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Abstract

Being one of the most versatile, durable and cost-effective building materials in use
today, concrete is the most widely used construction material in the world. In the
production of concrete, cement manufacture accounts for the highest cost and is the most
energy intensive process from all its constituents.

This research has focused on the requirement to reduce the use of cement within
concrete by the use of a partial cement replacement material. An established cement
replacement, Ground Granulated Blast Furnace Slag, exists but with changes in steel
manufacture this material could soon be short in supply. Industry as a whole produces
materials which are routinely sent to landfill as waste, through analysis of these materials,
and logging of their properties, a select few may be regarded as possible cement
replacement materials. Knowing the required properties of any replacement allows this
analysis to be complete within hours and a decision made prior to performing the mixing
and testing of concretes containing the replacement.

A fly ash has been subjected to an electrostatic precipitation process (STi) and then to
an air swept classification process. The fly ash has been examined in its raw, processed
and classified conditions and compared through chemical and physical analysis and
through its performance when used in concrete. From this some basic requirements of a
cement replacement material were documented. The ash was also inter-ground with
clinker using a ball mill to produce a blended CEM II cement to test against the post
blend material.

It was found that applying the STi process to the fly ash produced results comparable
to those of the GGBS controls at 33% which were bettered when the fly ash was subject
to a classification process. No further benefits were to be had from the inter-grinding of
the fly ash when used in concrete. Further materials have been introduced to the study to
test their properties against that of the fly ash and their performance as partial cement
replacements.

A scoring matrix was produced which rated a materials properties by comparing them
to the ideal properties of a processed fly ash. This is a novel approach which links the
properties of a potential partial cement replacement and its compressive strength as
concrete. A review of the physical and chemical properties of the materials used within
this research is presented which provide guidelines against which future potential
replacements may be compared and assessed.
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Chapter 1 — Introduction

1.1 Scope

1.2 Ordinary Portland cement
1.3 Concrete

1.4 Waste in concrete

1.5 Aims and objectives

1.1 Scope

With a plethora of legislation being introduced within the UK and the European
Union, restricting the disposal of industrial waste, coupled with the increased costs
associated with waste disposal, outlets are now being sought to re-use waste rather
than landfill it. With the introduction of the EC Directive on the Landfill of Waste
1999/31/EC [1999/31/EC,1999], stricter controls aimed at improving the standards of
landfilling through setting specific requirements for the design, operation and
aftercare of landfills, and for the types of waste that can be accepted in landfills have
been introduced.

The past ten years have shown an increasing emphasis on sustainable
development within industry throughout the UK. By the ratification of the Kyoto
protocol, industrialised countries have targets set to lower overall emissions of
greenhouse gases. In the UK a climate change levy has been introduced which taxes
the use of energy in industry, commerce and the public sector, with offsetting cuts in
employers National Insurance Contributions and additional support for energy
efficient schemes and renewable sources of energy. The introduction of the EC
Directive on the Landfill of Wastes 1999/31/EC requires the appropriate treatment of
waste streams prior to landfill to reduce their hazard, volume and facilitate handling
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Chapter 1 — Introduction

and/or enhance recovery (Davies, 2003). Industry is being encouraged to minimise its

waste and is being penalised through landfill taxes for not doing so.
1.2 Ordinary Portland cement

In the production of concrete, cement manufacture accounts for the highest cost
and is the most energy intensive process from all its constituents. The production of
Ordinary Portland cement (OPC) is environmentally sensitive in two areas, first the
mining of the materials and second its manufacture. To make 1 tonne of cement
approximately 1.7 tonne of non-fuel raw materials are used. The bulk of this, around
85%, is limestone or similar rocks which when blended with clay or shale and other
minor constituents achieve the correct chemical balance to produce cement. The
output of an individual quarry may not be substantial, as compared to the output from
mining certain other minerals, however, the existence of thousands of cement plants
worldwide ensures the cumulative output of material is significant. Current world
cement output requires almost 3 Gt/yr of non-fuel raw materials; associated fuel
consumption is roughly 200 Mt/yr in straight mass terms (i.e., not on a common fuel
basis), or about 0.15 to 0.2t fuel/t clinker. The concrete and mortars (about 13 to 14
Gt/yr) incorporating this cement require a total of about 15 Gt/yr of raw materials,
mostly aggregates (Van Oss 2002).

The production of OPC contributes significantly to CO, emissions with a range of
figures being quoted in the literature of between 0.74 tonnes CO, / tonne cement to as
high as 1.3 tonne (Harrison 2005). It is however, generally accepted that for every
tonne of Portland cement produced, approximately one ton of CO, is released into the
atmosphere (Bouzoubaa et al., 1997). This equates to 5% of total global emissions
originating from cement production (Hendricks et al., 2004).

Cement manufacture creates CO; in two ways: by the conversion of calcium
carbonate to calcium oxide inside the kilns, and by burning large quantities of fossil
fuels to heat the kilns to the 1450°C necessary. Previous estimates for CO, emissions
from cement production have concentrated only on the former source. The UN's
Intergovernmental Panel on Climate Change puts the industry's total contribution to
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CO, emissions at 2.4 per cent of global emissions; the Carbon Dioxide Information
Analysis Centre at the Oak Ridge National Laboratory in Tennessee quotes 2.6 per
cent (Pearce 1997).

As part of the Kyoto agreement, European countries have agreed to an 8%
reduction in Greenhouse Gas emissions, based on 1990 levels, by the year 2012. The
cement manufacturing industry is one where quotas have been imposed by the
European Union (EU) to cap hazardous emissions. Failure to meet the obligations of
the agreement will result in heavy fines. However, improving on these limits can
provide financial benefits through carbon trading (Defra, 2007). Already the industry
has demonstrated its ability to improve its climate change performance. Between 2001
and 2004 an improvement in energy consumption of 21.2% had been achieved and is
well on its way to the 2010 target of 26.8% reduction (British Cement Association
2005).

1.3 Concrete

From material extraction, processing, component assembly, transport and
construction, to maintenance and disposal, construction products have an
environmental impact over their entire life cycle. Some of the key sustainable issues
within the industry at present are (BRE 2007):

o 10% of the UK CO; emissions arise from the production and use of building
materials.

o Each year the UK construction industry uses 6 tonnes of building materials per
head of population.

o Materials production and construction accounts for an estimated 122 million

tonnes of waste, or 30% of the total arising in the UK.
The' environmental impact of buildings and infrastructures is significantly large

compared with other industries and concrete makes up a major part of this impact
(Katz, 2006).
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Being one of the most versatile, durable and cost-effective building materials in
use today concrete is the most widely used construction material in the world, only
fresh water is consumed in larger amounts and this is generally because it is wasted
(Aitcen, 2000). Approximately 100 million tonnes of concrete is used annually in the
UK with concrete sales amounting to £5 billion. Concrete has the obvious
environmental impacts embodied in the quarrying of raw materials for aggregates; the
energy used in its production and associated carbon dioxide (CO,) emissions. As with
all products it will eventually reach the end of its useful life and require recycling too.
Many are actively involved in activities to reduce the environmental impacts of the

production of concrete, including (Concrete centre, 2007):

o Reduction in the amount of polluting and 'greenhouse' gases emitted during
the creation of concrete

o More efficient use of resources in concrete production, including re-used
materials and byproducts from other industrial processes

o Better re-use of waste and other secondary materials such as water, aggregate,
fuel or other cementitious material

o Lower reliance on quarrying material or sending construction and demolition
waste to landfill by maximising the use of recycled material where practical

o Development of low-energy, long-lasting yet flexible buildings and structures;

o Exploiting the thermal mass of concrete in a structure to reduce energy
demand over the lifetime of a building

o Environmental restoration after industrial activity has ceased.

14
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1.4 Waste in concrete

Traditionally the UK has been heavily reliant on landfill: of a total 23.6 million
tonnes of (kerbside collected) municipal waste produced in 2009/10, 47% (about 11
million tonnes) was land filled, 41% was recycled or composted and 11% was
incinerated with energy recovery. Compared with 2008-09, where 27.3 million tonnes
of municipal waste was collected by local authorities, 50.3% was sent to landfill;
36.9% was recycled or composted and 12.2% was incinerated for energy recovery

(Defra 2011), it can be seen that municipal waste is slowly on the decrease (www1.1).

For every tonne of household waste we produce, commercial, industrial and
construction businesses produce another six tonnes. Nearly one tonne is produced by
services (shops, banks and insurance companies); a further two tonnes by the
industries which make the goods we buy; and three tonnes are produced by the
construction industry (Environment agency 2007).

Announcing the review of the Governments waste policy at the Future Source

conference, Environment Secretary Caroline Spelman said:

“There is an economic and environmental urgency to developing the right waste
strategy. We have been slowly moving in the right direction with recycling rates. The
direction of travel is right — it’s the pace that’s the problem. We need to go faster and
we need to go further.” She continued “Finding ways not just to use less energy, water
and natural resources — but by using the waste we do produce as the valuable raw

material it actually is” (www1.2).

It would appear that the Government have realised that waste and industrial
by-products should be regarded as potential assets and not merely discarded as a
waste material. With suitable treatment a waste product may be improved and
reclassified as a useable resource or valuable commodity. Now that businesses are

being asked to take greater responsibility for the environmental impact of their
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products and operations, industry is looking into the options available for the safe
disposal of their waste.

Concrete plays an important role in the beneficial use of these materials in
construction. Although some of these materials may be beneficially incorporated in
concrete, both as part of the cementitious binder phase or as aggregate, it is important
to realise that not all waste materials are suitable for such use (Environmental
Working Party 2003).

1.5 Aim and objectives

This thesis examines how waste material can be utilised as a cement replacement
in the making of concrete. It looks at materials already established and accepted in
industry and what elements a new waste material would have to possess, both
physical and chemical, in order for it to be a suitable cement replacement. This study
aims to be an initial reference point in the selection of, or rejection of, a waste

material for use as a cement replacement.

This research is being run in conjunction with an industrial partner, Minimix
Concrete, with whom the Author has maintained a good relationship. The partnership
has shared results and knowledge gained from the industry and results from this
research work. The use of waste materials within concrete was the link between both
parties the outcome being to introduce a new material (materials) as a cement
replacement into the standard concrete recipes used at the plant. Consideration for
concrete quality, strength and durability, was paramount but ultimately providing an
economic incentive to use the material was also required. The quality of the concretes
produced is discussed within this thesis whilst the financial aspect was examined
using the “Cost Analysis Model” which can be seen in Appendix 4. This model was
created by the Author to examine the effect a change of material quantity and / or cost
would have had on the sales figures at Minimix Concrete during the previous 12

months.

The inter-grinding of the fly ash with clinker and the use of admixtures within the

blended cement was carried out in collaboration with Lafarge cement works,
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Aberthaw. The Author worked within the technical department at the works carrying
out much of the analysis and reporting back with results and recommendations to the

Lafarge cement management team.
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2.1 Introduction

As presented in the introduction to this thesis, in today’s industry there is
considerable pressure to re-use and recycle materials rather than send them to landfill.
With an increased public awareness as to the environmental damage being caused by
industry, political parties both locally and worldwide now place targets for CO,
reduction and energy efficiency high on the political agenda.

The U.K. government is consulting on targets to reduce carbon emissions by 80
per cent, following reactions by campaigners who warned that the 60 per cent target
set out in the climate change bill was not ambitious enough to stem climate change
(www2.1). The fact that the government is prepared to rethink its objectives in line
with views brought about by campaigners indicates the importance of this policy. In
view of these pressures on the concrete industry a review of waste and emissions is

presented before consideration of issues related to concrete.
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Waste in the UK

Waste is an ever growing problem and has been causing increasing problems since
the industrial revolution and population explosion in the nineteenth century. This is
due to the link between waste generation and economic growth, which is further
exacerbated by population growth which further increases waste generation (Owen
2007).

Landfilling is the most common form of waste disposal across Europe. However,
differences in technical standards and operating practices between member states have
led to numerous incidents of gross land and water pollution. In response, the
European Commission has introduced a number of measures to regulate landfill
disposal and to establish a common framework that promotes waste prevention,
minimisation, re-use, recycling and recovery as alternatives to landfill disposal. The
EC Landfill Directive introduces progressive measures to further prevent or reduce as
far as possible the negative effects of landfilling waste on the environment and on
human health (www2.1.1).

In 2004 the UK produced about 335 million tonnes of waste. Figure 2.1 below,
shows the estimated proportion produced by each sector annually. This includes
nearly 100 million tonnes of minerals waste from mining and quarrying, which is not
subject to control under the EU Waste Framework Directive, and 220 million tonnes
of controlled wastes from households, commerce and industry (including construction

and demolition wastes) (www2.2).

Household waste includes household bin waste and also waste from civic amenity
sites, other household collections and recycling sites. Although the classification of
wastes contained within each sector is not specific it can be said that all wastes arising
from sources other than households should be deemed as industrial or commercial
waste as a charge is levied for their disposal. It can be seen from Figure 2.1 that
household waste represents about 9 per cent of the total waste produced and therefore
focus should be placed on industry in a bid to significantly reduce waste.
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Table 2.1 shows the waste management routes employed by the various industrial
and commercial sectors. The survey was designed to exclude wastes reprocessed on
site and effluent which leaves the site via the sewer; effluent or other liquid or sludge
waste removed by tanker for subsequent treatment or disposal would be included. In
2002/3, for the first time, recycling and reuse had overtaken landfill as the most
common method of waste management. Overall 44 per cent was sent to landfill and
45 per cent recycled. Industrial companies are more inclined to recycle or re-use their
waste (around 50 per cent) than are commercial companies (around 40 per cent)
(www2.4).

It can be seen from this that whilst perhaps not so prevalent in the public
conscience, recycling and re-use of industrial wastes is already being undertaken to a
much higher degree than that of municipal waste. This is, in the large, forced by
government policy through the introduction of a landfill tax which penalises
companies financially for landfilling waste materials. Landfill Tax is a tax on the
disposal of waste. It aims to encourage waste producers to produce less waste, recover
more value from waste, for example through recycling or composting and to use more
environmentally friendly methods of waste disposal. At present landfill tax stands at
£48.00 per tonne; however, in a push to achieve future environmental targets this
figure is set to increase by £8.00 each year rising to £80 per tonne in 2014 / 15
(www2.5).

2-4




Chapter 2 — Literature review

Table 2.1

Waste management routes
Source DEFRA (www2.4)

Sector Description

Land disposal

Land recovery

Re-used

Recycled

Thermal

Transfer

Treatment

Unrecorded

Unsampled

Total

10

11

12

13

14

Industrial

Food, drink and
tobacco
Manufacture of
textiles, wearing
apparel, leather,
luggage, handbags
and footwear
Wood and wood
products
Manufacture of pulp,
paper and paper
products
Publishing, printing
and recording

Production of coke, oil,
gas, electricity, water

Manufacture of
chemicals and
chemical products;
cleaning products,
man-made fibres etc;
rubber and plastic
products

Other non-metallic
mineral products

Manufacture of basic
metals

Manufacture of
fabricated metal
products

Manufacture of
machinery and
equipment
Manufacture of office
machinery, computers,
electrical, radio,
television and
communication
equipment; medical
and optical
instruments and clocks
Manufacture of motor
vehicles and other

transport equipment

Fumiture and other
manufacturing

1,696

496

569

2,897

2,102

1,281

1,662

381

370

218

405

327

730

103

10

39

10

1,520

69
221

69

44

43

175

1,477

59

18

59

41

1,620

339
795

700

1,307

3,011

822
574

1,480

391

186

846

240

484

24
31

27

13

45

47

19

23

24

16

134

23
28

23

52

14

92

14

31

20

17

32

20

539

159

25

71

23

87

20

26

38

419

35
43

103

61

41

208

119

29

61

47

25

23

24

62

28

19

23

1"

1

7,230

1,234
1,471

1,822

2,174

6,182

5,257

2,272

4,815

1,525

939

515

1,475

675

Total ind. (000s)
tonnes

13,194

1,324

4,358

13,178

1,321

534

1,801

1,267

610

37,587
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Given the substantial costs involved with the transportation, and landfilling, of
waste materials it would seem to make sense that alternatives should be sought.
There are, however, a number of significant barriers to the sustained uptake of

materials recovered for recycling (www2.6):

o Market demand. A lack of demand for products with increased recycled
content means that companies have little incentive to manufacture such
products.

o Feedstock substitution. Manufacturers are often reluctant to modify their
production processes to use recovered materials in place of virgin materials, or
to move from the tried and tested to the unknown.

o Price differentials. Recovered materials are not always price competitive with
virgin raw materials, particularly when systems for collecting such materials
are sub-optimal and the costs of collection are high.

o Standards and specifications. The use of recovered materials is often
constrained by the absence of recognised industry standards for such
materials, affecting both the adoption of recovered materials as a feedstock
and the marketing of products with recycled content.

For these reasons, efforts to develop markets are vital if recycling is to be
substantially expanded. Market development is first and foremost a regional economic
development issue, aimed at the creation of new jobs and business opportunities at a
regional/local level, using recovered materials as a raw material in the development of
new products and processes.

The UK cement and concrete industry is continuing to contribute to UK Waste
Strategy by consuming waste produced by other industries and recycling its own
waste. Through a combination of market forces, government intervention and the
industry’s own initiatives, the cement and concrete industries have steadily improved
their environmental performance (The Concrete Centre 2007). There is considerable
potential for use of specific wastes and by-products in each concrete component,
including admixtures and mixing water. However, the major use, by volume, has been
in cementitious binders or aggregates after the ‘beneficiation’, improving properties

and reducing variability, of various inorganic waste streams (Environmental working

party 2003).
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2.2 Concrete and its constituents

What is concrete?

Concrete is a composite mixture formed from Portland cement, water and
aggregate. The aggregates form the bulk of the volume, typically 70 — 80%. Other
materials, such as admixtures and partial cement replacement materials may also be
added to the basic constituents (Illston 1994). Portland cement is a hydraulic binder
with the term ‘hydraulic’ referring to the cement’s ability to set (stiffen and hold
shape) and harden (develop full strength) in the presence of sufficient water. This
makes concrete an extremely useful material in that it can be made to form or fill any
shape that may be required. In terms of final product, concrete is arguably the most
important construction material of the past century (Hendrick 2002).

Concrete is a two state process with each state having its own properties and
requirements towards application needs and governing standards.

Fresh state

The first state is its ‘Fresh state’. Although fresh concrete is only of transient
interest, as its properties are in continuous change, it should be understood that the
strength of concrete of given mix proportions is very seriously affected by the degree
of its compaction. It is vital therefore, that the consistence of the mix be such that the
concrete can be transported, placed, compacted and finished sufficiently easily and
without segregation (Neville 1995).

Consistency is the term used in BS EN 206-1 (BS EN 206, 2005) and BS 8500
(BS 8500, 2002) for what was known in BS 5328 as ‘workability’. Consistence is the
measure which indicates the concrete’s ability to overcome internal friction and
become self compacting. The consistence of concrete is the measure of three main

qualities of plastic concrete:
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o Compactability the ease with which the concrete can be compacted and

that air voids within the concrete are removed

o Mobility the ease with which concrete flows and can be
remoulded
o Cohesiveness the ability that the concrete has to maintain a

homogenous mass and not become segregated

While there are many ways of measuring consistence, BS EN 12350 ‘Testing
fresh concrete’ has four standardised tests in its series. The Slump test (BS EN 12350-
2), the Flow table test (BS EN 12350-5) the Vebe test (BS EN 12350-3) and the
Compactability test (BS EN 12350-4).

These tests give a single measurement and are therefore commonly known as
‘single-point’ tests. The most famous and oldest test is the Slump test. Because of its
simplicity, this method is used extensively in site work all over the world. The
apparatus was developed in the USA around 1910 and it is believed that it was first
used by Chapman although in many countries the test apparatus is associated with
Abrams (Bartos 2002).

Although work continues to find a more comprehensive measurement for the
rheology of concrete (Li 2007), the simplicity of the measurement and low cost are
among the reasons why the slump test remains the most common method for quality

control evaluations of fresh concrete in the field (Saak 2004).

a) True shumip b) Shear slump

Figure 2.2 Forms of slump as recognised by the European standards
(Source BS EN 12350 - 2)
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Despite these benefits the Slump test is not without its drawbacks. The European
standard only recognizes a true slump form as in Figure 2.2, the recording of values
from shear or collapsed slump is not allowed. Also, the standard recognises that the
test is sensitive to changes in consistency corresponding to slumps between 10 and
200mm, and the test is not considered suitable beyond these extremes. As well as
these drawbacks there are also differences in practice. The test is heavily operator
dependent with differing styles affecting test results. Also, the European standards
differ from the American standard as to the point from which the measurement is to
be taken (Domone 2003).

Although slump provides a qualitative measure of workability, the relationship
between slump and more quantitative rheological parameters is not fully understood.
However, despite their inherent limitations, single-point workability tests continue to
be used for the specification and quality control of concrete (Saak 2004).

Hardened state

By far the most common test carried out on hardened concrete is the compressive
strength test. The main reason for this is the fact that this kind of test is easy and
relatively inexpensive to carry out. The European Standards covering the testing
requirements use different geometries of specimens to determine the compressive
concrete strength, fc (notation for the concrete cube strength). The geometries most
used are cylinders with a slenderness (height / diameter ratio) equal to two and cubes
(del Viso 2007).

Cylinders (@150mmx300 mm) are used in the United States, South Korea,
France, Canada, Australia, whereas 150mm and 100mm cubes are the standard
specimens used in the United Kingdom, Germany, and many other European

countries. There are several countries (e.g. Norway), where tests are made on both
cylinders and cubes (Yi 2006).
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Under favourable conditions the strength development of concrete increases for
many months. This strength development is dependent on the temperature and
humidity conditions during curing. Higher temperatures increase the rate of chemical
reaction and thus the rate of strength development, and in order to achieve higher
strengths at later ages loss of water from the concrete must be prevented. For test
purposes the concrete test specimens are stored in water at a constant temperature
until the date of testing as in BS EN 12390 — 2 (BS EN12390 2000). The compressive
strength of concrete is determined on specimens tested at 28 days (BS EN 206 2000).
During production there are inevitable variations in the characteristics of the materials
used. The overall variation in the measured strength of concrete obtained during a
project can be considered to be made up of three component sources which are (BRE
1997):

o Variation in the quality of the material used.
o Variation in the mix proportions due to the batching process.

o Variation due to sampling and testing.

From purely a mix design perspective Lydon 1982 suggests that the compressive
strength of concrete is empirically a function of the following:

Water / cement ratio (w/c) - The influence of the water-cement ratio and cement
content on the compressive strength is well documented. The compressive strength
decreases with a higher water-cement ratio but is not influenced much by the cement
content (Schulze 1999); therefore, the w/c ratio has a greater bearing on the
compressive strength as with less water in the mix, the stronger and less porous the
concrete. However, the rheology of low W/C ratio concretes is no longer dictated by
the amount of water used to make them or by the shape of coarse aggregates, but
rather by what is now called the compatibility between the cement and the admixtures
used (Aitcin 2000). Erdogdu (2000) in his research into this compatibility concluded
that the cement content providing the highest strength gain in concrete changes with
the kind of cement used. This indicates that the effect of a superplasticising admixture
depends on the composition of cement rather than the amount used.
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Compaction - In his study to determine the effect of compaction on concrete,
Gonen (2007) found that the compaction pores seem to have a very important effect
on carbonation and sorptivity. The maximum carbonation and sorptivity coefficient
were observed on non-compacted specimens. The minimum carbonation and

sorptivity coefficient were obtained on specimens compacted by vibration.

Cement type - It has been very well established that concretes prepared from fly
ash and slag have significantly lower permeability which results in a highly durable
concrete but the compressive strength development is slower than concrete prepared
from normal Portland cement (Balendran et al. 1995). This is due to latent reaction
between the silica within the fly ash and the calcium hydroxide, or lime, a by-product
of the hydration of Portland cement, pozzolanic reaction. Little pozzolanic reaction
occurs within the first 24 hours thus for a given cementitious content, with increasing

fly ash content, lower early strengths are achieved (Lewis 2003).

Aggregate type — Concrete may be considered as a kind of three-phase composite
material with the three phases being hardened cement paste, aggregate and the
interfacial zone between the hardened cement paste and aggregate. The strength is
mainly determined by the properties of the weakest phase of a composite. In low- or
middle-strength concrete, normal weight aggregate is the strongest phase. Failures
always happen within the hardened cement paste and/or along the interfacial zone.
Therefore, there is no need to pay attention to aggregate's strength (or elastic
modulus) in the common mix design procedures regarding the strength of concrete
(Wu et al. 2001). Dhir et al.1999, showed that the compressive strength of a particular
concrete with 100% of the coarse aggregate and 50% fine aggregate as recycled
aggregate was between 20% and 30% lower than that of the corresponding natural

aggregate concrete.

Aggregate / cement ratio (a/c) — Lydon (1982) states that for a given w/c ratio
the higher the aggregate / cement ratio the higher the compressive strength tends to be
for mixes of the same aggregate type.

Curing - The objective of curing is to provide an appropriate environmental

condition within a concrete structure (temperature and humidity) to ensure the
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progress of hydration reactions causing the filling and separation of capillary voids by
hydrated compounds (Bonavetti et al. 2000). Malhotra and Ramezanianpour (1995)
stated that ‘if the potential of concrete with regards to strength and durability is to be
fully realized, it is most essential that it be cured adequately. The curing becomes
even more important if the concrete contains supplementary cementing materials such
as fly ash, or ground, granulated blast-furnace slag or silica fume, and is subjected to

hot and dry environments immediately after casting’’.

Durability

The new European standard EN 206 addresses the design and specification of
concrete to meet specific durability requirements. Agreement has not yet been reached
between all member countries on a single set of durability provisions that would
apply. Each country has thus decided on its own prescriptive requirements for mix
limitations (e.g. maximum water cement ratio, minimum cement content) for
concretes to satisfy each exposure condition within a common classification (Marsh
2000). Whilst considering the provision of a durable concrete to cope with the most
aggressive environments, the most important property is permeability. Most serious
reactions, such as sulfate attack, alkali-aggregate reaction, corrosion of reinforcement
and freeze thaw problems, initially involve the ingress or movement of water

containing aggressive solutions (Hooton 1993).

Grube and Lawrence (1984) conducted a number of studies showing that both the
change in the concrete mix and the degree of curing affect the permeability of
concrete to both air and moisture. Research generally demonstrates that the effects of
permeability on concrete falls into two broad areas, one related to external changes
(e.g. curing and environmental conditions) and the other related to internal changes
(e.g. mix proportions and type of materials). Both affect the capillary voids in the
concrete and micro-structure (Tombs 2003). For this research the curing,
environmental conditions and the mix proportions are all constants with the main

focus being applied to the type of materials used within the mix design.
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2.3 Aggregates

Aggregates not only make concrete economical by occupying more volume, but
also give volume stability and an increase in the durability of the concrete. Their size,
shape, grading and surface texture have a significant influence on the properties of
concrete both in the fresh and hardened states (Jamkar 2004).

The UK has large resources of material suitable for use as aggregate. Historically,
therefore, the UK has been self sufficient in the supply of primary or natural
aggregates (crushed rock, sand and gravel). However, the distribution of these
resources is uneven. In particular, there is an almost total absence of hard rock

suitable for crushed rock aggregate in southern and eastern England, where demand is

high (Highley 2005).

The usefulness of mixing together stones, sand and some form of binder or cement
to form ‘concrete’ has been recognised since Stone Age times. The Romans
developed a rather advanced appreciation of concrete technology; the stones and sand,
or ‘aggregates’, were only included as bulking materials, but the writings of Vitruvius
in De Architectura demonstrate that the Romans recognised the influence of rock
types and particle size distribution on the selection of aggregates for good quality
concrete and mortars (Hewlett 2003).

The European standard EN 12620 ‘Aggregates for concrete’ (BS EN 12620 2002)
differentiate between coarse and fine aggregates dependent on whether they are
retained on a 4mm screen. Those aggregates retained are deemed ‘coarse’ whilst those
which pass through are ‘fine’. Product sizes are now based on the respective lower (d)
and upper (D) sieve sizes expressed as “d/D” Hence aggregates for concrete compared

against the replaced standard BS 882 are shown as follows:

o 20mm single size becomes 10/20

o 10mm single size becomes 4/10

o 20 to Smm graded becomes 4/20

o M (medium) sand becomes 0/4 or 0/2 (MP)
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In his study on pumice as a lightweight aggregate, Sari (2005) found that the
gradation of aggregate has a positive effect on the concrete strength. He reported that
the concrete strength increases with increasing fine-to coarse ratio, up to a maximum
value. When this maximum is achieved an increase in fine material begins to have an

adverse effect on the concrete strength.

Neville (1995) shows how the results of a sieve analysis can be better understood
if represented graphically. Through the use of a chart it is possible to see whether the
aggregate grading is coarse or fine. He states that the strength of fully compacted
concrete, with a given water / cement ratio, is independent of the aggregate grading,
with the grading being of importance in so far as it affects workability (To achieve the
maximum compressive strength for a given water / cement ratio requires full
compaction and this can only be obtained with a sufficiently workable mix). Neville
also recognises that the ideal grading curve must be a compromise between the

physical requirements and economic aspects of the concrete mix.

However, as the concrete fluidity increases, its stability decreases. This is due to
the reduction in viscosity of the fresh concrete. To enhance its stability so that the
paste can maintain the coarse aggregates in uniform suspension, higher powder
content is required. The main target is to enhance the grain size distribution and
particle packing, thus ensuring greater cohesiveness and resistance to segregation
(Safawi, et al. 2004).

Good segregation resistance means that the distributions of aggregate particles in
the concrete are relatively equivalent at all locations and at all levels. It also means
that concrete should not segregate in vertical and horizontal directions (Buia et al..,
2002).

The European product standards give two options for the selection of sieves for
grading and product description purposes. The UK has elected to use “basic set plus
set 2” with the recommended sequence for coarse and fine aggregates as shown in
Tables 2.2 (a) and (b).
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Table 2.2
Sieve sizes for the determination of aggregate grading to BS EN 12620
(a) ®)
Coarse aggregate Fine aggregate
80mm 2.8mm
63mm 2mm
40mm Imm
31.5mm 0.500mm
20mm 0.250mm
16mm 0.125mm
14mm 0.063mm
10mm
8mm
6.3mm
4mm

Natural rock, sands and gravel are by far the commonest source of aggregates
worldwide. Artificial and recycled materials account for only a tiny fraction of the
total aggregate produced. Sands and gravels are the products of erosion of pre-
existing rocks and are typically deposited in relatively thin layers at the foot of
mountains, in river valleys or along shorelines. Crushed rock is obtained from rock
quarries which imply that appropriate rock must occur at the Earth’s surface where a
quarry can be developed (Poole, 2003).

In South Wales the Blue Lias limestone of Aberthaw was a source of hydraulic
lime from early times, and was made famous when it was selected by John Smeaton
for the construction of the Eddystone Lighthouse. Blue Lias is a sequence of layers of
limestones and shales, laid down in Jurassic times, between 195 and 200 million years
ago. In geology, it corresponds with the Hettangian stage of the Jurassic. It is the
lowest of the three divisions of the Lower Jurassic period and, as such, is also given
the name Lower Lias. It is a prevalent rock around Dorset, Somerset and South Wales
(www2.7).
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Limestones belong to the group of sedimentary rocks known as chemical
sediments. They are formed in a marine environment from the precipitation of
calcium carbonate, the calcium having been brought into the sea via the hydrological
cycle. Fossil shells are often found in limestones, and show that biological activity is
very important too. Carboniferous Limestone is a well-cemented rock of low porosity
which occurs in thick beds. It is a very tough rock, and is commonly used as
roadstone, but can also be used for cement making because it is often quite pure, and

as a source of calcium carbonate for the chemical industry (www?2.8).

The aggregates employed in the UK reflect a rich geological record and cover a
vast range of different geological types of material. Typical problems encountered
may include (Grantham 2003):

o The presence of impurities such as organic matter, sulfates, chlorides or
sodium or potassium salts.

o Some aggregates may have poor physical properties such as aggregate
crushing value or flakiness. Further more, they may be shrinkable,
expandable, porous or frost susceptible.

o The presence of constituents which are susceptible to alkali reaction.

o Poorly graded material.

The Aggregates Levy was introduced in April 2002 as a result of independent
research, which verified the environmental costs associated with quarrying that are
not already covered by regulation. These include noise, dust, visual intrusion, and loss
of amenity and damage to biodiversity and geo-diversity.

The aggregates levy

The Aggregates Levy Sustainability Fund (ALSF) was introduced initially as a
two-year pilot scheme, to provide funds to tackle a wide range of problems in areas
affected by the extraction of aggregates. Following a three-year second round of the
Fund, a further one year extension to the scheme was announced by the Chancellor of

the Exchequer in the pre-Budget Statement on 6th December 2006 (www2.9).
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The Levy is set at £1.60 per tonne of aggregates extracted and sold, and is broadly
revenue neutral (the Levy rose to £1.95 per tonne from April 2008). Most of the
revenue generated has been used to fund a cut in employers National Insurance
Contributions, but £35 million has been set aside annually to be used as a UK
Sustainability Fund. In Wales, the Aggregates Levy Sustainability Fund has been
devolved to the Welsh Assembly Government and under the Barnett Formula, has
been allocated an annual budget of £1.7 million (www2.10).

It is due to this levy that in recent years the recycling of concrete, to produce
aggregates suitable for non-structural concrete applications, has emerged as a
commercially viable and technically feasible operation. This situation has risen over
two decades of intensive research, predominantly centred on laboratory crushed
concrete. Recent advances in aggregate — production technologies in the area of
rubble screening and aggregate washing, and tighter regulation of the recycling
industry have contributed to significant improvements in aggregate quality (Sagoe-
Crentsil, 2001).

Concrete demolition waste has been proved to be an excellent source of
aggregates for new concrete production. There are many studies that prove that
concrete made with this type of coarse aggregates can have mechanical properties
similar to those of conventional concretes and even high-strength concrete is

nowadays a possible goal for this environmentally sound practice (Evangelista, 2007).

2.4 Admixtures

Of the many innovations in concrete technology during the last century, the use of
chemical admixtures, and in particular, that of water-reducing agents and air-
entraining agents, would probably rank as the most relevant, appropriate and critical
to the enhancement of the quality of concrete. The combined use of chemical
admixtures and mineral admixtures, such as supplementary cementitious materials,
should then be able to bring out the unique properties of each of these concrete

components, and show that the synergic interaction between them can produce a
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much more durable and stronger concrete than when either of these materials is used

alone with Portland cement (Swamy 1999).

The European standard controlling admixtures is BS EN 934-2 and defines
admixtures as:

‘Materials added during the mixing process of concrete in a quantity not more
than 5% by mass of the cement to modify the properties of the mix in the fresh and / or
hardened state’

Additive is a term often used synonymously with admixture; however, strictly
speaking, additive refers to a substance which is added at the cement manufacturing
stage, while admixture implies addition at the mixing stage (Neville 1987)

Admixtures are now widely accepted as materials that contribute to the production
of durable and cost-effective concrete structures. The contributions include improving
the handling properties of fresh concrete, making placing and compaction easier,
reducing the permeability of hardened concrete and providing freeze/thaw resistance
(BCA, 2000a).

The need for durable concrete with low water/cement ratios has made
superplasticisers irreplaceable as it would not have been possible to achieve an
acceptable fluidity (consistence) of the concrete. Today concrete is no more a three
component system, but a multi component system with different chemical admixtures
(i.e. superplasticisers, air entraining agent) and concrete mineral additions (i.e. fly ash,
silica fume) (Griesser, 2005). High performance concrete with high strength, superior
fluidity, and self compactability can only be realised because of chemical admixtures
(Hanehara 1999).

The quantity of admixture added is usually based on the cement content and for
most admixtures is in the range 0.2 to 2.0% by weight. In terms of active chemical

this equates to less than 0.15% on a typical concrete mix. Even at this low content
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they have a powerful effect, modifying the water requirement, setting time or other
properties. Admixture use optimises a concrete mix, improving properties including

strength and durability as well helping to reduce its environmental impact (www2.11).

Types of admixtures available

Almost all types of admixtures are covered by a European or National Standard
that requires them to meet basic performance requirements, provide information on
properties that can be used to check uniformity of supply and to have a factory
production control system that gives assured quality. The two main admixture
Standards are BS EN 934 and BS 8443. Those conforming to BS EN 934 can be CE
marked (Dransfield 2006).

BS EN 934 consists of six parts with Part 2 being the most important to concrete.
Some of the most widely used admixture types covered by EN 934 are:

o Normal plasticizing/water reducing (WRA) EN 934-2

Often Lignosulphonate based, they are used to increase workability at constant
water content and / or reduce water by up to 10%. This is used by most ready mix

companies to optimise concrete performance for normal concrete.

o Super plasticizing/high range water reducing EN 934-2

Based on Sulphonated Naphthalene or Melamine Formaldehyde Condensates,
Vinyl Polymers or Polycarboxylate Ethers. These admixtures give a much higher
performance than the normal plasticizers. They are used to give very high levels of
workability or water reductions from 12 to over 30%. They are used extensively on
larger projects where congested reinforcing steel requires high workability concrete to
penetrate between the reinforcement. They are also used in pre-cast and on site where

the large water reduction provides very high early strength and improved durability.
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o Retarding and retarding plasticizing EN 934-2

These admixtures slow the rate of cement hydration, preventing the cement from
setting before it can be placed and compacted. This type of admixture is mainly used

in hot conditions and climates or on very large pours.

o Accelerating set and hardening types EN 934-2

These are used to speed up the rate of early hydration of the cement. They can
accelerate the setting or the early strength development of concrete. These are used
mainly in cold conditions or where very early use of a concrete pavement is required

to provide access.

o Air entraining EN 934-2

Based on special surfactants, these admixtures cause tiny air bubbles < 0.3mm in
diameter to stabilise within the cement paste. This air helps to prevent the concrete
from cracking and scaling as a result of frost action. In low workability mixes, air
helps lubricate the aggregate aiding compaction under vibration closing voids and
reducing bleed water and segregation of the aggregate before the concrete can set.

o Water resisting (water proofing) EN 934-2

These water repellent admixtures act on the capillary structure to block the pores
and impede the flow of water through the natural capillaries in hardened concrete.
These are generally used in structures below the water table or in water retaining

structures.

o Retarded ready-to-use mortar admixtures EN 934-3

They increase the cohesion and retard the setting of mortar for masonry, allowing
it to be delivered to a building site by ready mix in large volumes that can be used
over an extended period, usually of 1 to 2 days. Setting is initiated when
water/admixture is sucked out by the in-situ masonry unit
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o Sprayed concrete EN 934-5

These admixtures provide a very rapid set to concrete that is sprayed onto vertical
and overhead applications, preventing it from falling off before it has time to set. This
type is mainly used in tunnelling applications for early roof support. Dosage may
exceed 5% (www2.12).

This research

This study has employed the use of a number of Plasticising/water reducing
admixtures, some being designed specifically for this type of application (i.e. with fly
ash) and some general “off the shelf” admixtures.

These dispersing admixtures are usually based on refined lignosulphonate, a by-
product of the paper pulping industry. They are effective at dosages of around 0.3 to
0.5% on cement weight but their water reducing effect is limited to about 12%. At
higher dosage, secondary effects such as air entrainment and retardation may limit
their use. Blending with superplasticisers may extend their dosage and performance to

give a mid-range product.

The low dose and relatively low cost make these admixtures particularly suitable
for a wide range of general applications. Used to reduce both water and cement
content, they can optimise the mix design for both cost and environmental impact.
Most will also slightly increase cohesion, reducing bleed and making placing and
finishing easier (www2.13).
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2.5 Cement

The manufacture and use of hydraulic cements is ancient and is generally
accredited to the Greeks and Romans; however, the use of lime as a binder dates back
to the 6th millennium B.C. whereby a terrazzo floor excavated in Canjenii in Eastern
Turkey laid with a lime mortar has been dated between 12 000 and 5000 BC (Elsen J
2006).

In the mid eighteenth century whilst looking for a material with which to build the
new Eddystone Lighthouse, John Smeaton made two important discoveries. First, the
use of a new kind of interlocking stone construction, and second, the development of
a water-resistant (hydraulic) mortar to bind the blocks together by mixing blue lime
and pozzolanic material from Civita Vecchia, near Rome. Indeed, Smeaton's seminal
observation that the best hydraulic cements were those made from limestone
containing certain proportions of clayey material is regarded as the starting point of

the modern engineering use of cement and concrete (www2.14).

The term “Portland cement” was first applied by Joseph Aspdin in his British
patent No. 5022 (1824), which describes a process for making artificial stone by
mixing lime with clay in the form of a slurry and calcining (heating to drive off
carbon dioxide and water) the dried lumps of material in a shaft kiln. The calcined
material (clinker) was ground to produce cement. The term “Portland” was used
because of the similarity of the hardened product to that of Portland stone from Dorset
and also because this stone had an excellent reputation for performance (Moir 2003).

There are three broad categories of cement products: Portland cement, Portland
cement with the addition of pulverised fuel ash or blast furnace slag and special
cements. All but certain special cements are manufactured using substantially the
same process route. Portland cement, which is manufactured to British Standard
BS12:1991, is defined as an active hydraulic binder based on ground clinker formed
from a predetermined homogeneous mixture of materials comprising lime (CaO),
silica (SiO;) and a small proportion of alumina (Al,O;) and generally iron oxide
(Fey05).
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The vast majority of cement used in construction work is described as being a
Portland cement and it is this general type that this research is concentrated on.
Portland cement is essentially a calcium silicate cement, which is produced by firing
to partial fusion, at a temperature of approximately 1500°C, a well homogenised and
finely ground mixture of limestone or chalk (calcium carbonate) and an appropriate
quantity of clay or shale (Moir 2003).

Cement process overview

The second half of the twentieth century saw significant advances made in cement
manufacture, culminating in the development of the pre-calciner dry process kiln
(Moir 2003). Figure 2.3 is an illustration of the full cement manufacture process.

The raw materials are ground to a fineness which enables a satisfactory
combination to be achieved under normal operating temperatures. The homogenised
raw meal is introduced into the top of a pre-heater tower working its way down until it
arrives at the Pre-calciner vessel. Here the meal is flash heated to approximately
900°C using the hot exhaust gases from the kiln itself and , although the material is
suspended for a few seconds only, approximately 90% of the limestone in the meal is
de-carbonated before entering the kiln. This is the point whereby cement manufacture
contributes greenhouse gases both directly through the production of carbon dioxide,
when calcium carbonate is heated, producing lime and carbon dioxide (Hewlett 1998),
and also indirectly through the use of energy, particularly if the energy is sourced
from fossil fuels. As reported in Chapter 1, the cement industry produces 5% of global
man-made CO; emissions, of which 50% is from the chemical process, and 40% from

burning fuel (www2.14.1) with 10% from ancillary operations.

In the rotary kiln the feed is heated to approximately 1500°C and as a result of the
tumbling action and the partial melting it is converted into the granular material
known as clinker. A rotary kiln typically comprises a long cylinder of 50 to 150
metres, inclined slightly from the horizontal (3% to 4% gradient) which is rotated at

about 1 to 4 revolutions per minute. The solid material passes down the kiln as a
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2.6 Chemistry of Cement

The principal chemical constituents formed during cement manufacture are
tricalcium silicate, dicalcium silicate, tricalcium aluminate and tetracalcium
aluminoferrite, often abbreviated to C3S, C,S, C3A and C4AF respectively. Of these,
the first two are particularly important because they provide the cementing action —
the higher the proportion of C3S relative to the C,S, the more quickly strength is
gained after mixing (Moir 2003, Corish 1985). Table 2.3 shows the range of the
principal materials that make up modern Portland cement.

Table 2.3
Ranges of principal minerals in European clinkers
(Source Moir 2005)
Oxide Composition Cement Common Name Concentration Comment
Notation (wt%)
3CaO - SiO, CsS alite 55-65 1
2Ca0 » Si0, C:S belite 15-25 2
3Ca0 » Al,O; C;A aluminate 8-14 3
4Ca0 » ALLO; * Fe,0; CAF brownmillerite 8-12 4
CaSO, * 2H,0 CSH, Gypsum 3-7 5
1. Clinker mineral; imparts early strength and set
2. Clinker mineral; imparts long — term strength
3. Clinker mineral; contributes to early strength and set
4. Clinker mineral; acts as a flux. Imparts grey colour
5. Inter-ground with clinker to make Portland cement. Controls early set

When cement comes in contact with water a strong exothermic chemical reaction
occurs for some minutes called the “initial period” of cement hydration. It is mainly a
part of the clinker phase C3A, which is reacting with water and sulphate ions to form
elongated ettringite needles. After the initial period, a relatively quiet period follows,
the so called “dormant period” during which concrete is usually transported and
placed (Griesser, 2005).
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The mineral C;S (alite) hydrates quickly and so imparts early strength and set to
the cement, whereas C,S (belite) hydrates slowly and is the main contributor of long-
term strength. Both minerals hydrate to form tricalcium silicate hydrate gel
(sometimes called tobermorite) plus lime; the exact reaction stoichiometries vary
considerably in the number of waters of hydration incorporated, but a typical
hydration reaction, shown for C;S, would be:

2C;S + 6H (water)
— C3 S, Hj (tobermorite gel) + 3CH (lime). ¢))

The tobermorite (the formula shown is only representative of a family of similar
calcium silicate hydrates CSH) gel is the actual binder in the hydrated cement. The
lime released in the hydration reaction is in small part taken up by hydration of C;A
and C4AF (reactions not shown), but most remain unreacted and thus available to
activate any pozzolans added in the finished cement (molecular formula of Lime
mixed with water is Ca(OH),). Hydration of C3A is almost instantaneous and highly
exothermic. The mineral thus speeds the development of early strength and set,
sometimes to the point of causing flash set (which is undesirable); as noted earlier,
gypsum is used to control this. The main function of the aluminoferrite mineral
(C4AF) is as a flux, that is, it acts to lower the temperature at which the clinker
minerals form (i.e., clinkering temperature). This mineral also imparts the grey colour
to Portland cement and for this reason its formation is avoided, through the use of
only iron-free raw materials and higher clinkering temperatures, in the production of
white (Portland) cement, which is a much higher priced product than grey
(“ordinary”) Portland cement (Van Oss 2002).

Pozzolans

Pozzolanic materials can be natural in origin or artificial and are available widely.
They have been used throughout the world to make good quality concrete. The natural
pozzolanic materials most commonly met with are: volcanic ash which is the original

pozzolan, pumicite, opaline shales and cherts, calcined diatomaceous earth, and burnt
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clays (Davraz et al.. 2005). Artificial pozzolanic materials are generally siliceous by-
products, such as fly ashes, condensed silica fume and metallurgical slags (blast
furnace slag, steel slag and nonferrous slags) (Papadakis et al.. 2002).

According to ASTM C 595, a pozzolan is defined as:

“‘a siliceous or siliceous and aluminous material, which in itself possesses little or
no cementitious value but will, in finely divided form and in the presence of moisture,
chemically react with calcium hydroxide to form compounds possessing cementitious

properties (pozzolanic activity).’’

The CaO content of a pozzolanic material is generally insufficient to react with all
the pozzolanic compounds it contains; however, it exhibits some pozzolanic activity
(pozzolanic and cementitious materials). Thus, a pozzolanic material requires
Ca(OH), (calcium hydroxide) in order to form strength products, whereas a
cementitious material itself contains quantities of CaO and can exhibit a self-
cementitious (hydraulic) activity. Therefore, pozzolanic materials are often used in
combination with Portland cement, which contain essential compounds for their
activation, Ca(OH), from cement hydration (Papadakis et al.. 2002). Lewis enhances
this statement adding that the silica in pozzolana has to be amorphous or glassy to be
reactive and must be finely divided in order to expose a large surface area to the alkali
solutions for the reaction to proceed (Lewis et al.. 2003).

It has been shown that Portland cement is both resource and energy intensive.
Every tonne (t) of cement requires about 1.5t of raw material and about 4000 to 7500
Megajoul (MJ) of energy for production. The energy to produce a tonne of cement is
estimated to account for 40-45 percent of the plant production cost. Much more
importantly, every tonne of cement releases 1.0 to 1.2t of CO; into the environment
by the time the material is put in place. In the world we live in, the use of resources
and energy, and the degree of atmospheric pollution that it inflicts are most important
(Swamy 2003).

Large volumes of by-product materials generated from industrial and post-

consumer sources are landfilled. The amount of waste generation is increasing, while
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landfill space is decreasing. Additionally, due to stricter environment regulations, it is
difficult to obtain approval for developing new disposal facilities. The cost of disposal
is escalating. Recycling not only saves on huge disposal costs, but also conserves
natural resources, and in some cases it provides technical and economic benefits.
Various uses of by-products generated from industrial and post-consumer sources
exist (Naik et al.. 1999). It may be that some of this industrial waste can be used as a
pozzolanic cement replacement in concrete. Identification of the important elements
and physical properties of these wastes could be extremely cost effective for industry

and beneficial to the environment if their use in concrete was established.

2.7 Additives

The construction industry accounts for over 90% of mineral consumption in the
UK and, of this; one-third is used in road construction. Other uses include buildings,
railways and manufacturing of cement, lime, plaster and a variety of other products

such as glass and ceramics. (www2.16).

Quarry products including stone, crushed rock, aggregate and sand make up
between 51% and 62% of the resource flow of the construction industry, Figure 2.5.
This amounts to some 240Mt of material. According to the Quarry Products
Association, 18% of the UK’s aggregate demand is met from recycled sources. The
Minerals Planning Guidance (MPG 6) set a target of 55Mt for use of recycled and
secondary material by 2006 (www2.16). This equates to ~23% or an additional 12Mt
compared with current practice. In the House Building Quick Wins guide, WRAP
estimate that an additional 20Mt of recycled and secondary material could be used in
place of virgin material if best practice is adopted (Lazarus 2005).
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play an environmentally beneficial role through the efficient consumption of the

waste products of other industries (Van Oss et al.. 2002).

The advances of concrete technology show that the use of mineral admixtures
such as silica fume (SF) and fly ash (FA) is necessary and essential for producing
high performance concrete (Poona et al.. 2001).

The main focus of the work reported in this thesis is Fly Ash obtained from the
process of electric generation from coal burning. There are; however, many other
forms of additive which can be used as a replacement for cement. What follows is an

overview of the cement replacements recognised by the British and European
standards (BS EN 206 2000) followed by a more in-depth look at Fly Ash.

Ground Granulated Blast furnace Slag (GGBS)

Blast furnace slag has been widely used as a successful replacement material for
Portland cement, improving some properties and bringing environmental and
economic benefits. The production of pig iron has increased progressively in recent
years. Considering that approximately 300kg of slag are generated per ton of iron
(Escalantea et al.. 2001), it is estimated that about Some 2.2 million tonnes of GGBS
are produced each year in the UK at five locations (ww2.16.1).

o Teesport, Cleveland

o Scunthorpe, North Lincolnshire

o Purfleet, Essex

o Llanwern, nr. Newport, South Wales
o Port Talbot, South Wales
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Chemical reactions

As the chemical composition of steel slag is highly variable, the mineral
composition of steel slag also varies. Olivine, Merwinite, C3S, C,S, C4AF, C;F, RO
phase (CaOFeO-MnO- MgO solid solution) and free-CaO are common minerals in
steel slag. Its chemical composition consists of CaO 45-60%, SiO, 10-15%, Al,O3 1-
5%, Fe;03 3-9%, FeO 7-20%, MgO 3-13%, and P,Os 1-4% (Shi et al.. 2000). The
presence of C3;S, C,;S, C4AF and C,F endorses steel slag hydraulic properties.
However, the C3S content in steel slag is much lower than that in Portland cement.
Thus, steel slag can be regarded as a low strength hydraulic material (Kourounis et al..
2007).

In the presence of water GGBS will react very slowly, making slag on its own of
little practical use. Essentially the hydraulicity of the slag is locked within its glassy
structure (i.e. it possesses latent hydraulicity) and in order to release this reactivity
some form of ‘activation’ is required. The activators, which are commonly sulphates
and/or alkalis, react chemically with the GGBS, increasing the pH of the system. This
increase ‘disturbs’ the glassy structure resulting in activation of the GGBS with the
water producing its own cementitious gels. In practice, activation is achieved by the
blending of GGBS with Portland cement as the latter contains both alkalis and
sulphates (Lewis et al.. 2003).

As good as GGBS has proved to be since its incorporation into the concrete
industry, environmental factors which welcome its use will also bring its demise.
Although the efficiency of blast furnaces is constantly evolving, the chemical process
inside the blast furnace remains the same. According to the American Iron and Steel
Institute; "Blast furnaces will survive into the next millennium because the larger,
efficient furnaces can produce hot metal at costs competitive with other iron making
technologies" (www2.17). However, one of the biggest drawbacks of blast furnaces is
the inevitable carbon dioxide production as iron is reduced from iron oxides by
carbon and there is no economical substitute - steelmaking is one of the unavoidable

industrial contributors of the CO, emissions in the world (www?2.18).

2-32



Chapter 2 — Literature review

The Electric Arc Furnace (EAF) is now recognised as the primary method of steel
manufacture from scrap metal materials. The environmental benefits attached to the
EAF such as the use of scrap steel as feedstock instead of raw iron, low carbon
emissions and flexibility with production, adjusting output according to local demand,
is aiding in the reduced use of the blast furnace .The precise control of chemistry and
temperature encourage the use of electric arc furnaces producing many grades of
steel, from concrete reinforcing bars and common merchant-quality standard
channels, bars, and flats to special bar quality grades used for the automotive and oil

industry.

The main drawback with the EAF is that the process does not produce slag as a
result of steel manufacture; therefore, GGBS reserves will begin to decline as blast
furnace output reduces (Burridge 2008).

Silica Fume

Silica fume, or Micro-silica as it is also known, is a by-product of the manufacture
of silicon and ferrosilicon alloys from high purity quartz and coal in a submerged-arc
electric furnace (Neville 1995). Its fineness and high SiO; content make this a very
efficient pozzolan and, like other pozzolanic materials, it is generally more efficient in
concretes having a high water-cement ratio. The expected reduction in compressive
strength associated with a high water / cement ratio can be counteracted through the
use of super plasticizers which maintain the required slump and show an increased
compressive strength at three days and after (Malhotra et al. 1982).

A number of problems are associated with the use of silica fume. First, due to its
fineness and high silica content, fears are expressed over its use in the powdered form.
Although studies have shown there to be no risk to health, silica fume is supplied
‘pelletised’ for inter-grinding with cement or as‘slurry’ mixed with its own weight of
water and applied directly into the concrete mix (Lewis 1996). Second, silica fume is
a very expensive product (Neville 1995).
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Suppliers have recognised the value of silica fume and consequently the price has
escalated significantly. In the early 1980’s silica fume was regarded as a waste
product but as its use has increased so has the price varying from half to twice the cost
of normal Portland cement. Further increases in the price may limit the use of fume to
specialised applications (Malhotra et al. 1982).

The addition of silica fume to concrete is effective for increasing the compressive
strength, decreasing the drying shrinkage, increasing the abrasion resistance,
increasing the bond strength with the reinforcing steel, and decreasing the
permeability. As a result, silica fume concrete is increasingly used in civil structures
(Li et al. 1998). Future design demands with an increasing need for durability and
performance of structures will ensure its use escalates into the future (Lewis 2000).

Limestone

The reduced cost of limestone cement is mainly due to energy saving by
substitution of a portion of the calcined clinker by a small amount of limestone. In
many cases, this has also been facilitated by the presence of limestone deposits near
cement kilns. Hence, the limestone additions do not have to be transported over long
distances to cement factories (Kenai et al. 2004).

The limestone filler was considered by many as an inert filler, but it has been
gradually accepted as contributing to the hydration process by the formation of
calcium mono-carboaluminates (C3A . CaCOj; . 11H,0) (Lewis 2003).

Although most European countries produce blended cements, limestone cement is
mainly produced in France where, in 1990, out of 69 brands of composite cements, 61
brands contained limestone filler alone or with other secondary constituents. Twenty-
nine of these had filler contents between 15% and 25% by mass of cement (Bertrandy
et al. 1999).

2-34



Chapter 2 — Literature review

Now the new European Standard BS EN 197-1 identifies two types of Portland
limestone cement containing 6-20% limestone (type II/A-L) and 21-35% limestone
(type II/B-L). The limestone is inter-ground with the Portland cement clinker which
normally produces 32.5N grade cement (Lewis 2003). This recognises that the
addition of limestone to Ordinary Portland cement has many benefits. Livesey (1991)
reported that cement with 15% limestone gives a similar strength to OPC concrete if
the cement content is increased by 10%.

Kenai et al. (2004), showed that water permeability of concrete specimens was
lower in concrete with limestone cement and that these findings were consistent with
the findings of other research that found concrete with limestone cement has a lower
oxygen permeability and higher resistance to sulfate attack than OPC concrete.
Tsivilis et al. (1999) conclude that it’s the clinker quality which significantly affects
the gas permeability and sorptivity of the limestone cement concrete; however, the
effect of the limestone quality on the concrete permeability is not well established.
They state that limestone additions can improve the permeability properties of the
concrete, especially in cements having high C3A content.

The addition of 20% limestone filler was also found to have no detrimental
influence on the resistance to chloride penetration of pastes and mortars (Hornain et
al.. 1995). Kenai also reports that limestone cement behaviour in an outdoor, hot
climate is good, provided initial curing is sufficient (Kenai et al. 2004).

However, Bonavetti et al. (2003) saw some drawbacks to the use of limestone as a
cement replacement. They state that “For low w/c ratio concrete, a large proportion
(more than 35%) of Portland cement remains un-hydrated and acts as an expensive
and energy-consuming filler”. They also report that a reduction in compressive
strength, at 28 days, was measured; for concrete containing up to 18.1% of limestone
filler a compressive strength reduction in the range of 8— 12% was achieved.

A further drawback is the fact that limestone is a natural resource. Although
abundant throughout Europe, preservation of our natural resources must take
precedence and the use of this material limited. With so many other waste materials
available to replace Portland cement the use of limestone may have a limited lifespan.
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Metakaolin

There is no national standard covering the use of metakaolin as a cementitious
addition for concrete. The product Metastar Metakaolin is covered by Agrément
Certificate Number 98/3540 which relates to a specific product used at levels up to
20% replacement of Portland cement (Lewis 2003).

Metakaolin (MK) is a thermally activated alumino-silicate material obtained by
calcining kaolin clay within the temperature range of 700-850°C. It contains typically
50-55% SiO, and 40-45% Al,O; and is highly reactive.

In Portland cement concrete, MK reacts at normal temperatures with calcium
hydroxide (lime) in the cement paste to form mainly calcium silicate hydrates (C-S-
H), C;ASHj (gehlenite hydrate), and C4AH,3 (tetracalcium aluminate hydrate) (Rojas
et al. 2002)

It has been reported that the replacement of cement by 5-15% MK results in
significant increases in compressive strength for high-performance concretes and

mortars at ages of up to 28 days, particularly at early ages (Poona et al. 2001).

Replacement of cement in concrete by mineral admixtures produces an immediate
dilution effect such that if the replacement material was totally physically and
chemically inert, concrete strength would be reduced in approximate proportion to the
degree of replacement. However, finely divided mineral admixtures, even if
chemically inert, do have a physical effect in that they behave as fillers. This is
particularly significant in the interfacial zone regions (The region of the cement paste
around the aggregate particles, which is perturbed by the presence of the aggregate.
Its origin lies in the packing of the cement grains against the much larger aggregate,
which leads to a local increase in porosity and predominance of smaller cement
particles in this region) where they produce more efficient packing at the cement
paste-aggregate particle interface, reduce the amount of bleeding and produce a
denser, more homogeneous, initial transition zone microstructure and also a narrower

transition zone. Thus, relative to no cement replacement, partial replacement by ultra-
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fine solids results in a reduction in the strength of pastes (due to the dilution effect)
but an increase in the strength of concrete (due to an improved transition zone) (Wild
et al. 1996).

Wild et al.. (1996) reported that the filler effect is immediate, with OPC having a
major impact in the first 24 hours and maximum effect of the pozzolanic reaction
occurring at between 7 and 14 days. However, Zhang et al. (1995) recognised that the
MK concrete had higher strength properties at all ages up to 180 days compared to a
control concrete and reiterated the fact that MK concrete showed a faster strength

development at early ages.

Wild et al. (1996) also suggested that an optimum replacement level of 20%
should be used to maximise the concretes’ long term strength enhancement. However,
the increased heat of hydration from the rapid early strength development can be as
much as 15% more than that of a 100% OPC mortar, it has been shown that this can
be controlled through the use of a replacement level of up to 10% (Frias et al. 2000).

Lagier et al. (2007) confirmed that strong exothermic reactions occurred in all
cements blended with MK particularly in the first 24 hours. They reported that the
reaction of metakaolin appears to be quite sensitive to variations in total alkali content
in the cement in particular when the alkali content increases. They proposed that an
increasing rate of metakaolin dissolution with increasing cement alkali content may
accelerate or intensify the reaction of the C;A phase and that the results demonstrated
that the reaction of MK during early hydration does vary with cement type.

Municipal Solid Waste Ash (MSWA)

It is difficult to get hold of reliable up to date estimates on the amount of
municipal waste landfilled annually. It could be assumed that trends established in the
early part of this decade will continue; however, with recycling schemes becoming
evermore prevalent some authorities are already reporting annual reductions in their
2004 figures over previous years (www 2.18.1).
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The UK produces 420 million tonnes of waste each year, of which 30 million
tonnes is municipal waste. In England the total amount of municipal waste has
continued to rise to an estimated 28.8 million tonnes in 2001/02 compared to 28.1
million tonnes in 2000/01, an increase of 2.4 per cent. The proportion of municipal
waste being recycled or composted increased from 12.3 per cent in 2000/01 to 13.5
per cent in 2001/02. The proportion of waste incinerated with energy recovery has
remained roughly constant at just under 9 per cent in 2000/01 and 2001/02. The
proportion of municipal waste being disposed in landfill has decreased from 78 per
cent in 2000/01 to 77 per cent in 2001/02. However, the actual tonnage of municipal
waste disposed of in landfill has still increased slightly from 22.1 million tonnes in
2000/01 to 22.3 million tonnes in 2001/02. Past studies showed that the average
Biodegradable Municipal Waste (BMW) content of household waste in England is
63%. In 2009/10, English local authorities sent 8.4 million tonnes of BMW to landfill.
This is 1 million tonnes less than the previous year and nearly 3 million tonnes less
than local authorities could have landfilled if all 11.2 million tonnes Landfill
Allowance Trading Scheme (LATS) allowances had been used (www2.19).

Pan et al. (2007), in their research into the use of MSWA as a cement
replacement, recognised the fact that the ash is rich in heavy metals and salts and

without proper treatment may cause serious environmental problems.

Studies by Sakai and Hiraoka (2000) indicate that there are much more volatile
heavy metals (e.g., Hg, Pb, Cd) and toxic organic substances in fly ash than in bottom
ash. The leaching characteristic of these hazardous materials leads to secondary
pollution of groundwater after landfilling. Therefore, MSWA fly ash was classified as

hazardous waste requiring additional processing in most countries worldwide.

The results from the melting treatment of fly ash collected from MSW incinerators
are described in work carried out by Abe et al. (1996). The fly ash used had an
average particle size of 22 pm and a melting fluidity point of 1280-1330°C and was
melted using a Kubota melting furnace without any additives. They found that 88% of
the fly ash was turned to slag and 12% to dust, which contained a lot of heavy metals
such as Pb and Zn. The leaching levels of heavy metals from slag was significantly

lower than those of bottom and fly ashes from municipal solid waste incinerators;

2-38



Chapter 2 — Literature review

however, the leaching rates were dependent on pH levels such that leachate increased

at lower pH levels.

Lin et al. (2003), discuss the use of this MSW fly ash slag produced via heat
treatment. They conclude that MSWA fly ash slag is non-hazardous and can thus be
classified as general industrial waste. Thus, the recycling of MSWI fly ash slag would
not result in further environmental pollution. They observed the crystalline structure
revealing that all mortars with partial MSWI fly ash slag substitutions had a similar
crystalline composition, containing 3CaO/SiO,, 2Ca0O/SiO,, Ca(OH),, CSH
(Tobermolite), and C3AHg (Calcium Aluminate Hydrate).

It has been shown that MSWA is a stable and effective cement replacement if
subjected to a process of heat treatment. This has the effect of reducing use of a
natural resource (limestone) in the making of cement, and for the disposal of a waste
material; however, much energy and natural resource will be used in providing the

temperatures needed to process the ash.

2.8 Fly Ash

The burning of coal supplies around 40% of the UK electricity, as shown in
Figure 2.6. With the well publicised issues of security of electricity supply relating to
natural gas, the gradual decline of the existing nuclear power stations, the issues and
timescales involved with building new nuclear power stations and slow development
of renewable forms of electricity generation and their dependence on the forces of
nature, it would appear that pulverised coal fired power generation will be necessary
for some years to come. Even in future years, the development of clean coal power
stations with carbon capture will still lead to the production of ash. As there are
estimated to be in excess of 200 years of coal in reserves around the world, such an

energy resource cannot simply be ignored (UKQAA 2007).

Mathews (2007) in his paper “Seven steps to curb global warming” states that

‘Coal will continue to be the largest source of the world’s electricity generation, in the
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be fully integrated with carbon capture and storage to reduce its emissions of
greenhouse gases.

The main by-product of coal combustion is Fly Ash (FA). In the European
Community electric power stations generate 55 million metric tons (ECOBA, 2003)
of coal combustion by-products, 44 million tons of which corresponds to FA. About
50% of this annual production is used in the cement industry, given that FA contains
large amounts of silicon dioxide (SiO;) and aluminium oxide (Al,O3) and because of
its pozzolanic property after reacting with lime and water. However, nitrogen oxide
(NOx) emissions reduction, through the installation of low NOx burners, often results
in higher unburned carbon contents, and therefore in a decreased marketability of
some ashes. According to BS EN 450, a loss-on-ignition (LOI) greater than 7%
renders FA unusable for cement or concrete manufacture. It is generally accepted that
the unburned carbon tends to adsorb the air entrainment reagents that are added to the
cement to prevent crack formation and propagation (Rubioa 2008). Significant
problems in achieving the required air content, and batch to batch consistence, are
experienced. This often results in low air content and/or much higher than expected
admixture dose. This is due to the presence of partially burnt coal, which has an active
surface that adsorbs the surfactants used as air-entraining admixtures (Dransfield.
2005). A coal fired power station produces two types of ash, Fly Ash removed from
the flue gases using electrostatic separators and Bottom Ash (BA) withdrawn from the
furnace (Meininger 1982), as described below:

Furnace bottom ash

Furnace bottom ash (FBA) is a waste material from coal-fired thermal power
plants. Unlike its companion, pulverised fuel ash, it usually has no pozzolanic
property which makes it unsuitable to be used as a cement replacement material in
concrete. However, its particle distribution is similar to that of sand which makes it
attractive to be used as a sand replacement material (Bai, 2005).
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The coarse, fused, glassy texture of FBA would normally make an ideal substitute
for natural aggregates (Ramme et al.., 1998). An important use of bottom ash is as a
base layer material in road construction (Churcill and Amirkhanian, 1999). Also, there
has been research concerning whether FBA could partially or entirely replace natural
gravel in the production of a concrete presenting a 28-day compressive strength of 25
MPa (Pera et al. 1997).

The primary use for FBA has been for many years in block making. Many still
refer to ‘breeze blocks’, with breeze being the fore-runner to FBA. Because FBA is
flushed from the furnace by high pressure water jets, it is a far superior product to
‘breeze’, which ceased to be available anyway as the older furnaces were replaced.
Subsequently FBA became the preferred product by the block manufacturers as a
lightweight aggregate. Currently 99% of UK FBA production is used in lightweight
aggregate block manufacture (Sear, 2004).

In recent years, due to the contraction in the number of coal burning power
stations and changes in burner technologies to reduce emissions, there is reduced
production and a shortage of FBA. Block manufacturers are having to source similar
materials, ranging from recovered bottom ash, incinerator bottom ash and pumice
from a variety of sources, including imports. Unfortunately, many of these options
involve greater transport distances, processing or depletion of virgin aggregates
adding to the environmental impact (Sear, 2007).

Fly ash

Pulverised Fuel Ash (PFA) has been used in concrete for over 50 years. It has
been the subject of research for over 70 years with in excess of 10,000 papers being
published (Sear 2005). In the UK, research was carried out which led to the
construction of the Lednock, Clatworthy and Lubreoch Dams during the 1950’s with
fly ash as a partial cementitious material (Lewis et al. 2003).

During the 1970’s ready mix concrete suppliers were producing ever more

technically demanding concretes of higher strengths and lower water cement ratios. It
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was perceived that the variability in quality and the supply problems of PFA when
taken directly from the power station were unacceptable (Sear 2001a). In line with
Europe, PFA is now referred to as Fly Ash (FA) and its requirements for use in
concrete and mortar are covered in the European Standard BS EN 450 (BS EN 450
2005).

As far as the effect of FA variability on the performance of FA concrete is
concerned, the most important aspect of physical property is the fineness of the FA,
and the most important aspect of chemical property is the carbon content (Balendran
et al. 1995).

Carbon content

Residual carbon content and the fineness of FA depend mainly on the condition of
the furnace and FA collection system. Atis (2005), whilst looking at high volume fly
ash in concrete, reported that high carbon content is believed to reduce the workability
and increase the water demand when used in concrete. Comparing two sources of fly
ash it was found that the ash with the increased loss on ignition required higher water
content and, hence, produced a lower compressive strength. Neville (1995) recognised
that carbon content was partially dependent on fineness as carbon particles tend to be
the coarser fly ash particles. Jones et al. (2006a) in their study into the effects of fly
ash fineness on mortar found that the greatest change noted in bulk chemistry was the
reduction in LOI with cycloning the material to remove the coarser fraction (34%
difference between the parent FA and the resultant finer FA).

Carbon has other detrimental effects on concrete. Ha et al. (2005) studied the
effect of carbon content on reinforcing steel (rebar) and concluded that rebar
embedded in Ordinary Portland cement suffered severe corrosion when the carbon

level in fly ash was increased, especially beyond 8%.

Residual carbon in fly ash may also interfere with air entraining admixtures
(AEAs) added to enhance air entrainment in concrete in order to increase its
consistence and resistance toward freezing and thawing conditions. Pedersen et al.
(2008) showed that not only the amount, but also the properties of carbon, such as
particle size and surface chemistry, have an impact on the adsorption capacity of
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AEAs. Owens (1979) concluded that control of the material retained on the 45um
sieve is the key to a less variable material. Dhir et al. (1981), however, believe this not
to be the most suitable test but that specific surface may be a somewhat better
measure of ash fineness in view of its stronger correlation with strength. However, it
would appear that they are both in agreement that fineness is an important
characteristic of Fly Ash.

Fineness

Fly ash changes the flow behaviour of the cement paste. With the same
consistence, concrete with fly ash is easier to compact than concrete without fly ash,
due to the lubricating effect of the spherical fly ash particles in the mix. Also due to
the improved cohesiveness of the mix, arising from the contribution of the fine fly ash
particles as aggregate supplement and in blocking the bleed water channel, there is
less bleeding and segregation (Balendran 1995). It is generally agreed that the use of
fine FA improves the properties of concrete. Dhir et al. (1985) regard fineness as the
most suitable single parameter with which to classify ashes physically, since it relates
to other important ash characteristics.

Erdogdu and Turker (1998) studied the use of various particle gradings of FA and
found that a sieved fine FA gives an improved strength relative to that of the original
coarser FA. Lee et al. (1999) obtained same source FA with three different fineness
values. They concluded that the reactive calcium hydroxide Ca(OH), within the fine
FA paste was greater than that of the coarser FA cement paste. They also noted that
the finer the material the greater the density, lower the carbon content and higher
glass content; however, they concluded that it is the fineness of the material rather

than the glass content that made the material more reactive.

Chindaprasirt et al. (2004) also studied the effect of FA fineness on mortar and
concluded that the different fineness portions of FA appeared to have a slight
variation in both physical and chemical properties. Their test results showed that
fineness had a marked effect on the compressive strength as well as drying shrinkage
and sulfate resistance with the finer FA being more reactive, a better void filler and

used less water for the same consistence.
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As mentioned earlier, a pozzolanic material works when a large surface area is
exposed to the alkaline environment; therefore, fineness of the material is an
important property not only for the chemical interactions required but for the
reduction in carbon content. The second most important area must be that the fly ash

contains the correct chemistry to interact with the cement.

Chemistry

Fly ashes are complex in their range of chemical and phase compositions. They
consist of heterogeneous combinations of glassy and crystalline phases (ACI
Committee 226 1987).

Fly ash consists principally of the oxides of silicon and iron with varying amounts
of constituents containing aluminium and some unburned carbon. Other trace
elements such as potassium, phosphorous, cobalt, molybdenum, boron, or manganese
may be present (Lane et al. 1982).

Two general classes of fly ash can be defined: low-calcium fly ash (FL) produced
by burning anthracite or bituminous coal, and high-calcium fly ash (FH) produced by
burning lignite or sub-bituminous coal. FL is categorized as a normal pozzolan, a
material consisting of silicate glass, modified with aluminum and iron. The CaO
content is less than 10%. FL requires Ca(OH), to form strength-developing products
(pozzolanic activity), and, therefore, is used in combination with Portland cement,
which produces Ca(OH), during its hydration (Papadakis 1999).

BS EN 450 deals with siliceous fly ash only, classified by the requirement that the
sum of the contents of silicon dioxide (SiO,), aluminium oxide (Al,O3) and iron oxide
(Fe;03) shall not be less than 70% by mass; this is a pozzolanic material. Where the
reactive calcium oxide exceeds 10% by mass the classification becomes a calcareous
fly ash (BS EN 450, BS EN 197).

As was mentioned previously (Section 2.6), the setting and hardening of Portland

cement occur as a result of the reaction between the compounds of cement and water.

2-45



Chapter 2 — Literature review

The form of the two calcium silicates are similar and differ only in the amount of

calcium hydroxide formed as shown below (Malhotra 1994):

2G5S + 6H — C;35H; + 3CH

tricalcium silicate + water — C-S-H + calcium hydroxide €))
2C,S + 4H — C3S;H; + CH
dicalcium silicate + water — C-S-H  + calcium hydroxide 2)

Pozzolanic reactions refer to chemical reactions between active silicon dioxide
(Si0O,) within the fly ash and the calcium hydroxide (CH) produced as a by-product

from the cement hydration. The chemical reaction is simplified as follows:
CH+S+H=C-S-H

C-S—H gels account for the main strength of concrete, with CH contributing little
to concrete build up; for pozzolanic reactions, fly ash combines and consumes CH and
forms new C-S—H gels, which contribute more to the strength build up of concrete
(Wang 2008). It is the time spent producing the calcium hydroxide that causes this
delayed secondary reaction.

Sulphite and sulphate in fly ash

Sulphur generally exists in two forms within concrete, as a sulphite (SO3) and as a
Sulphate (SO4). When calculating the compound composition of cements the normal
convention, within cement manufacture, is to assume that all the SO; present is
combined with Calcium Oxide (CaO) and is therefore present as calcium sulphate
CaSO;4 (gypsum) (Moir 2003). Approximately 5% of the dehydrated form of gypsum
(CaSOy) is added to the clinker prior to the grinding process. Dehydrated gypsum
within cement dissolves rapidly when water is added to the concrete and is beneficial
in ensuring that sufficient Ca®* and SO*; ions are available in solution to control the
initial reactivity of the tricalcium aluminate (C3;A) through the formation of a
protective layer of ettringite C3A*3CaSOj.
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Ettringite is one of the most important substances in conventional portland
cement-based concrete. When water is intermixed with portland cement ettringite
quickly forms, a reaction which allows normal-setting concrete to be produced.
Without the ettringite concrete would set al.most instantaneously in a reaction known
as flash set (Hime, W. Erlin, B. 2004).The reaction can be summarised as follows:

C5A + dissolved calcium (CAZ*) + dissolved sulfate (802'4) + water = ettringite

If, however, the supply of dehydrated gypsum is too high, then crystals of gypsum
crystallise from solution and cause ‘false set’. As implied by its name, false set gives
the impression that the concrete has hardened but if mixing is continued, or resumed,
the initial level of workability is restored (Moir 2003).

Fly ash has SO, present at its surface which is released into the mix, delaying the
initial setting only, further setting reactions are unaffected (Neville 1995).Typically
fresh fly ash contains between 0.35 and 2.5% sulphate as SOs. The sulphate in fly ash
exists as gypsum, which has limited solubility in water. Therefore, when used as a fill
material it has the potential to cause sulphate attack, but in practice there is no known

case of such attack in concrete adjacent to fly ash (www2.20).

Sulphate attack has long been recognised as responsible for concrete deterioration
in a wide variety of structures. Sulphate attack in concrete has been known to occur
when sulphate solutions, derived either from a constituent in the concrete such as
aggregate or from external sources such as groundwater, react with the calcium
aluminate hydrates present in the hardened cement to form ettringite. Formation of
ettringite has a deteriorative effect on the mortar strength and, in addition, causes
expansion which may result in micro-cracking of the cement paste (Ghafoori, N.
Kassel, S. 1999). This expansive reaction can inflict serious damage on concrete,
leading to weakening and perhaps ultimately failure of the affected structure.

Besides the conventional sulphate reaction in mortars and concretes involving the
formation and the expansive properties of ettringite, another kind of sulphate attack
attributed to the formation of thaumasite (CaSiO3 .CaCOj .CaSO4 .15H;0) has been
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widely discussed during recent years (Skaropoulou, A. et al. 2009). Research has
shown that Portland limestone cement pastes are susceptible to the thaumasite
formation after only a few months exposure to sulphate solutions. This is a serious
problem as limestone has increasingly been used as a filler or as a main cement
constituent for many years (Tsivilis, S. et al. 2002). Thaumasite attacks the surfaces of
concrete which come into contact with ground containing sulphates which is usually

sea water.

Thaumasite formation requires a source of calcium silicate, sulfate and carbonate
ions, excess humidity and preferably low temperature within the hardened cement
paste to form the mineral. The structural similarity to ettringite allows thaumasite to
use this as a template for its initial nucleation. However this mineral is a more
complex salt than ettringite, forms at low temperatures (below 15°C) and is associated
with the presence of finely divided limestone sometimes used as filler, though
limestone aggregate may also promote the reaction. Thaumasite formation renders the
cement paste soft with concomitant loss of strength and disintegration of the concrete
(www2.21, Lewis et al. 2003).

Particle shape and pozzolanic activity

The shape, particle size distribution, density and composition of fly ash particles
influence the properties of freshly mixed, unhardened concrete and the strength
development of hardened concrete (ACI Committee 226 1987). Fly ash particles of
less than 50 um are generally spherical with the larger sizes being more irregular
(Lewis 2003). It has been found that the consistence of concrete increases as the
replacement of cement with fly ash increases. Siddique (2006) concluded this and
reasoned that the “ball bearing” action of the spherical particles of fly ash were
responsible for this. However, Jones et al. (2006a) reported that whilst ultra fine fly
ash increased the flow of mortars at both 15% and 30%, its coarser parent ash had an
adverse effect on mortar consistence, as flow decreased with increasing FA contents.
The strength of fly ash concrete will, therefore, depend on whether a water reduction
is achieved, plus the pozzolanic performance of the cement/fly ash combination
(Lewis 2003).
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Therefore, it would seem that fineness affects many aspects of concrete. It affects
the particle shape, the water demand of the concrete which in turn affects the strength

and the pozzolanic behaviour of the material.

Other requirements affected through the use of fly ash include setting time and

curing which are discussed below.

It has been reported that Fly Ash retards the initial hydration of cement and
increases the setting time of the concrete. Concrete Society Technical Report No. 40
(Concrete Society 1991), suggests that a 30 per cent FA replacement would lengthen
the setting time by up to 4 hours when the mix temperature is 5°C, but such
lengthening is reduced to one hour when the mix temperature is 25°C. However,
Balendran et al. (1995) recognised that the setting time is influenced by many other
factors, including the cementitious content, type, fineness, composition, water
content, the presence of admixture, and the adsorption of the admixture by the FA
particles. Hence, if setting time is a critical factor, trials using the materials under
consideration should be carried out. Longer setting time may increase the chances of
plastic shrinkage cracking or surface crusting under conditions of high evaporation

rates.

Since the strength of concrete depends considerably upon the hydration of the
cement, it is essential that moisture is present to enable hydration to continue (Lydon
1982). If concrete is allowed to dry out, hydration will cease prematurely (Soroka
1998).

Escalante-Garcia et al. (2001) state that the high temperatures achieved in
concrete, from hot weather or accumulated heat of hydration, have an adverse effect
on the concrete microstructure effecting porosity and that the ultimate degree of
hydration of the anhydrous cement phases is reduced. This has a negative effect on
the concrete leading to inferior mechanical properties and a concrete prone to

chemical attack.
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Kim et al. (2002) studied the effect that curing temperature and ageing had on the
compressive strength of concrete. They concluded that compressive strength of
concrete subject to high temperature at early ages attains higher early-age
compressive and splitting tensile strengths, but lower later-age compressive and
splitting tensile strength. Elastic modulus has the same tendency; the crossover effect
of curing temperature on elastic modulus being not as obvious as the compressive
strength. Thus, early temperature rise is detrimental to OPC concrete strength but not
to fly ash concrete. A 60°C temperature rise can reduce strength in OPC concrete by
up to 30% but can boost fly ash concrete strength by over 10 % (Dhir 1986).

Thermal cracks that usually occur in mass concrete are closely related to the
thermal behavior of cement matrix, such as heat liberation, temperature rise and
thermal shrinkage. Through the addition of mineral admixtures a reduction in the total
heat liberation occurs and lowers the peak temperature of cement pastes, which is
favorable for thermal crack prevention. (Lane et al. 1982, Liwu et al. 2006).This
makes fly ash application particularly advantageous in pre-cast structural concrete

construction and mass concrete or cement-rich concrete sections.

2.9 Conclusion

The latter part of this review has identified a small section of the research that has
been, and is currently being, undertaken in an attempt to understand the fundamental
use of fly ash. The properties important to its use in concrete have been considered
here and this background has been applied to the construction of a methodology for

the research work presented in this thesis.

Various prospective cement replacement materials have been identified, some
already incorporated within a British and European standard, whilst others are yet to
have their full potential realised. Whilst a number of cement replacement materials
have been discussed in this review much more work is being carried out on other

materials which are not directly relevant to this research.
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However, in carrying out this review, no literature was found comparing potential
cement replacement materials with materials already accepted within the industry as
being a good cement additive. This then leads to the question that if the important
elements of a cement replacement can be documented, will it then be possible to

measure the potential of a new material seeking to be a cement replacement?

The research will concentrate on the material’s physical and chemical composition
and the performance within concrete and mortar. This information will then be used to
establish what makes it a good cement replacement.

The important factors to be investigated are:

o Fineness

o Grading

o Particle shape

o Carbon content

o Elemental make up

On completion it should be possible to analyse a material from an unknown
source and within 24 hours have an answer to the question of whether or not this
material has the potential to make a good cement replacement. On establishing this,

longer term concrete and mortar trials can then be initiated.
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3. Experimental methods

3.1 Testing regime and mix details
3.2 Materials

3.3 Traditional strength tests

3.4 Permeability test

3.5 Physical analysis

3.6 Chemical analysis

3.7 Inter-grinding

3.1 Testing regime and mix details

3.1.1 Mix designs

This research programme uses an Ordinary Portland Cement (referred to as
CEM I in BS EN 197-1:2000) a Ground Granulated Blast Furnace Slag (GGBS), both
conforming to BS EN 197-1:2000, and cement replacement materials obtained from
various sources. The cement is a Blue Circle 52.5 Newton CEM I supplied by Lafarge
cement at Aberthaw South Wales. The GGBS was supplied by Civil and Marine from
their depot at Llanwern, South Wales.

The measure of performance for the new replacement materials was judged
against control mixes of 100% CEM I and a blend, 50 / 50 by mass, CEM I/ GGBS.
The replacement materials were blended in the ranges 20%, 25%, 27%, 30%, 33%
and 35% by mass replacement with CEM 1. Concrete mix designs containing a range
of cement contents, between 140kg/m’ and 450kg/m®, were produced using each of
these replacement percentages and concrete mixed. The only variable used in the
mixing process was the water content which was adjusted to maintain consistence.

The S2 consistence class to BS EN 206:1-2000 has been used to achieve a target
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slump of 70mm. A Water Reducing Agent (WRA) Sika Plastiment 160 at a quantity

of 0.4% of the cement content was used within the concrete.

3.1.2 Mix designs

The mix designs used for this research are the actual recipes taken from the
batching plants of Lafarge Aggregates Ltd, South Wales, and can be seen in Appendix
1. This research has had in place a comprehensive mixing and testing regime from the
outset and mix volumes were calculated from the samples required. The initial mixes
completed the full range of tests and required that 40 litres of concrete be produced
whilst subsequent mixes required only 25 litres. A control mix was repeated at 25
litres to ensure that no differences could be attributed to the reduced batch volume.

3.13 Mix procedure

When producing trial mixes, the most realistic procedure is to use wet rather
than dry aggregates. In the laboratory it is usual to have air dried aggregates and these
should be batched and soaked for about thirty minutes with sufficient water to bring
them to a saturated condition (Lydon 1982). Ensuring that the aggregates were used in
their saturated condition removed the requirement of carrying out moisture content
checks before each mix as the moisture content became constant. Also, the aggregates
were collected over a period of some years and the quality and quantity of fine
particles coating the aggregate may have changed, so this would have affected both
the amount of water added to the mix and the strength of the hardened concrete. This
issue was overcome by the soaking process removing these fine particles from the

material leaving a clean aggregate.

After soaking for thirty minutes the coarse aggregates were sieved, to drain the
excess water, and then reweighed to adjust for the increased weight due to water
absorption. Mixing of the concrete was carried out using a 160kg capacity Liner
horizontal rotary drum mixer. The coarse and fine aggregates were mixed first
followed by the CEM I and replacement material. Admixture was weighed and added
to a measuring cylinder containing 1 litre of clean water, this was poured into the mix

ensuring even distribution throughout. Further water was added until the consistence
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of the mix achieved the required 70mm slump. The consistence was checked using the
method described in BS EN 12350-2:2000, slump test.

Cube specimens were moulded using 100mm steel cube moulds and
compacted in two uniform layers by means of a vibrating table. After casting,
specimens were covered with polythene to prevent moisture loss and were stored in
the laboratory at an ambient room temperature of 20°C + 5°C. After 24 hours,
specimens were de-moulded and cured in a water tank, at a controlled temperature of
20°C +2°C, until the day of testing. Specimens were made and cured to BS EN 12390
— 2:2000, (Making and curing specimens for strength tests).

3.2 Materials

3.2.1 Ordinary Portland Cement

The CEM 1 used throughout this research was a 52.5N CEM 1 cement
corresponding to the requirements of BS EN 197-1. The CEM I was produced at the
Lafarge cement works, Aberthaw, South Wales and given the product name OPCRM
to distinguish it from other products supplied from that plant. The tests carried out on
the cement were completed to the BS EN 196 range as required in BS EN 197-1:2000
Cement - Part 1: Composition, specifications and conformity criteria for common
cements. The technical data for this cement was tested for and recorded at the works

and are shown in Tables 3.1and 3.2 below.

Table 3.1

Test report results for CEM I strength class 52.5N as recorded at the LaFarge laboratory Aberthaw
cement works

Losson Soundness Initial Compressive strength N‘mm”>  Na,O

ignition (mm) setting 1 2 7 28 (%)
(%) time day day day day
(mins)
CEMI1 2.55 1.0 155 19.7 29.7 443 592 0.62
BSEN197 <5.0 <10 >45 - >20 - >52.5 Declared

Table 3.2
Additional Test report results for CEM 1 as recorded at the LaFarge laboratory Aberthaw cement works
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Free Lime Fineness SO; Alkalis Chloride
(%) (m*/kg) (%) (%) (%)
CEMI 0.67 372 3.26 0.61 0.04
Typical Range  0.5-3.0 360 - 370 03-1.0
BS EN 197 <4.0 <0.1

Chemically, clinker is composed mostly of calcium oxide (CaO) and silica
(8i0,), with lesser amounts of aluminum oxide (Al,O3) and iron oxide (Fe;O3) In
clinker, these oxides are within a semi-fused intimate mix of (primarily) four
hydraulic minerals, denoted in cement industry chemical shorthand as C3S (tricalcium
silicate), C,S (dicalcium silicate), C3A (tricalcium aluminate), and C;AF (tetra-
calcium aluminoferrite) (Van Oss and Padovani, 2002).

Table 3.3 presents the compounds within the CEM 1 used throughout this
research as compared to the typical composition of a grey Portland cement. These are
the four principal chemical compounds contained in cement clinker (Moir 2003).

Table 3.3
Compounds in the CEM I used in this research
Cement Notation CsS C,S Cs;A C4AF
(%) (%) (%) (%)
Common Name Alite Belite Aluminate Ferrite
CEMI1 51.77 18.26 8.93 6.51
Typical
P . 57 16 9 9
composition

The relative proportions of these minerals are adjusted to achieve the desired
functional properties of the Portland cement. The mineral C;S (alite) hydrates quickly
and so imparts early strength and set to the cement, whereas C,S (belite) hydrates
slowly and is the main contributor of long-term strength. Both minerals hydrate to
form tricalcium silicate hydrate gel (sometimes called tobermorite) plus lime. The
tobermorite gel is the actual binder in the hydrated cement. The lime released in the
hydration reaction is in small part taken up by hydration of C3;A and C4AF, but most
remains unreacted and thus available to activate any pozzolans added in the finished

cement. Hydration of C3;A is almost instantaneous and highly exothermic. The
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mineral thus speeds the development of early strength and set, sometimes to the point
of causing flash set, therefore gypsum is added to control this. The main function of
the aluminoferrite mineral (C4AF) is as a flux, that is, it acts to lower the temperature
at which the clinker minerals form (i.e. clinkering temperature). This mineral also
imparts the grey colour to Portland cement and for this reason its formation avoided,
through the use of only iron-free raw materials and higher clinkering temperatures, in
the production of white Portland cement, which is a much higher priced product than
grey (“ordinary”) Portland cement (Van Oss and Padovani, 2002).

3.2.2 Replacement materials

Ground Granulated Blast furnace Slag (GGBS)

The GGBS used throughout this research was supplied by ‘Civil and Marine’
from their Llanwern works, South Wales and conformed to BS EN 197 — 1: 2000.

Fly ash

The main focus of this study is the fly ash supplied by RWE npower, operators
of the power station located at Aberthaw, South Wales. The power station is being
upgraded and a new separation process is being installed to convert fly ash collected
at the plant from a waste material to a usable one. A similar system is already in
operation at Longannet power station, Scotland. The ash produced at Aberthaw power
station was transported to Longannet in order to replicate the separation process being
installed at Aberthaw. The ash was returned from Longannet in three forms:

e C(lassified
e Processed
e High Carbon waste product

with the raw ash used coming directly from Aberthaw power station. By processing
the ash it is expected that both the processed and the classified ash will conform to BS
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EN 450 — 1: 2005, whilst the raw fly ash and High Carbon waste ash will fall outside
the limitations of this standard.

A second fly ash examined during this research was supplied from Didcot A
power station, Oxforshire; also run by RWE npower. Ash from Didcot A is used to
manufacture building blocks at a factory on the adjacent Milton Park and transported
to Thatcham (near Newbury, Berkshire) for the manufacture of Thermalite aerated
breeze blocks using both decarbonized fly and raw ash, however; most is mixed with
water and pumped via a pipeline to former quarries in Radley (www3.1). This ash had
been subjected to a decarbonisation processing technique and conformed to BS EN
450 — 1: 2005.

Sewage sludge ash

The Sewage sludge ash used throughout this research was supplied by
Yorkshire Water, Bradford, UK. The ash was produced through the incineration of the
sludge cake following a drying process which included the use of centrifuges and belt
presses and sludge drying beds. The ash particles were removed from the fluidised-

bed incinerator flue gases by an electrostatic precipitator.

Municipal solid waste ash

The municipal solid waste ash used throughout this research was supplied by Veolia
from their Tyseley waste disposal unit, Birmingham. The waste is delivered to the
works directly from the collection vehicles. From there the waste is manoeuvred onto
conveyors which transport the waste to the incinerator. The particulate matter (fly
ash) is removed from the gas stream by a bag filter before the cleaned gas is released
to air. The fly ash was collected from the separator whilst any unburnable wastes and
larger ash particles fell to the bottom of the incineration plant and were removed using

hydraulic rams.
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Industrial materials

The industrial materials used in this research were generated during a previous
research project at Cardiff University (Davies 2003), studying cement replacements.
Various industries supplied waste material for that project and blends were produced
in an attempt to establish a useable cement replacement in mortar alone. Although
none of the suppliers of this waste have been identified for this research, the blend
used was the one that had demonstrated the potential for achieving positive results
when used within concrete. All the materials used were wastes from industry and
were collected and supplied by the other study group. The preparation of the materials
consisted of sieving and grinding the materials to achieve a required fineness. The
required fineness for each material is shown in Table 3.4. These materials were then
blended together with CEM I in amounts specified from results collected during the
previous research. Table 3.5 shows the amounts of the four industrial waste materials
mixed with the CEM I to produce the five cement materials used for subsequent
testing. The total per cent of the industrial products varied from 10% to 50% by mass.

The grinding of the materials was carried out by others using a Labtec ESSA,
Vibratory Puckmill LM1-P to an exact grinding time as shown in Table 3.4. Sieving
was carried out using a Fritsch Vibratory sieve shaker, with various intermittent mesh
sizes to avoid clogging the finer mesh. The fineness was measured by the last sieve
through which the material was required to pass, the coarser material was returned to
storage for possible future use. The materials were stored in a sealed container until
required. This was completed by the previous research group.

garil;lziigtime and required fineness of the various Industrial Materials used
Materials
Mat 1 Mat 2 Mat 3 Mat 4
Grind Time (mins) 5 2 2 2
Fineness (pm) <53 <100 <100 <100
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Table 3.5
Quantities of CEM I and the four industrial materials required to produce the required blend, for each
replacement percentage, as a percentage of the total cementitious content by mass

Percentage Material (%)
(%) CEM1 1 > 3 3
10 90 0 0 5 5
20 77 7 3 4 9
25 70 14 2 3 10
30 64 16 3 5 12
50 42 29 2 8 19
3.2.3 Aggregates

The fine aggregate used in this research was a locally sea dredged sand
conforming to BS EN 12620:2002. The coarse aggregates and dust used were a
crushed limestone quarried from a single source at Ewenny quarry, South Wales.
Selected aggregate properties can be found in Table 3.6 while a more comprehensive
study is located in Appendix 2. Four nominal sized coarse aggregates were used to
achieve a well graded aggregate mix, these being 6, 10, 14 and 20mm which were
graded in accordance with BS EN 12620:2002 Aggregates for Concrete. A limestone
dust was also used with a grading of 1 - Smm. The aggregates were soaked prior to
mixing to standardise the moisture content; the dust was mixed using its surface dry
condition (i.e. no visible signs of moisture on the surface), with the moisture content
measured prior to each mix. Both the sand and the dust were dried using an 850 Watt
microwave on full power at two minute maximum cycles. The material was
considered dry when the weight remained unchanged over two further drying cycles.

Table 3.6
Selected aggregate properties
Aggregate  Relative density Shape Water absorption  Surface texture
(oven dry) g/m’ (%)
Sand 2.58 Rounded / 0.5 Smooth
irregular
Crushed 2.69 Angular 0.6 Rough
limestone

3-8



Chapter 3 — Experimental methods

324 Admixtures

Organic admixtures are added to Portland cement concrete to enhance its
properties. Superplasticisers, for instance, produce concrete with high rheological
requirements, that is deformation and flow of the concrete, while maintaining a low
water/cement (w/c) ratio to guarantee excellent mechanical properties and long
durability. There is a wide variety of superplasticiser admixtures, such as
lignosulphonates, naphthalene and melamine-based, vinyl copolymers and the so-
called “latest generation” of superplasticisers, polycarboxylate derivatives. These
admixtures are adsorbed on the cement particles, causing electrostatic or steric (in the
case of polycarboxylate admixtures) repulsion that hinders coagulation (Palacios and
Puertas 2005).

Sika Plastiment 160

Plastiment 160 is a water reducing agent (WRA) designed for use in concrete.
It is a purpose designed WRA and plasticizer, made with a chemical combination of
modified lignosulphonates. This allows the manufacture of economic high quality
concrete without undesirable side effects. It comes as a ready to use liquid for
producing a more uniformly cohesive, quality concrete. Plastiment 160 complies with
BS EN 934 - 2 Table 3.1/3.2 - High Range Water Reducing / Superplasticising
Admixtures. As the Plastiment 160 is a concrete admixture, it was added to the

concrete at the mixing stage.

3.2.5 Mix water

All water used in this research was drinking quality tap water as supplied by
Welsh Water.
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3.3 Traditional strength tests

3.3.1 Cubes

The cubes used in both the compressive strength tests and the permeability tests were
produced using 100mm steel cube moulds to BS EN 12390-1:2000. Compaction of
the concrete within the moulds was carried out to the method described in BS EN
12390-2:2000.

3.3.2 Curing

After twenty four hours the cubes were stripped from the moulds, and placed
fully submerged in the curing tank. The water in the tank was thermostatically
controlled heated to, and maintained at 20°C + 2°C as specified in BS EN 12390-
2:2000. The curing period prior to testing varied based on the standard normal testing
period for concrete this being 1 day, 2 day, 7 day, 28 day and 56 day.

333 Slump test

One of the basic attributes of any cementitious material, concrete or mortar, is
its consistence or workability, defined as, the ease at which the material can be moved
around, pushed or pulled, and a smooth level surface be achieved. This property is
generally reliant on the water content of the mix with the wetter concrete being the

easier to move and hence having the higher slump value.

For this research the slump test was carried out to the procedures set out in BS
EN 12350-2
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334 Determination of compressive strength

Compressive strength of concrete is an excellent indicator of concrete quality
and it invariably forms the most important basis of specifications and quality control,
as many other properties are directly or indirectly related to it (Shibli 2007).

The compressive strength test was performed on 100mm cubes, to BS EN
12390-3:2002, using a Contest GD10A compression testing machine at a pacer rate of
180kN / minute. Although the compressive strengths of the samples were established
at various time periods the 28 day strength is the most relevant to industry (BS EN
206-1:2000). The tests for permeability were carried out on cubes removed from the
curing tank at 28 days.

3.4 Permeability test

The testing for the relative permeability of the concrete samples was carried
out using the method developed by Lydon (1993). This involved the casting of
100mm concrete cubes and subjecting them to 10 bar nitrogen gas pressure, in pairs,
and measuring the time taken to reduce the gas pressure to 5 bar. The work was
undertaken at Cardiff University by the concrete laboratory technician Mr Andrew

Sweeney and the Author. The process used was as follows:

At 28 days the samples were removed from the curing tank and a 6mm
diameter hole was drilled through the centre of the cube at right angles to the direction
of casting (i.e. not through the top, exposed, face whilst in the cube mould). The
drilling process was carried out through the centre of one face to a depth of half the
cube, then from the opposite face until the holes met at the centre. This method was
employed to prevent the concrete spalling when the drill forces itself out through the
bottom of the cube. The sample cubes were then surface dried and placed in an oven
at 105°C. Continuous monitoring of the cube weight was maintained until the weight
loss was less than 1% the weight of the cube over a 24 hour period. At this point the

cubes were removed from the oven and placed in a dessicator to cool.
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/Pressure transducer Pressure transducer
Pressure gauge
<egulator valve A Pressure gauge
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Figure 3.2 Schematic of apparatus for testing permeability of concrete using nitrogen gas

The set up of the apparatus employed highlighting the main components can
be seen in Figure 3.2 and in Figure 3.3. Nitrogen gas was allowed to enter the
reservoir by the opening of valve ‘A’. On reaching a pressure of 10 bar, valve ‘A’ was
closed. Valve ‘B’ controlled the gas flow between the reservoir and the pressure cell
and, on opening, allowed the pressurised gas to fill the pressure cell. The pressure in
the reservoir dropped in order to fill the cell, so valve ‘B’ was closed and the reservoir
pressurised again. This process continued until there was no significant drop in

pressure in the reservoir when valve ‘B’ was opened.

Before commencing the test, the computer was recalibrated to zero and valve
‘A’ was closed, when valve ‘B’ was opened the test started. The computer was set to
monitor the pressure drop at set intervals for the two tests which run concurrently
being started simultaneously and recorded together on a single plot. This was
arranged mainly to highlight any errors that may occur in the test, for example gas
leakage or blockage, thus giving the opportunity to retest any samples that record
irregular results.
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Figure 3.5 Typical graph of log pressure against time, the gradient of which is m.

Martin (1986) carried out a series of relative permeability tests and produced a
series of log)o plots from which the value for ‘m’ could be found. These values for
‘m’ were then assigned to the original decay curves taken from the tests. This
produced a series of curves, Figure 3.6, and through overlaying subsequent decay
curves their value for ‘m’ could be recognised.

This research has been presented, on many occasions, to individuals from
outside the University and people in management, who require results in a format that
they can understand. For this reason, the reporting of a value for ‘m’ in respect to
permeability would be meaningless to some people, whilst the concept of time is
something that most understand. Therefore, of these three methods the measurement
of the half time was the favoured approach to reporting results.
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Figure 3.6 Martin’s exponential decay curves for different values of m (Martin 1986)

3.5 Physical analysis

3.5.1 Determination of loss on ignition

The determination of loss on ignition (LOI) was carried out by the method
given in BS EN 196-2:2005. The analyses were carried out at Cardiff University,
School of Engineering laboratories.

3.5.2 Determination of specific surface

The specific surface was determined using the air permeability method (Blaine
method) as described in BS EN196-6:1992 Methods of testing cement — Part 6:
Determination of fineness. These analyses were carried out at the laboratories of

Lafarge cement, Aberthaw, by the Author.


















































































































































































































































































































