully recycled within the system by simply re-

wetting and mixing the materials. As clay materials are inert

and non-toxic, the use of clay for the manufacture of unfired

bricks generally causes no direct environmental pollution

during the whole brick life cycle. Masonry bricks made from

fired clay and stabilised clay with high PC/lime content require

fossil fuel energy to manufacture and cause a net gain in carbon

dioxide emissions and other pollutants. Other common masonry

materials (stone, concrete brick, mortar) also have a high

embodied energy and, because of their high PC content, the

recycling of concrete bricks and mortar is uneconomical.

Unfired clay bricks produced as a result of this research could be

used for community-based housing development, with the

overall target of improving quality, cost effectiveness and

sustainability of such infrastructure. If current sustainability

goals are to be met, more research and development into

suitable products for the built environment should be

encouraged.

The prudent use of resources based on prevailing ecological

principles and integration of the key aspects of construction

with environmental protection will be vital for a healthy built

environment. This study has shown that unfired masonry bricks

can be produced using clay and activated GGBS; their

manufacture would offset the current decline in the production

of fired clay bricks arising as a result of growing sustainability

awareness and new emissions targets. Unfired clay brick

technology offers radical improvements over current kiln-firing

methods in terms of minimising environmental effects and

elevating the future of a brick industry that is currently under

pressure from low prices and government legislation. Most brick

works are struggling to replace/upgrade old plants and make a

Binder

Widely quoted values

Binder content: %

Equivalent values for percentage binder content

Embodied energy: MJ/t Emissions: kgCO2/t Embodied energy: MJ/t Emissions: kgCO2/t

Lime 4000 800 1?5 60?0 12
PC 5000 1000 1?4 70?0 14
GGBS 1300 70 5?5 71?8 3?9

Table 6. Embodied energy and carbon dioxide emissions of the various binders
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healthy turnover. The time is right for the fired brick industry to

advance existing products, with a subsequent shift towards more

sustainable infrastructure development.

Previous research by the authors43 has demonstrated that the

combination of PC/lime and GGBS in soil stabilisation may have

other performance benefits such as durability and volume

stability; there are also many applications in both low- and

high-strength building materials. Further research into this

approach to clay brick production, in particular assessment of

the durability and confirmation of the suitability of the product,

is currently underway. Work on brick properties in addition to

strength (e.g. thermal conductivity, thermal resistance, expan-

sive behaviour, water absorption, sulphate resistance, bonding

behaviour and micro-structural characterisation) is also ongoing

and the results will be reported in a future paper. The possibility

of using these binder combinations for other clay types

currently used commercially is also being considered.

5. CONCLUSIONS

There is potential for utilising unfired clay bricks to facilitate

more sustainable construction. The strength characteristics of

the unfired bricks tested in this study were improved with the

use of lime and GGBS as a binder. The following conclusions

can be drawn.

(a) Using LOC as the target stabilisation material, the unfired

laboratory- and industrial-scale bricks made with lime-

activated GGBS have better strength values than those made

with PC-activated GGBS. Thus, lime–GGBS can be used as a

strengthening agent for LOC soil.

(b) Unfired clay bricks are expected to perform favourably in

most building applications where fired bricks are currently

being used for masonry wall construction.

(c) An environmental analysis of brick production processes

indicated that firing is very energy intensive. Furthermore,

most of the reported emissions from clay brick production

are attributed to the energy used for firing kilns.

(d) Brick production using GGBS as the main stabilising agent

will reduce the energy cost of the firing process. It will also

reduce greenhouse gas emissions associated with the

manufacture of traditional binders. The unfired clay

building material would therefore be an energy-efficient

and economical alternative to the firing of clay building

components.

(e) Appropriate research and development into new technolo-

gies that reduce energy usage and carbon dioxide emissions

are vital for sustainable building construction. More

significant engagement in the development of new materials

will help the construction industry meet global challenges

and develop business.

(f) Detailed application of the unfired clay bricks in relation to

codes and standards and their ability to meet UK building

regulations will be reported at a later date.
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This paper reports on the compressive strength and microstructure of unfired clay masonry bricks. Blended
binders comprising of lime-activated Ground Granulated Blastfurnace Slag (GGBS) and Portland Cement
(PC)-activated GGBS were used to stabilise Lower Oxford Clay (LOC) for unfired masonry brick production.
The compressive strength of the stabilised bricks incorporating lime–GGBS–LOC was higher than that of
PC–GGBS–LOC. Scanning Electron Microscopy (SEM) with a Solid-state Backscattered Detector (SBD) and
Energy Dispersive X-ray (EDX) analysis was employed to obtain a view of the microstructure and to conduct
an analysis on the morphology and composition of the dried unfired clay brick samples, after 28 days of moist
curing. The analytical results together with the physical observations have shown the formation of Calcium
Silicate Hydrate (C-S-H) gel and additional pozzolanic (C-S-H) gel. The quantification of the compound
content of the unfired bricks showed the presence of Calcite (CaCO3), Quartz (SiO2), Alumina (Al2O3) and
Wollastonite (CaSiO8) crystals. Traces of other crystals were also detected.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Sun-baked clay bricks are one of the earliest basic building
materials used by man and indeed are still used today. This is because
of their simplicity and low cost, good thermal and acoustic properties,
and at the end of a building's life the claymaterial can easily be reused
by grinding, wetting or returned to the ground without any inter-
ference with the environment. However, the main deficiency of the
sun-baked brick is its susceptibility to water damage. Today, this
problem is now overcome by stabilising the clay soil with the addition
of a small amount of lime, thereby enhancingmany of the engineering
properties of the soil and producing an improved construction
material (Mckinley et al., 2001; Rao and Shivananda, 2005; Kinuthia
and Wild, 2001).

One drawback in using lime alone as a binder is the resulting
durability problems, as reported by other investigators (Wild et al.,
1996 and Wild et al., 1998). Work on how to correct the durability of
lime-stabilised soil has been conducted by a series of researchers
(Sivapullaiah and Lakshmikantha, 2005; Okagbue and Yakubu 2000).
The outcome of this research reveals that the addition of GGBS to a
lime-stabilised system improves many engineering properties of the
soil including its durability (Rajasekaran, 2005 and Oti et al., 2008a).
Regardless of the test methods and specimens used, various
investigators (Tasong et al., 1999; Rajasekaran, 2005 and Wild et al.,
1998) conclude that the reaction between amorphous silicon bodies of
l rights reserved.
the hydrated GGBS–lime/PC and clay soil (towards the formation of
additional pozzalanic (C-S-H) gel, is beneficial in enhancing various
engineering properties in the system.

GGBS is one of the ‘greenest’ of construction materials. Its only
raw material is a very specific slag that is a by-product obtained in the
manufacture of pig iron in the blast furnace and is formed by the
combination of iron ore with limestone flux. If the molten slag is cooled
and solidified by rapid water quenching to a glassy state, little or no
crystallization occurs. This process results in the formation of sand size
particles, usually with some friable clinker-like material. The physical
structure and graduation of GGBS depends on the chemical composition
of the slag, its temperature at the time of water quenching and the
method of production. Manufacture of GGBS utilises all of the molten
slag and produces no significant waste stream. As well, the environ-
mental benefit of utilising a by-product, GGBS, replaces something that
is produced by a highly energy-intensive process (e.g. PC). Further
‘green’ benefits are that the manufacture of GGBS does not require the
quarrying of virgin materials, and if the slag was not used as cement
replacement, it might have to be disposed of to tip.

GGBS is commonly used in combination with lime for various
engineering applications with numerous advantages (Frearson and
Higgins, 1992 and Tasong et al., 1999), including improved durability,
workability and economic benefits such as low cost. The drawback in
the use of GGBS for most engineering works is that the strength
development of GGBS alone is considerably slower under standard
curing conditions (approx. 20 °C) than that of conventional stabilisers.
Although its ultimate strength may be higher for the same water–
binder ratio as reported in previous research work (Sharp et al., 2003;
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Table 1
The particle size distribution of GGBS and PC used as determined by light scattering.

Size (μm) GGBS PC

N40 9 18
20–40 22 27
10–20 23 12
b10 46 43
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Escalante-Garcia and Sharp, 2001; Escalante-Garcia and Sharp, 2004;
Oti et al., 2008b).When GGBS is used in combinationwith lime for the
stabilisation of a soil such as Lower Oxford Clay, the ultimate strength
is higher than that of Lower Oxford Clay stabilised with Portland
cement at 80% cement replacement in LOC–PC–GGBS stabilised
system (Oti et al., 2008a and Oti et al., 2008b).

The presence ofGGBS in the unfired clay technology is to ensure that
the final product is durable (Oti et al., 2009a). Another benefit of GGBS
in this technology is its extremely low energy usage and CO2 emission
when compared with PC. The energy usage of 1 tonne of GGBS is
1300 MJ, with a corresponding CO2 emission of just 0.07 tonnes, whilst
the equivalent energy usage of 1 tonne of PC is about 5000 MJ (Higgins,
2007), with at least 1 tonne of CO2 emitted to the atmosphere (Wild,
2003).

In highway and other foundation layers, around 3–8% lime is
needed for effective soil stabilisation. In this present study, only 1.5%
lime was used for GGBS activation. The use of activated GGBS in
building components is relatively new in construction and its use is
rare in the UK. Thus, this work on unfired clay masonry material
development is innovative and has potentially a great future. This
paper reports on the link between the compressive strength of the
unfired clay bricks and the microstructure. Providing knowledge on
themicrostructural behaviour of unfired bricks ensures that this infor-
mation is widely available to the fired clay sector and other building
material manufacturers.

It is important to mention that stabilisation of soil with
cementitious binders is widely used in road, pavement and foundation
construction, to improve the engineering properties of the soil; to
increase the strength and bearing capacity; to control the volume
stability against swell–shrink behaviour caused by moisture changes;
to increase the resistance to erosion, weathering and traffic loading.
Stabilisation of the existing soil will normally be a much more
sustainable solution than importing aggregate. The use of a lime-
activated GGBS binder combination offers significant advantages for
soil stabilisation. The major advantage is in inhibiting the deleterious
swelling that can occur with clays containing sulfates, upon stabilisa-
tion with lime. This current study extends the principle of soil
stabilisation to the building industry for unfired clay brick making.
Thus, this paper is relevant to those involved in the use of industrial
by-products to improve soil and geotechnical properties, including
civil and construction engineers, and engineering geologists. Further-
more, this paper may also be of interest to professionals working in
Table 2
The grain size composition of Lower Oxford Clay used.

Sieve sizes (mm) % passing

5.000 100.0
3.350 86.0
2.000 66.0
1.180 34.0
0.600 26.0
0.425 20.0
0.300 17.5
0.212 4.0
0.150 2.0
0.063 0.5

b0.063 0.0
developing countries. They will learn the art of using industrial by-
products (such as GGBS) for new soil-basedmaterials development, to
enable more giant steps towards similar product processes.

2. Methodology

2.1. Materials

The materials used for the current research consisted of Lower
Oxford Clay (LOC), two different types of lime (a quicklime variety-L1,
and a hydraulic lime variety-L2), Ground Granulated Blastfurnace Slag
(GGBS) and Portland Cement (PC). The mineralogical compositions,
chemical and physical properties of the materials are reported
elsewhere (Oti et al., 2009a). However, the particle size distribution
for GGBS and PC as determined by light scattering can be seen in
Table 1. In addition, the grain size composition of Lower Oxford Clay is
shown in Table 2.

2.2. Mix composition, sample preparation and testing

The details regarding the mix composition for each batch of (11 No
of 215×102.5×65 mm) unfired clay bricks produced during an
industrial trial are shown in Table 3. The initial sample preparation
and blend optimisation, including the industrial brick production
process are reported in detail by Oti et al., 2009a. Bricks made using
lime type L1 combined with GGBS were designated LG1, while those
madewith lime type L2 with GGBS were designated LG2. For PC-GGBS
binder, bricks designated PG1 were made at a moisture content of
1.3%, while bricks designated PG2 were made at the slightly higher
moisture content of 1.5%.

The unfired clay bricks were moist cured at a room temperature of
about 20 °C±2 °C for 7, 28, 56 and 90 days. At the end of the moist
curing period, the bricks were tested for compressive strength in
accordancewith British Standard Institution BS 1924-2: 1990 and BS EN
771-1:2003, using a 2500 kN capacity Avery Denison testing machine.
The load was applied continuously at a steady rate of 2.5 kN/s up to
failure (for detail see Oti et al., 2009a).

For the determination of the swelling/shrinkage behaviour of the
unfired clay bricks, brick test specimens (LG1, LG2, PG1 and PG2) that
were cured for 28-days were used. Immediately after the fabrication of
the brick test samples the dimensions of each brick test specimen
were recorded and at the end of 28-day curing period, a record of the
dimension was also taken. There was no significant dimensional or
volume increase in all the test specimens. The 28-day moist cured
specimens were then dried at 60 °C for 24 hours and then the length
and height of the dried specimens measured. The dried specimens
were soaked in water bath for 24 hours and their length and height
then re-measured. The percentage linear changes of the unfired clay
bricks test specimens were calculated as shown by the formula below:

% Linear expansion =
LS−LD
LS

× 100%

where:
LS – Soaked length,
LD – dried length.
Table 3
The details of mix composition for a batch of 11 unfired clay bricks (each 215×
102.5×65mm).

Mix code Mix composition (kg)

L1 L2 GGBS PC Water LOC

LG1 0.4 0 1.6 0 1.8 25.6
LG2 0 0.4 1.6 0 1.3 25.6
PG1 (control) 0 0 1.6 0.4 1.3 25.6
PG2 (control) 0 0 1.6 0.4 1.5 25.6



Table 4
The compressive strength and other technical details of the unfired clay bricks.

Mix code Dimensions
(mm)

Density
(kg/m3)

Strength
(N/mm2)

7–day 28-day 56h-day 90-day

LG1 215×102.5×65 1800 2.8 3.8 6.5 7.4
LG2 215×102.5×65 1800 2.4 3.7 5.6 6
PG1 (control) 215×102.5×65 1800 1.7 3.4 5 5.5
PG2 (control) 215×102.5×65 1800 1.5 3.3 4.8 5.1

Fig. 1. The rate of increase in strength values with age of all activated GGBS mixtures
(relative to 28-day strength).

232 J.E. Oti et al. / Engineering Geology 109 (2009) 230–240
In order to demonstrate the link between the properties and
microstructure of the unfired clay bricks, small slices (2 mm thickness)
from each of the unfired clay brick specimens (LG1, LG2, PG1 and PG2)
were taken for microstructural analyses after 28 days of moist curing.
The sliceswerefirst dried to a constantweight at a temperature of 40 °C.
A carbon-dioxide absorbing compound (carbosorb) was used during
drying, so as to minimise any sample carbonation that is common in
most systems containing hydrated lime — Ca(OH2). Drying was acce-
lerated by using silica gel, which was continually replenished after
drying inanoven to expel absorbedmoisture. Inorder to obtain aviewof
themicrostructure and to conduct an elemental analysis of the hydrated
Table 5
The swelling/shrinkage measurements.

LG1

215×102
% linear expansion 1.2
% Iinear shrinkage 0.7

50 mm d
content

% linear expansion at 7-day moist curing 0.56
% linear shrinkage at 7-day moist curing b0.20
% linear expansion at 7-day moist curing+43-day soaking 1.29
% linear shrinkage at 7-day moist curing+43-day soaking b0.20

50 mm d
content

% linear expansion at 7-day moist curing 0.66
% linear shrinkage at 7-day moist curing b0.20
% linear expansion at 7-day moist curing+43-day soaking 1.51
% linear shrinkage at 7-day moist curing+43-day soaking b0.20

50 mm d
content

% linear expansion at 7-day moist curing 0.69
% linear shrinkage at 7-day moist curing b0.20
% linear expansion at 7-day moist curing+43-day soaking 1.59
% linear shrinkage at 7-day moist curing+43-day soaking b0.20
mixture, the dried samples were examined using a Carl Zeiss SMT 1430
Scanning Electron Microscope (SEM), fitted with a Solid-state Back-
scatteredDetector (SBD), and alsoequippedwith an INCA-SUITE version
4.01 Oxford instrument linked with an Energy Dispersive X-ray (EDX).
This combination is capable of analysingelectrons in the rangeof 10–100
atomicweights. The sampleswere impregnated into a double sided stub
with a sticky tab coated with carbon to make them electrically
conductive. The particles in the samples were sufficiently thin and
transparent to the electron beam. The SEMmicrographs of the samples
were taken and the characteristic crystalline phases identified and
analysed using the SBD/EDX system. It is appreciated that in using this
method of sample preparation, samplesmay not be truly representative
of thewhole stabilisedbrick test specimen. Therefore, several stubswere
compiled, taken from different parts of the dried brick sample.

3. Results

3.1. The engineering performance of the unfired clay bricks

The compressive strength value and other technical details of the
unfired clay bricks produced during the industrial trial for the lime-
activatedGGBS–LOCmixture (LG1 and LG2) and thePC-activatedGGBS–
LOC mixture (PG1 and PG2) are shown in Table 4. The control mixtures
(PG1 and PG2) tended to show lower strength at all curing ages relative
to the LG1 and LG2 mixtures, with the minimum strength value oc-
curring with the PG2 blend. Fig. 1 shows the rate of increase in strength
with age for themixtures relative to 28-day strength. Interestingly, itwas
observed that at the later curing age (56–90 day), the blends containing
lime-activated GGBS–LOC mixture (LG1 and LG2) exhibited progres-
sively high increases in strength values relative to the PC-activated
GGBS–LOC mixtures.

Table 5 shows typical swelling/shrinkage behaviour of the unfired
clay bricks. It can be seen that the % linear expansion and the % linear
shrinkage of the unfired clay bricks test specimens at 28-day moist
curing age were both very low (0.3–1.2%). Similar work on the
swelling/shrinkage and linear expansion behaviour of the unfired clay
material was carried out using an MX 2000VJ Tech multi-channel data
logger equippedwith a digital displacement transducers and computer
device, during the preliminary blend optimisation stage, using cylin-
drical test specimens (50 mmdiameter×100 mmheight). The highest
linear expansion was observed after a 7-day moist curing period,
followed by subsequent soaking. The results are also shown in Table 5,
LG2 PG1 PG2

.5×65 mm brick test specimens
1.1 0.8 0.8
0.6 0.3 0.3

iameter×100 mm height cylinder specimens prepared at 27% compaction moisture

0.38 0.26 0.26
b0.20 b0.20 b0.20
1.00 0.87 0.87

b0.20 b0.20 b0.20
iameter×100 mm height cylinder specimens prepared at 30% compaction moisture

0.48 0.39 0.39
b0.20 b0.20 b0.20
1.28 1.10 1.10

b0.20 b0.20 b0.20
iameter×100 mm height cylinder specimens prepared at 33% compaction moisture

0.54 0.43 0.43
b0.20 b0.20 b0.20
1.33 1.18 1.18

b0.20 b0.20 b0.20
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where it can be seen that the values were very low for all the cylinder
specimens (typivallyb0.2–1.59). No noticeable shrinkage was ob-
served with all the cylinders. For details see Oti et al. (2009b). The
results therefore suggest that, the effect of swelling/shrinkage on the
unfired clay bricks is negligible, further suggesting good durability of
the stabilised clay masonry units.

Durability as applied to unfired clay bricks is the ability to resist the
effects of varying degrees of exposure (freeze/thaw resistance). It is
generally accepted that the applicability of any unfired clay brick
depends on whether it is able to withstand passive, moderate and
severe exposure. Previous research by the authors (Oti et al., 2009a;
Oti et al., 2008a) has demonstrated that the combination of PC or lime
combined with GGBS in soil stabilisation may have other performance
benefits such as durability and volume stability. Other research work
on the requirements on the thermal properties for most clay brick
products is reported elsewhere (Oti et al., 2010).
Fig. 2. SEM micrograph of the lime activated GGBS–LOC system (LG1 and LG2) after
28 days of moist curing, (Notations— (A) C-S-H gel production. (B) Additional pozzolanic
C-S-H gel around the LOC particle.
3.2. SEM and SBD/EDX analysis

SEM and SBD/EDX was employed to provide detailed imaging
information about the morphology, composition and surface texture
of the microstructure of the brick samples. In this current study, the
analysis was conducted on the actual brick samples in order to relate
the pozzolanic action in the stabilised LOC system with strength
enhancement.

Fig. 2 illustrates the SEM imaging information for the bricks made
with lime-activated GGBS–LOCmixtures (LG1 and LG2), that had been
moist cured for 28 days. The analysis shows formation of C-S-H gel
around the stabilised LOC at the points marked A and B in Fig. 2.

When clay is stabilised with a calcium-based binder (such as lime)
in the presence of water, the reaction of calcium (from lime), alumina
(primarily from the clay) and any sulfate present in the system
produces calcium aluminate sulphate hydrate (C-A-S-H) minerals.
These minerals have a very large expansive potential. One of these
minerals is ettringite, which absorbs very large quantities of water
within its structure. During its formation, very high swelling pressure
can develop with disruptive increases in volume. The ettringite
occupies a greater volume than the original constituent reactants and
grows as rod or needle-shaped crystals (see clay plate LG2 in Fig. 2)
that generate high internal stresses in the stabilised system and can
cause it to crack and disintegrate. However, with the incorporation of
GGBS in the system, the GGBS reacts with the excess calcium
aluminate sulfate hydrate minerals to form a finely dispersed system,
which fills the larger pores, reducing the quantity of water within the
structure, thus reducing the continuous formation of ettringite (see
clay plate LG1 in Fig. 2). The matrix of the stabilised soil showed fewer
large capillary pores resulting in a more stable microstructure. Thus,
the formation of ettringite in the clay structurewill be of benefit to the
stabilised system, after the incorporation of GGBS. In clay plate LG1
(Fig. 2), rod and plate-like particles, many of which have no clearly
defined outline, can be seen. Nucleation growth of the hydration
phases and the phase boundary interactions between the particles of
LOC and the activated GGBS can also be seen. The plate boundaries are
more uneven and irregular and the microstructure becomes less open
and more continuous.

Surface hydration and the formation of coatings on hydration
products, due to the high exothermic action of quicklime are well
known. The subsequent initiation and faster dissolution of an
amorphous silica phase of the hydrated activated GGBS system and
the formation of additional nucleation centres for the promotion of
the precipitation of hydrated compounds are also widely reported. In
such a case, less water will be available for ettringite formation,
accounting for the reduced quantity of rod and plate-like particles in
the system. This phenomenon will make the surface structure look
more compacted, which can only come from the stronger bonds
between grains, formed during the hydration process, and the
possibility of additional pozzolanic C-S-H gel.

For the LG2 system, where hydraulic lime was used for GGBS
activation, the rate of exothermic reaction is much slower, and more
water will be available for ettringite formation. The surface morphol-
ogy showed rod-like particles growing on the surface of the clay plate.
The increase in concentration of the rod-like content can be seen, with
better defined boundaries.

The morphologies of the LG1 and LG2 samples were examined
using a bright field image. The elemental analysis of the reaction
products for these samples was obtained using EDX system. Using the
the various intensities of the different elemental peaks, the final plots
reproduced in Figs. 3 and 5 were automatically processed using a
dedicated INCA-SUITE program, coupled with backscatter image
analysis. This gave the relative percentage weight proportion of the
compounds present. The details, as determined by SBD/EDX spectra
from the SEM can be seen in Fig. 3 and Table 6. The most prominently
observed were Calcite (CaCO3), Quartz (SiO2), Alumina (Al2O3) and
Wollastonite (CaSiO8) crystals. Traces of other minor phases such as
Albite (NaAlSi3O8), Magnesium Fluoride (MgF2), Magnesia (MgO),
Pyrite (FeS2), Feldspar (CaAlSi3O8), Titanium (Ti) and Tin (Sn) were
also detected. The contribution of theseminor phases to the individual
SBD/EDX spectra toward the hydraulic activity of the system is likely
to be significantly low. Therefore the effects of these minor phases
have been omitted from this study.
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The formation of a large quantity of C-S-H gel is beneficial for high
strength enhancement of the system, and this may be the reason why
the strength values of bricks comprising of lime-activated GGBS–LOC
mixturewere higher than that of PC-activated GGBS–LOCmixture. The
amorphous glass content of lime activated GGBS–LOC mixture may
also have influenced the hydraulic activity in the system. However,
lime played the most prominent role during the activation process
because of its high pH (the pH values of quicklime and hydraulic lime
in solution were observed to be 13.9 and 12.9 respectively). This may
be the reason for the higher strength values of the quicklime-activated
GGBS–LOC mixture (LG1) compared to the hydraulic lime-activated
Fig. 3. Energy dispersive X-ray (EDX) of the lime activated GGB
GGBS–LOCmixture (LG2) (Oti et al., 2009a). Due to the high reactivity
of lime, the formation of the strength-contributing silicates and
aluminates was enhanced. Lime also provided the required alkaline
environment for GGBS activation and hydration, whilst also producing
modification of the clay.

Fig. 4, shows the SEM micrograph observations for the bricks pro-
duced with the PC-activated GGBS–LOC mixtures (PG1 and PG2).
Scattered patches of small non-continuous and poorly defined rod and
plate-like particles (A) can be seen. The particles grow outwards from
the spore spaces between the clay particles. Patches of additional nucle-
ation centres, promoting the precipitation of hydrated compounds, can
S–LOC system (LG1 and LG2) after 28 days of moist curing.



Fig. 3 (continued).
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be seen on the clay plates (B). Generally, the reactions between PC-
activated GGBS and LOC in water are complex. When PC reacts with
water, the insoluble hydration products (mainly calcium silicate
hydrates) form close to the cement particle. The more soluble product
of hydration (calcium hydroxide) migrates through the pore solution
and precipitates as discrete crystals, surrounded by large pores. When
GGBS particles are also present, both the GGBS and PC hydrate to form
calcium silicate hydrates. Additionally, the GGBS reacts with the excess
calcium hydroxide to form a finely dispersed gel, which fills the larger
pores. The result is a hardened cement paste, which contains far fewer
calciumhydroxide crystals and therefore has fewer large capillary pores.
The reduction in free calcium hydroxide makes the system chemically
more stable, and the finer pore structure limits the ability of external
aggression due to the impervious nature of the system.

The SBD/EDX spectra from the SEM (Fig. 5) and compound con-
tents (Table 6) shows the amounts of the predominant mineral —
Calcite (CaCO3), Quartz (SiO2), Alumina (Al2O3) and Wollastonite
(CaSiO8) crystals, when the electron beam was focussed on the
investigating surface. In general, the SEM scans appear to back up the
observationsmade on SBD/EDX analysis. The amorphous glass content
of PC-activated GGBS–LOC mixture showed lower influence on the
hydraulic activity in the mixture because of the lower pH of the



Table 6
The quantification of the compound contents in LG1, LG2, PG1 and PG2.

Symbol Compound content Weight % Weight % Weight % Weight %

LG1 LG2 PG1 PG2

C Calcite (CaCO3) 40.57 48.02 49.6 58.89
O Quartz (SiO2) 45.96 36.85 35.52 24.37
F Magnesium fluoride (MgF2) 0.49 0 0.24 0
Na Albite (NaAlSi3O8) 0.15 0.11 0.12 0.07
Mg Magnesia (MgO) 0.54 0.49 0.42 0.29
Al Alumina (Al2O3) 4.65 3.93 3.2 2.63
S Pyrite (FeS2) 0.62 0.47 3.31 0.48
K Feldspar (CaAlSi3O8) 1.2 0.74 0.9 0.81
Ca Wollastonite (CaSiO3) 5.52 9.03 6.25 11.84
Ti Titanium (Ti) 0.29 0.16 0.2 0.15
Sn Tin (Sn) 0 0.19 0 0
Nr Not defined 0 0 0.24 0.48
Total 100 100 100 100
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activator (the pH of PC was observed as 12.1 compared to13.9 and 12.9
for quicklime and hydraulic limes respectively). Due to the lower
alkaline environment provided by the PC, the reactivity and
subsequent formation of the strength-contributing silicates and
aluminates were not enhanced to the same degree as in the lime
system. This may be the reason for the lower strength value of the PC
activated GGBS–LOC mixture (PG1 and PG) relative to LG1 and LG2.
Fig. 4. SEMmicrograph of the PC activated GGBS–LOC system (PG1 and PG2) after 28 days
ofmoist curing, (Notations— (A) C-S-Hgel production. (B)Additional pozzolanic C-S-Hgel
around the LOC particle.
4. Discussion

It is reassuring to note from the laboratory strength results (see
Table 4) that the performance observed using lime-activated GGBS for
unfired clay brick (LG1 and LG2) production is better, relative to that
observed for the PC-activated GGBS bricks (PG1 and PG2). As the
starting clay soil for each brick is of the same origin, it is anticipated that
common trends of microstructural formation will prevail, except that
the hydration mechanisms may be somewhat different due to
differences in stabiliser blends. The fabric, for all the samples, is
therefore characterised by a high degree of LOC particle microstructural
orientation. The characteristics and the magnitude of microstructural
changes in each sample have peculiarities that depend on the various
bonding elements. Various mineral phases in LOC are also expected to
play a role in the activated mixture. For example calcite is useful in the
generation of an alkaline environment. Thus, there is the possibility that
some of the phases in LOC, including the sulfate phases, may have
further enhanced the activation of GGBS.

Lime- or PC-stabilised LOC reaction mechanisms can be classified
into short-term and long-term reactions. Short-term reactions in-
clude flocculation, pH, cation migration and exchange, all which affect
the physical properties of the system. In contrast, the long-term
pozzolanic reactions include the formation of various new reaction
products, which result from the nucleation and growth of hydration
products, leading to strength enhancement and compressibility of the
stabilised LOC. The nature of the long-time reactions depends on the
type and concentration of metal ions present, and the availability of
alumina and silica that can influence the engineering behaviour of soil
with lime. Sulfates of sodium (thenardite, NaSO4·10H2O), potassium
(arcanite, K2SO4), calcium (gypsum or selenite, CaSO4·2H2O) and mag-
nesium (epsomite, MgSO4·7H2O) are commonly present. Several
investigators (Ogawa and Roy, 1982; Uchikawa and Uchida, 1986) have
reported that the formation of ettringite increases the porosity and
simultaneously decreases the free moisture content during ettringite
nucleation and its subsequent growth. The strength improvement as a
result of ettringite formation is due to the removal of water by ettringite,
and thus results in increased soil dry density. The presence of alumina
in the lime or PC activated-LOC system results in the formation of cal-
cium aluminate hydrates (C-A-H) and calcium aluminate silicate
hydrates (C-A-S-H) as reported by Rajasekaran, 2005 among others.
The beneficial effects of activated GGBS in the stabilised LOC, and other
clay systems, is the reduction of deleterious heaving effects such as the
growth of ettringite, due to the rapid removal of alumina (Tasong et al.,
1999; Oti et al., 2008a; Wild et al., 1996 and Wild et al., 1998; Kinuthia
and Wild, 2001). The above activated GGBS cementation process
reduces the porosity of the LOC due to the cementation gel development
within the pores. A typical geochemical reaction (Rajasekaran, 2005)
can be shown.

CaO þ 2H2O ¼ CaðOHÞ2ðhydration reactionÞ ð1Þ

CaðOHÞ2 ¼ Ca
2þ þ 2ðOHÞ−ðionisation of calcium hydroxideÞ ð2Þ

6Ca
2þ þ 2AlðOHÞ−4 þ 4OH

− þ 3ðSO4Þ
2− þ 26H2O

¼ Ca6½AlðOHÞ6�2:ðSO4Þ3:26H2Oðformation of ettringiteÞ

ð3Þ

Surface hydration and the formation of coatings of hydration
products are prominent in lime-activated GGBS–LOC systems, since
the main products of activated GGBS hydration is calcium silicate
hydrate (C-S-H) gel (Rha et al., 2000; Wang and Scrivener, 2003; Pal
et al., 2003; Ganesh Babu and Sree Rama Kumar, 2000; Oner and
Akyuz, 2007). The C-S-H gel formed may fill the void spaces and bind
the soil particles together thus imparting strength to the soil mixture.
A breakdown and dissolution of the glassy structure may occur.
Calcium hydroxide in the system is known to be consumed and
additional C-S-H gel formation may also occur (Sivapullaiah and
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Lakshmikantha, 2005; Okagbue and Yakubu 2000; Oti et al., 2008a;
Wild et al., 1998). A high pH concentration is reported (Wan et al.,
2004) to produce high silicon Si and Al species with lower concen-
trations of Ca and Mg. Previous work (Wang and Scrivener, 1995, Song
and Jennings, 1999) reported that a large quantity of C-S-H gel is
formed in a high pH or high alkali-activated system. Other workers
(Gruskovnjak et al., 2006; Puertas et al., 2004) have reported that a
low quantity of C-S-H gel is formed in a high pH or high alkali-
activated system. The effect of pH on the structure and composition of
C-S-H gel is still controversial. In the past, PC, gypsum quicklime and
many alkalis have been used as activators, but from SEM and SBD/EDX
Fig. 5. Energy Dispersive X-ray (EDX) of the PC activated GGBS
results in Figs. 2, 3, 4, 5, it has been observed that the hydraulic
activities in the mixture and the formation of a large quantity of C-S-H
gel are favoured by lime-activated GGBS–LOC mixture. This means a
higher pH or higher alkaline activator is beneficial for strengthening.
Thismay account for the higher strength values (see Table 4) observed
in the lime-activated GGBS–LOC system (LG1 and LG2) relative to the
PC-activated GGBS–LOC system.

The accelerated hydration of GGBS by lime as observed in the SEM
and SBD/EDX results (Figs. 2 and 3) resulted in the higher amount of
C-S-H gel formation. The influence of the high alkaline activator,
which apparently controls the pH in the systems, revealed that the
–LOC system (PG1 and PG2) after 28 days of moist curing.
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pH-dependent characteristics of CaO, AL2O3 and SiO2 appear to be the
most important factors explaining the hydraulic activities of the lime-
activated GGBS–LOC mixture. The results obtained in this current
study complement the efforts of previous research (Boardman et al.,
2001; Mckinley et al., 2001) where the lime-activated GGBS–clay soil
system showed signs of rapid ion exchange resulting from exother-
momic reactions, improving/modifying the soil. Additional hydration
products and more C-S-H gel formation have been reported (Wild
et al., 1999; Tasong et al., 1999; Rajasekaran, 2005; Wild et al., 1996;
Kinuthia andWild, 2001; Dhir et al., 1996), leading to effective binding
of the soil particles.
During the metallic ions exchange, the dispersed clay particles
flocculate to form stronger agglomeration of finer particles, impeding
water penetration and reducing plasticity. In a slower reaction,
calcium combines chemically with the silica and alumina in the clay
minerals to form complex aluminates and silicates, and carbonation of
lime also takes place. Some investigators (Oti et al., 2008c; Rogers and
Glendinning, 1997; Kinuthia et al., 1999; Cultrone et al., 2007) have
also found that the strength and durability behaviour of soils were
greatly improved after stabilising the soil with lime and GGBS.
However, in the uncompacted state, the induced flocculation of the
clay colloids and transformation of plastic soil particles to a granular
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state, may enhance dispersion and swelling which may reduce the
shear strength properties of soil (Al-Rawas et al., 2005; Balasubra-
maniam et al., 1989; Bell, 1996; Du et al., 1999). This is not a problem
when the material is eventually compacted, unless there is sulfate-
related expansion.

The pozzolanic effect of silicon compounds present in the system,
combined with the subsequent acceleration by the exothermic action
of the activator, was evident in this current study. The initiation/
faster dissolution of amorphous silica from the siliceous form of the
LOC and GGBS, and continuous generation of pozzolanic reaction
products fill the pores in the blended mixtures. Subsequently,
the increase in the volume occupied by hydrated compounds was
prominent. These compounds are able to make the system denser,
contributing to the superior strength of the LG1 and LG2 stabilised
system. The majority of lime and GGBS particles do not react (under
normal hydrating conditions), and act as additional nucleation
centres for promoting the precipitation of hydrated compounds.
Flocculation and aggregation of colloidal particles are common in
most activated mixtures, which has a major effects on the engineer-
ing properties of the stabilised systems. With prolonged hydration,
the capillary pores between particles are filled with a solution of
calcium hydroxide together with soluble silicate and aluminate
species and this solution will gradually reach equilibrium with the
water within the gel pores. Poorly defined rod-like particles were
observed in clay plate LG1 (see Fig. 2) together with more well-
defined and developed rod-like particles which grow into the pore
spaces between the clay plates (see LG2 in Fig. 2). The dimensional
stability of the stabilised activated GGBS–LOC system certainly
depends on the stability of the components in the system. This addi-
tional benefit of ensuring the stability is enhanced by the use of
activated GGBS as the LOC stabilising agent.

Overall, in the lime-activated GGB–LOC system, larger amounts of
C-S-H gel are produced, resulting in the bonding of sufficient Calcite,
Quartz, Alumina andWollastonite crystals using the C-S-H gel formed
in the hydration process. The pozzolanic reactions produce predom-
inantly non-crystalline products and the strength enhancement is
principally via C-S-H gel formation. Thus, one of the most significantly
reported advantages of a lime-activated GGBS system is the reduction
or complete elimination of crystalline ettringite formation. The in-
crease in strength as seen from the results in Figs. 2 and 3 is predomi-
nantly due to the increased formation of the cementitious products.
This will then lead to reduced porosity of the hydrated system (Wild
et al., 1998; Tasong et al., 1999; Hewlett, 2003; Wang and Scrivener,
2003; Pal et al., 2003; Ganesh Babu and Sree Rama Kumar, 2000) as
the gel develops within the pore spaces and closes off the capillary
pores. Strength will increase with a high pH activator as long as a
sufficient activator is present for both cation exchange and for poz-
zolanic activity to take place to enable alkali-GGBS activation. The
existing nucleation centres in Figs. 2 and 4will develop and contribute
to the development of further strength over long curing periods
(beyond 28 days).

The mechanism of reaction in a blended mixture containing PC-
activated GGBS–clay soil system is somewhat different from the lime-
GGBS system, as the PC-GGBS system does not have a similar chemical
interaction with clay. The principal reactants are however similar to
those in the lime-activated system, thus the strength of the hydrated
products is also governed by properties of the C-S-H gel, such as its
amount, porosity and permeability, fineness of all reactants involved,
efficiency of mixing, temperature and curing time. From the SEM and
SBD/EDX results in Figs. 4 and 5, the quantity of C-S-H gel generated is
less in the PC system than that in the lime-activated GGBS system. This
may be the reason for the lower strength values observed from the
unfired clay bricks made from the PG1 and PG2 blend. The PC in the
activated PC–GGBS–LOCmixture enhances strength by predominantly
simply covering the clay particles with an insoluble and impermeable
coating.
5. Conclusions

There is potential in using activated GGBS–LOC mixtures for the
manufacture of unfired clay bricks within the building industry. The
use of industrial by-products in brick manufacture, coupled with the
fact that the bricks are not fired and yet strong and volumetrically
stable, is of importance to specialist engineers and geologist interested
in sustainable soil-based blended stabilisation. The following conclu-
sions are therefore drawn from the industrial trials:

1. The hydraulic activities of the stabilised LOC system were higher
with the lime-activated GGBS-LOCmixtures comparedwith the PC-
activated mixtures. This may be attributed to the higher alkali/pH
concentrations of the lime system compared to the PC system. For
this reason, using LOC as the target stabilisation material, unfired
bricks made with lime-activated GGBS mixtures tended to show
superior strength values compared to the PC-activated GGBS
mixtures. Thus, the combination of lime–GGBS can be used as a
strengthening agent of Lower Oxford Clay soil.

2. Results from SEM and the SBD/EDX analyses suggest that a large
quantity of C-S-H gel was formed in the lime-activated GGBS–LOC
system. The formation of additional pozzolanic C-S-H gel due to the
exothermic reactions and the subsequent initiation/faster dissolu-
tion of amorphous silica phase act as additional nucleation sites for
promoting the precipitation of hydrated compounds. The presence
of Calcite, Quartz, Alumina and Wollastonite crystals were all
detected, together with other minor elements that are perhaps of a
low contribution to the hydraulic activities of the system was also
present.

3. The use of industrial by-product materials such as GGBS is
recommended, especially when the materials add versatility to
the cementitious material systems besides the obvious advantages
of environmental benefits. This is relevant to civil and construction
engineers, as well as to engineering geologists and practitioners
working in developing countries, who have to meet global
challenges, whilst faced with increased pressure on transparency,
best practice, and on the ability to carry out their operations in a
more sustainable manner.
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The shortage of low cost and affordable housing in the UK has led to many investigations into new building
masonry materials. Fired clay masonry bricks are conventionally used for mainstream masonry wall
construction but suffer from the rising price of energy plus other related environmental problems such as
high energy usage and carbon dioxide emission. The use of stabilised unfired clay bricks for masonry
construction may solve these problems.
This paper reports on the engineering properties of unfired clay bricks produced during the first industrial
trial of unfired clay material development carried out at Hanson Brick Company, in Stewartby, Bedfordshire,
under the Knowledge Exploitation Fund (KEF) Collaborative Industrial Research Project (CIRP) programme.
The mixes were formulated using a locally available industrial by-product (Ground Granulated Blastfurnace
Slag— GGBS) which is activated with an alkaline (lime or Portland cement) combined with clay soil. Portland
cement was not used in the formulation of the unfired stabilised masonry bricks, except as a control, which is
a significant scientific breakthrough for the building industry. Another breakthrough is the fact that only
about 1.5% lime was used for GGBS activation. This level of lime is not sufficient for most road construction
applications where less strength values are needed and where 3–8% lime is required for effective soil
stabilisation. Hence, the final pricing of the unfired clay bricks is expected to be relatively low.
The laboratory results demonstrate that the compressive strength, moisture content, rate of water
absorption, percentage of void, density and durability assessment (repeated 24-hour freezing/thawing
cycles) were all within the acceptable engineering standards for clay masonry units. The paper also discusses
on the environmental performance of the unfired clay in comparison to the bricks, used in mainstream
construction of today. The bricks produced using this technology can be used for low-medium cost housing
and energy efficient masonry wall construction.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

During the brick manufacturing process several gases (CO2 etc.)
are typically released from the brick kilns (US EPA, 2003); these
emissions are becoming a major environmental concern for many
countries including the UK. Recent increases in gas prices, low
economical activity and new government legislations (for example
the Climate Change Levy — CCL and European Union Emissions
Trading Scheme — EUETS) (Grubb, 2000; Defra, 2008; Netregs, 2008)
will further exacerbate this cost element for fired clay bricks. Thus, this
new technology focusing on unfired clay brick development is vital for
the future of construction here in Wales and in the UK in general.

The unfired clay brick technology relies on the use of an activated
industrial by-product (Ground Granulated Blastfurnace Slag — GGBS)
and natural clay. It is anticipated that the final pricing of the unfired
clay masonry building brick will therefore be reduced. The added
environmental advantages of utilising industrial by-products in the
+44 1443 482169.

ll rights reserved.
region will further improve the Welsh profile on sustainability. The
proximity of slag in the South Wales region of the UK (where the
research work on unfired clay brick technology was carried out) will
create an added impetus towards the emergent sustainability agenda
in the region.

In the past, unfired clay soil has been a traditional construction
material especially in rural regions. These materials were in various
forms as sun-baked bricks, mortars and plasters. Because of its
simplicity and low cost, good thermal and acoustic properties, and at
the end of a building's life, the clay material can easily be reused by
grinding and wetting or returned to the ground without any
interference with the environment aided this material's flexibility.
However, the main deficiency of unstabilised clay soil is its suscept-
ibility to water damage. This problem is now overcome by stabilising
the clay soil with the addition of a small amount of lime, thereby
enhancing many of the engineering properties of the soil and
producing an improved construction material (Kinuthia and Wild,
2001; Mckinley et al., 2001; Rao and Shivananda, 2005).

The drawback in using lime alone results in durability problems, as
reported by other investigators (Wild et al., 1996, 1998). Works on
how to correct the durability of lime-stabilised soil has been

mailto:joti@glam.ac.uk
http://dx.doi.org/10.1016/j.enggeo.2009.05.002
http://www.sciencedirect.com/science/journal/00137952


Table 2
Chemical composition and physical properties of Lower Oxford Clay, quicklime,
hydraulic lime, GGBS and PC.

Oxide LOC L1 L2 GGBS PC

CaO 6.15 89.2 66.6 41.99 63
SiO2 46.73 3.25 4.77 35.35 20
Al2O3 18.51 0.19 1.49 11.59 6
MgO 1.13 0.45 0.56 8.04 4.21
Fe2O3 6.21 0.16 0.71 0.35 3
MnO 0.07 0.05 0.08 0.45 0.03–1.11
S2− – b0.01 b0.01 1.18 –

SO3 – 2.05 b0.01 0.23 2.3
SO4 – 2.46 b0.01 – –

CaCO3 – – –

TiO2 1.13 – –

K2O 4.06 0.01 0.25 – –

N2O – 0.02 0.04 – –

FeO 0.8 – –

P2O5 0.17 – –

Na2O 0.52 – –

CO3 – 4 3 – –

Soluble silica – 1.1 4.77 – –

Free lime – 51.1 39.4 – –

Physical properties
Insoluble residue – 4.1 2 0.3 0.5
Bulk density (kg/m3) – 1200 1400
Liquid Limit (LL) (%) 67 – –

Plastic Limit (PL) (%) 35 – –

Plasticity Index (%) 32 – –

Colour Grey Off-white Grey
Glass content – ≈90 –

Notes
LOC Lower Oxford Clay fromHanson Brick Company Ltd., Stewartby, Bedfordshire, UK.
L1 Quicklime from Tŷ-Mawr Lime Ltd., Llangasty, Brecon, UK.
L2 Hydraulic lime from Tŷ-Mawr Lime Ltd., Llangasty, Brecon, UK.
GGBS GroundGranulated Blastfurnace Slag fromCivil andMarine Ltd., LlanwernWorks,

Newport, UK.
PC Portland cement from Lafarge Cement, UK.
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conducted by numerous researchers (Wild et al., 1999; Okagbue and
Yakubu, 2000; Sivapullaiah and Lakshmikantha, 2005). The outcome
of this research reveals that the addition of GGBS to a lime-stabilised
system is able to improve many engineering properties of soil
including durability (Tasong et al., 1999; Rajasekaran, 2005; Oti
et al., 2008a). Regardless of the test methods and specimens used, the
investigators seem to conclude that the reaction between amorphous
silicon bodies of the hydration of activated GGBS and clay soil (towards
the formation of additional pozzalanic C–S–H gel), ismainly responsible
for the beneficial action of the system.

In highways and other foundation layers, around 3–8% lime is
needed for effective activation of GGBS for soil stabilisation. However,
the use of only about 1.5% lime for GGBS activation in building
components is relatively new in construction and its use is rare in the
UK. Thus, this work on unfired clay masonry material development
and the viable building brick emerging from it is innovative and has
great future potential.

This paper will report on compressive strength, moisture content,
rate of water absorption, percentage of void, density and durability
assessment (repeated 24-hour freezing/thawing cycles) of unfired
clay bricks. The paper will also discuss on the environmental
performance of the unfired clay bricks. The characterisation of the
microstructure that is responsible for the changes in behaviour of the
various unfired bricks is reported in the second part of the paper.

This work is aimed at contributing towards the application of this
unfired technology in the building industry. Providing knowledge on
the engineering performance of the unfired bricks, ensuring this is
widely available to the fired clay sector and other building material
manufacturers, especially in today's climate were energy prices and
environmental awareness of the general public are on the increase.
This paper is relevant to all those involved in the use of industrial by-
products to improve soil and geometrical properties, including civil
and construction engineers, and engineering geologists. Furthermore,
this paper could also be of interest to people working in developing
countries. They will learn the art of using industrial by-products
(GGBS) for new soil-based materials development, to enable more
giant steps towards similar product processes.

2. Methodology

2.1. Material

The materials used for the industrial trial consisted of Lower
Oxford Clay (LOC), two different types of lime (L1, and L2), Ground
Granulated Blastfurnace Slag (GGBS) and Portland cement (PC).

2.1.1. Lower Oxford Clay (LOC)
The LOC used in this study was supplied by Hanson Brick Company

Ltd., from their Stewartby brick plant in Bedfordshire UK. The
mineralogical composition is shown in Table 1. Its chemical and
physical properties are shown in Table 2. This claymaterial is currently
used by Hanson Brick Company Ltd. to make fired “London” bricks.
Table 1
The mineralogical composition of Lower Oxford Clay.

Composition (%) Compound Chemical formula

23 Illite (K,H30)Al2Si3AlO10(OH)2
10 Kaolinite Al2Si205(0H)4
7 Chlorite (OH)4(SiAL)8(Mg.Fe)6O20

10 Calcite CaCO3

29 Quartz SiO2

2 Gypsum CaSO4.2H2O
4 Pyrite FeS2
8 Feldspar CaAlSi3O8

7 Organic materials –
It is a challenging choice of clay material but a practical endeavour
for the unfired clay material development, because:

1) It is generally hard to stabilise especially with lime because of its
high organic and sulphate content.

2) It is currently being used for fired brick manufacture and therefore
easier to compare the fired and unfired products.

It is anticipated that in future product development, not covered in
this paper, the clay content used in this research may be partially
replaced by colliery waste or dust from slate waste which are in
abundance within the South Wales region of the UK. The aim is to
improve on the sustainability profile of the end product.

2.1.2. Lime (L)
Two different types of lime (L1 and L2) were used in this study. L1

is a quicklime (CaO) while L2 is a hydraulic lime. Both L1 and L2 were
supplied by Tŷ-Mawr Lime Ltd., Llangasty Brecon, UK. The chemical
and physical properties of both limes are also shown in Table 2. The
use of lime for clay soil stabilisation has been extensively applied in
practice of civil engineering such as foundations, roadbeds, embank-
ments and piles (Balasubramaniam et al., 1989; Bell, 1996; Du et al.,
1999; Al-Rawas et al., 2005). In practice between 1 and 3wt.% lime is
needed for modifying soil properties and between 2 and 8 wt.% lime
for stabilisation. Previous research work by Kinuthia and Wild (2001)
used 6 wt.% for stabilisation of kaolinite clay for road construction. In
the current work amaximumvalue of 1.5 wt.% limewas chosen for the
activation of GGBS after several trials.

The reason for using quicklime and hydraulic lime as the choice of
binder was because quicklime for example has been used successfully
for stabilisation of clays in the low temperature regions for road
construction and for columns for the improvement of slope stability.



Table 3
The mineralogical composition of the major compounds Portland cement.

Composition Compound Chemical formula

50% Tricalcium silicate Ca3SiO5 or 3CaO·SiO2

25% Dicalcium silicate Ca2SiO4 or 2CaO·SiO2

10% Tricalcium aluminate Ca3Al2O6 or 3CaO·Al2O3

10% Tetracalcium aluminoferrite Ca4Al2Fe10 or 4CaO·Al2O3·Fe2O3

5% Gypsum CaSO4·2H2O

Table 4
Details of mix composition used during the industrial trial.

Trial(T) Binder
code

Mix proportions Remarks

Material (kg) Material (%)

T1 LG1 Clay soil 19.1 Clay Soil 65 Original intended mix
proportion, did not work,
too wet, material discarded

Lime 1 0.9 Lime 1 3
GGBS 3.2 GGBS 11
Water 6.2 Water 21

T2 LG1 Clay soil 22.1 Clay Soil 75 The stabiliser content was too
high, mix did not workLime 1 0.9 Lime 1 3

GGBS 3.5 GGBS 12
Water 2.9 Water 10

T3 LG1 Clay soil 24.7 Clay Soil 84 This mix proportion was
successful, but required some
fine-tuning

Lime 1 0.6 Lime 1 2
GGBS 1.5 GGBS 5
Water 2.6 Water 9

T4 LG1 Clay soil 25.6 Clay Soil 87 This mix proportion was
also successful, no further
fine-tuning required;
quicklime was used

Lime 1 0.4 Lime 1 1.5
GGBS 1.6 GGBS 5.5
Water 1.8 Water 6

T5 LG2 Clay soil 25.6 Clay Soil 87 This mix composition was also
successful, it was similar
in mix proportion as LG1 but
hydraulic lime was used

Lime 2 0.4 Lime 2 1.5
GGBS 1.6 GGBS 5.5
Water 1.8 Water 6

T6 PG1 Clay soil 25.6 Clay Soil 88.6 Again, this mix composition
was successful.PC 0.4 PC 1.4

GGBS 1.6 GGBS 5.5
Water 1.3 Water 4.5

T7 PG2 Clay soil 25.6 Clay Soil 88 This mix composition was as
PG1 except that the water
content was slightly adjusted;
this trial was also successful.

PC 0.4 PC 1.4
GGBS 1.6 GGBS 5.5
Water 1.5 Water 5.1
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Quicklime removes water from the stabilised mix or surrounding soil,
thereby contributing to the rapid stability of the stabilised mix or slope
(Greaves, 1996; Holmes andWingate, 2003). In a stabilised soil system,
quicklime can react with a pozzolan and enhance autogenous healing.

Hydraulic lime on the other has silicates that are predominantely
in the di-calcium silicate form (belite), with only trace amounts of
highly reactive tri-calcium silicate (alite), hence hydraulic lime has
slower setting time and gain strength overtime. Hence, the use of two
different limes will provide the research team the performance profile
of the various limes and it will also give the research team ample
flexibility, especially when making recommendations for the full
commercial production of the unfired clay bricks.

2.1.3. Ground Granulated Blastfurnace Slag (GGBS)
The GGBS used was supplied by Civil and Marine Ltd., Llanwern,

Newport, UK. Its chemical and physical properties are shown in
Table 2. The research team utilises GGBS as a key ingredient because of
the proximity of slag works in the South Wales region (Llanwern
works near Newport and at Port Talbot), creating added market
opportunity for brick manufacturers in South Wales due to the
reduced cost for transporting GGBS (Oti et al., 2008b).

GGBS is a by-product obtained in themanufacture of pig iron in the
blast furnace and is formed by the combination of iron ore with
limestone flux. If the molten slag is cooled and solidified by rapid
water quenching to a glassy state, little or no crystallization occurs.
This process results in the formation of sand size fragments, usually
with some friable clinker-like material known as granulated blas-
tfurnace slag. The physical structure and gradation of granulated slag
depend on the chemical composition of the slag, its temperature at the
time of water quenching and the method of production.

GGBS is commonly used in combination with lime for various
engineering applications with numerous advantages (Wild et al.,
1996, 1998; Sivapullaiah and Lakshmikantha, 2005), including
improved durability, workability and economic benefits. The draw-
back in the use of GGBS for most engineering works is that its strength
development of GGBS alone is considerably slower under standard
20 °C curing conditions than that of conventional stabilisers, although
the ultimate strength may be higher for the same water–binder ratio
(Escalante-Garcia and Sharp, 2001; Sharp et al., 2003; Escalante-
Garcia and Sharp, 2004).WhenGGBS is used in combinationwith lime
for soil stabilisation, the ultimate strength is higher than that of
Portland cement at 80% cement replacement in LOC–PC–GGBS
stabilised system (Oti et al., 2008b).

The presence of GGBS in the unfired clay technology is to ensure
that the final product is durable. Another usefulness of GGBS in this
technology is its extremely low energy usage and CO2 emission when
compared with PC. The energy usage of 1 tonne of GGBS is 1300 MJ,
with a corresponding CO2 emission of just 0.07 tonnes (Higgins,
2007), while the equivalent energy usage of 1 tonne of PC is about
5000 MJ (Higgins, 2007), with at least 1 tonne of CO2 emitted to the
atmosphere (Wild, 2003).

2.1.4. Portland cement (PC)
Portland cement manufactured in accordance with the British

Standard BS EN 197-1 (2000) was supplied by Lafarge Cement UK.
Table 2 also shows its chemical and physical properties. Portland
cement is a material which binds together solid bodies like aggregate
and soil by hardening from a plastic state to an inorganic cement, this
functions by forming a plastic when mixed with water, develop
rigidity (sets) and then steadily increase in compressive strength
(hardens) by chemical reactions with water (hydration). The miner-
alogical compositions of the major compounds in PC are shown in
Table 3.

Portland cement has been used for ages as a raw material for
making blocks and concrete for buildings. The drawback to the use of
PC is the environmental problems associated with its use and it is not
suitable for the unfired clay bricks because of the moisture problem
during its reaction with soil. The ability of the unfired clay bricks to
regulate moisture is a key quality the material has over conventional
masonry units. In this current work, PC was used both for investigating
theperformanceof thePG1andPG2blended stabiliserswhencompared
to that of LG1 and LG2, and as control.
2.2. Mix compositions, sample preparation and testing

Table 4 reports the details of the mix compositions and the
assessment of the process of manufacture of the various bricks (LG,
LG2, PG1 and PG2) produced during the industrial trial.

For the purpose of sample preparation, it was found necessary to
establish target dry density and moisture content values. Therefore,
Proctor Compaction tests were carried out in accordance to British
Standard BS 1924-2 (1990) in order to establish values of the
maximum dry density (MDD) and optimum moisture (OMC) for the
unstabilised LOC. This was to guide the research team on the possible
range ofmoisture contents at which the dry unit weight of the clay soil
will be maximized and to achieve the best potential compactive effort.

During the first Phase of the trial (Trials 1–4) only quicklime (L1)was
used. Trial 1 which was the originally intended mix proportion did not
work because it was toowet (due to improved compaction using a semi-
automated process as opposed to a manual laboratory process) and the
materials were therefore discarded. During the subsequently re-
formulated trial (Trial 2), the moisture content was reduced and the



Fig. 1. The manual hydraulic press used for brick making in the trial.

Fig. 3. The samples of the unfired clay bricks after undergoing the compressive test.
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results were again not successful because the bricks showed noticeable
cracking, thought to be due to high stabiliser content (especially high
lime content). In the follow-up Trial 3, both the moisture content and
stabiliser content were further reduced and this time the results were
successful. However, fine tuning was still required to the mix. Thus,
during a further trial (Trial 4), a more consistent mix proportion was
achieved and this was highly successful. The bricks made with this mix
composition (GGBS+quicklime+LOC) were labelled LG1.

The second phase of the industrial trials (Trials 5–7) developed the
workable mix further. Trial 5 was made using a similar mix proportion
to that for Trial 4 but in this instance hydraulic lime was used in place
of quicklime and this mix was labelled LG2. Again this was successful.
In Trial 6 the blend was further modified and PC was used instead of
lime. This mix was called PG1 and was successful but did have lower
moisture content. Trial 7 was similar to Trial 6 but the moisture
content was slightly increased and the mixture was labelled PG2.

For the production of the unfired clay bricks enough fresh material
wasmeasured for each trial to produce a batch of at least 11 bricks. The
dry materials were thoroughly mixed in an industrial mixer before
gradually adding the estimated quantity ofwater. The ingredientswere
then properly mixed for about 5 minutes. For each brick a constant
Fig. 2. The compressive test for the unfired clay bricks.
weight of 2.6 kg of the mixed material was loaded in the manually
operated industrial hydraulic press to manufacture the unfired bricks
(Fig.1). The automatically controlled loading pressure of the press was
150 bars. The total production cycle time from initial materials mixing
to pressing of the final production of 11 brickswas typically 20–25min.

In these trials, the maintenance of consistent loading was achieved
between the different bricks because the same amount of material
was used for each brick. The same press was used to produce all bricks.
After compaction the fresh bricks were extruded from the press. They
were then stacked in a plastic container for curing, upon covering with
Fig. 4. (a–b): The compressive strength development and the rate of increase in
strength relative to 7 days.



Fig. 5. Moisture content % of the various brick produced during the industrial trial.

Fig. 7. The percentage of void with age.
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polythene sheeting to prevent further moisture loss. The plastic
containers containing each set of bricks (LG1, LG2, PG1 and PG2) were
then labelled, and the bricks transported in these containers to the
laboratory at the University of Glamorgan for prolonged curing at
room temperature of about 20 °C±2 °C. The bricks were then moist
cured for 7, 28, 56 and 90 days. At the end of the moist curing period,
the bricks were tested for compressive strength.

Two 3 mm thick sheets of plywood (one on each loading side), see
Fig. 2, were used to distribute the loading during testing. The bricks
were loaded in their normal orientation as pressed (bed face aspect) in
accordance with the new European specification for testing masonry
units. Using a 2500 kN capacity Avery Denison testing machine, the
loadwas applied continuously at a steady rate of 2.5 kN/s up to failure.

No pockets of unstabilised soil material, which may affect the
durability of the stabilised bricks, were observed after testing. Fig. 3
shows the bricks after the compressive strength testing.

The compressive strength of each brick was determined from its
failure load and averaged bed face area (less the area of the frog). After
testing for strength, themoisture content of each sample at the time of
testing was recorded. Some of the test specimens were dried to
constant mass and allowed to cool to ambient temperature in
accordancewith BS EN 771-1 (2003). The specimens were then placed
in awater tank that has the capacity to submerge thewhole specimens,
at room temperature of 20±2 °C. After 24 hours the specimens were
removed from the tank, the surfacewater on the specimenswaswiped
off with a damp cloth. The rate of water absorption of each specimen
was recorded. The percentage of voids of each brickwas determined by
hydrostatic weighing in accordance with BS EN 771-3 (1998) and the
valueswere recorded. The densities of the samples at the end of the 90-
day moist cure period were also determined and recorded.
Fig. 6. The rate of water absorption with age.
To confirm the suitability of the bricks in a severe environment, the
bricks were subjected to 100 freeze/thaw cycles. Themethod specified
in DDCEN/TS 772-22 (2006) was used. The experimental cycles were
then modified in light of the capabilities of the available equipment to
replicate these ideals. For freeze–thaw, the samples were held at –15
to+20 °C for 24 hours, as against 8 hours for the first cycle and 4 hours
for subsequent freezing and thawing cycles specified in the British
standard. The capability of the test equipment used in this study was
therefore viewed as a more severe test method. This 24-h cycle was
repeated 100 times, and the weight loss at the 7, 28, 56 and 100 cycles
were recorded. At the end of the 100th freeze/thaw cycle, visible
damages on the exposed face of the bricks were also recorded.

Notations

Rate of water absorption WWð Þ = MW − MD

MD
× 100k ð1Þ

MD mass of the specimens after drying
MW wet mass of the specimens after being removed from the

water tank

Percentageof voids of eachbrick =
VVU

VGU
× 100k ð2Þ

Net volume VNUð Þ = MAU − MWU

ρW
ð3Þ

Gross volume VGUð Þ = LU × WU × HU ð4Þ

Volumeof voids VVUð Þ = VGU − VNU ð5Þ

LU length of the sample
WU width of the sample
HU height of the sample
MWU apparent mass of the sample in water
Fig. 8. Dimensional details of the unfired clay bricks.



Fig. 9. The profile of the seven (24 h) freezing and thawing cycle for all the unfired clay
bricks.

Fig. 10. The weight loss of the bricks during the freezing and thawing cycles.

135J.E. Oti et al. / Engineering Geology 107 (2009) 130–139
MAU weight of the wet sample in air
ρW density of water

3. Results

3.1. Strength development of the unfired clay bricks

Fig. 4a illustrates the strength development of the four blended
unfiredmixtures (LG1, LG2, PG1 and PG2) at 7, 28, 56 and 90 days. The
Fig. 11. The condition of the bricks at the
results demonstrate that the LG1 blend has a higher strength capacity
compared to the other blends. However the performance of the LG2
mix was also encouraging.

The unfired bricks produced with the mixture of PC and GGBS tend
to show lower strength at all curing age, with the minimum strength
value noticed in the PG2 blend. It can be noted that the 90-day
strength of all mixtures incorporating lime and GGBS is higher
compared to the combination with PC and GGBS.

Fig. 4b shows the rate of increase in strength with age. It was
observed that at an early age (0–28 days), the rate of increase in
strength for PG1 and PG2 was higher than that of LG1 and LG2. At a
later curing age (28–90 days) the rate of increase in strength for PG1
and PG2 tend to be lower when compared to that of LG1 and LG2.

3.2. Moisture content of the unfired clay bricks at the time of testing

Fig. 5 illustrates the moisture content of various bricks (LG1, LG2,
PG1 and PG2) at the time of testing after moist curing the unfired clay
bricks for 7, 28, 56 and 90 days. It was observed that the unfired clay
bricks made with the LG1 blend had lower moisture content at 7 days
of moist curing before testing while those bricks made with LG2, PG1
and PG2 had higher moisture content. Similar trends were observed
up to the end of the 90-day moist curing period.

It is important to note that the LOC used during the industrial trial
already has a natural moisture content of 17%. Themoisture content of
the sample at the point of testing includes this natural moisture in the
clay and the added water at the point of mixing. The clay was used at
its natural moisture content because in real practice, oven drying
operation will not be feasible.

3.3. The rate of water absorption of the unfired clay bricks

The addition of cement had an effect on water absorption. Fig. 6
shows the variation of water absorption rate during the moist curing
period of 7, 28, 56 and 90 days. Water absorption rate decreases with
increasing in age of the unfired clay bricks. The LG1 and LG2 blends
showed a water absorption rate of 17–20% at the end of the 90-day
moist curing period. The rate of water absorption for the PG1 and PG2
blends was 20–22%.
end of the freezing/thawing cycle.



Table 5
Assessment of damage on the unfired clay bricks at the end of the freezing/thawing
cycle.

Description of damage Remarks

Crater No craters, like lime-burst were observed at
the end of the 100 freezing/thawing cycle
for all the bricks under investigation

Hair crack N0.2 mm No hair cracks were observed for specimens
LG1, LG2, PG1 and PG2 during the entire
freezing and thawing cycle.

Minor crack At the end of the 100 freezing/thawing cycle,
no minor crack was observed.

Surface crack N0.2 mm From the beginning to the end of the freezing
and thawing cycle no surface cracks were
observed in all the stabilised bricks.

Chipping, peeling, scaling No type of chipping, peeling, scaling was noted
at the end of the 100 freezing/thawing cycle.

Fracture At the end of the 100 freezing/thawing cycles,
no fracture observed.

Spalling, delamination No sort of spalling or delamination was noted
during the entire freezing and thawing cycles

136 J.E. Oti et al. / Engineering Geology 107 (2009) 130–139
3.4. The percentage of voids in the unfired clay bricks

Fig. 7 illustrates the percentage of voids present in the various
unfired clay bricks (LG1, LG2, PG1 and PG2) at the moist curing age of
7, 28, 56 and 90 days. It was observed that percentage void for
different mix types varied from 3 to 5% (LG1, LG2 blend) and 5 to 7%
(PG1 and PG2 blend).

3.5. Density of the unfired clay bricks

The density of the unfired bricks produced with LG1, LG2, PG1 and
PG2 blends was similar and the detailed dimensions are shown in Fig.
8. The density for the unfired clay bricks made with both the PC and
lime blended mixtures were within the range of 1790–1800 kg/m3 at
the end of the 90-day moist curing period.

3.6. Freezing and thawing of the unfired clay bricks

The typical profile of the freezing and thawing cycles of the unfired
clay bricks as recorded by the digital monitoring device for the 7
(24 h) freezing and thawing cycles is shown in Fig. 9. Only 7 freezing
and thawing cycles are shown, but a similar trend of the cycles was
maintained up to the 100th cycle.

Fig. 10 illustrates the record of the percentage weight loss of the
stabilised bricks up to the 100th freezing and thawing cycle. The
unfired clay brick specimens LG1, LG2, PG1 and PG2 showed weight
losses of 1.2, 1.3, 1.5 and 1.6% respectively at the end of the 7th cycle. At
the end of the 28th cycle the %weight loss increased slightly to 1.4, 1.5,
1.7 and 1.9% for all the stabilised bricks. No further significant
increases in weight loss were observed at the end of the 100th cycle
for all the stabilised bricks. Overall the highest weight loss at the end
of the 100th freezing and thawing cycle was just 1.9%, which is
considered good performance for stabilised clay masonry subjected
to 24-h repeated freezing and thawing cycles. The analysis of results of
the examination of the samples after the 100 cycles showed no
damage of any type (see Fig. 11). Table 5 further presents the detailed
assessment of the results of the stabilised bricks (LG1, LG2, PG1 and
PG2).

4. Discussion

It is reassuring to note from the laboratory results (see Fig. 4a–b)
that the performance observed using limewith GGBS (LG1 and LG2) is
better, relative to that observed for the PC with GGBS (PG1 and PG2).
Reasons for the improved performance of the lime blendsmay include
better material size distribution (better matrix, upon clay modifica-
tion by the lime) which may have resulted with better mechanical
strength and hydration profile.

When clay soil is blended with PC in the presence of water,
hydration reactions will take place. The C3S and C2S present in the PC
react with water forming complex calcium silicate hydrates (C–S–H).
The C–S–H gel formed may fill the void spaces and binds the soil
particles together imparting strength to the soil mixture. When PC is
blended with GGBS and soil in the presence of water, the quantity of
gel formed increases; this helps to bind the particles more effectively.
There is also an appreciable gain in strengthwith the addition of GGBS
to the system. The reasons for this may be explained as follows:

1) GGBS contains highly reactive siliceous and aluminous materials in
a finely divided form. These materials, in the presence of water
react with calcium hydroxide liberated during hydration of cement
to form compounds (C–S–H gel) possessing cementing properties.

2) In addition to this, GGBS contains calcia (CaO) which undergoes
pozzolanic reactionwith silicaandaluminaresulting in gel formation.

The mechanism of reaction in a blended mixture containing lime,
GGBS and soil in the presence of water is somewhat different. In this
case two distinct reactions occur. (i) Rapid ion exchange reactions as a
result of exothermomic reaction, this is known as soil improvement or
modification and (ii) slower soil–lime and GGBS pozzolanic reactions
known as stabilisation/solidification (Mckinley et al., 2001; Boardman
et al., 2001; Oti et al., 2008c).

In some systems, the difference in the hydration reactions between
lime and GGBS may lead to a difference in the microstructure of the
stabilised system. In general, the exchange of calcium ion from the
lime and GGBS with metallic ions in the clay will occur. The dispersed
clay minerals flocculate to form stronger agglomeration of finer
particles, impeding water penetration and reducing plasticity. In a
slower reaction, calcium combines chemically with the silica and
alumina in the clay minerals to form complex alumates and silicates,
and carbonation of lime also takes place. Some investigators (Rogers
and Glendinning, 1997; Kinuthia et al., 1999) found that the strength
and durability behaviour of soils was also greatly improved after
stabilising the soil with lime and GGBS.

The calcium oxide (CaO) from lime or GGBS may react with the
clay soil particles to form calcium hydroxide Ca(OH)2. The systemmay
have high concentration of calcium ion (Ca2+) and hydroxide ions
(OH−). The concentration of divalent Ca2+ may then induce the
flocculation of the clay colloids which may then transform the plastic
soil particles to a granular state, while the monovalent sodium (Na+)
and potassium ions (K+) may enhance dispersion and swelling
which may reduce the shear strength properties of the stabilised
system (Oti et al., 2008b).

Another possibility is that the Na+ and K+ may have the potential
of increasing exchangeable cations in the entire blended system.
These are all possible reasons for the higher strength values observed
in the unfired bricks produced with the LG1 and LG2 blend. The
mixturewith PC did not have this sort of complex chemical interaction
with clay. The PC in the PG1 and PG2 blended mixtures simply covers
the clay particles with an insoluble and impermeable coating. This
may be the reason for the lower strength values observed from the
unfired clay bricks made from the PG1 and PG2 blend.

During the pozzolanic reaction of LG1, LG2, PG1 and PG2 blended
systems, pozzolanic compounds and ettringite develop, resulting in the
formation of calcium, sodium, potassium and magnesium silicate
hydrates and calcium, sodium, potassium and magnesium aluminate
hydrates in crystalline or semi crystalline phases.

The presence of quicklime in the LG1 and LG2 blended systems
and subsequent acceleration of pozzolanic reactions due to the exo-
thermic reaction may have led to the formation of alumino-silicates
such as gismondine (CaAl2Si2O8·4H2O) and gehlenite hydrate. The
exothermic reactionmay initiate a faster dissolution of amorphous silica
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from the siliceous form of the LOC and GGBS. Also there is a possible
continuous generation of pozzolanic reaction products thatfill the pores
in the blended systems. This may lead to the formation of additional C–
S–H gel and the subsequent increase of the volume occupied by
hydrated compounds. These compounds are able to make the system to
be denser, and may contribute to the superior strength of the LG1 and
LG2 stabilised systems.

The results of the moisture content test (Fig. 5) demonstrate that
moisture has a profound influence on the long-term performance of
stabilised soil material. The moisture content affects strength develop-
ment and durability of thematerial. The variance inmoisture content of
theunfired bricksmade fromLG1, LG2, PG1andPG2blendedmixtures is
largely due to drying behaviour of each mixture. After 90 days of moist
curing, the hydration process is almost completed, yet differences in the
drying behaviour still remain. The pore structure in the blendwith PC is
almost fully formed, with the only difference being the initial amount of
mixingwater and the presence of GGBS. The pore structure of the blend
with lime and GGBSwas still showing signs for further improvement as
observed from drying behaviour. Comparison of the profiles in Fig. 5
shows the drying of samples with PC and GGBS blend (PG1 and PG2) is
faster and prolonged, when compared with that for samples with lime
and GGBS blend.

The rate of water absorption (Fig. 6) for the unfired clay bricks
made with LG1 and LG2 blends was lower and thus better than for
those made from PG1 and PG2 blend. The overall rate of water
absorption for all the stabilised mixture (17–22%) was within the
acceptable limit for stabilised clay masonry units. However, high rate
of water absorption of a specimenmay cause swelling of the stabilised
clay fraction, while water loss causes the clay fraction to shrink. When
the rate of water absorption of a stabilised product is high thematerial
may start losing strength with time when exposed to unprotected
environment. This effect can disrupt the already established cementi-
tious bonds between soil particles in the stabilised system at
inadequate stabiliser content and the breakdown of chemical bonds
between stabilised constituents may reduce the engineering perfor-
mance over time.

The results of the percentage of void distribution (Fig. 7) in the
pore structure of the unfired clay materials show that the amount of
voids present in a stabilisedmixture has both direct and indirect effect
on the overall performance of a stabilised clay masonry material in
service. For example the mechanical strength of the unfired bricks
(LG1, LG2, PG1 and PG2) increases as curing progresses and the
percentage of void space also decreased. In addition, it is anticipated
that by extensive moist curing (beyond 90 days), the strength
properties, particularly for the blends with lime will further improve.

The density of the unfired clay bricks made from LG1, LG2, PG1 and
PG2blendedmixtureswerewithin the acceptable limit for claymasonry
units (BS EN 771-1:2003). The densities of the unfired bricks produced
from the LG1, LG2, PG1 and PG2 blended mixtures at the end of the 90-
daycuringperiodwere all similar. Since the sameweight ofmaterialwas
used for the unfired brick production, there was volume stability with
age, but the strength varied because of the differences in the reaction
mechanism for the stabilisers used in the formulation process.

The results of the freezing and thawing cycles (see Fig. 10 and
Table 5) demonstrate the ability of the unfired bricks (LG1, LG2, PG1 and
PG2), to resist damage as a result of freezing and thawing. When a
stabilisedmasonry buildingmaterial is exposed to cycles of freezing and
thawing in a severe environment, thepresenceof unstabilisedpockets of
material could contribute to deterioration of the clay masonry product.
Another drawback is the presence of moisture inside a stabilised clay
masonrymaterialwhen it freezes. Thismoisture inside thematerialmay
expand. Inmost cases, thematerialmay not be able towithstand further
cycles of freezing and thawing, furthermore, the face of thematerialmay
crack and fall off.

Stabilised claymasonrybuildingmaterials are durable as longas they
are not saturated. Most of the durability problems in stabilised clay
product arise as a result of long-term saturation, especially when the
material is exposed to various climatic conditions. In general, stabilised
claymaterialmaybepotentially vulnerable to damage fromrisingdamp,
freeze/thaw cycles and surface erosion caused by wind-driven rain.

During the freezing and thawing cycles, the weight loss is higher for
the unfired clay bricksmade from PG1 and PG2 blend than LG1 and LG2
blend, and the overall weight loss at the end of the 100th cyclewas 1.9%.
Theunfired clay brickswere able to resist the ice crystallizationpressure,
resultingonly in aminor loss inweightwithoutbreaking. Themajorityof
researchers (Edwards, 1991; Kværnø and Øygarden, 2006; Cultrone
et al., 2007) dealing with stabilised building materials development
agree that inmost cases freezingof porewater inside amasonrybuilding
material occurs when the material is subjected to repeated freezing/
thawing. The expansion of water on freezing causes a reduction of
granular interlocking within the stabilised material, and migration of
unfrozenwater towards the freezing front, creates furtherdisturbance to
material moisture properties and texture.

Cracking of thematerial surface may becomemore evident and the
extent of these lines of weaknessmay gradually growwith subsequent
cycles. Regardless of the method and specimen used, the disintegra-
tion appeared to be more pronounced among samples with low
compaction and PC-based stabiliser. Throughout the freezing/thawing
cycle and after close extermination, no noticeable evidence of cracks
was observed in the unfired clay bricks. The results suggest that the
unfired bricks produced during the industrial trial are considered
suitable for use in a severe environment.

In terms of the product environmental performance, it is worth
mentioning that it is difficult to establish common comparable environ-
mental profile analysis data for building construction materials, because
each researchwork has tended to show its own analysis. For the common
fired brick the energy usage (input) was found to be 4186.8 MJ/tonne
with anequivalentoutputCO2 emissionof 202kgCO2/tonne(BDA, 2008).
This might be attributed to the high temperature kiln firing of the bricks.
At the temperature of around 900–1200 °C, fired clay masonry materials
are produced to give the final product the strength and durability it
requires to perform in service. Firing clay-based material at such a high
temperature generally results to the release of various gases by the brick
kiln, typically CO2 and others. The traditional sun-baked bricks tend to
have the least energy usage of 525.6 MJ/tonne with an equivalent CO2

emission of 25.1 kg CO2/tonne (Morton, 2008). This might be attributed
to the cheap labour and simplicity of the traditional sun-baked bricks
especially when they were produced in rural regions. However, the main
deficiency of sun-baked bricks is their susceptibility to water damage.

The analysis of the energy input and emission output of the unfired
clay brick production process shows that the technology does not
require high levels of energy, because an industrial by-product (GGBS)
is one of the key ingredients used in manufacturing the product, the
embodied CO2 of the unfired clay bricks is effectively lowered during
the manufacturing process. An indication of the comparative level of
energy usage for the unfired clay bricks shows that the total energy
usage was 657.1 MJ/tonnes while the equivalent output CO2 for the
unfired clay bricks was 40.95 kg CO2/tonne for the brick made with
lime and GGBS blend. This is an excellent environmental performance
when compared to the current bricks in mainstream construction.

The outcome from results of the engineering properties of theunfired
clay brick obtained so far gives confidence to this research. The ability to
handle the freshly made unfired clay brick was another significant
success. It is anticipated that the unfired clay bricks produced during this
first industrial trial can compete favourably with fired bricks. The same
mix design can also be adapted for the production of unfired clay blocks
and mortar for the full industrial scale development of unfired material.

5. Conclusions

There is potential in using blended binders for the manufacture of
unfired clay bricks. The strength characteristics of the unfired clay
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bricks were improved by the presence of both lime and GGBS whose
combined action strongly bound the soil particles. The results
obtained suggest that there is potential for the use of blended binders
with the clay for the manufacture of unfired clay materials within the
building industry and for various stabilised soil applications.

The following conclusions are therefore drawn from the industrial
trials:

1) Using Lower Oxford Clay as the target stabilisation material, the
unfired bricks made with PG1 and PG2 blends tended to achieve
lower strength values compared with the LG1 and LG2 blends.

2) Lime and GGBS offer other benefits in enhancing the all-round
performance with volume stability and overall durability of the
stabilised clay systems. The total overall rate of water absorption,
percentage of void, moisture content and freezing/thawing of the
unfired claybrickswerewithin theacceptable limits for thedurability
of stabilised clay masonry units.

3) Due to the accelerating effect of quicklime on the rate of pozzolanic
reaction, the accumulation of additional C–S–H gel was further
favoured. This resulted in the higher strength values observed in
the LG1 and LG2 system.

4) Since the starting clay soil of each brick (LG1, LG2, PG1 and PG2) is of
the same origin, the anticipation therefore, is that common trend of
micro-structural formation will prevail, except that the hydration
mechanism is somewhat different due to the difference in the
mixture of the stabiliser blend. The micro-structural orientation and
characteristics and the magnitude of the change of the unfired clay
bricks can be seen in the second part of this paper.

5) The environmental profile of the unfired clay bricks was excellent
when compared to fired brick production process which is very
energy intensive. Most of the emissions to the environment are
attributed to the energy used for firing the kiln.

6) The ability to handle the freshly extruded unfired clay brick is an
extremely positive outcome.

7) The success of the full-scale industrial trials demonstrates that, it is
possible to utilise Lime-GGBS binder, with or without dosing with
small amounts of PC, as a viable binder for the manufacture of a
sustainable and unfired clay brick product. The unfired clay
technology using GGBS as the main stabilising agent for the
production of building bricks will help reduce the energy costs of
thefiringprocess, reduce the environmental damage associatedwith
the manufacturing of traditional stabilisers, and thus, reduce green-
house gas emissions that contribute enormously to global warming.

8) The use of industrial by-product materials such as GGBS is
recommended, especially when the materials add versatility to
the cementitious material systems besides the obvious advantages
of environmental benefits. This is relevant to civil and construction
engineers, as well as to engineering geologists and practitioners
working in developing countries, who have to meet global
challenges, while faced with increased pressure on transparency,
best practice, and on the ability to carry out their operations in a
more sustainable manner.
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This paper reports on an investigation on the use of ground

granulated blast-furnace slag (GGBS) in the development

of a sustainable unfired clay binder material for stabilised

masonry-brick. The compressive strength of the stabilised

masonry-brick, using a semi-processed industrial kaolinite

clay soil and a ‘real’ clay soil (Lower Oxford Clay)

commonly used in masonry clay brick manufacture were

examined. In practice between 1 and 3 wt.% lime is needed

for modifying the soil properties and between 2 and 8 wt.%

lime for stabilisation. Due to the high strength

requirement in the building industry in comparison with

stabilised highway pavement layers for example, a high

maximum stabiliser dosage of 20% was used. However,

only a small proportion of this high stabiliser content (20%)

was lime or Portland cement. Cylindrical specimens were

made at moisture contents of 25, 30, 35 and 40%, and

cured for 28 days, before testing for unconfined

compressive strength. Preliminary results show that the

strength values for the stabilised clay systems investigated

were within the strength range of 65 to 2077 kN/m2 at

28 days, with the lime–Portland cement blends tending to

achieve lower strength values relative to the lime–slag

blends. The results suggest that there is potential for the

use of GGBS in unblended binders for the development of

unfired clay masonry bricks.
1. INTRODUCTION

The common firing process for manufacturing clay building
components has a high cost in energy consumption. Research work
by Cai et al.1 and Al-Rawas et al.2 observed that around 10008C is
the optimum clay firing temperature that gives the maximum
pozzolanic reaction for clay brick production. Ramlochan et al.3

and Waters and Jones4 have also observed that thermally treated
clay soil demonstrates good performance in suppressing the
expansion caused by (for example) alkali—silica reaction.

One of the key targets and concerns in relation to the
achievement of sustainable infrastructure development is energy
consumption. For this reason, there has been a growing interest
in reducing energy consumption in the manufacture of building
components and construction materials in general. The
production of conventional clay bricks involves very intensive
firing. This results in high energy consumption and high carbon
dioxide emissions. The development of a sustainable cementation
technology for clay brick masonry that does not involve firing is
Construction Materials 161 Issue CM4 Using
a key industrial concern. The main benefit of unfired clay
building products is the reduction in manufacturing energy cost
and also a reduction in carbon dioxide (CO2) production. Other
added advantages of this technology include low embodied
energy content5,6 and outstanding natural building breathing
properties such as absorption and diffusion of water vapour and
heat. These benefits are inherent from the manufacturing process,
but may also continue through the whole product life cycle.

Cementitious systems that do not need firing by utilising already
embodied energy in their formulations have a high potential in
the manufacture of building and construction components and
materials. If the raw materials used in such processes contain a
significant proportion of already energy-embodied waste and/or
by-product materials, there are enhanced economic and
environmental benefits. In some cases, the engineering
performance of these sustainable processes may exceed that
achieved using conventional (or traditional) binding materials
such as Portland cement (PC).

A new clay-based material has been formulated by stabilising
clay soil with various blends of lime and ground granulated blast
furnace slag (GGBS) with or without incorporating PC.7–9 The
material has beeen successfully tested in the first application of
GGBS in road pavement construction in the UK, on the A421
Tingewick Bypass in Buckinghamshire and on the A130 road
near London. For several decades attempts have also been made
to produce varieties of stabilised earth blocks and bricks for
masonry applications because of the high energy input needed to
produce fired clay bricks and concrete blocks. Low energy input
can produce good quality stabilised soil building blocks that can
compete favourably with conventional fired clay bricks and
concrete blocks in both quality and durability.

Savings of at least 40% have been achieved using stabilised soil
blockwork against concrete blockwork.10 Previous research on
steam-cured soil blocks for masonry construction explored the
curing process of lime stabilisation and achieved a 35% reduction
in energy consumption of the clay firing process.11 Temimi
et al.12 studied the possibility of utilising a blend of fly ash with
cement or lime to stabilise clay materials for the production of
low-cost building materials (bricks or blocks). Arosio et al.13

studied the influence of sulfonated melamine formaldehyde
condensate on the quality of building block production by
extrusion of cement—clay pastes. The potential for using GGBS in
the manufacturing of extruded bricks has also been reported,14
slag for unfired-clay masonry-bricks Oti et al. 147



Composition %

Kaolinite 84
Micaceous material 13
Feldspar 1
Other minor mineral compositions 2

Engineering properties

Liquid limit 61%
Plastic limit 31%
Plasticity index 30%
Maximum dry density (MDD) 1$42 mg/m3

Optimum moisture content (OMC) 31%

Table 1. Composition and engineering properties of the
kaolinite clay used
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in which GGBS was used to replace up to 20% of the clay content,
thereby reducing the firing temperature of the clay and resulting
in a slight reduction in energy costs. The successful use of GGBS-
based stabiliser blend at laboratory scale for stabilised concrete
bricks was also reported by Oti et al.15 Work on the development
of unfired clay building material by one of the current
researchers16 used a semi-processed industrial kaolinite clay soil
for clay bricks manufacture.

The foregoing shows that there have been numerous endeavours
to develop sustainable clay-based building components. The
present paper examines further alternatives to the need to reduce
firing costs in clay-based technology such as the firing of clay
bricks, as there is currently an astronomical increase in fuel costs.
By utilising GGBS for the manufacture of unfired clay masonry
bricks, there are potential benefits including the rejuvenation of
the UK building and construction industry and its economy that a
new building material may provide. This research is aimed at
contributing towards the applicability of this technology to the
Composition

Oxide Kaolinite clay Lower

CaO 0$07
SiO2 48
Al2O3 37
MgO 0$03
Fe2O3 0$65
MnO —
S2 —
SO3 —
CaCO3 —
TiO2 0$02
K2O 1$6
N2O 0$1
FeO —
P2O5 —
Na2O —
Loss on ignition (LOI ) 12$5
Insoluble residue —
Relative density 2$59
Bulk density: kg/m3 (1090–1170)
Colour White G
Glass content —

Table 2. Chemical composition and physical properties of kaolinite cla
Imerys Minerals Ltd, Hanson Bricks Company Ltd, Buxton Lime Ind
respectively)
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building industry, by the production of unfired (stabilised) clay
bricks, blocks and mortars. The technology involves the use of
activated GGBS as the key cementing mechanism. For the
activation of GGBS, small quantities of lime or other alkaline
medium is usually essential. GGBS is a by-product of steel
manufacture, and the use of activated slag in masonry units such
as bricks, block and mortar is rare in the UK. Thus, on-going
research and any viable building product(s) emerging from the
process can be classed as novel.
2. METHODOLOGY

2.1. Material

The materials used consisted of kaolinite clay, Lower Oxford
Clay, quicklime, GGBS, and Portland cement.

2.1.1. Kaolinite clay. The composition and engineering
properties of the kaolinite clay used are as shown in Table 1, and
the chemical composition and other properties of all the materials
(including kaolinite clay) used in the investigations are shown in
Table 2. The clay was supplied by Imerys Minerals Ltd UK,
formerly known as English China Clay (ECC) International Ltd
UK. The use of processed clays is common in research. The main
advantages of their use include consistency and homogeneity,
and the relative ease of explaining the reaction mechanisms
before venturing into the more complex unprocessed clay soils.
This enables the establishment of the more general, unbiased and
easily explainable performance and provides a platform for the
subsequent variations in other variables such as moisture content
and blending.

2.1.2. Lower Oxford Clay (LOC). LOC is the clay used by Hanson
Brick Company Ltd to make fired ‘London’ bricks at its Stewartby
brick plant in Bedfordshire. The material for the current work was
also supplied by Hanson. Although it has a high organic content
Oxford Clay Quicklime GGBS PC

6$15 95$9 41$99 63
46$73 0$9 35$35 20
18$51 0$15 11$59 6
1$13 0$46 8$04 4$21
6$21 0$07 0$35 3
0$07 — 0$45 0$03–1$11

— — 1$18 —
— — 0$23 2$3
— 2$2 — —
1$13 — — —
4$06 — — —

— — — —
0$8 — — —
0$17 — — —
0$52 — — —

15$75 — — —
— — 0$03 0$5
— — 2$9 3$15
— 480 1200 1400

rey White Off-white Grey
— — z 90 —

y, Lower Oxford Clay, quicklime, GGBS and PC (data provided by
ustries Ltd, Civil and Marine Ltd and Lafarge Cement UK
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Composition %

Illite 23
Kaolinite 10
Chlorite 7
Calcite 10
Quartz 29
Gypsum 2
Pyrite 4
Feldspar 8
Organic matter 7

Engineering properties

Maximum dry density (MDD) 1$42 mg/m3

Optimum moisture content (OMC) 29%

Table 3. Composition and engineering properties of the Lower
Oxford clay (LOC) used
for lime stabilisation (evidenced by a high loss on ignition), it is
an excellent choice of clay material and the most practical
endeavour for the unfired clay building material development. It
was used as supplied, to reflect what would typically be desirable
in practice. The material’s mineral composition and some
engineering properties are shown in Table 3, and its chemical
composition is shown in Table 2.

2.1.3. Lime (L). The lime used in this study is a quicklime (CaO)
variety, supplied by Buxton Lime Industries Ltd in Buxton,
Derbyshire, UK. The chemical composition and engineering
properties of the lime are shown in Table 2. Quicklime is denser
and less dusty than hydrated lime,17,18 and rapidly removes water
from the mixes or surrounding soil to contribute to both the
short- and long-term stability of the stabilised mixture.

2.1.4. Ground granulated blast furnace slag. The GGBS used in
this investigation was supplied by Civil and Marine Slag Cement
Ltd, from its slag works at Llanwern, near Newport, UK. The
chemical composition and engineering properties of the GGBS
are shown in Table 2. Typical GGBS contains no free lime as all of
its CaO content is bound in a different mineral phase. It is
therefore necessary to activate it by use of an alkaline medium
such as that provided by hydrated lime or PC.

2.1.5. Portland cement (PC). The PC used was manufactured in
accordance with the British Standard BS EN 197-1,19 and was
Stabilisers Mix code Lime (L) content: %

20%L : 0%PC 20 (contro
14%L : 6%PC 14

L-PC 8%L : 12%PC 8
4%L : 16%PC 4
0%L : 20%PC 0

20%L : 0%GGBS 20 (contro
14%L : 6%GGBS 14

L-GGBS 8%L : 12%GGBS 8
4%L : 16%GGBS 4
0%L : 20%GGBS 0

20%PC : 0%GGBS 0
14%PC : 6%GGBS 0

PC-GGBS 8%PC : 12%GGBS 0
4%PC : 16%GGBS 0
0%PC : 20%GGBS 0

Table 4. Mix proportions for the blended stabilisers using Lime, PC
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supplied by Lafarge Cement UK. Table 2 shows its chemical
composition and engineering properties.
2.2. Mix composition, sample preparation and testing

Table 4 shows the details of the mix compositions of the cylinders
made using varying proportions of the clays as the key
ingredient, stabilised using quicklime or PC blended and
unblended with GGBS. The unblended lime, PC and GGBS were
used as controls.

For the purpose of sample preparation it was found necessary to
first establish the target dry density and moisture content values
for the various material combinations. This was carried out on the
basis of the unstabilised clays. Proctor compaction tests were
carried out in accordance with British standard BS 1924-2,20 with
a view to establishing values of the maximum dry density (MDD)
and optimum moisture content (OMC). It was not practically
possible to compact each individual system at its particular MDD
and OMC, and thus specimens of different composition may have
deviated slightly from their optimal compaction conditions.
However, equal weights of initial materials were used and the test
samples were therefore expected, within experimental error, to be
of the same density and volume for all the material compositions
in a given stabiliser system. By keeping these experimental
procedures the same for all the mixtures, and despite the minor
variations in MDD and OMC already mentioned, the tested cured
specimens were expected to show the effects of the varied
parameters such as intended changes in compaction moisture
content, compactive effect or changes in mix composition.

Sample compaction was carried out using a hydraulic jack, in a
cylindrical mould which was oiled to reduce friction. The mould
also ensured that no further compaction was subjected to the soil
once the desired volume had been achieved. The cylinders were
extruded using a steel plunger (see Fig. 1), trimmed, cleaned of
releasing oil, weighed and wrapped in cling film. The cylinders
were then labelled and placed in polythene bags before
being placed in sealed plastic containers at room temperature of
about 20 G 28C. This was termed moist curing and was
continued for 28 days. At the end of the 28 days moist curing
period, three samples per mix proportion were tested for
compressive strength using a Hounsfield testing machine at a
compression loading rate of 1 mm/min.
Cement (PC) content: % GGBS content: %

l) 0 0
6 0

112 0
16 0
20 (control) 0

l) 0 0
0 6
0 12
0 16
0 20 (control)

20 (control) 0
14 6
8 12
4 16
0 20 (control)

and GGBS
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Cylinder
test sample

Prefabricated
steel mould 

Steel plunger

Fig. 1. Steel mould (extension collar not shown) and the extruded cylindrical test specimen
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3. RESULTS AND DISCUSSION

3.1. Kaolinite clay mixtures

3.1.1. Effects of various stabilisers on strength development on
kaolinite clay mixtures. Figure 2(a) shows the strength
development using the L-PC blends at a moisture content of 35%.
This moisture content is slightly wetter than the optimal
compaction of kaolinite clay (without stabiliser). The strength
results show that a reduction in the proportion of lime and
increase in the quantity of PC from 20%L : 0%PC to
0%L : 20%PC led to a significantly higher strength development
of the stabilised mixtures from 358 to 1618 kN/m2

(approximately 352% increase in strength).

Figure 2(b) illustrates the strength development using the
L-GGBS blends, where a reduction in the proportion of lime and
increase in the quantity of GGBS from 20%L : 0%GGBS to
8%L : 12%GGBS showed a significant strength increase from 358
to 793 kN/m2 (approximately 122% increase). Further reduction
in the lime content and increase in the proportion of GGBS
resulted in a decrease in strength to only 85 kN/m2.

Figure 2(c) shows the strength development using the PC-GGBS
blends, and a gradual reduction in the quantity of PC and
increase in the quantity of GGBS showed a correspondingly
gradual reduction in strength development, from 1618 to
85 kN/m2 (approximately 95% reduction in strength).

3.1.2. Effect of varying moisture on kaolinite clay mixtures. The
effect of varying moisture content on the stabilised kaolinite clay
mixture was studied using the median blend 8% : 12%, for the
various blended stabilisers (i.e. 8%L : 12%PC, 8%L : 12%GGBS
and the 8%PC : 12%GGBS). The results are shown in Fig. 3, where
the highest strength value of about 793 kN/m2 was obtained at
35% moisture content and with the blend with 8%L : 12%GGBS.
This reflects a moisture demand slightly wetter than the OMC on
the unstabilised kaolinite clay which had been observed to be 30%.
There is a tendency in practice to compact stabilisedmaterial on the
wetter side of the OMC, in order to cater for evaporation, hydration
and cracking. In practice, variation in moisture content to within
the range of 30–35% would be expected to prevail. With an
increase in moisture content from 35–40%, a significant reduction
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in strength values was observed
with all the stabiliser blends.
One obvious reason for this
reduction in strength is the high
residual moisture content at the
time of testing, lubricating and
facilitating movement during
testing. In terms of chemical
reactions, the exact explanation
for the variation in strength is
difficult, due to the various
pozzolanic and other reactions
involved in the hydration
process within the complex
mixture, exacerbated by the
sensitivity of the stabilised
mixtures to the minor changes
in dry density and moisture
content.
Figure 4 illustrates the effects of compaction moisture content
using the unblended stabilisers. Using lime or PC, the trends were
similar to those with the L-GGBS blended stabiliser (Fig. 3). With
GGBS, the highest 28-day unconfined compressive strength
value occurred at 30% moisture content. This may be attributed
to the low water demand for GGBS relative to lime or PC. It is
however unlikely that GGBS would be used on its own, and
therefore the overall results suggest a general optimal moisture
content of 35% for kaolinite, using little lime or PC blended with
GGBS.
3.2. Lower Oxford Clay mixtures

3.2.1. Effect of various stabilisers on strength development of
LOC mixtures. Figure 5(a) shows the strength development using
the L-PC blends. Each plot is an average of three test specimens.
A reduction in the proportion of lime (and increase in the
quantity of PC) from 20%L : 0%PC to 4%L : 16%PC showed a
significant increase in strength development of the stabilised
mixtures from 693 to 1756 kN/m2 (approximately 153% increase
in the strength). A further reduction in lime dosage and
increase in the PC content to 0%L : 20%PC demonstrates a
reduction in strength of the blend to 1515 kN/m2, representing
approximately a 14% reduction in strength from the peak
strength. This is unlike the case with kaolinite, where there was
no reduction in strength in moving from 4%L : 16%PC to
0%L : 20%PC.

Figure 5(b) illustrates the strength development using the
L-GGBS blends. The trends are similar to those observed with L-
PC blends. Thus, a reduction in the proportion of lime and
increase in the quantity of GGBS from 20%L : 0%GGBS to
4%L : 16%GGBS shows a significant strength increase from 639
to 2077 kN/m2 (approximately 200% increase in strength), and a
further reduction in the lime content and increase in the
quantity of GGBS to 0%L : 20%GGBS led to a 14% decrease in
strength value as was the case for the L-PC blends. It is
interesting to note that unlike the case for kaolinite, the
optimal stabiliser blend was 4%L : 16%PC (unlike
8%L : 12%PC for the case of kaolinite), and also that the use of
20%GGBS did not result in a large loss in strength as was the case
with kaolinite.
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(a)

Fig. 2. The 28 days unconfined compressive strength of kaolinite clay stabilised with various blends ((a) L-PC; (b) L-GGBS; (c) PC-GGBS)
at a binder content of 20%, at a moisture content of 35%
Figure 5(c) shows the strength development using the PC-GGBS
blends, where the trends observed with L-PC and L-GGBS were
repeated. A reduction in the quantity of PC and increase in the
quantity of GGBS from 20%PC : 0%GGBS to 4%PC : 16%GGBS
shows a significant increase in strength development. In this
instance, the starting (PC-only) strength was much higher
(being 1515 kN/m2) increasing gradually to 1938 kN/m2

(approximately 28% increase in strength, compared with the
153–200% increase observed previously). As observed with the
other blends, a further reduction in the PC dosage and increase
in the quantity of GGBS resulted in a decrease in strength. The
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decrease in strength from 4%PC : 16%GGBS to
0%PC : 20%GGBS was observed to be about 8%. The
performance of the stabilised soil bricks with 20%GGBS
content showed variation in strength for LOC and kaolinite
clay because of the difference in the material
composition. The authors hypothesise that GGBS may have
been activated by some phases within the LOC, that are absent
or inactive in the kaolinite used. The authors’ experience
suggests that the sulfate in LOC enhances GGBS hydration.
Similar sulphate activation of GGBS has been observed by
Wild et al.8
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Fig. 3. Effect of varying moisture content (m/c) on strength of
one selected blending ratio (8 : 12) to stabilise kaolinite clay
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Fig. 4. Effect of varying moisture content (m/c) on strength of
stabilised kaolinite clay, using unblended stabilisers
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3.2.2. Effects of varying compaction moisture content of LOC
mixtures. Figure 6(a)–(c) illustrate the effects of varying the
compaction moisture content of the LOC system stabilised using
the various blended stabilisers. In all cases the highest strength
values were achieved at 30% moisture content. Of the blended
stabilisers, the blending ratio 4 : 16 for Lime : PC, Lime : GGBS
and PC : GGBS showed the peak strength.

Using the unblended control stabilisers (Lime, PC and GGBS only)
at different moisture contents (Fig. 7), the optimal performance
was alsoobserved to takeplace at 30%moisture content, suggesting
that the water demand in the control mixes was not much different
from that in the systems stabilised with the different blends, and
that the optimal water demand in the LOC system was lower than
that observed with kaolinite (35%). This may be attributed to
the differences in clay content and chemistry for the two clays,
in addition to the physical and other inherent differences.

4. PRACTICAL IMPLICATIONS OF SLAG-BASED

CLAY BRICKS

Figures 8(a) and (b) summarise the unconfined compressive
strength results of the various blended stabilisers of the kaolinite
clay and LOC systems, at OMC values of 35 and 30%,
respectively. The results obtained using the unblended stabilisers
are not represented in these figures, but 35 and 30% moisture
content have also been observed to be the optimal conditions for
these stabilisers for the kaolinite and LOC, respectively. It is
reassuring to note that the performance observed using the more
practical LOC is better, relative to that observed for the semi-
processed kaolinite clay. The reasons for the improved
performance with the LOC may include better material size
distribution (better matrix) and variable mineral composition.
The different mineral phases in the LOC may have provided a
better hydration profile as already discussed. The outcome from
the strength results obtained so far gives confidence to the
research objectives, of developing viable slag-based stabilised
clay building components. In addition, the more sustainable
blended L-GGBS stabiliser showed the best strength development
(relative to L-PC or PC-GGBS). Furthermore, this best
performance occurred at a blending ratio of a lower lime level of
4% and higher (16%) GGBS level (i.e. 4%L : 16%GGBS). This is
encouraging in relation to the economic and environmental
considerations. Higher strength values than currently observed
are clearly likely in the industry, where better compaction would
facilitate increased mass density and at a moisture content much
lower than the 30% used in the laboratory-based stabilisation of
the LOC system.
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In the present research, L-GGBS was the preferred stabiliser blend
rather than blends containing PC whose production is associated
with high energy consumption and high CO2 generation. In terms
of energy usage and CO2 emission, 1 t of manufactured PC results
in the emission of at least 1 t of CO2 to the atmosphere21 with an
energy usage of about 5000 MJ,22 whereas the equivalent energy
usage of 1 t of the GGBS used in the current study is 1300 MJ,
with a corresponding CO2 emission of just 0$07 t.22 The level of
CO2 and the embodied energy associated with either fired or
unfired bricks depend on the production process. It is difficult to
establish common comparable data, as each research study has
tended to show its own quantification. Morton,6 for example,
reports a study on extruded clay/fibre bricks in which the
embodied energy of the unfired brick was 146 kWh/t with an
equivalent CO2 emission of 25$1 kg CO2/t, whereas for the
common fired brick the embodied energy usage was around
1163 kWh/t with an equivalent CO2 emission of 200 kg CO2/t.
The work by Venkatarama Reddy and Jagadish. 5 demonstrates
that the embodied energy of unfired block stabilised with 6–8%
of Portland cement is 2 74–3 75 MJ whereas the equivalent
embodied energy for the common fired brick was about 4 25 MJ.
The current research team intends to carry out a laboratory test
on the embodied energy and the CO2 emission of the GGBS-based
unfired clay material currently reported, after a full industrial
trial. This will be reported in subsequent follow-up papers. In the
meantime, using the laboratory strength results already achieved,
and with the view of starting pilot industrial trials, a full-scale
steel mould that would produce full-size bricks in a laboratory
environment was fabricated. This was intended to produce
masonry bricks using the more successful L-GGBS mixtures. The
authors consider the results successful, and efforts are ongoing to
either procure a soil block press or collaborate with a brick
manufacturer for the production of bricks using the current
optimal mixtures. The bricks will be used for further analysis in
particular the assessment of durability.

5. CONCLUSIONS

The results obtained so far suggest the following conclusions.

(a) There is potential for using blended binders for the
manufacture of unfired clay materials within the building
construction industry. The L-GGBS blends in particular
showed significant potential, although there were instances
in which these blends showed lower strength values in
comparison with other blends, such as the PC-GGBS blends.
g for unfired-clay masonry-bricks Oti et al.
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Fig. 5. The 28 days unconfined compressive strength of LOC stabilised with various blends at a total binder content of 20 and 30%
moisture content: (a) L-PC; (b) L-GGBS; (c) PC-GGBS
Previous research has demonstrated that the combination of
lime and GGBS may have other benefits in performance
such as durability and volume stability. These added benefits
need to be investigated further, with a specific focus on
building components. On the other hand, there are many
applications of both low and high-strength building
materials, and low strength values alone cannot rule out the
application of L-PC or the relatively more sustainable
PC-GGBS blends. At this stage further investigations on the
preferred L-GGBS blends will include these other stabilisers.

(b) The ability to handle the freshly extruded brick is an
extremely positive outcome. In collaboration with a brick
Construction Materials 161 Issue CM4 Using
manufacturing company, further evaluation of the overall
manufacturing logistics, performance and economic potential
will be evaluated. If the full-scale industrial trials are
successful then a L-GGBS binder, with or without dosing with
small amounts of PC, will be a viable binder for the
manufacture of a sustainable and unfired building brick
product. The unfired clay technology using GGBS as the main
stabilising agent for the production of building bricks will
help reduce the energy costs of the firing process, reduce the
environmental damage associated with the manufacturing of
traditional stabilisers, and thus, reduce greenhouse gas
emissions that contribute enormously to global warming.
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Fig. 8. Summary of the 28 days unconfined compressive
strength of: (a) stabilised kaolinite (35% moisture content) and
(b) stabilised LOC (30% moisture content), using 20 wt.% of
various blended stabilisers
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Fig. 6. Effects of varying the compaction moisture content (m/c)
on strength of LOC stabilised with various blended stabilisers:
(a) L-PC; (b) L-GGBS; (c) PC-GGBS
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(c) This is a preliminary investigation and higher strength values
are likely to be achieved by further optimising the mass
density. A higher compaction effort, in a controlled manner,
without necessarily reducing the thermal insulation properties
of the unfired clay masonry-brick or increasing the dead load
that might create structural problems could also result in
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Fig. 7. Effects of varying moisture content (m/c) on the strength
of LOC stabilised using unblended stabilisers
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higher strength. Other possible methods the team hopes to
consider include research on clays of lower organic content,
together with the partial replacement of the clay content with
colliery and dust waste arising from quarrying activities (coal,
slate and limestone), which are in abundance within the South
Wales region of the UK. It is anticipated that the partial
replacement of the clay content will improve the overall size
distribution (better matrix) of the stabilised mixture,
enhancing the mechanical and hydration dynamics of the
system.

ACKNOWLEDGEMENTS

The authors wish to thank Dr David Snelson for his assistance in
structuring this manuscript. Thanks also go to the Welsh
Assembly Government (WAG), for funding the project via the
collaborative industrial research programme (CIRP) and the
knowledge exploitation funding (KEF) initiatives. The authors
finally acknowledge the research and staffing resources provided
by the faculty of advanced technology (FAT) of the University
of Glamorgan.
REFERENCES

1. CAI Y., SHI B., NG C. W. W. and TANG C. Effect of polypropylene
fibre and lime admixture on engineering properties of clay
soil. Engineering Geology, 2006, 87, No. 3–4, 230–240.

2. AL-RAWAS A. A., HAGO A. W. and AL-SARMI H. Effect of lime,
cement and sarooj (artificial pozzolan) on the swelling
potential of an expansive soil from Oman. Building and
Environment, 2005, 40, No. 5, 681–687.
g for unfired-clay masonry-bricks Oti et al.



3. RAMLOCHAN T., THOMAS M. and GRUBER K. A. The effect of
metakaolin on alkali—silica reaction. Cement and Concrete
Research, 2000, 30, No. 3, 339–344.

4. WATERS G. V. and JONES T. R. Effect of metakaolin on ASR in
concrete manufactured with reactive aggregates. In
Proceedings of the 2nd International Conference on the
Durability of Concrete (MALHOTRA V. M. (ed.)). American
Concrete Institute, Farmington Hills, MI, USA, 1992, vol. 2,
pp. 941–947.

5. VENKATARAMA REDDY V. B. and JAGADISH K. S. Embodied energy
of common and alternative building materials and
technologies. Energy and Building, 2003, 35, No. 2, 129–137.

6. MORTON T. Earth Masonry, Design and Construction
Guidelines. HIS BRE Press, Bracknell, Berkshire, UK, 2008.

7. KINUTHIA J. M. and WILD S. Effect of some metal sulfates on the
strength and swelling properties of lime-stabilized kaolinite.
International Journal of Pavement Engineering, 2001, 2, No.
2, 103–120.

8. WILD S., KINUTHIA J. M., JONES G. I. and HIGGINS D. D. Effect of
partial substitution of lime with ground granulated blast
furnace slag (GGBS) on the strength properties of lime-
stabilized sulphate-bearing clay soils. Engineering Geology,
1998, 51, No. 1, 37–53.

9. WILD S., KINUTHIA J. M., JONES G. I. and HIGGINS D. D.
Suppression of swelling associated with ettringite formation
in lime stabilized sulphate bearing clay soils by partial
substitution of lime with ground granulated blastfurnace
slag. Engineering Geology, 1999, 51, No. 4, 257–277.

10. WEBB D. J. T. Stabilised soil and the built environment.
Renewable Energy, 1994, 5, No. 5–8, 1066–1080.

11. VENKATARAMA REDDY V. B. and LOKRAS S. S. Steam-cured soil
blocks for masonry construction. Energy and Building, 1998,
29, No. 1, 29–33.

12. TEMIMI M., CAMPS J. P. and LAQUERBE M. Valorization of fly ash
in the cold stabilization of clay materials. Resources,
Conservation and Recycling, 1995, 15, No. 3–4, 219–234.

13. AROSIO F., CASTOLDI L., FERLAZZO N. and FORZATTI P. Influence of
sulfonated melamine formaldehyde condensate on the
Construction Materials 161 Issue CM4 Using
quality of building blocks production by extrusion of
cement—clay pastes. Applied Clay Science, 2007, 35, No. 1–2,
85–93.

14. OFFICE OF THE DEPUTY PRIME MINISTER (ODPM). Brick Clay—
Mineral Factsheet. ODPM, London, 2005.

15. OTI J. E., KINUTHIA J. M. and BAI J. Innovative building
material: manufactured bricks using by-product of an
industrial process. In Proceedings of the 3rd Research Student
Workshop (ROACH P. A. and PLASSMANN P. (eds)). University of
Glamorgan, Pontypridd, 2008, pp. 42–45.

16. OTI J. E. Sustainability: development of unfired clay building
materials. In Proceedings of the 2nd Research Student
Workshop (PLASSMANN P. (ed.)). University of Glamorgan,
Pontypridd, 2007, pp. 49–53.

17. BROOKES A. H., WEST G. and CARDER D. R. Laboratory Trial Mixes
for Lime- Stabilised Soil Columns and Lime Piles. Transport
Research Laboratory, Crowthorne, 1997, Report 306.

18. GREAVES H. M. An introduction of lime stabilization. In
Proceeding of a Seminar on Lime Stabilization,
Loughborough University, (ROGERS C. D. F., GLENDINNING S.
and DIXON N. (eds)). Thomas Telford, London, 1996,
pp. 5–12.

19. BRITISH STANDARDS INSTITUTION. Cement—Part 1: Composition,
Specification and Conforming Criteria for Common Cements,
BS EN 197-1: 2000. British Standards Institution, London,
2000.

20. BRITISH STANDARDS INSTITUTION. Stabilised Materials for Civil
Engineering Purposes—Part 2: Methods of Test for Cement-
stabilised and Lime-stabilised Materials, BS 1924-2: 1990.
British Standards Institution, London, 1990.

21. WILD S. Role of cement science in sustainable development.
International Symposium Celebrating Concrete: People and
Practices, University of Dundee, Scotland, 3–4th September,
(DHIR R. K., NEWLANDS M. D. and CSETENYI L. J. (eds)). Thomas
Telford, London, 2003, pp.143–159.

22. HIGGINS D. GGBS and sustainability. Proceedings of ICE,
Construction Materials, 2007, 160, No. 3, 99–101.
What do you think?
To comment on this paper, please email up to 500 words to the editor at journals@ice.org.uk

Proceedings journals rely entirely on contributions sent in by civil engineers and related professionals, academics and students. Papers
should be 2000–5000 words long, with adequate illustrations and references. Please visit www.thomastelford.com/journals for author
guidelines and further details.
slag for unfired-clay masonry-bricks Oti et al. 155



Jonathon E. Oti
Research assistant,
University of Glamorgan,
Pontypridd, UK

John M. Kinuthia
Senior lecturer, University of
Glamorgan, Pontypridd, UK

Jiping Bai
Senior lecturer, University of
Glamorgan, Pontypridd, UK

Proceedings of the Institution of
Civil Engineers
Engineering Sustainability 161
December 2008 Issue ES4
Pages 211–218
doi: 10.1680/ensu.2008.161.4.211
Paper 800007

Received 13/02/2008
Accepted 12/08/2008

Keywords:
brickwork & masonry/materials
technology/strength
Developing unfired stabilised building materials in the UK
J. E. Oti MSc, CEng, MICE, FNSE, J. M. Kinuthia MSc, PhD, MIHT, FHEA and J. Bai MSc, PhD, MCS
This paper discusses laboratory tests on Lower Oxford

Clay (LOC) stabilised using different levels of lime (L) or

Portland cement (PC), with and without blending with

ground granulated blast-furnace slag (GGBS). LOC is used

by Hanson Brick Company Ltd in the manufacture of fired

‘London’ bricks at the Stewartby brick plant in

Bedfordshire. The research investigated L–PC, L–GGBS

and PC–GGBS blends to assess their potential for

application in sustainable unfired clay building materials

(bricks, mortar, etc.). Use of unfired materials reduces not

only energy costs, but also environmental damage

associated with the traditional firing process used in the

manufacture of clay building components. Due to the high

strength requirements of the building industry compared

with, for example, stabilised highway pavement layers, a

high maximum stabiliser dosage of 20% was used. For road

construction, typical stabiliser dosages are 3–8% for lime

and 3–5% for PC. In the current investigation, cylindrical

test specimens were cured for 28 days at moisture

contents of 25, 30, 35 and 40% before testing for

unconfined compressive strength. Preliminary results

show that the strength values for all stabilised material

investigated was within the strength range of 737–

2077 kN/m2 at 28 days, with L–PC blends tending to

achieve lower strength values than L–GGBS blends.

Overall results suggest that there is potential in using

GGBS-based binders for the manufacture of unfired

building components.
1. INTRODUCTION

Significant climate change and global warming, due to increased

levels of greenhouse gases in the atmosphere that have increased

the temperature of the Earth above its natural equilibrium level,

are now apparent. This has raised concerns about how to improve

the various practices used in building materials manufacture in

order to minimise detrimental effects on the natural

environment.1,2 There is an increasing need to develop building

materials that are fit for purpose based on sustainability

principles in terms of the economy and environmental factors.3

One major concern is the impact of energy usage, and new

innovative products aimed at improving performance in the

industry are thus vital. However, advances in innovative building

materials challenge the inherent conservatism in the construction

industry and its reliance on tried and tested materials.
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Conventional materials have been used for decades and have

proved their reliability against the key factors that affect their

performance.

Predictions on the impact of energy usage from the firing of clay

building materials have been on the increase. Research has

shown that about 20% of global carbon dioxide (CO2) emissions

are due to high energy usage in activities associated with

construction and building materials production.4 Much of this

energy is used in the manufacture of a few extensively used

materials that involve high-temperature kiln processes, notably

iron and steel, cement, clay bricks, tiles and glass. Energy-saving

strategies concentrating on unfired clay building material

development using industrial by-product materials and low-

energy additives therefore form a step that will benefit both

present and future generations—and a step towards more

sustainable buildings.

The firing of clay building products in kilns with large amounts

of energy consumption introduces energy-related costs to end

products. Increases in fuel prices will only exacerbate this cost

element. This high cost is currently being transferred to the

consumer, thus indirectly affecting the global economy. The

current method of manufacturing clay-based building materials

involves intensive heating of soil to a temperature of around

10008C before the effective strength required by the building

industry is attained.

Efforts have been made to reduce energy consumption in the

manufacture of building bricks. Previous research on steam-cured

soil blocks for masonry construction has explored the curing

process of lime stabilisation, thus achieving a 35% reduction in

energy consumption in the clay firing process.5 The main benefit

of unfired clay building products is a reduction in manufacturing

energy cost, which translates to a reduction in CO2 production.

Other added advantages of this technology include low embodied

energy content and outstanding natural building breathing

properties such as absorption and diffusion of water vapour and

heat. These benefits are inherent from the manufacturing process

and may also continue through the whole product life cycle.

It is feasible that new clay-based materials may be formulated by

stabilising clay soil with various stabiliser blends. Wild et al. 6 were

successful in stabilising clay soil using lime (L) to activate ground

granulated blast-furnace slag (GGBS), leading to the first

application of GGBS-based formulations in road pavement
ing unfired stabilised building materials Oti et al. 211
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construction in the UK on the A421 Tingewick bypass in

Buckinghamshire. Clay may be stabilised with not only lime and

Portland cement (PC), but also with these primary binders blended

with GGBS for certain applications such as the restoration of

historic buildings and in the construction of both internal and

external partition walls. Extruded bricks where GGBS can replace

up to 20% of the clay content may reduce the firing temperature of

the clay, hence giving a slight reduction in energy costs.7

The possible development of unfired clay building bricks using

GGBS has been demonstrated by the authors.8,9 This paper

reports on further development of the unfired clay technology

using GGBS as the main stabilising agent for the production of

building components such as bricks, blocks and mortar in the UK.

It is anticipated that this research will contribute to knowledge of

new building materials that are energy-efficient and economical,

meet the needs of society and also provide technical solutions to

enable the brick industry to develop commercially viable

products from unfired clay. This will produce materials that are

more sustainable, cheaper and technically responsive compared

with existing products. The study examines clay soil stabilised

with various blended mixtures of L–PC, L–GGBS and PC–GGBS,

and assesses their potential for application in the manufacture of

unfired clay building materials in the UK. The strength and

durability requirements currently achievable using PC alone,

and/or those demanded by the building industry can be achieved

by using significant amounts of the less expensive GGBS (relative

to lime or PC). In addition to the low price of GGBS relative to PC,

GGBS is a by-product of the steel manufacturing process.

The added advantage of not using lime or PC alone ensures the

formulations compete favourably in the market place despite

the high total stabiliser content adopted (20%).
LOC

CaO 6.15
SiO2 46.73
Al2O3 18.51
MgO 1.13
Fe2O3 6.21
MnO 0.07
S2 —
SO3 —
CaCO3 —
TiO2 1.13
K2O 4.06
N2O —
FeO 0.8
P2O5 0.17
Na2O 0.52

Loss on ignition (LOI) 15.75
Insoluble residue —
Relative density —
Bulk density: kg/m3 —
Blainc specific surface: m3/kg —
Liquid limit (LL): % 67
Plastic limit (PL): % 35
Plasticity index: % 32
Colour Grey W
Glass content —

Table 1. Chemical and physical properties of Lower Oxford Clay, qu
Ltd, Buxton Lime Industries Ltd, Civil and Marine Ltd and Lafarge C
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2. METHODOLOGY

2.1. Materials

2.1.1. Lower Oxford Clay (LOC). The LOC used in this study was

supplied by Hanson Brick Company Ltd from the Stewartby brick

plant in Bedfordshire UK. The LOC comprises 23% illite, 10%

kaolinite, 7% chlorite, 10% calcite, 29% quartz, 2% gypsum, 4%

pyrite, 8% feldspar and 7% organic materials. LOC is currently

used by Hanson to make fired ‘London’ bricks. It is a challenging

choice of material but a practical endeavour for unfired clay

building material development because

(a) it is generally hard to stabilise (especially with lime) because

of its high organic and sulphate content

(b) it is currently being used for fired brick manufacture and

it is therefore easier to compare fired and unfired products.
It is anticipated that in future product development (not covered

in this paper) the clay content used may be partially replaced by

colliery waste, which is abundant in south Wales, with the aim of

improving the sustainability profile of the end product. The

chemical and physical properties of LOC are shown in Table 1.

2.1.2. Lime (L). The lime used in this study was quicklime (CaO)

supplied by Buxton Lime Industries Ltd, Derbyshire, UK; its

chemical and physical properties are also shown in Table 1.

Quicklime was chosen as the preferred binder (rather than

hydrated lime) because it has been used successfully for clay

stabilisation for road construction in temperate regions and in lime

columns for the improvement of slope stability; it is also denser

and less dusty than hydrated lime.10,11 Quicklime removes water
Composition: %

L GGBS PC

95.9 41.99 63
0.9 35.35 20
0.15 11.59 6
0.46 8.04 4.21
0.07 0.35 3

— 0.45 0.03–1.11
— 1.18 —
— 0.23 2.3
2.2 — —

— — —
— — —
— — —
— — —
— — —
— — —

— — —
— 0.3 0.5
— 2.9 3.15

480 1200 1400
— 510 380
— — —
— — —
— — —

hite Off-white Grey
— �90 —

icklime, GGBS and PC (data provided by Hanson Brick Company
ement UK respectively)
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from the stabilised mix or surrounding soil, thereby contributing

to the rapid stability of the stabilised mix or slope.

In practice, 1–3 wt% lime is needed to modify soil properties and 2–

8 wt% lime is required for stabilisation. Kinuthia and Wild12 used 6

wt% lime for stabilisation of kaolinite clay for road construction. In

this work, a maximum value of 20 wt% lime was chosen in order to

achieve additional modification and significant stabilisation for the

higher strength required in the building industry.

2.1.3. Ground granulated blast-furnace slag (GGBS) was supplied

by Civil and Marine Ltd, Llanwern, Newport, UK (Table 1). This

research utilises GGBS as a key ingredient because of the

proximity of slag works in South Wales (Llanwern works near

Newport and at Port Talbot), creating added market opportunity

for brick manufacturers in South Wales due to the reduced cost of

transporting locally available GGBS.

2.1.4. Portland cement (PC). Portland cement manufactured in

accordance with BS EN 197-113 was supplied by Lafarge Cement

UK (see Table 1 for chemical and physical properties). The cement

was used both to investigate the performance of L–PC and PC–

GGBS blended stabilisers, and also as a control. The use of a high

PC content (e.g. 20%) is not economically practical for stabilising

soil for brick making unless a proportion of this is replaced by a

significant amount of the more sustainable GGBS.
2.2. Sample preparation, mix composition and testing

In highway construction, stabiliser dosage levels of around 3–8%

are typically used for soil stabilisation works for both lime and PC.

For low-cost housing, stabiliser dosage levels typical rise to around

6–12% in the manufacture of clay bricks. In the current research, a

much higher stabiliser dosage of 20% was used to ensure that the

manufactured product would be capable of carrying loads for

medium to high applications as required by most building

standards and not merely low-cost. The stabiliser dosage may then

be scaled down to suit low-cost applications as necessary. In this

way, the full range of possible performance may be estimated.

In order to identify the relative effects of the L–PC, L–GGBS and

PC–GGBS combinations on the LOC, mixes were made by varying

the relative proportion of lime to PC, lime to GGBS and PC to

GGBS but maintaining an overall maximum total binder content

of 20 wt%. Unblended lime, PC and GGBS were used as controls.
Stabilisers Mix L conte

L-PC 20%L:0%PC 20 (con
14%L:6%PC 14
8%L:12%PC 8
4%L:16%PC 4
0%L:20%PC 0

L-GGBS 20%L:0%GGBS 20 (con
14%L:6%GGBS 14
8%L:12%GGBS 8
4%L:16%GBBS 4
0%L:20%GGBS 0

PC-GGBS 20%PC:0%GGBS 0
14%PC:6%GGBS 0
8%PC:12%GGBS 0
4%PC:16%GBBS 0
0%PC:20%GGBS 0

Table 2. Details of mix compositions for L–PC–GGBS system
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For the purpose of sample preparation, it was found necessary to

establish target dry density and moisture content values. Proctor

compaction tests were carried out in accordance with BS

1924-214 in order to establish values of the maximum dry density

(MDD) and optimum moisture content (OMC) for unstabilised

LOC; these values were 1.42 Mg/m3 and 29% respectively. The

approximate range of moisture content over which at least 90%

MDD (1.28 Mg/m3) could be achieved was 22–40%.

Moisture content values of 25, 30, 35 and 40% were aimed at for the

LOC–GGBS–PC systems, with a target mean dry density of

1.40 Mg/m3. The samples were therefore expected, within

experimental error, to be of the same density and volume for all the

material compositions in a given stabiliser system. This, however,

means that within each system, specimens of different composition

may deviate slightly from their individual MDD and OMC values.

Dry materials necessary for the fabrication of three compacted

cylindrical test specimens (each 50 mm diameter and 100 mm

long) were thoroughly mixed in a variable-speed Kenwood Chef

KM250 mixer for 2 min before slowly adding a calculated

amount of water. Intermittent hand mixing with a palette knife

was carried out for another 2 min to achieve a homogeneous mix

to ensure that the full potential of stabilisation was realised.

Immediately after mixing, the materials were compressed into

cylinders, to the prescribed dry density and moisture content.

A steel mould fitted with a collar was used to accommodate all

the material required for one sample; compaction was carried out

using a hydraulic jack. The prefabricated mould, which was oiled

to reduce friction, ensured that the soil was subjected to no

further compaction once the desired volume had been achieved.

The compacted cylinder was left in the mould under pressure for

about 2 min to allow for dissipation of pore pressure, thus

enabling test specimen stability and/or relaxation. The cylinders

were then extruded using a steel plunger (see Fig. 1), trimmed,

cleaned of releasing oil, weighed and wrapped in cling film.

The cylinders were labelled and placed in polythene bags before

placing them in sealed plastic containers. The samples were

moist-cured for 28 days at room temperature of about 20 + 28C.

Table 2 shows the details of the mix compositions used. At the

end of the 28-day period of moist curing, three samples per mix

proportion were removed from the curing room. Any

condensation on the cling film covering the cylinders was
nt: % PC content: % GGBS: %

trol) 0 0
6 0
12 0
16

20 (control) 0
trol) 0 0

0 6
0 12
0 16
0 20 (control)

20 (control) 0
14 6
8 12
4 16
0 20 (control)
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Fig. 1. Steel mould and the extruded cylindrical test specimen
(extension collar not shown)
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removed with paper tissue prior to their being weighed.

A Hounsfield testing machine capable of loading up to 10 kN was

used to apply axial load at a compression rate of 1 mm/min.

The samples were then subjected to unconfined compressive

strength tests in accordance with BS 1924-214 using a special

self-levelling device to ensure uniaxial load application.

The mean strength of the three test specimens was determined as

the representative strength for a particular mix composition.
3. RESULTS

3.1. Effects of various stabilisers on strength development

Table 3 shows the strength development using the various

stabiliser blends (L–PC, L–GGBS and PC–GGBS). Each strength

value is an average measurement of three test specimens.

A reduction in the proportion of lime (and increase in the quantity

of PC) from 20%L:0%PC to 4%L:16%PC showed a significant

increase in strength development of the stabilised mixtures—from

693 to 1756 kN/m2. This produced approximately a 150%

increase in the strength value. A further reduction in lime dosage

and increase in PC content to 0%L:20%PC yielded a reduction in

strength to 1515 kN/m2, representing approximately 14%

reduction in strength from the peak strength at 4%L:16%PC.
L–PC blend Strength: kN m2 L–GGBS blend S

20%L:0%PC 693 20%L:0%GGBS
14%L:6%PC 980 14%L:6%GGBS
8%L:12%PC 1307 8%L:12%GGBS
4%L:16%PC 1456 4%L:16%GBBS
0%L:20%PC 1515 0%L:20%GGBS

Table 3. 28-day unconfined compressive strength of LOC stabilised
content of 20% and 30% moisture content
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In the mixture stabilised using L–GGBS blends, a reduction in the

proportion of lime and increase in GGBS from 20%L:0%GGBS to

4%L:16%GGBS gave a significant strength increase from 639 to

2077 kN/m2 (approximately 200% increase in strength).

However, a further reduction in lime content and increase in

GGBS to 0%L:20%GGBS resulted in a 14% decrease in strength

value, as was the case for the L–PC blends.

For the PC–GGBS blends, a reduction in PC and increase in GGBS

from 20%PC:0%GGBS to 4%PC:16%GGBS showed the same

pattern of strength development as previously observed with both

L–PC and L–GGBS stabilisers—the strength increased from 1515 to

1938 kN/m2 (approximately 28% strength increase compared with

150–200% increase observed in L–PC and L–GGBS blends).

A further reduction in PC dosage and increase in GGBS from

4%PC:16%GGBS to 0%PC:20%GGBS resulted in a decrease in

strength by 8% from the peak strength at 4%PC:16%GGBS.
3.2. Effects of varying compaction moisture content

Figure 2 shows the effect of varying the compaction moisture

content of LOC stabilised using various L–PC stabilisers. Overall, a

maximum strength value of about 1756 kN/m2 was achieved at

30% moisture content at the end of the 28-day moist-curing period,

for the mixture with 4% lime and 16% PC. For this blending

proportion, when the moisture content was increased from 30 to

35%, a decrease of 18% in maximum strength value was observed.

A further reduction in strength was then observed when the

moisture content was increased further to 40% or decreased to 25%.

The effect of varying the compaction moisture content on the

strength values of clay stabilised with the L–GGBS blended

stabiliser mixtures is shown in Fig. 3. An appreciably higher

maximum strength value of about 2077 kN/m2 was observed at

30% moisture content at the end of the 28-day moist-curing period

for the mixture with 4% lime and 16% GGBS. A further increase or

decrease in moisture content resulted in a decrease in peak strength.

The effect of varying moisture content on the strength of the clay

stabilised with PC–GGBS stabiliser mixtures is shown in Fig. 4.

In general, a high peak strength value of about 1938 kN/m2 was

observed at 30% moisture content at the end of the 28-day moist-

curing period, for the mixture with 4% PC and 16% GGBS.

A further increase or decrease in moisture content resulted in a

decrease in strength.
4. DISCUSSION

There is a tendency in practice to compact stabilised material on

the wetter side of the OMC in order to cater for evaporation,

hydration and cracking. The MDD value for unstabilised LOC was
trength: kN m2 PC–GGBS blend Strength: kN m2

693 20%PC:0%GGBS 1515
1254 14%PC:6%GGBS 1730
1817 8%PC:12%GGBS 1847
2077 4%PC:16%GBBS 1938
1778 0%PC:20%GGBS 1778

with various L–PC, L–GGBS and PC–GGBS blends at a binder

unfired stabilised building materials Oti et al.



Fig. 2. Effect of varying compaction moisture content (MC) on the strength of LOC stabilised with various L–PC blended stabilisers
observed to be around 29%, and it is therefore reasonable to

observe maximum strength at 30% compaction moisture content.

In practice, an approximate compaction moisture content value

within the range of 30–35% would be expected to prevail. With a

decrease in moisture content from 30 to 25% or an increase from

30 to 40%, significant reduction in strength values was observed

for all the stabiliser blends in all mix proportions, including the

optimal blending ratio of 4%:16% L/PC:GGBS.

The explanation for this variation is very complex due to the

various pozzolanic and other reactions involved in the hydration

processes within the systems. When lime (CaO) reacts with clay

soil, for example, an exchange of calcium cations from the CaO

with metallic cations in the clay minerals takes place. A stronger

agglomeration of fine particles in the clay soil usually occurs and

the plasticity of the soil may be reduced. In a much slower

reaction, the calcium ions combine chemically with silica and

alumina in the clay minerals to form complex aluminium and

calcium silicate hydrates.15 These complex hydrates contribute to

both the early and later strength of the stabilised mixture.

Ingredients in some clay soils, for example pyrites and gypsum,

may contribute to the formation of deleterious minerals such as

ettringite and/or thaumasite. The formation of these minerals is
Fig. 3. Effect of varying compaction moisture content (MC) on the st
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more common when the clay soil is stabilised with lime, primarily

due to the ample presence of calcium cations.16–19

According to Shi,20 when quicklime contacts water it hydrates

rapidly, liberating much heat. Considerable heat is produced by

way of the hydration reaction21

CaOþ H2O! Ca(OH)2DH ¼ �65�27 kJ/mol1

When L–GGBS stabiliser blends are used, the liberated heat can

also accelerate both the pozzolanic reactions between the GGBS

and the residual lime (CH) contained in the stabilised matrix and

between the activated GGBS and the clay soil, both leading to a

higher combined pozzolanic reaction rate. Quicklime, therefore,

accelerates the rate of pozzolanic reactions promoting the

accumulation of the strength-enhancing calcium-silicate-

hydrate (CSH) gel.22–24 Apart from the physical effects of lime,

quicklime addition may also increase the solubility of SiO2 and

Al2O3 in the system, leading to a greater release of soluble

aluminium and silicon ion species into the hydrating matrix.25

The enhanced formation of calcium–aluminium–silicate–hydrate

(CASH) gel is considered partly responsible for the dense nature

of the stabilised mixture and thus reduction of the porosity of the
rength of LOC stabilised with various L–GGBS blended stabilisers

ing unfired stabilised building materials Oti et al. 215



Fig. 4. Effect of varying compaction moisture content (MC) on the strength of LOC stabilised with various PC–GGBS blended
stabilisers

Fig. 5. Laboratory-scale brick making, showing a freshly
compacted brick made using L–GGBS blend
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LOC–L–GGBS system. The different stabiliser blends contain

varying amounts of residual lime, resulting in differences in the

pH of the systems and hence differences in reacting ion species.

This may be another reason for the strength variations in the

different systems.

By blending CaO with GGBS, the combined pozzolanic reactions

involved (L–LOC and activated GGBS–LOC) result in more gel

formation and hence pore refinement with reduced porosity of

the resultant hardened paste. GGBS may also play the role of

diluting the stabilised system, thus reducing the amount of

expansive products in the pore space and also increasing the

effective water to stabiliser ratio. This would enable a greater

degree of CaO hydration. This minimises any possible disruption

to the hardened product and the overall expansion may be

reduced. In addition to the above hypotheses, GGBS may also

mitigate expansion by providing a surface upon which lime can

be adsorbed and subsequently interact by activating the

hydration process with the enhanced pH environment. The

majority of researchers26–31 dealing with the use of

supplementary cementing materials agree that, in most cases,

GGBS activated with CaO improves the properties of clay soils

during the stabilisation process.

Based on the laboratory results, there are possible economic as well

as environmental advantages accruing from the use of L–GGBS

blended binders, with or without additional PC to stabilise clay

soils for the production of unfired clay brick building products.

This is primarily because the production of PC is much more

energy intensive and is responsible for higher CO2 generation,

which causes environmental damage. In terms of energy usage and

CO2 emissions, one tonne of manufactured PC results in the

emission of at least one tonne of CO2 to the atmosphere32 with an

energy usage of about 5000 MJ;33 the equivalent energy usage of

one tonne of GGBS used in this current work is 1300 MJ, with a

corresponding CO2 emission of just 0.07 t.33

In view of the positive developments of the initial research work,

a full-scale steel mould to produce full-size bricks was fabricated.

This enabled laboratory-scale production of full-size building
Engineering Sustainability 161 Issue ES4 Developing
bricks using the LOC–L–GGBS mixture. The results were an

immediate success, as demonstrated in Fig. 5.

Ongoing laboratory-based fine-tuning operations will simulate

clay bricks with a range of possibilities such as replacing the soil

content (with, for example, colliery waste) and/or increasing the

mass density. Environmental impact analyses relating to the

formulated products, together with the product life cycle, will

also be reported separately at a later date. Work on the

microstructure and mineral phase analyses of the stabilised clay

product will be established using scanning electron microscopy

(SEM) and thermo-gravimetric analysis (TGA), among other

analytical tools. At this stage, it is therefore not possible to

devolve the reaction mechanisms involving all the different

phases in cement, lime and GGBS. The main focus at present is

the engineering performance. In this regard, common problems

such as discolouration defects (e.g. efflorescence) found with

many typical building bricks, blocks and mortar are also under

investigation. In addition, assessment of the durability of the

stabilised clay product using linear expansion measurements

after soaking the stabilised specimens in de-ionised water is also

ongoing and will be reported later.
unfired stabilised building materials Oti et al.



5. CONCLUSIONS

The results obtained suggest that there is potential for the use of

blended binders in the manufacture of sustainable unfired clay

materials within the building industry. The following conclusions

are drawn from this investigation.

(a) Using LOC as the target stabilisation material, L–PC and

PC–GGBS blends tended to achieve lower strength values

than L–GGBS blends.

(b) The combination of lime and GGBS may have other benefits

besides best strength development, for example, enhanced

all-round performance with volume stability and overall

durability. These added benefits need to be investigated in

future studies, with specific focus on building components.

However, marginally lower strength values alone cannot rule

out the application of L–PC and PC–GGBS blended stabilisers.

Future research by the authors will include these stabiliser

blends.

(c) The research work reported in this paper concerns

preliminary investigations of GGBS-based unfired

technology. The reasonably good compressive strength

attained suggests that higher strength values and enhanced

durability are both possible by, for example, increasing the

mass density of the test specimens coupled with a higher

compaction effort, and/or changing the target material to

include soil combined with other granular materials such as

sand, gravel and/or natural/industrial waste and by-

product materials. Most of these possibilities will be

addressed in future research and development.
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