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Abstract

In this work, the effect of Fly Ash (FA) on fine sand and its suitability as a civil
engineering material for construction of embankments is investigated. The thesis is
concerned with the role of FA content in stabilised soil physical characteristics. The
aim of the study presented in this thesis is to examine the suitability of class F FA as
a construction material in geotechnical engineering projects. This is achieved
through combination of experimental analysis and numerical simulations.
Experimental analyses (in accordance with British Standards) were conducted by
applying compaction, particle size distribution, bearing capacity tests and resilient
modulus, derived from California Bearing Ratio (CBR), while numerical simulation
was carried out using finite element and lagrangian finite difference analysis. For the
purpose of this thesis, all the samples were tested before and after being treated
with four different curing durations, 1 week, 2 weeks, 4 weeks and 8 weeks, and
three variations of FA content, 5%, 10% and 15%. The samples were also mixed
with 3% of cement as the activator. In this thesis, the research aims and objectives
are stated in the introduction chapter, followed by the literature review on FA, soll
stabilisation and ground improvement. The research methodology and details about
the materials used, are then presented and discussed. The numerical simulations
and results are finally presented. FA stabilized samples, with an accurate mixture,
were shown to have lower dry densities while producing higher strengths than the
sand. Potentially making it an effective material suitable for use in embankment

construction and projects alike.

Keywords: Fly Ash; Ground Improvement; Soil Stabilisation.
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Chapter 1

Introduction

The construction industry is challenged to adopt, adapt and use both old and new
materials and methods to provide innovative, economical, and sustainable solutions.
Therefore, it can facilitate existing infrastructure rehabilitation and expansion,
construction of new infrastructure, environmental restoration and enhancement, safe
recovery and utilisation of energy resources, and mitigation of risks from natural
disasters. There are currently very low utilisation rates of fly ash (FA) for construction
of embankments and highways. Majority of the available data on FA utilisation is also

based on clayey soils and minimal research on sandy materials.

This study is concerned with the influence of FA, a coal combustion residue, on
stabilised soil. Its effect will be investigated and analysed through a variation of
laboratory tests, such as Particle size distribution, Compaction, California bearing
ratio (CBR), Resilient Modulus (Mg), as well as computational program analyses for

the possible utilisation of FA in geotechnical and geoenvironmental infrastructures.

The aim of the study presented in this thesis is to examine the suitability of class F

FA as a construction material in geotechnical engineering projects. An increase in



utilisation of FA would lead to a lower rate of disposal, replacement of traditional
materials, effectively lowering the CO, emissions. The key aim of the study is
ultimately to establish the most advantageous FA percentage for both strength and
stiffness development of fine sand for embankment projects. The chief objectives of

the research are:

e To see how different curing durations affect the soil properties.

e To investigate the influence of FA content on soil performance.

e To distinguish the impact of FA on sand, regarding strength and stiffness.

e To obtain soil parameters from numerical applications for an enhanced
methodology.

e To create a more sustainable construction material for projects with fine,
sandy and weak soils.

e To reduce the quantity of FA disposal by further utilisation.

The hypothesis for the thesis was derived from an analysis of relevant literature. This
study will be based on the working hypothesis that an enhanced soil stabilisation
method through utilisation of FA will improve soil’'s chemical and physical properties
(Arioz et al. 2013; Cristelo et al. 2011; Kolias et al. 2005), so that requirements of the
specific engineering projects can be met as well as diminishing soil exchange. It is
predicted that as the FA content is increased, a higher strength, at optimum
conditions, will be achievable. Additionally, it is forecast that the duration of curing
will have a positive effect on the physical properties of the treated samples; the
longer the duration the higher the obtainable strength. It is also found that cement

content, even at low quantities, will play a vital role in the stabilisation process, and



subsequently, in the end results.

In the first section of this thesis, a review of previous relevant research is outlined in
the literature review. This section covers the background, classification, utilisation,
applications, sustainability, health aspects and the storage of FA both in the UK and
around the world, continued by ground improvement and soil stabilisation. The
literature review is followed by the study methodology, which will be used to answer
the research questions. Furthermore, theoretical investigation on the possible use of
the developed stabilised soil for embankments is to be concluded through a finite-

element and finite difference (Lagrangian formulation) analyses.






Chapter 2

Literature Review

2.1 Introduction

This chapter presents a literature review on FA, ground improvement, soil

stabilisation and stabilisation procedures.

A significant share of the world’s energy needs is met by coal-fired power stations by
burning coal as fuel. There are residues generated in these power plants, which are
called Coal Combustion Products (CCPs). Coal ash is inclusive of the combustion
residues; boiler slag, bottom ash and mainly FA (Feuerborn 2011). In general, most
of the CCPs produced are of coal ash. Throughout the past decade, there has been
a substantial amount of research on coal combustion products, particularly regarding
FA and bottom ash (BA). All around the world, in general, most of the FA produced is

disposed of in landfill, causing concerns for environmental agencies.

Sato and Nishimoto (2005, p. 1) believe that ‘the decline in demand for cement, the

increasing difficulty of finding new landfill sites, the growing generation of coal ash,



and the growing social interest in recycling and reuse of natural resources have
made it necessary to develop new applications’ for utilisation of FA. This study will
be focusing on the utilisation of FA only as it has proved to be a more viable soil
stabiliser in comparison to bottom ash, due to its finer particle size. FA will be
described in depth concerning its background, classification, utilisation, applications,

sustainability, health aspects, storage and reprocessing methods.

2.2 Fly Ash

2.2.1 Background

Coal firing for power generation began extensively in the 1920s, since which, millions
of tonnes of FA and ash-related by-products have been produced. In the 1930s, FA
was firstly used as a constructional material in Willow Creek Dam of America (Pei-
wei et al. 2007). Ahmaruzzaman (2010) reported in an article that from the 600
million tonnes of coal ash produced worldwide annually, about 500 million tonnes

constituted FA, which accounts for approximately 80% of the total ash produced.

Coal-fired power plants around the world produce nearly 25% of the world’s primary
energy needs; in other words, 38% of the worldwide electricity is generated from
these coal-fired power plants (Barnes and Sear, 2006). In some countries, like
Germany, Greece, and the Czech Republic, over half of the electricity generated is

from coal fired power stations (World Coal Institute 2002). In the UK, coal



combustion accounted for nearly a third of the power generated from March 2014 to
February 2015 (Carroll 2015). In the United States, approximately 50% of the
electricity consumed is produced by the coal combustion process (Cetin and Aydilek,

2013).

By definition FA has to be derived from the burning of pulverised ground or
powdered coal (Dockter and Jagiella, 2005). This process is only possible in boilers
where combustion of finely ground fuel is done in a cloud, with combustion
temperatures of 1300-1500 °C (Caldas-Vieira et al. 2013). In other words, the
definition guarantees that combustion takes place at high temperature, which is high

enough to facilitate glass formation in the FA (Caldas-Vieira et al. 2013).

FA consists of inorganic matter that does not burn during the process and is mainly
composed of three elements: Iron, Aluminium and Silicon (Barnes and Sear, 2006).
Other elements present in FA, at much lower percentage, include; Magnesium,
Potassium, Sodium, Titanium and Sulfure (Barnes and Sear, 2006). The
concentrations of these minor elements are much higher in FA, than in the parent
coal (Yeheyis et al. 2009). These elements are used in establishing the FA type. FA
is obtained by electrostatic or mechanical precipitation of dust like particles from the
flue gas, and as stated previously, it represents the greatest proportion of the total

CCP production (Feuerborn 2011).

Several authors (Pandey and Singh, 2010; Mackiewicz and Ferguson, 2005; Acosta
et al. 2003; Kim et al. 2005) report that the origin and nature of the parent coal,

conditions and process of combustion, type of emission control devices and methods



of storage and handling have a significant effect on the physical, chemical and
mineralogical properties of the FA. It is of interest to note that the utilisation of FA in
different countries is influenced by specific experience and traditions of that nation

(Feuerborn 2011).

Throughout the past decades, FA has been named as a problematic solid waste due
to the conventional disposal methods of FA from thermal power plants and factories,
as they have contaminated and degraded arable lands all around the world. The
subject on ash disposal, product of combustion solid fuels, has been researched
since the early 1900s (Jackson et al. 2007). Several studies have been conducted in
the 21st century, indicating that chemical, physical and biological properties of the
degraded soil can be significantly enhanced by utilising FA as a soil additive (Pandey

and Singh, 2010).

2.2.2 Classifications

FA consists of fine, powdery particles predominantly spherical in shape, either solid
or hollow and mostly glassy in nature (Ahmaruzzaman 2010). Currently, the
American Society for Testing and Materials (ASTM) categorises FA into two groups,
Class F and Class C (Nataraja et al. 2007). According to ASTM class F, FA contain

at least 70% by weight of Silicon Oxide (SiO2) + Aluminium Oxide (Al>O3) + Iron
Oxide (Fe20O3) and are typically the product of burning high-rank coals, while Class

C FA contain a minimum of 50% by weight of SiO» + AloO3 + FepO3 and a



cementitious component, and are usually a product of burning low-rank coals (ASTM

2003, cited in Fox 2005; cited in Kelly 2015; cited in Acosta et al. 2003).

If a bituminous coal, which has low concentrations of calcium compounds, is used,
the resulting by-product is, in general, class F FA with no self-cementing properties
(Cristelo et al. 2011; Mackiewicz and Ferguson, 2005). Low-calcium FA as a
cementitious material has an inherent drawback in that it has a relatively low
reactivity (Arjunan et al. 2001a). As a resutls, there is a need for an external agent to
accelerate the hydration reactions. The intrinsic reactivity of a FA depends on upon
various factors but primarily its chemical and mineralogical composition and fineness
(Arjunan et al. 2001a). On the other hand, if a sub-bituminous coal is used, the
resulting ash will be classified as type C due to its higher amounts of calcium
(Cristelo et al. 2011). This kind of FA has self-cementing properties, which means
that, in theory, water is the only additive needed to hydrate this material (Cristelo et

al. 2011).

The self-cementing characteristics of FA is determined by its crystalline compounds.
The conditions and the processes at which the power plant operates, influences the
level of crystallinity, and consequently determining the hydration characteristics of
specific FA sources (Mackiewicz and Ferguson, 2005). Additionally, when FA
particles are cooled rapidly, the FA produced has a noncrystalline (glassy) or
amorphous structure. Meanwhile, when the particles are cooled at a slower rate, the

FA produced has a more crystalline structure (Mackiewicz and Ferguson, 2005).



The chief difference between Class F and Class C FA is in calcium content and its
three main elements, which as stated previously, are Silicon, Aluminium and Iron
content in the ash. In Class F FA, the total calcium typically ranges from 1% to 12%
(usually less than 5%), mostly in the form of calcium hydroxide, calcium sulphate and
glassy components, in combination with silica and alumina (Ahmaruzzaman 2010;
Cristelo et al. 2011). In contrast, Class C FA may have a calcium oxide content as
high as 30-40% (Ahmaruzzaman 2010). Furthermore, another difference between
Class F and Class C is that the amount of alkalis (combined sodium and potassium),

and sulphates are higher in Class C FA than in Class F FA (Ahmaruzzaman 2010).

2.2.3 Utilisation

In order to meet the growing needs of all the sectors, mainly energy and construction,
the demand for raw materials has led to earth’s natural resources getting closer to
being depleted, the demands are now beginning to be met by much deeper mining
(Pradhan et al. 2014). FA ranks as the planet's fifth largest raw material resource
(Ahmaruzzaman 2010) and can be used as an alternative to conventional materials
in the construction of geotechnical and geoenvironmental infrastructures. It is
estimated that the remaining worldwide coal reserves will last at least two centuries
(World Coal Institute 2002) and in some locations, low-cost surface mining
techniques are used to produce high-quality coal, which tends to be exported to
various countries. Consequently, coal will remain a major by-product and ‘it will also

find growing application within the expanding economies of developing countries
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such as China and India’ (Barnes and Sear, 2006, p. 2).

The utilisation of high quantities of coal ashes and related by-products is
unfortunately limited due to institutional, economical, technical and legal restrictions.
The utilisation of coal combustion products in Europe are being influenced by
political decisions and environmental legislation. Currently, the most significant
political decisions force increased clean coal technologies for high effective
combustion and €O, reduction (Feuerborn 2011; Caldas-Vieira and Feuerborn,

2013).

By avoiding mining or quarrying for natural-occurring resources, and using coal
combustion products as a replacement, sustainable and environmental benefits can
be achieved. Energy demand and emissions into the atmosphere can also be
reduced by utilising CCPs (Barnes and Sear, 2006). The CCPs utilisation is well
established in some European countries, based on long-term experience and
technical as well as environmental benefits. CCPs are mainly being utilised in the
building material industry, civil engineering, road construction and for construction
work in underground coal mining (Feuerborn 2011). Direct utilisation of CCPs in
construction projects requiring large amounts of materials, like highway embankment
construction, not only offers a promising solution to the disposal problem currently
being faced, but also an economic alternative to the use of conventional materials
(Kim et al. 2005). In some European countries, due to FA environmental, economical
and sustainability gains, the utilisation is higher than the production. Also, the
utilisation of FA throughout Europe is influenced by specific experience and

traditions of each country (Feuerborn 2011).
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In the UK, coal-fired power stations have produced on average 5-7 million tonnes of
FA each year over the past 10 years (Jones et al. 2015). In Figure 1 the
development of FA production in the UK from 1999 to 2013 is shown. The total
amount increased from 4.45 million tonnes in 1999 to 7.0 million tonnes in 2003 and
then decreased to 4.5 million tonnes in 2009. This reduction is believed to be due to
the recession in 2008. It can also be seen that, from 1999 to 2003, landfill rates were
higher than the utilisation rate; however, from 2003 onwards it was lower than the
utilisation rate. In 2010, 36% of the total FA produced was sent to landfill; this
increased to 48% in 2012, while the utilisation amount remained at around 3.2 million

tonnes, and then in 2013, the rate of landfill dropped to 38%.
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Figure 1: UK FA production, utilisation, and landfill values
Source: After (Carroll 2015; UKQAA 2016)

Most of the FA that is produced is disposed of as landfill. The relative utilisation and
production of FA differ noticeably from country to country, as shown in Figure 2. The
disposal of FA at this scale has caused major environmental concerns.

Ahmaruzzaman (2010) believes that the disposal of FA will soon be too costly if not
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banned. This can be seen in Netherlands, where all the FA is utilised or exported
since landfill is prohibited (Eijk et al. 2011). It is another important issue of Clean
Coal Technology to avoid the disposal of the minerals produced in power plants and
to use them as valuable sources (Caldas-Vieira and Feuerborn, 2013). Kolias et al.
(2005) report that there may be some issues associated with high quantities of FA
being used. Some of these problems may be cost of transport, high demand for
water and any practical problems that may occur during mixing and spreading of
large quantities of FA. In respect to environmental issues, FA utilisation can cause
environmental risks to air, suface water and ground water (Nawaz 2013). When used
in large quantities, FA can contaminate air by dispersion if not conditioned
adequately or transported in an uncontrolled fashion. Additionally, the environmental
impacts are potentially increased if the power station with the suitable FA is located
extremely far from the site. During a survey, utilities were asked to summarise their
key challenges on FA utilisation. The following were their responses (Rokoff et al.
2013):

e Inconsistency in monthly sales;

e Highs and lows of the construction industry and the economy;

e Reliability of end users;

e Distance to end users and markets;

e Air pollution control technology;

e Negative public image;

e Trying to grow utilisation in an environment of increasing regulations.
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Figure 2: Worldwide FA production, utilisation
Source: After (Pandey and Singh, 2010)

According to Pflughoeft-Hassett and Hassett (2001), there are several institutional

barriers to increased ash utilisation:

Lack of familiarity with potential ash uses.

Lack of data on environmental and health effects.

Restrictive or prohibitive specifications.

The belief that FA quality and quantity are not consistent.

Lack of FA specifications for non-cementitious applications, resulting in
substitution in their applications of the most restrictive specifications for
use of FA in cement and concrete.

The belief that raw materials are more readily available and more cost-
effective.

Actions by environmental agencies that normally support beneficial ash
use in principle but that frustrate the actual implantation by restrictive
regulations.

Lack of guidelines on beneficial use.
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However, there are many reasons to raise the utilisation of FA. Some of these
reasons are stated below (Ahmaruzzaman 2010):
e Minimizing disposal costs.
e Less area is reserved for disposal, thus enabling other uses of the land
and decreasing disposal-permitting requirements.
e There may be financial returns from the sale of the by-product or at least
an offset of the processing and disposal costs.

e The by-products can replace some scarce or expensive natural resources.

Suggested Strategies to Improve FA
Utilisation

i Education Programmes
L 2
i Opportunities to increase market share

10%

4-0%

\/

Figure 3: Suggested strategies for further FA utilisation
Source: After (Rokoff et al. 2013)

4 Design modification
i Marketing

i Not exploring new markets

0%
4 Research and Study

Lack of awareness on the advantages of CCP-based products among end-users is
limiting new initiatives and market potential. There should be an integrated approach
by the coordination of technologists, architects and manufacturers for the production
of superior quality of CCP-based products to meet consumer acceptability and
increased marketability. In addition, in association with scientists, policy makers and

CCP generators, awareness of the quality parameters and beneficial effects of CCP-
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based building materials and their utility should be made clear to the general public
for mass consumption and effective utilisation (Asokan et al. 2005). When a group of
power plants took part in a survey, a list of strategies was produced on how the
utilisation of FA can be improved from their perspective (Rokoff et al. 2013). These

strategies are presented in Figure 3.

2.2.4 Applications

Coal combustion products are mainly utilised in the building material industry, civil
engineering, road construction, underground coal mining construction and for
recultivation and restoration purposes in open cast mines (Feuerborn 2011; Berg
and Feuerborn, 2005; Sato and Nishimoto, 2005). FA has a broad range of

applications within the construction industry (Figure 4).

FA Applications within the UK
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Figure 4: Various FA applications within the UK
Source: After (Carroll 2015)
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The use of FA as a partial replacement for Portland cement in concrete is
widespread and considerable volumes are used. The development of new
construction materials and elements is another way to utilise FA in the civil
engineering applications. These materials can include cement, prefab panels, bricks
and new binding materials in pavements (Goyal 2010). Some of the main civil
engineering applications include highways construction, embankments, and
enhancement of foundation. The high cost of road aggregates has created an
opportunity to make significant savings through the utilisation of FA in pavement
construction. FA has also been utlised as an aggregate filler, in highway
construction, soil stabilisation, coarse subgrade material and as a mineral filler for
bituminous concrete (Ahmaruzzaman 2010). Some of the advanced applications of
FA are (Pandey and Singh, 2010):

e Seepage control through various hydraulic structures.

e As an effective low-cost adsorbent for the removal of heavy metal ions

from municipal solid waste leachate.
e Additives for the immobilization of industrial and water treatment wastes.

e The elimination of mercury and lead ions from waste water.

For the production of blended cement, FA is also used, and a gradual increase in
demand is observed (Caldas-Vieira and Feuerborn, 2013). Several researchers
(Mehta 1986; Manz 1986) proved even from past decades that high carbon FA could
replace Portland cement, even if the specifications and proposal revision of

standards are not met.

In a study, reported by Pei-wei et al. (2007), utilisation of 50% FA in a concrete dam
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lead to a reduction of 33% and 40% in shrinkage and expansive strain, respectively,
in comparison to samples without treatment (Pei-wei et al. 2007). FA is used
worldwide, and its premium application is like cement in concrete. It provides
significant technical benefits to concrete, including improved consistency, lower heat
of hydration, strength and durability performance (Jones et al. 2006). Also, as a low-
cost by-product, FA can reduce the overall unit cost of concrete production (Jones et

al. 2006).

The European Standard EN 450 was first published in 1994. It refers to siliceous FA,
only. Siliceous FA is defined by a content of reactive CaO of less than 10% by mass.
It is believed to be similar to class F FA according to ASTM C 618 (Berg and
Feuerborn, 2005). Utilisation of FA, as a partial or full replacement of cement in
concrete, may be compromised by the addition of air pollution control chemicals,
such as activated carbon and high solubility chemicals such as sodium-based

sorbents, and may require different handling (Baldrey et al. 2015).

Since the application as concrete addition constitutes the highest added value for FA,
the European Standard EN450 ‘Fly Ash for Concrete’ is of high importantance for the
marketing of FA (Berg and Feuerborn, 2005). The standard was published first in
1994 and then revised in the early 21%' century (Feuerborn 2011). The revised
version of EN450 1994 is in two parts: EN 450-1 deals with specifications, conformity
criteria and definitions, and the new section EN 450-2 deals with the conformity

evaluation of FA for concrete (Caldas-Vieira et al. 2013; Berg and Feuerborn, 2005).
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EN 450-1 deals with siliceous FA, which is collected in a dry state, or which is
processed by e.g. classification, sieving, drying, selection, blending, carbon

reduction and/or grinding (Feuerborn 2011; Caldas-Vieira et al. 2013).

Recently, it has been shown that FA might improve the compressive strength of
bricks and make them more resistant to frost. These FA bricks can weigh nearly 30%
less than conventional clay-fired bricks (Reidelbach 1970, cited in Ahmaruzzaman,
2010). In 2010, about 14 million tonnes of FA were utilised for production purposes
in underground mining and in the construction industry. Most of the FA produced
was utilised as a concrete addition in road construction and as raw material for
cement clinker production (Caldas-Vieira and Feuerborn, 2013). Stockpile ash could
be a large complementary source but requires a suitable process route to be
developed (Carroll 2015). In order to utilise FA on a vast scale, civil engineering
applications should be the main focus as soil improvement is mostly required for

these applications.

2.2.5 Fly Ash Around the World

According to Gutmann et al. (2014), thermally powered coal plants are the biggest
global contributors of greenhouse gas emissions. It has been reported that coal fired
plants are responsible for over 70% of greenhouse gas emissions in the energy
sector, while producing about 40% of the world’s energy (Gutmann et al. 2014). In a
report from the International Energy Agency (IEA 2015) regarding global CCP

production from 1972 to 2013 (Figure 5), it can be seen that there has been a rapid
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growth in the 21% century. The IEA (2015) suggests that this was mainly due to the

vast production growth in China.

Due to the relatively low price of coal compared to gas, coal will remain a major by-
product, and as stated earlier by Barnes and Sear (2006), FA application is expected
to expand for developing countries like China and India. These countries are also the
major producers of CCPs in the world (Asokan et al. 2005). The world average
utilisation of coal by-products is 16% (Suryawanshi et al. 2012), and in developed
countries, which have higher quality CCPs, the utilisation rate is over 33% (Asokan
et al. 2005). This section shows the utilisation and applications of FA in Europe and

in some countries: Australia, Canada, China, India, Japan, South Africa, Russia and

the USA.
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Figure 5: Global coal combustion by-products
Source: After (IEA 2015)
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Japan

In Japan, about 90% of the total coal ash generated is FA (Ishikawa 2007). In 2003,
82% of the total CCPs produced was utilised in Japan (Asokan et al. 2005). This
figure was reported to have increased to over 96% according to a more recent study
(Park 2014). About 16% of the total power generation in Japan is from coal-fired
plants (Ishikawa 2007). The use of FA as an admixture for concrete is considered
the most effective application (Ishikawa 2007). It can be seen from Figure 6 that from
1994 to 2004 the amounts of FA produced and utilised increased year by year and
the amount of FA being landfilled decreased only gradually, with its lowest being in

2004 (Ishikawa 2007).

Japan's Utilisation and Disposal rate 1994-2004
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Figure 6: FA utilisation and disposal rates in Japan from 1994 to 2004
Source: After (Ishikawa 2007)
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Russia

Between the years 2000-2005 the utilisation of FA in Russia from thermally powered
power stations contributed about 18-20% of the annual output (Putilov and Putilova,
2005), one of the lowest utilisation rates around the world. In fact, from the year 1990
to 2005, about 85 % of ashes were disposed of in storage, causing environmental
contamination (Putilov and Putilova, 2005). The procedure of discarding was
performed through hydraulic ash disposal systems, which also has some

disadvantages, some of which are mentioned below (Putilov and Putilova, 2005):

e Negative influence on air (ash disposal dusting) and water (pollution of
underground and superficial waters).

e Mineralogical and chemical soil content change.

e Failures of ash disposal.

e Worsening of consumers ash properties.

Figure 7 shows the trend of coal ash production, utilisation and disposal rates in
Russia from 1990 to 2005. It can be seen the rate of disposal is really high, between
79% to 89% throughout the 15-year period. The production has dramatically lowered
from 1990, over halved in year 2002. Despite the disposal rates following the
production trend, it can clearly be seen that the utilisation rates, not only have they
dropped, but they have seen an increase. In year 1995, only 5.9% of the coal ash
was utilised, whereas the same figure in year 2005 reached over 17%. Even though,

the disposal rates are immensely high, the utilisation rates are in the right direction.
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Figure 7: Russia’s coal ash production, utilisation and disposal rates from 1990 to 2005
Source: After (Putilov and Putilova, 2005)

China

China has been the world’s highest coal producer since 1985 (IEA 2015). As stated
earlier, China has been the main cause of the rapid growth of coal production in the
21° century. Since the year 2000, its coal production has increased by about 177%,
while the rest of the world’s production has increased by about 78% (IEA 2015). In
2006, coal-fired power plants constituted about 80% of the electricity generated in
China (Lan and Yuansheng, 2007). In a more recent report by Tang et al. (2013), it
was reported that about 69% of the primary energy of China was produced from coal,
which is over 200% of the average in the rest of the world. It is also believed that
this figure is unlikely to be changed in the near future as other natural resources like
gas and crude oil are scarce (Tang et al. 2013). Figure 8 shows the utilisation and
production rates of FA in China from 2005 to 2012. It can be seen that FA utilisation

has increased with higher productions throughout the past decade.
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Figure 8: China’s FA production and utilisation from 2005 to 2012
Source: After (Harris 2014)

China is also believed to be the highest producer of cement globally, and it has been
utilising FA as a supplementary material in the production of cement and concrete for
a long time (Lan and Yuansheng, 2007). In China, it has become the norm in
concrete production that half is Portland cement, a quarter is FA and the remaining
quarter is slag (Lan and Yuansheng, 2007). FA utilisation in China cement’s industry
accounts for around 38% of the total FA produced annually, about 26% in the
masonry industry, and nearly 20% in the fields of road building, backfilling of pile well,
soil improvement (Tang et al. 2013). Due to the vast production of CCPs in China, it
is very challenging and almost an impossibility for the total FA to be completely
utilised. It has to be stored in ash ponds or in open lands, which inevitably releases
fine ash into the atmosphere (Tang et al. 2013). Tang et al. (2013) report that the

Chinese Government has valued FA utilisation and given the industry priority.
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India

In 2005, it was reported that around three quarters of India’s power was generated
from coal-fired power stations, and again in 2014, this figure was reported to be
around 64% (Asokan et al. 2005; Pradhan et al. 2014). In 1992, only 4.7% of CCPs
produced were utilised, compared to 27% in 2004 as can be seen in Figure 9
(Asokan et al. 2005). This utilisation of 27% was utilised in the industry of bricks,
timber substitute products, cement, as a pozzolana in lime, concrete, as a stabiliser
in soil stabilisation, road base embankment, land reclamation, agriculture and

consolidation of ground (Asokan et al. 2005).

Figure 9 shows the rapid growth of CCPs production from the 20" century to the 21,
The production rate was increased by 614% from the year 1992 to 2004. According
to Asokan et al. (2005), it is expected that the CCPs utilisation rate will increase to
60% by the year 2020. That is an ambitious, yet a very necessary target for the
second producer of CCPs in the world. It should be pointed out that 22.5% of FA
generated in India is utilised in cement production, and that 19% of the total cement
generated in India is FA-cement (Asokan et al. 2005). Additionally, around 56% of
FA used, is in the construction industry (Rajak et al. 2016). In India, only about 10%
of the produced FA is utilised, which is even below the global average FA usage
(Suryawanshi et al. 2012). It is estimated that about 150 million tonnes of FA are
being produced from various thermal power plants annually in India (Belani and
Pitroda, 2013). That means over 130 million tonnes of FA remain unutilised, which is

a major concern for the environment and the future of India.
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Figure 9: India’s CCPs production and utilisation from 1992 to 2004
Source: After (Asokan 2005)

Several authors (Dewangan et al. 2016; Rajak et al. 2016), have recently reported
that the Indian Ministry of Environment and Forest has made it compulsory for the
construction of roads, compaction of low lying areas, embankments and reclamation
projects that are within a radius of 100 km of coal-fired power plants, to utilise FA.
This new incentive from the Indian government would certainly be of high support for

higher FA utilisation rates in the future.

USA

In 2005, Asokan et al. (2005) reported that over 50% of US electricity was generated
from burning coal in thermally coal-powered plants. In the US, the rate of CCP
utilisation in 1991 was about 31%, in 2001 it was 33.4% and in 2002 it was 35.4%
(Heidrich 2003; Asokan et al. 2005). In a more recent study, it was reported that in

2011, only about 38% of FA produced was utilised, while nearly 62% of generated

26



FA was disposed of (Sebastian et al. 2013). This rate of disposal, for one of the

major producers of FA in the world, is highly alarming.

US FA Production and Utilisation
70 /A‘QM
30 —&— Production
-‘lﬂ—l‘._“_. —8- Utilisation
20

1995 2000 2005 2010 2015 2020
Year

Million Tonnes

Figure 10: US’s FA production and utilisation from 2000 to 2015
Source: After (American Coal Ash Association (ACAA) 2015)

FA can be utilised for a variety of applications within the American construction
industry. Figure 10 illustrates the production and utilisation rates of FA in the US
from year 2000 to 2015. The production of FA can clearly be seen was decreased
post 2008 recession. However, the utilisation rates was maintained over 20 million

tonnes, increasing the utilised percentage from 40% in 2009 to about 54% in 2015.

Australia

Australia is the fourth largest coal producer in the world (IEA 2015). In Australia, the

rate of CCP utilisation in 1991 was about 9%, and in 2002 a major rise was seen
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with a utilisation rate of 32% (Heidrich 2003). According to Heidrich (2003), the
majority of the FA produced can be classified as class F. About 85% of the FA
utilised, is for the enhancement of concrete properties and various building materials,
and is utilised to good effect as road base binders and asphalt filler. The same
author suggests that Australian FA has the mechanical properties of medium-dense
sand and that its compacted mass is about 60% of that of dense sand (Heidrich
2003). Henceforth, this FA has proven to be an excellent construction material for
the building of embankments over soft soils and backfilling retaining walls due to the

following (Heidrich 2003):

e High internal angle of friction.

e Low unit mass.

e Low compressibility.

e Reduced settlement when used as fill material.

e Ease of compaction.
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Figure 11: Australia’s FA production and utilisation from 2007 to 2015
Source: After (Ash Development Association of Australia (ADAA) 2007; 2008; 2009; 2010; 2011; 2012;
2013; 2014; 2015)
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Figure 11 shows the production and utilisation of FA in Australia from 2007 to 2015.
It can be seen that the production of FA has gradually decreased over the years.
This is partially due to the closure of some coal-fired power stations. The utilisation
rate in 2007 was about 15.4%, with approximately 1.9 million tonnes. It can be seen
that the FA used in Australia has been fluctuating over the past years, reaching

maximum utilisaiton rate in 2013 with 31.6% and was reduced to 19.5% in year 2015.

Canada

In Canada, the coal-fired power plants were responsible for about 48% of the
electricity generated in 1999 and this figure decreased to only around 16% by 2011
(Weir 2013). These coal-fired power plants use over 90% of the total Canadian coal

resources (Yeheyis et al. 2009).
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Figure 12: Canda’s FA production and utilisation from 1999 to 2004
Source: After (Yeheyis et al. 2009)
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The addition of FA as a partial replacement for Portland cement in concrete is
widespread and considerable volumes are used. Observing Canada’s FA utilisation
(Figure 12), over two-thirds of FA produced is disposed of or stored. This is one of
the highest disposal rates around the world, while the remainder is mostly used in
concrete and cement production. FA utilisation for embankments and highways,

which this study is focused on, is only 0.3% of the total FA produced in Canada.

South Africa

For around 30 years, the stabilisation of pavements has been practised widely in
South Africa. However, until recently it has been confined to subgrade layers or for
rehabilitation and maintenance of existing aggregate layers (Okonta and Ojuri, 2014).
The amount of FA in South Africa is about twice of that of cement (Kruger and
Krueger, 2005). This significant difference has led to FA being researched and
examined much more widely than before, so that innovative applications and higher
utilisation rates may be achieved. In South Africa, a FA with a carbon content of
below 1% and 90% content of below 45 ym (SABS 1491-2) has become the norm in
the industry (Kruger and Krueger, 2005). According to Kruger and Krueger (2005),

the SABS 1491-2 FA has the following properties:

e Lower quantity of water required for concrete production
e Lower shrinkage
e Improved density

e Easier placing
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It is reported that cement production in South Africa consists of 15 to 35% of SABS
1491-2 FA (Kruger and Krueger, 2005). The innovation in FA utilisation and
applications in South Africa has consequently created a growth in FA utilisation, from
20 thousand tonnes/annum in the early 1980s to over 1650 thousand tonnes/annum

by 2004 (Kruger and Krueger, 2005).

South Africa FA Applications

4%

' i Other
2 6%
r * & Mining
10% Precast
ey
 Civils
72% i Readymix

Blended Cement

Figure 13: Various FA applications within South Africa
Source: After (Kruger 2015)

Figure 13 demonstrates the different applications that FA is utilised in the South
African market. It can clearly be observed that nearly three quarters of the utilisation
is in cement industry, and only 12% in the construction industry, with 6% in civil
enginering projects and the other 6% in form of precast.The first roller-compacted
arch-gravity dam in the world, the Knellpoort Dam, was constructed with an
extensive utilisation of FA (Kruger and Krueger, 2005). Kruger and Krueger (2005)

also report that there is substantial export of South African FA to the Middle East for
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projects like the Jumeirah Beach Resort Complex, the height of which is greater than

that of the Eiffel Tower.

European Union

Europe has long claimed leadership on tackling climate change (Gutmann et al.
2014). Figure 14 illustrates the utilisation and disposal of CCPs in Europe (EU-15) in
the years 2003 and 2008. It can be seen that the utilisation of CCPs in 2008 for the
construction industry increased by nearly 2% in comparison to 2003. Despite this
increase in utilisation, there were less (6.4%) CCPs stocked, while the disposal rate

nearly doubled over the five-year period.
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Figure 14: Utilisation and disposal of CCPs in EU-15
Source: After (Feuerborn 2011; Berg and Feuerborn 2005)
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The EU-15 comprises the following nations: Austria, Belgium, Denmark, Finland,
France, Germany, Greece, Ireland, Italy, Luxembourg, Netherlands, Portugal, Spain,
Sweden, the United Kingdom (OECD 2005). Germany ranks first in the utilisation of
coal to produce electricity in Europe, while the UK comes third in total coal
consumption for power after Poland (Gutmann et al. 2014). According to Park (2014),
Germany, the Netherlands and France had a utilisation rate of over 90% of their

produced CCPs during the late 1980s and early 1990s.
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Figure 15: FA applications within the EU-15
Source: After (Feuerborn 2011; Berg and Feuerborn 2005)

Figure 15 presents the applications of FA within the EU-15 in 2003 and 2008. It can
be seen that only FA as a concrete addition and its use in blended cement, had an
increase in its utilisation. However, a reduction is noted for the remaining

applications, like road construction and infill applications.
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2.2.6 Sustainability of Fly Ash

The increasing demand for electricity has rendered coal-fired power stations
indispensable for many countries. This has resulted in growing amounts of stockpiled
FA, inevitably causing environmental problems (Lav and Lav, 2014). The cost of
disposal has also been increasing due to high safety standards and lack of available
space near municipal areas (Baykal et al. 2004). Beneficial use of waste materials
decreases the need for large disposal areas and provides a low-cost mineral
resource for construction. To evaluate the engineering performance of these
materials and find new applications, characterising their geotechnical properties is a

critical task (Baykal et al. 2004).

Sustainable construction products are being sought by specifiers and customers
around the world. This well-established trend is mainly driven by market demand and
government initiatives. The energy and steam production by coal and subsequently
CCPs production is influenced by political decisions and respective legislation
(Caldas-Vieira and Feuerborn, 2013). The major issue is the hazard to the quality of
underground water and the atmosphere, which can potentially lead to risking the
health of people and can inevitably cause a serious economic and environmental

burden (Pei-wei et al. 2007).

The environmental limitations of Ordinary Portland Cement (OPC) are related to the
high levels of CO, released during its production, estimated at 7% of the total
anthropogenic €0, (Escalante-Garcia et al. 2009), while the chemical vulnerability of

OPC is the special concern when dealing with its use in structural foundations or soil
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improvement, due to the attack by sulphates in the ground or in chemical wastes
(Tomlinson 2001). A prime environmental benefit of using FA is a reduction in the
amount of Portland cement used (Carroll 2015). According to CalStar (cited in
Baldrey et al. 2015), an innovative building products company that incorporates
recycled material such as FA, ‘Traditional masonry products use clay or Portland
cement and require firing in kilns at thousands of degrees. Our innovative technology
and manufacturing processes use 81% less energy, emit 84% less C0O,, and utilise

up to 37% post-industrial recycled material’ (Baldrey et al. 2015, p. 7).

During the 1990s, the European Waste Framework Directive defined CCPs as waste
(Berg and Feuerborn, 2005). At the time, the case was unclear for FA, as there was
no processing taking place in the stations and also the recovery phase was the last
operation.That meant the material had to be handled, collected, transported and
stored as waste (Berg and Feuerborn, 2005). For a concrete producer, this meant
they used waste to produce concrete, meaning the ready mixed plant became a
waste handling facility. Because of this, the concrete producer may have faced
obstacles utilising FA, as it would have damaged their image in the industry (Berg

and Feuerborn, 2005).

As the European Commission is aiming at increasing recycling and the utilisation of
‘secondary raw materials’, for materials like FA, the definition would be reconsidered
as being no longer a waste (Berg and Feuerborn, 2005). In January 2001, the
European Commission adopted a decision in order to come to a harmonised list of

hazardous and non-hazardous waste, the European Waste Catalogue (EWC) (Eijk et
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al. 2011). The EWC includes an annex with a list of about 800 wastes. The different
types of waste on the list are fully defined by the six-digit code for the waste. Any
waste considered as a hazardous waste obtains a code that is marked with an
asterisk (*) (Eijk et al. 2011). According to the European Waste Catalogue, coal
combustion ashes are no longer classified as hazardous waste. Additionally,
according to the European REACH (Registration, Evaluation, Authorisation and
Restriction of Chemicals) regulation, coal ashes have been registered as a
substance without any hazard classification (Eijk et al. 2011). In the EWC, ashes
produced at 100% coal firing power stations are defined as non-hazardous waste
(Eijk et al. 2011). Furthermore, the US Department of Energy (Pflughoeft-Hassett
and Hassett, 2001) conducted a thorough study that concluded that if utilised in a
suitable manner, FA would not be a hazard to the environment when used for soll
stabilisation. FA concrete is recognised as a more durable and a more sustainable
building material by many architects and engineers (Sebastian et al. 2013).
According to Sebastian et al. (2013) structures built with FA concrete last longer,

henceforth fewer resources will be depleted in the future.

Engineers are deemed to be responsible for the protection of the environment by
reducing the extraction of raw materials used in construction, resulting in the
minimization of embodied C0O, (Jones et al. 2009). By their utilisation they help to
save natural resources and to reduce energy demand and greenhouse gas
emissions to the atmosphere from mining (Berg and Feuerborn, 2005), and it also

improves the sustainability of construction materials (Carroll 2015).
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The representatives of 37 industrial countries came to an agreement on the 11
December, 1997 to reduce greenhouse emissions to an average of 5% against 1990
levels over the five-year period 2008-2012 (Caldas-Vieira and Feuerborn, 2013).
This agreement is famously known as the Kyoto Protocol, which came into force in
2005 (Kyoto Protocol 2008, cited in Caldas-Vieira and Feuerborn, 2013). Coal-fired
power plants have a significant impact on the enviroment. Emissions from these
industrial installations have consequently been subject to an EU-wide legislation

(Caldas-Vieira and Feuerborn, 2013).

In few countries, the use of nuclear power has been seen as the solution to reach
the reduction goals (Caldas-Vieira and Feuerborn, 2013). However, after the
Fukushima accident, some countries such as Germany decided to withdraw nuclear
power production (Caldas-Vieira and Feuerborn, 2013). All coal-fired power stations
built after 1987 had to comply with the emission limits in the Large Combustion Plant
Directive (LCPD). According to Caldas-Vieira and Feuerborn, (2013) the power
plants in operation before 1987 were labeled as 'existing plants'. Existing facilities
could either comply with the LCPD by installing emission reduction equipment like
Flue Gas Desulphurization (FGD) or 'opt-out’ of the Directive (Caldas-Vieira and
Feuerborn, 2013). An existing plant that chose to 'opt-out’' must have closed by the
end of 2015 (Caldas-Vieira and Feuerborn, 2013). The members of the European
Union must prepare to meet the ever increasing energy demands while also meeting
the targets set for greenhouse emissions (Caldas-Vieira and Feuerborn, 2013). The
energy plan for each country would be different as it depends mainly on the country
coal reserves, traditions, and the experiences. In some countries, national mining

was completely stopped to reach national CO, reduction targets (Caldas-Vieira and
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Feuerborn, 2013). In Belgium the last mine was shut down in 1992, while Germany,
from having 150 mines in the 1950s, now only has 8 left, which are subject to closure

by 2018 (Caldas-Vieira and Feuerborn, 2013).

It is tough for ‘governments tasked with obtaining a value for money for taxpayers to
award contracts incorporating high cost but sustainable construction, and difficult for
contractors to win projects based on sustainable principles when clients award work
based on the lowest bids’ (Mitchell and Kelly, 2013, p. 127). FA utilisation can help to
reduce materials used as well as the carbon footprint. Other benefits include:
treatment of polluted soils, preventing and mitigating natural disasters, development
of brownfield sites and restoration and maintenance of existing structures and
industrial recycling and treating of waste (Mitchell and Kelly, 2013). There are some
environmental advantages of using FA as a soil stabiliser (Mitchell and Kelly, 2013):

e Use of a zero-cost raw material.

e Conservation of natural resources; soil, water, coal, and lime.

e Elimination of waste.

e Minimization of global warming.

Less reliance will be placed on fossil fuels such as coal, with an emphasis on
renewable sources such as wind, tidal and solar energy, perhaps augmented by new
nuclear power stations (Carroll 2015). In addition, the increased use of wind energy
may impact the operation conditions of coal stations, and therefore the quality of the
coal combustion products of these power plants (Caldas-Vieira and Feuerborn,
2013). FA has low embodied C0O, and low energy associated with its production,

which would decrease the embodied energy and carbon footprint of concrete made

38



with a substantial replacement of Portland cement by FA as compared with
conventional concrete (Carroll 2015). Portland cement typically has 913 kg CO, e /
tonne associated with its manufacture but the comparable figure for FA is only 4 kg
CO0, e [ tonne (Carroll, 2015). In 2003, Beeghly (2003) reported that, for a pavement
stabilising project, the costs were about $3.50/sg.yd, which in comparison to the
regular method of removal and replacement was around $20/sqg.yd, producing
significant savings. The stabilisation process also had an effect on the pavement
granular base thickness from 15 to 7 inches (Beeghly 2003). A reduction in the

thickness can also contribute to further savings.

Furthermore, the delivered price of FA in comparison to lime, cement or ground
granulated furnace slag, it is at less than 10%, creating the possibility to utilise high
FA additions and still show significant overall cost savings (UKQAA 2011d). As an
example, if 8% FA was mixed with 4% cement for stabilisation, from a mechanical
point of view, it would be equivalent to the soil being stabilised with 8% cement
(UKQAA 2011d). In order to reduce the environmental pollution caused by FA and
promote its comprehensive utilisation, governments should organise experts and

offer significant funding to investigate it (Pei-wei et al. 2007).

Moreover, utilising materials that are already produced results in less energy and
emissions in total highway construction, resulting in a ‘Green Highway’ (‘A generic
term for a highway that is produced with minimum or even no harm to the
environment in terms of protection of natural materials and reduction of greenhouse

gas emissions’) (Lav and Lav, 2014, p. 11). Hence, FA has the potential of replacing
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traditional road building materials when circumstances permit. The reuse of waste
materials, such as FA, in highway construction, has a significant potential to
minimise the amount of disposed waste materials (Baykal et al. 2004; Cetin and
Aydilek, 2013). Due to the volumes of material involved in the construction of roads,
railways and airports, utilising FA has a profound impact from the environmental
point of view on the surroundings (Celauro et al. 2012a). The beneficial reuse of FA
in embankment construction not only helps ease one of the most pressing
environmental problems, that is disposal of wastes, but may also result in (Cetin and

Aydilek, 2013):

e Reducing solid waste disposal costs incurred by industry.

e Reducing landfill requirements.

e Minimizing damage to natural resources caused by excavating earthen
materials for construction.

e Obtaining added value from waste materials.

e Conserving production energy.

e Providing sustainable construction.

e Providing economic growth.

2.2.7 Health Characteristics

People living near coal-fired power stations and their employees, as well as those
involved in the shipment and processing of coal FA, can be exposed to coal FA. Ash

quality is of great consequence for the following three items (Meij and Winkel, 2001):
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e The technical quality.
e The environmental quality.

e The health and safety quality.

A lot of research has been done into the health implications of working with FA (Meij
and Winkel, 2001; Eijk et al. 2011). Data from experiments and tests show that
normal levels of exposure (i.e. exposures of below the limit for nuisance inhalable
substances) are unlikely to have any major health implications (Meij and Winkel,
2001). According to Meij and Winkel (2001), the results of epidemiological research

support this conclusion.

The most important route for exposure to FA is inhalation. People involved in the
processing and production of FA can be exposed via this route (Meij and Winkel,
2001). Most of the exposed radiation would be external, as internal radiation
associated with the inhalation of FA is believed to be negligible (Meij and Winkel,
2001). Measurements show that, under normal operating conditions, concentrations
of inhalable FA for employees of power plants vary between 0.1 and 7 milligrams per
cubic metre, and concentrations of respirable FA linked with such exposure are
believed to range between 0.1 and 2.3 milligrams per cubic metre (Meij and Winkel,

2001).

Incomplete combustion of fossil fuels can lead to the production of hydrocarbons and
‘some of the hydrogen atoms in these hydrocarbons can be replaced by atoms of
chlorine, fluorine or bromine to form substances called dioxins’ (Meij and Winkel,

2001, p. 6). There are reportedly 210 different types of dioxin, of which a ‘congeneric’
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group of seventeen, the so-called ‘dirty seventeen’, are toxic (Meij and Winkel, 2001,
Eijk et al. 2011). According to Meij and Winkel (2001), results show that for people
living near coal-fired power stations and their employees, the levels of exposure to
dioxins caused by the airborne dispersal of FA and flue gases emissions are low. It
has also been found that exposure is negligible in relation to the background dioxin

burden (Meij and Winkel, 2001; Eijk et al. 2011).

Large-scale combustion of fossil fuels, as in power stations, in general, results in
very low levels of dioxins. This is mainly because combustion in modern coal-fired
power stations is virtually complete (Eijk et al. 2011). The daily intake as a result of
this exposure is negligible in relation to WHO guidelines and to the background daily
dioxin intake, which mainly is associated with the consumption of food (Eijk et al.

2011; Meij and Winkel, 2001).

Quartz

Substantial exposure to quartz can lead to ‘black lung’. (Eijk et al. 2011; Meij and
Winkel, 2001). It has recently become known that quartz is a human carcinogen at
concentrations above a certain threshold (Meij and Winkel, 2001). Since quartz is
found in coal and FA, it is suggested that the concentrations in which it is present
must be known and also it must be determined whether its presence can cause
fibrosis or cancer (Meij and Winkel, 2001; Eijk et al. 2011). Nevertheless, it should be
pointed out that these effects are what one would expect from any particulate

material (nuisance dust); they are not unique to FA and are definitely not caused by
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the presence of quartz in FA (Meij and Winkel, 2001). According to Meij and Winkel
(2001), quartz loses its fibrogenic characteristics when heated to temperatures of
more than 1200 °C. As stated previously, in section 2.2.1, FA by definition must be
produced with combustion temperatures of 1300-1500 °C. In other words, all FA
particles undergo heating more than this level, eliminating the risk of exposure to

quartz.

Radioactive Aspects

Meij and Winkel (2001, p. 6) state that the earth’s crust contains ‘natural
radionuclides, which are naturally radioactive substances present since the formation
of the earth’, and that they have high longevity and also are in existence constantly.
The same authors report that a certain amount of radioactive radiation naturally
occurs, also known as background radiation, due to radioactive substances being
present throughout the earth’s crust. Substances extracted from the earth’s crust,
including sand, clay, flint, marble, granite and coal, also contain radioactive material
(Meij and Winkel, 2001). The use of such substances in construction can result in the
concentration of radiation so that levels exceed natural background radiation levels
(Meij and Winkel, 2001). According to Meij and Winkel (2001), radioactive materials
remain in the ash post incineration of coal, which creates a higher concentration of
radioactivity per unit weight in comparison to the parent coal. Furthermore, Meij and
Winkel (2001) state that the occupational radiation exposure limit is ‘1 mSv per year'.
If an employee working at a power plant spent all the working hours (around 1800

hours annually) within 25 meters of a FA store, he would be exposed to 0.016 mSv
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of radiation per year. In other words, one’s exposure to FA radiation is negligible.
According to Asokan et al. (2005), the radioactivity level of Indian CCPs and pond

ash is almost similar to that of normal soil.

Meij and Winkel (2001, p. 3), indicate that there is no reason to regard FA ‘as a
harmful dust as opposed to a nuisance dust’, and that as long as requirements of
nuisance dust are met, there is no increased health risk. The concentrations of some
of the trace elements may be higher in different types of FA than in natural resources
or products utilised for certain uses. To avoid any negative impact on the
environment or human health, regulations have been developed for different uses of
industrial by-products at a national level in the European Member States (Feuerborn

2011).

2.2.8 Storage and Reprocessing for Further Utilisation

The reuse of waste begins with the development of new technologies for ways to use
waste. Accoding to Park (2014, p. 1816), ‘technology governs the life cycle of
materials with regard to how they are mined, manufactured, used and discarded’.
Most applications of coal FA, like concrete, structural fill, and waste stabilisation,
utilise fresh FA received directly from coal-fired power stations. However, according
to Yeheyis et al. (2009), if the current rate of utilisation carries on, the demand for
fresh coal FA for various applications will be increased and utilisation of coal FA

disposed in landfills will invariably have to be considered. Taking no action for waste
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incurs costs on society and the environment, because when FA is landfilled or
released back to nature, it will increase the anthropogenic disturbance (Park 2014).
The alternative way, recycling and reuse of waste, requires the development of
appropriate technologies that make reuse possible (Park 2014). The innovation
process for re-use of discarded materials requires skills that are sometimes more

creative than the original production process (Park 2014).

Significant amounts of FA are held in ash fields and lagoons throughout the United
Kingdom (Carroll 2015). The reactions of FA in contact with water are complex and
significant chemical and physical changes occur within conditioned ash deposited in
ash fields for periods of months to several years (Carroll 2015). Disposal of coal
combustion residuals (CCR) for many plants will change from sluiced wet ash
handling and wet surface impoundments to dry landfills as a result of both state
regulations and the recently enacted CCR disposal regulation (Baldrey et al. 2015).
The forthcoming conversion from wet to dry FA handling and disposal may be an
industry opportunity to reevaluate the entire solid waste handling process (Baldrey et

al. 2015).

Due to variation in energy needs throughout the year, most FA is produced in the
winter; however, it is mainly utlised in the summer. This creates a logistical
challenge since EN 450 FA is stored and delivered dry and there is a finite volume of
silo storage available (Carroll 2015). Concrete domes have proven to be
economically viable and environmentally friendly storage vessels, especially for large
guantities of FA (Hunter 2003). All around the world, concrete domes are being used

for bulk storage, as they are efficient and economical for storing large quantities of
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materials, with capacities in the range of 15,000 to 100,000 tonnes (Hunter 2003).
Some of the main reasons, suggested by Hunter (2003), for selection of concrete

domes being selected over traditional storage methods include the following:

e Keep products dry even in hurricanes.

e Eliminate condensation and dripping.

e Prevent fugitive dust emissions.

e A waterproof exterior membrane keeps out rain and snow.

e Materials can be maintained for long periods of time in the same condition
and quality at which they were put into storage.

e Large quantities of materials can be stored in relatively small spaces.

e Simpler than is needed to fill a silo or a flat storage warehouse.

e Concrete does not burn, does not oxidise and it is not eaten by insects.

e Rapid construction (regardless of the weather).

e Concrete domes are cost competitive.

Approximately 50% of the FA generated in the UK has to be stored wet in stockpiles
or lagoons and currently there is still in excess of 50 million tonnes of material that
has been treated (conditioned) with water for storage purposes around the UK
(Jones et al. 2015). FA can be conditioned by mixing with a controlled amount of
water (8 to 15% moisture content) and discharged into tipper trucks. Conditioned ash
is the required form for many geotechnical applications such as engineering fill
(Carroll 2015; Jones et al. 2015). For large fill contracts a specific stockpile of
conditioned ash is often built up over the winter months to ensure uninterrupted

delivery during the spring and summer (Carroll 2015).

46



The storage of unused FA is a major problem worldwide and regulatory authorities
are increasingly resistant to permitting new facilities. This has created pressure on
the extraction of FA for reutilisation in an appropriate manner or space will run out
(Jones et al. 2015). Transforming landfills from a major cost to society into a
resource recovery opportunity has received little attention (Jones et al. 2012). Most
landfills lack detailed registration, requiring exploration of the content (Jones et al.
2012). An inventory of the ash fields and landfill sites across the mainland UK is
under development, which would lead to an estimation of the total amount of usable
FA (Carroll, 2015). As stated earlier, the disposal of FA will soon be too costly if not
banned (Ahmaruzzaman 2010; Baykal et al. 2004). The UK government announced
that it would increase the rates of landfill tax in line with inflation (HMRC 2016). Table
1 shows the landfill tax rates from 1996 to 2018. It can clearly be seen that the
landfill tax has been increasing year by year. In some years, like 2000-2003, the tax
was increased by just one British Pound. Whereas, from 2007 onwards, the rate has
been increasing substantially, over 30% increase in some years. It was also
announced that it will not fall below £80 per tonne until at least April 2020 (HMRC
2016). The rise in the landfill tax rate would help in reducing the disposal problems of

FA and increase the reutilisation of landfilled FA.

Landfill mining can be a very good method of reutilisation of stored and discarded FA.
Krook et al. (2012, p. 513) define landfill mining as ‘a process for extracting materials
or other solid natural resources from waste materials that previously have been

disposed of by burying them in the ground’. Landfill mining had its genuine start only
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in the 1990s and in most cases it was limited to the extraction of methane and the

partial recovery of valuable metals and/or land reclamation (Jones et al. 2012).

Table 1: UK landfill tax rate
Source: After (HRMC 2016)

Rates per tonne (£) From
7.00 01.10.1996
10.00 01.04.1999
11.00 01.04.2000
12.00 01.04.2001
13.00 01.04.2002
14.00 01.04.2003
15.00 01.04.2004
18.00 01.04.2005
21.00 01.04.2006
24.00 01.04.2007
32.00 01.04.2008
40.00 01.04.2009
48.00 01.04.2010
56.00 01.04.2011
64.00 01.04.2012
72.00 01.04.2013
80.00 01.04.2014
82.60 01.04.2015
84.40 01.04.2016
86.10 01.04.2017
88.95 01.04.2018

Landfills are the future mines for materials, including FA, and new technologies and
innovations should be the way forward for effective and efficient utilisation. This will

aid lower emissions induced by production and extraction of traditional materials,
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further land re-use and also higher economical statuses. As stated earlier, the UK
ash fields may contain up to 50 million tonnes of stockpiled ash and this is a large
potential source of raw material for use in construction products (Carroll 2015).
Transforming stockpile ash into EN 450 FA through a variety of processing methods
can improve the utilisation of FA and consequently reduce the impact on the
environment. Some of these processing methods include (Feuerborn 2011; Carroll
2015; Caldas-Vieira et al. 2013):

e Blending and sieving.

e Thermal beneficiation.

e Hydraulic processing.

e Drying.

e Electrostatic beneficiation.

e Grinding and milling.

An innovative form of FA beneficiation, the operation of a proprietary staged
turbulent air reactor (STAR) facility, can divert large volumes of unprocessed FA
from landfills by thermally processing landfiled FA into a low-carbon, mineral
admixture product (Sebastian et al. 2013). The stations with STAR facility are
capable of processing 360,000 tonnes of FA annually. Using this unutilised FA will
reduce the amount of other natural resources used in construction. Furthermore,
since structures built with FA concrete last longer, fewer resources will be depleted
in the future (Sebastian et al. 2013). In order to reutilise FA in ponds, with the aim of
closure of these ponds, the dewatering of FA is found to be necessary to provide
construction equipment access and to reduce the water content to facilitate

handling/hauling. However, dewatering is challenging because of its relatively low
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hydraulic conductivity (Seymour et al. 2013). Several dewatering methods are

proposed by Seymour et al. (2013):

1. Construction of a series of shallow (1 to 3 m deep) trenches to drain the
upper levels of the FA.

2. Mixing of wet FA in place with dry materials such as mine spoil or
excavated bedrock.

3. Draining of FA through double handling by excavating wet ash and
stockpiling it to allow it to drain to facilitate subsequent hauling and

placement.

It has been well established that the finer the FA, the more effective it becomes in
terms of geo-engineering benefits (Dhir et al. 1986, cited in Jones et al. 2006). Jones
et al. (2006) studied the material characteristics of ultrafine FA. The ultrafine FA had
much improved material characteristics when compared to coarser FA in terms of
morphology, mineralogy, and chemical composition. The mineralogical and chemical
properties of FA not only influence the engineering properties but also the
environmental impacts that may arise through its utilisation (Yeheyis et al. 2009).
Traces of toxic elements from FA can potentially impact the environment. Authors,
Rivera et al. (2015), studied the chemical compositions and speciation of FA and
revealed that the mineralogy of the FA matrix and the chemical speciation of the
trace elements can be influential in controlling the toxic trace elements against

environmental impacts.

In a study by Yeheyis et al. (2009), the effects of weathering and ageing on the
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disposed coal FA were studied in comparison with the fresh FA from the same site to
find out whether disposed coal FA from landfill has suitable engineering and
environmental properties needed for various applications. It was found that there
was no significant difference in the elemental composition between the fresh and
disposed FA; however, the physical, mineralogical and micro-structural
characterization results revealed significant differences (Yeheyis et al. 2009). The
authors concluded that despite the chemical and mineralogical transformations and
slight variations in chemical compositions of disposed FA, both fresh and disposed
materials have favorable engineering properties that make them suitable for

reutilisation (Yeheyis et al. 2009).

There are power stations that use low-emission production methods, which results in
FA with coarser physical characteristics and high residual carbon contents, which
often leads to a negative effect on its performance in concrete (Jones et al. 2006).
As a result, many ash producers are utilising post-production processing of FA to
remove the carbonaceous and clay residue materials and/or refine the particle size.
One processing method which has the potential to achieve this is cyclonic separation

(Jones et al. 2006).

Kochert et al. (2009) studied a method of transforming BA to FA by using the
Magaldi Ash Cooler (MAC) system. This system operates by extracting and cooling
the BA, where it is mixed with the designated new patch of coal, then milled and
reintroduced into the furnace (Kochert et al. 2009). The MAC system is a proven
technology with more than 100 installations worldwide (Kochert et al. 2009). It is also

reported by Kochert et al. (2009) that the conversion of BA to FA not only does not
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have an adverse impact on FA properties, but it can, in fact, increase the FA’s
overall quality of the FA. Additionally, the total FA production of the plant is increased.
The conversions through the MAC system can include the following benefits:

e Zero water usage, reliability.

e Low maintenance.

e The possibility to sell bottom ash with FA to the cement industry.

In a study by Jones et al. (2015), the authors established an innovative technology,
in which stockpiled FA can be successfully be up-sized into foamed concrete and
processing to produce a synthetic sand suitable for use in mortar or concrete. It was
also concluded that the physical properties of the raw material does not affect its
potential for recycling (Jones et al. 2015). The resulting ‘silt sand’ is then exposed to
C0, to enhance its strength and graded to a specific particle size distribution and

assessed for mechanical performance (Jones et al. 2015).

High carbon content in the coal tends to limit applicability. Consequently, a variety of
techniques began to be developed in order to reduce the carbon content significantly.
These techniques include ‘carbon burn-out in an fluidised bed combustion (FBC),
electrostatic separation, froth floatation, pneumatic transport separation, and
triboelectric separation’ (Ruppel 2002, cited in Barnes and Sear, 2006, p. 10). The
electrostatic separator is capable of processing the majority of FA range, and is also
able to reduce the carbon content from 30% to 2%, which is below the standard for
use in concrete (Barnes and Sear, 2006). By the process of thermal beneficiation,

which removes carbon and ammonia, coal FA becomes marketable as a pozzolan
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for the concrete industry (Fox 2005). The effect of these thermal treatments on the

FA pozzolanic activity may vary with ash composition (Fox 2005).

Investment in infrastructure and storage facilities to support established markets can
lead to the success of the marketers. In a survey, 82% of the utilities reported that
having an integrated operation (ability to manage loading, transport and use under

one company) was important (Rokoff et al. 2013).

2.3 Ground Improvement

Ground improvement can be defined ‘as the introduction of materials or energy to
soils to affect a change in performance of the ground such that it performs more
reliably and can be incorporated into the design process’ (Essler 2012, p. 911). In
general, ground improvement methods are used all around the world for better
stability and load-bearing capacity of soil to enable the construction of projects with
very long design lives such as embankments, bridges and retaining walls (Cofra
2005). It generally involves the enhancement of ground properties, principally by a
strengthening or stiffening process and compaction or densification mechanisms, to
achieve a specific geotechnical performance (Serridge and Slocombe, 2012). The
design life can be in the range of 40-100 years. The long-term performance must be
extrapolated from short-term laboratory tests, which is a source of uncertainty
(Mitchell and Kelly, 2013). In the recent past, the use of ground improvement has
increased significantly, down to more construction sites being located in areas of

poor-quality ground, contaminated sites, tailings deposits and for redevelopment of
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existing sites or other uncontrolled fills that have the need to mitigate failure risks
from natural disasters (earthquakes, floods, slope instability) (Mitchell and Kelly,
2013). It is suggested that on average, in the UK, the ground treatment market is
approximately from ten to twenty million pounds per year (Essler 2012). The main
aims of ground improvement are to (Shukla 2015):

e Increase strength and stiffness of soill.

e Decrease compressibility and volumetric change.

e Regulate permeability according to requirement.

e Decrease soil liquefaction susceptibility.

e Increase durability.

Infrastructure projects such as highways, railways, airports and harbours cover large
areas of land, at times over tens of kilometers. At most times, projects like railways
or highways encounter problematic soils. Construction in increasingly urban
environments means that sites with poor soil conditions and even landfills are being
utilised for various structures and facilities. This construction activity on poor soil
leads to the necessity for ground improvement prior to the start of construction (Raju
2010). Springman et al. (2014) state that constructing embankments on soft ground
with reference to modern codes and standards of practice is challenging without
ground improvement. Additionally, the design of buildings and infrastructure on soft
ground requires a realistic representation of the ground conditions and clear
calculation procedures to help the design engineer to fulfill the verification required

by the design codes (Springman et al. 2014).
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The selection of a suitable method of ground improvement and optimization of its
design and construction to meet specific project needs requires extensive
background knowledge of available ground treatment technologies and careful
evaluation of some factors. These factors are: understanding the procedures of
different methods, the use of appropriate design procedures, utilisation of several
selection criteria, implementation of the right techniques for quality assurance and
control, and consideration of all relevant costs and environmental factors (Mitchell
and Kelly, 2013). In most geotechnical and infrastructure projects, the design
requirements of the construction site cannot be met without the use of ground
improvement techniques. Choosing a site for ground improvement has a few design

criteria that should be considered (Makusa 2012):

e Design load and function of the structure.
e Type of foundation to be used.

e Bearing capacity of subsoil.

Makusa (2012) states that key criteria in site selection is the bearing capacity of the
soil, and if in any circumstances the bearing capacity proves to be poor, one of the

following routes is chosen:

¢ Change the design to suit site condition.
e Remove and replace the in situ soil.
e Abandon the site.

¢ Modifying soil properties to meet specific design requirements.

55



The correct identification of the soil and its properties is a vital step in site selection
and the ideal selection of the type of ground improvement technique (Essler 2012).
There are several forms of ground improvement, including many traditional ones and
some innovative methods. Essler (2012) lists the following as the major forms of
ground improvement:

e Void filling.

e Grouting.

e Compaction (dynamic and vibro) and stone columns.

e Soil mixing.

There has been a renewed interest in rammed earth (RE) construction worldwide,
due in part to the rising cost of traditional building materials and increased
awareness of energy-efficient materials (Dockter et al. 1999). The soil utilised in
rammed earth construction must fall within a certain range of properties in order to

perform well.

Some of the advantages of ground improvement is to reduce the high cost of
building and maintaining the waste-disposal facilities, while increasing the supply of
construction material from the waste (Porbaha and Hanzawa, 2001). Construction of
embankments is of high importance due to the large amount of virgin materials
required in their construction. The beneficial use of FA for embankment construction

is one of the promising solutions to reduce the disposal problem (Santos et al. 2011).

FA has been utilised as an engineering fill material in the UK for over 50 years, with

the first recorded utilisation for this purpose dating back to 1952 (UKQAA 2007; Fox
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and Coombs, 2009). Its use was not covered by any legislation other than that
employed to ensure safe and appropriate handling and placement (Fox and Coombs,
2009). According to UKQAA (2007) since that time, the 1950s, there have never
been any major environmental incidents. However, the association recommends that
care must be taken to ensure that the environment is protected and suggests

applicable guidance can be found in the 'Environmental Code of Practice for Fill'.

Utilising FA in concrete road construction can result in less depletion of natural
resources like stone, metal and soil. It will also save cement, which is the most
expensive ingredient in concrete (Suryawanshi et al. 2012; Belani and Pitroda, 2013).
About 10% to 30% of cement and 5% to 15% of sand in concrete can be replaced if
FA were to be utilised, which can lead to lower production and construction costs
without comprising the strength (Suryawanshi et al. 2012). It has been found that FA
cement concrete does not gain appreciable strength in the initial 7-14 days. However,
the results for conventional concrete and FA concrete after 28 are nearly same
(Suryawanshi et al. 2012). Beneficial use of FA in construction projects requiring
large material volumes, such as for highway embankment construction, offers an
attractive alternative to disposal because substantial economic savings can be
attained by the reduction of ash disposal costs and the conservation of natural
resources and lands used for landfills (Kim et al. 2005; Suryawanshi et al. 2012;
Belani and Pitroda, 2013). Furthermore, other benefits of FA usage in concrete for
road construction include improved texture, workability and impermeability, lower
water evaporation, reduced leaching effect of Portland cement and the reduction
and/or elimination of bleeding (Suryawanshi et al. 2012; Han 1993). There are

several potential benefits and few harmful effects of FA application in soil for ground
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improvement (Pandey and Singh, 2010):

Beneficial effects:
e Improves soil texture.
e Reduces bulk density of soil.
e Improves water-holding capacity.
e Increases soil buffering capacity.
e Reduces crust formation.

e Reduces the consumption of soil ameliorants.

Harmful effects:
e Lower bioavailability of several nutrients down to high pH.
e High salinity.

e High content of phytotoxic elements.

According to Santos et al. (2011, p. 1) ‘an embankment refers to a volume of earthen
material that is placed and compacted for the purpose of raising the grade of a
roadway above the level of the existing surrounding ground surface’. Kim et al.
(2005) established that high volume of FA mixtures, with appropriate design and
construction methods, could be suitable for use in highway embankments. Several
researchers report that the FA-soil mixtures could deliver similar compressibility and
strength to most soils used as fill materials in highway embankments while having
the advantage of lower dry densities (Kim et al. 2005; Santos et al. 2011). It has also
been found that the compressibility of compacted BA and FA mixture, from a
mechanical point of view, are similar to that of conventional compacted sand when

utilised for highway embankment purposes (Kim et al. 2005).
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There are several geotechnical properties of FA that are important in embankment
constructuion, such as its moisture-density relationship, particle size distribution,
permeability, and strength (Santos et al. 2011). Han (1993) states that moisture
control is a key factor for successful construction. An envelope of cohesive soil is
required for the FA embankment to serve as an erosion control device and to provide

for vegetation support (Han 1993).

There are a number of advantages in utilising FA as a fill material over naturally

occurring materials. FA is beneficial for the following reasons (UKQAA 2007):

e Lightweight in comparison to most materials, which leads to savings in
material, transport costs and reduces settlement in underlying soils.

e When properly compacted, FA settles less than 1% during the construction
period with no long-term settlement.

e The self-hardening properties of some FAs offer considerable strength
advantages over natural clay and granular materials.

e |t can exceed the design strength immediately after compaction.

e The immediate strength of FA means simple shallow trenches have a
reduced need for shoring.

e With proper profiling, FA fill can be trafficked in all weathers.

According to UKQAA (2007) there are three types of FA available for utilisation as a

fill material:

1. Conditioned ash: FA taken directly from the silos at the power station to
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which a controlled amount of water is added to assist in handling, dust
prevention and compaction on site.

2. Stockpiled ash: Previously conditioned FA that has been stockpiled prior to
use.

3. Lagoon Ash: FA that has been slurried and pumped to storage lagoons. It
is then allowed to settle and drain before delivery. Lagoon ash can be

somewhat more variable in particle size distribution than conditioned ash.

UKQAA (2007) states that FA embankments should invariably be covered using
different techniques, either with furher construction, a layer of top-soil or by hydro-
seeding. If topsoil is used, a minimum thickness of 100mm is recommended, though
up to 500mm of soil may prove necessary in some environmentally sensitive areas

(UKQAA 2007).

Furthermore, Belani and Pitroda (2013) believe that with adequate knowledge of the
performance of FA based road pavements, a much higher demand can be expected
from the road sector to use FA for the construction industry. However, judicious
decisions are to be taken by engineers. Appropriate risk assessment and
precautions will be required on contaminated sites and to avoid exposure to the
atmosphere of chemicals and materials such as asbestos (Serridge and Slocombe
2012). Moreover, Fox and Coombs (2009) state that an exemption to the regulations
has to be sought from the environmental agency before FA (or any waste) can be

utilised as an engineering fill in construction.
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Belani and Pitroda (2013) examined the replacement of cement in concrete, only
partial replacement, with FA class F for the development of sustainable low cost rural
roads. The authors concluded that there is a significant scope for the eco-efficient
utilisation of FA (class F) for sustainable development of road networks (Belani and
Pitroda, 2013). It was found that FA has excellent geotechnical and pozzolanic
properties, making it highly suitable for all types of construction, including roads,
embankments and reclamation of low-lying areas (Belani and Pitroda, 2013).
According to Belani and Pitroda (2013), it is believed that construction materials
based on FA are gaining in popularity in the industry, due to their durability, and
because they are economical, eco-friendly, easy to use and of consistent quality.
The same authors concluded that FA (class F) utilisation in concrete could lead to a
greener concrete and be a promising addition in construction of low cost rural roads
(Belani and Pitroda, 2013). In another study by Han (1993), where waste materials
were examined for utilisation in highway construction, the author reported that when
working with class C FA, more precautions must be taken as the mixture usually
tends to set more quickly than a mixture using a Class F FA, the set time of which
varies from several hours to several days (Han 1993). According to the UK Quality
Ash Association (UKQAA 2011c), a mixture of FA and cement behaves like cement,
quick setting and hardening with little laying flexibility during construction, while a
mixture of FA and lime is slow setting and slow hardening, which as a result
produces better flexibility during construction. UKQAA (2007) recommends the

following for utilisation of FA:

e FA should be delivered in sheeted vehicles to prevent moisture loss and
environmental problems.

e The FA should be spread in loose layers not exceeding 225mm thick.
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e |f water is to be added, this should be sprayed uniformly over the surface
before compaction. Back tining may be used to encourage an even
distribution throughout the full depth of the layer.

e If FA is stockpiled on site, care must be taken to prevent drying out.

e |If the surface becomes wet due to heavy rain, the surface should be
allowed to dry out, or if necessary the top 150mm can be removed and
replaced. The removed material may be reused when it has dried out

sufficiently.

Kim et al. (2005) state that the permeability of compacted ash mixtures decreased as
the FA content increased. The authors mention that the cause of this reduction is
due to the increasing specific surface with increasingly fines content, which
generates more resistance to water flow through voids between particles (Kim et al.
2005). ‘Permeability is the measure of the rate at which a fluid passes through a
material’ (Santos et al. 2011, p. 4). According to UKQAA (2007), FA can be
considered comparatively impermeable. Low permeability can eliminate leaching of
soluble material from the mass of the compacted material (UKQAA 2007). The
permeability of FA is dependable on the size of the grains, the degree at which is
compacted and its pozzolanic activity (Pandian 2004). Santos et al. (2011) state that
as FA mostly consists of spherical shaped particles, these particles have the
capability to be packed densely during compaction, minimizing the seepage of water
and lowering the permeability for an FA embankment. According to Manceau et al.
(2012), when considering the performance of new build embankments, other factors

that should be considered, apart from the stability of the embankment slope include:
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e Failure of the embankment foundation.
e Settlement of the foundation material.

e Self-settlement of the embankment fill.

The potential failure of embankment foundation by failure surfaces passing below the
level of the embankment fill should be determined as part of the overall assessment
of the stability of the embankment slopes. This failure mechanism is unlikely to occur
where the embankment is underlain by granular material or over consolidated clay

(Manceau et al. 2012).

The Environment Agency (EA) deems that FA is a waste and that it is covered by the
waste regulations, and the European Waste Catalogue considers FA to be a non-
hazardous waste (Fox and Coombs, 2009). Environmental issues resulting from
ground improvement can either be due to polluting the ground with the cement or
chemicals used or equally as a result of changes to the local ground water
hydrogeology. When considering ground improvement design it is therefore
important to review these potential effects (Essler 2012). In a study by Erbe et al.
(1999), from the water quality data gathered, it was found that utilising FA (class F in
particular) for highway embankments can adequately protect ground water quality,
and that the leachate from the FA has no discernable impact on ground water quality.
Erbe et al. (1999) suggest that previous studies at highway embankment and
structural fill sites constructed with CCPs indicate environmental impacts to ground
water are localised and naturally attenuate over relatively short distances from the
ash fill. However, the same authors state that despite these studies, potential users,

regulators and the public tend to express concerns that utilisation of coal combustion
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products would lead to the contamination or degradation of ground water quality,
which consquently disrupts extensive usage in highway construction and other

structural fill applications (Erbe et al. 1999).

According to Mitchell and Kelly (2013) ground improvement can play a vital role in
the future of geo-engineering as it can help in achieving a lower quantity of traditional
materials used, mitigation and/or even prevention of natural disasters, lower carbon
footprint, remediation of polluted soils, development of brownfield sites, maintenance
and rehabilitation of existing structures and also treatment and recycling industrial
wastes. Nevertheless, challenges exist in providing cost-effective sustainable ground
improvement under current economic conditions (Mitchell and Kelly, 2013). Essler
(2012) suggests that for sands and gravel grounds all forms of ground improvement
are possible with adequate laboratory testing of representative samples.
Furthermore, the characteristics of FA are changing as coal-fired power plants
respond to increasingly stringent air pollution regulations (Baldrey et al. 2015), this
would lead to further investigation and laboratory tests being required for the
analysis of changed FA characteristics. The following section gives a few factors to

consider for selecting the appropriate ground improvement technique (Raju 2010):

e Suitability of the method.

e Technical compliance.

e Availability of QA/QC methods.
¢ Availability of material.

e Time.

e Cost.
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e Convenience.

e Protection of the environment.

2.4 Soil Stabilisation

Soil modification and soil stabilisation are different methods of ground improvemnt.
Soil modification causes improvements such as drying and swells reduction while
soil stabilisation consists of long-term strengths for desired freeze-thaw protection
(Beeghly 2003). According to O’Flaherty and Hughes (2016), the term ‘modification’
is used to describe the use of a chemical to improve the properties of a soil without
causing much increase to its elastic modulus or tensile strength, while the term
‘stabilisation’ is used to describe the utilisation of a chemical to achieve a soil
stabilised layer with significant strength and stiffness (O’Flaherty and Hughes, 2016).
Through the process of stabilisation, the leachability and movements of toxic metals
are potentially reduced (Asokan et al. 2005). Stabilisation of soils is ‘an economical
way to strengthen the earth for building purposes and to diminish the number of soil
exchanges’ (Kukko 2000, cited in Hossain 2010, p. 173). Furthermore, soil
remediation through stabilisation can be an effective means of treating the lead-
contaminated soils by significantly reducing the mobility and solubility of lead in the

soils (Yin et al. 2006).

Many local highway authorities do not have accessible premium quality aggregate

sources and have adopted stabilisation and modification for road construction using
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locally produced aggregates (Okonta and Ojuri, 2014). For the purpose of this
research, examining the suitability of FA stabilisation for embankment construction,
improvements on strengths and stiffness are expected, henceforth the form of soil

stabilisation and not modification will be dealt with in this study.

There are three primary forms of stabilisation, namely mechanical, chemical and
bitumen stabilisation. Mechanical stabilisation involves the compaction and, usually,
the blending of two or more soils to improve the gradation, thus reducing the
plasticity and improving the bearing capacity (O’Flaherty and Hughes, 2016). The
alteration of the physical nature of soil particles can be achieved through the physical
process by either compaction, induced vibration, or by incorporating other physical
properties like nailing and barriers (Makusa 2012). Chemical stabilisation uses
chemical binders, usually lime and/or cement in a process of soil stabilisation to
improve the granular properties and/or cementation of soil to create a rigid-type
bound material (O’Flaherty and Hughes, 2016). Bitumen stabilisation is a process
that is used with cold soil or aggregate to produce a flexible-type bound material by
admixing bitumen via either bitumen emulsion or foamed bitumen technology

(O’Flaherty and Hughes, 2016).

Through chemical technique, ‘stabilisation can be done using chemical and
emulsions since they work as compaction aids, binders, water repellents and as well
as modifying the soil behaviour’ (Graves et al. 1988, cited in Zaliha et al. 2013, p.
259). The chemical reaction of soil particles and chemical additives creates a strong
bond between the soil grains, resulting in a stronger, more durable and a better

quality soil in comparison to an untreated soil.
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One of the major methods used to solve the problems caused by weak soils is soil
stabilisation by mixing with a cementitious binder. The most two common binders are
lime and cement. In the case of lime, as the chemical additive, the reactions are
mainly pozzolanic and with cement, they are hydraulic. A hydraulic reaction needs
only water to react and increase in strength while a pozzolanic reaction requires
water and a pozzolanic material like soil (Janz and Johansson, 2002). According to
several authors (Pacheco et al. 2012; Criardo et al. 2007), alkaline-activated
materials are, in general, better performing than cement from a mechanical point of
view and show increased durability and stability. The stabilisation is achieved by the
soil particles being glued more chemically than physically. Pavement engineers have
long recognised the long-term benefits of improved durability and strength of
pavement subgrade soil by inducing a cementitious binder throughout reconstruction

or new construction (Beeghly 2003).

Dealing with weak soil is one of the most major challenges in the construction
industry (Cristelo et al. 2013; Senol et al. 2006). This situation can occur in road and
highway construction (Fauzi et al. 2010; Senol et al. 2006) or in geotechnical
engineering. It is vital to find methods of soil improvement techniques so that
demands can be met. The techniques of stabilised road pavement construction,
whether it is with cement, lime or other binders, are in general divided into two main
groups (NRRDA 2016):
1. Mix-in-place stabilisation.

2. Plant-mix stabilisation.
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Stabilisation of soil with cement is commonly used as a pavement base for

construction of roads, residential streets, parking areas and airports (NRRDA 2016).

A thin bituminous surface is usually placed on the soil-cement to complete the

pavement. The National Rural Roads Development Agency of India (NRRDA 2016)

states the following as factors affecting stabilisation of soil with cement:

e Type of sail.

e Quantity of cement.

e Quantity of water.

e Mixing, compaction and curing.

e Admixtures with the cement.

The same agency has listed the following as advantages and disadvantages of soil-

cement stabilisation (NRRDA 2016):

Advantages

High availability.

High durability.

Soil-cement is considered relatively weather resistant and strong.
Very suitable for granular soils with sufficient fines as it requires
least amount of cement.

Reduction swelling characteristics.

Disadvantages

Possibility of cracks formation.
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e Requires more labour.
e Sufficient quantity of water for hydration of cement and creating a

workable mixture.

FA is commonly blended with cement for geotechnical soil stabilisation. As FA is a
by-product, it is much cheaper than cement. Hence, the more the cement can be
replaced by FA for satisfactory soil stabilisation, the more economical the operation
becomes (Kogbara et al. 2013). The use of FA reduces cement content, construction
risk and costs (UKQAA 2011b). Soils treated with FA are an alternative to soil
cement for use as base, sub-base or capping (UKQAA 2011b; 2011d). It is
constructed by mixing FA with lime or cement to site arisings, generally, using mix-

in-place construction (UKQAA 2011b; 2011d).

Modern rammed earth (RE) construction frequently uses stabilisers to enhance
engineering performance and durability. Dockter et al. (1999) established that coal
combustion FA has excellent potential for use in constructuon of RE as a low cost
method when compared to cement and other stabilisers due to its pozzolanic
properties. The purpose of soil stabilisation is not only to enhance the compressive
strength of the soft soil (Bergado et al. 1996; Prabakar et al. 2004; Kogbara et al.
2013) but also to improve the shear strength, filter, drainage system (Parabakar et al.
2004), permeability, soil resistance to the weathering process and traffic usage
(ASTM 1992, cited in Zaliha et al. 2013; Kogbara et al. 2013) to meet specific

engineering projects requirements (Kolias et al. 2005).
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FA may disperse at the point of being mixed into the soil. The solution to this
problem is that the coal ash is conditioned by adding a small amount of water before
mixing is tested for the reduction of dispersion (Sato and Nishimoto, 2005). Veelen
and Visser (2007) suggest that a stabiliser can also be a dust palliative when used
for strengthening the unpaved road surface. Moreover, Sato and Nishimoto (2005)
suggest that the hydration required for mixing any coal ash with solidifying materials
for enhancement of the strength can affect the achieved strength and the necessary
hydration should be thoroughly investigated. In soil stabilisation applications, it is the
CaO contained in the FA that is being exploited for its potential engineering use
(Dockter and Jagiella, 2005). Thus, there is usually a minimum level of CaO
associated with FA being used in this application. There are several forms of what
could be considered soil stabilisation, such as cement-treated base, subgrade

stabilisation, subbase stabilisation, and base (Dockter and Jagiella, 2005).

There are two design methods available in current practice for pavement
construction: empirical methods and mechanistic-empirical methods. Empirical
methods are based on experience gained in practice and from observation of the
performance of existing or specially constructed roads under different traffic
conditions (Hilmi-Lav et al. 2005). One of the first empirical methods was the CBR
(California Bearing Ratio) method developed in the 1930s by Hveem and associates.
However, the most well-known example of the empirical design method is the 1972
version of the American Association of Highway Officials pavement design guide
developed in connection with the AASHTO (American Association of State Highway
and Transportation Officials) road test (Hilmi-Lav et al. 2005). Empirical design

techniques are restricted to the range of pavement materials and traffic loads defined

70



in the procedure (Hilmi-Lav et al. 2005). The CBR values are used in the pavement
design, the higher the CBR achieved, the lower the overall thickness of the
pavement. When a new material or different traffic loads outside the range are
considered, the empirical methods become insufficient. As a result of this,
mechanistic-empirical methods take their place (Hilmi-Lav et al. 2005). In
mechanistic-empirical methods, the first step is to assume the pavement structure

and load configuration.

Pavement structure consists of many layers of different materials, but for the general
design procedure, the structure is simplified to three separate layers. Such
simplification is preferred by many researchers for analysing various pavements
(Hilmi-Lav et al. 2005). The top layer consists of the asphaltic concrete, the middle
layer can be the stabilised material, and the bottom layer is considered as the
subgrade. Cement stabilised materials can be utilised for improvement of subgrade
soil and are ideally suitable for well-graded aggregates with a sufficient amount of
fines so that it can fill the available voids space efficiently and float the coarse
aggregate particles (NRRDA 2016). According to NRRDA (2016), it is recommended
from an economic point of view that the method mix in-place construction can be
used for subgrade improvement and only granular materials and silty cohesive
materials should be used. The same agency suggests that clayey materials would be
more effectively stabilised with lime (NRRDA 2016). Asokan et al. (2005) suggest
that a mixture of local soil and CCPs and stabilisation with 3—5% lime would provide
a good sub-base. After studying the reutilisation of pond FA, the researchers found it
a very useful material for the replacement of soil for the making of embankments

(Asokan et al. 2005). It was also found that adding CCPs to the cement concrete mix
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allowed up to 50% of sand to be replaced by CCPs for use in road construction

(Asokan et al. 2005).

For subgrade applications, FA can be utilised for stabilisation of a soft soil so that a
more stable working platform for highway construction equipment that is strong and
stiff is obtained. Moreover, in base applications, FA could be utilised to improve the
stiffness of the base course material as well as enhancing the structural capacity of
the pavement (Li et al. 2009). Misra et al. (2009) recommend the following criteria

and methods for the stabilisation with FA:

e The designated area should have all vegetation and any other unsuitable
soil or material like organic soils, debris, etc.

e The area should also be bladed to ensure uniform distribution of FA.

e The subgrade should be firm and have enough stability to support the
construction equipment to enable in-place FA treatment.

e Spreading equipment must uniformly distribute the FA without excessive
loss and in such manner as to reduce dispersion of FA so that it does not
become air-borne.

e The scattering of FA by wind must be minimised and the use of FA on
windy days should be avoided.

e Compaction shall commence immediately after the completion of mixing
and grading.

e Compaction shall consist of two or more passes with a vibratory pad-foot
roller and it shall be completed within two hours.

e In order to accomplish this, the area to be stabilised should be divided into
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segments that permit mixing and compaction within this time frame.

Any section that is too wet, too dry, or insufficiently treated, must be
improved.

Loosening the affected areas, adding or removing material as required,
and reshaping and re-compacting by sprinkling and rolling to meet the
requirements may accomplish the improvement.

After the road base has been compacted, the surface must be shaped to
the required line, grade, cross-slope and cross section.

Moisture may be added to the surface at this time to facilitate curing.

The final surface of the stabilised material must be rolled with an approved
steel-wheeled roller.

The compacted surface must be smooth, free of cracks, ridges, and loose
material.

Water should be sprinkled to facilitate curing and prevent dehydration until

such time as the pavement is placed.

It is quite well established that one of the major reasons pavement structures fail is

seepage of water. It would not be possible to have road closures whenever there is a

rainstorm so that it may dry out sufficiently before it can be used again (Veelen and

Visser, 2007). FA stabilisation of the soil subgrade materials can provide a more

stable working platform that is not affected as much by moisture and construction

traffic (Mackiewicz and Ferguson, 2005). Sato and Nishimoto (2005) report that coal

derived ash in the form of powder and granulated coal ash has almost no cohesion.

Therefore, in embankments made from these materials, it is vital to take measures
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against slope failure caused by rain or embankment collapse caused by an
earthquake (Sato and Nishimoto, 2005). Subgrade soil stabilisation can save millions
of dollars when compared to the conventional method of cutting out and replacing
the unstable subgrade soil. The stabilisation of the subgrade in a pavement design
can lead to a reduction in the overall thickness of pavement layers (Beeghly 2003).
In an investigated case by Beeghly (2003), 5 inches of bituminous base course and
2 inches of the granular crushed stone base were eliminated through stabilisation.
The same author reported that stabilisation with a mixture of class F FA and lime
could be potentially engineered for long-term performance when it is utilised for low
cohesive silty soil or for reclaiming full depth asphalt (Beeghly 2003). Makusa (2012)

believes that FA-soil stabilisation has the following limitations:

e Soil to be stabilised shall have less moisture content; therefore,
dewatering may be required.

e FA-soil mixture cured below zero and then soaked in water is highly
susceptible to slaking and strength loss.

e Sulfur contents can form expansive minerals in FA-soil mixture, which

reduces the long-term strength and durability.

It is usual for limitations to be placed upon the total period of time permitted for the
construction of a stabilised layer and/or separately for mixing and compaction
(Paige-Green and Netterberg, 2004). UKQAA (2011b) has set out specifications
describing the requirements for the constituents, composition and performance of

soils treated with FA, which are:

e During construction and prior to, overlaying with at least 300mm of
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pavement.
The temperature of stabilised FA shall not fall below 5 °C.
Stabilised FA shall be made from soil, FA and either lime or cement.
Subject to a minimum total of 8% by dry mass and unless otherwise
agreed by the engineer, the minimum proportions by dry mass of
constituents shall be as follows:

= Lime or cement 2% (3% if 5% FA is used).

* Dry FA 5% (6% if 2% lime or cement is used).
At final compaction of the stabilised layer, the moisture content for
granular and cohesive mixtures shall be not less than 90% of the optimal
moisture content.
Final compaction shall be completed within 2 hours of the mixing-in of
cement for FA-cement treatment and for FA-lime treatment, within 6 hours
of the addition of lime or FA.
On completion of compaction, the surface of the layer shall be well closed,
free from movement under compaction plant, and free from ridges, cracks,
loose material, segregated areas, pot holes, ruts and other defects.
Immediately on completion of final compaction, the surface of the layer
can be sealed with bitumen emulsion.
Construction plant and other traffic shall not run on the layer other than to

enable construction of the overlying layer.

According to Sato and Nishimoto (2005), one of the concerns of utilising FA in soil

stabilisation is that coal ash-based materials are strongly alkaline. Therefore,

greening is difficult when planting is done directly on earth structures made from

these materials. However, Sato and Nishimoto (2005) suggest a countermeasure to
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this problem, which is to use earth cover that incorporates additional soil. Moreover,
one of the major problems that arises with the use of stabilised materials in road
pavement layers is cracking (NRRDA 2016). There are many factors that contribute
to the cracking and crack spacing of stabilised pavement layers. Some of these are

listed below (NRRDA 2016):

e Tensile strength of the stabilised material.

e Shrinkage characteristics.

e Volume changes resulting from temperature or moisture variations.
e The subgrade restraint.

e Stiffness and creep of the stabilised material.

e External loadings such as those caused by traffic.

It is suggested by the NRRDA (2016) that cement stabilisation is often performed for
stabilising sandy and other low plasticity soils, and that cement interaction with the
silt and clay fractions can reduce their water requirement (NRRDA 2016). FA
possesses no plasticity (Bose 2012) and is in general frictional materials (Kim et al.
2005). According to UKQAA (2011d), FA is highly suitable for the treatment of sites
with slightly plastic or silty constituents, for which often cement stabilisation has been
the solution. Nevertheless, because of cement’s rapid set, cement has construction
limitations for soil treatment. Veelen and Visser (2007) suggest that the following soll

properties require alteration to prevent the defects on roads:

e Strength to increase stability and bearing capacity.
e Volume stability to control swelling/ shrinkage.

e Durability to increase resistance to erosion either from weather or traffic.
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e Reduction in permeability.

In a study by Bose (2012), the plasticity index of clay-FA mixes decreased with the
higher FA content. Thus, the addition of FA made expansive soil less plastic and
increased its workability by colloidal reaction and changing its grain size. It was also
found that swelling pressure decreased drastically and shrinkage limit increased with
the addition of FA (Bose 2012). In an article, Hossain (2010, p. 182) states that soils
with a ‘liquid limit less than 40% and plasticity index within the range 22-25% are
also most suitable for stabilisation'. However, the same author concluded that soils
do not have to meet the two conditions, and may still be suitable for stabilisation
(Hossain 2010). It is therefore important to investigate the suitability of soil to be

stabilised using different types and combinations of stabilisers and solil types.

The traditional method of dealing with the construction of roadways over weak or soft
ground issue, is to replace the soft soil with stronger material, such as crushed rocks.
As it is expensive to replace the soft soil, highway agencies suggest stabilised soil as
an alternative (Hossain 2010). This can potentially result in savings, with a reduction
of 10% to 20% in overall cost (Ahmaruzzaman 2010). It is of interest to note that FA
is available free of charge at most power plants, and hence, there are only
transportation costs and laying and rolling costs to be considered. Furthermore, FA
has good potential for use in geotechnical applications for the following reasons
(Bose 2012):

e Relatively low unit weight, making it well suited for placement over soft or

low bearing strength soils.

e Low specific gravity.
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e Freely draining nature.
e Ease of compaction.
e Insensitivity to changes in moisture content.

e Good frictional properties.

For a given degree of compaction, it is suggested that maximum dry density is lower
for stabilised soil than that of soil not stabilised (Makusa 2012). Also, the optimum
moisture content increases with increasing binders. This is believed to be the case
due the heat generated when the binders begin their chemical reactions. Hydration
process for soils stabilised with cement and FA occurs instantly when the cement
and water come into contact (Makusa 2012). Additionally, some authors (Santos et
al. 2011; Paige-Green and Netterberg, 2004; Acosta et al. 2003; Kim et al. 2005)
also concluded a similar behaviour, where the optimum moisture content (OMC) was
increased and the maximum dry density (MDD) decreased with the addition of
stabilisers. Adequate water content is of high importance in stabilised materials, not
only for the occurance of the hydration process but also for effective compaction
(Makusa 2012). It has been reported that for cement to be completely hydrated, it
would require about one fifth of its weight (Makusa 2012). On the other hand,
quicklime takes up about 32% of its own weight of water from the surroundings
(Makusa 2012). Inadequate water content can potentially cause binders to compete

with soils to gain these amounts of moisture.

Li et al. (2009) investigated FA (class C) stabilisation of soft clay soil, asphaltic

recycled pavement material (RPM) and road-surface gravel (RSG) to create working
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platforms or a stabilised base course for construction of flexible and rigid pavements.
The authors reported that the stabilisation improved the stiffness as well as the
strength of the materials significantly. In a recent report, a CBR of 2 to 10 times of
the material alone after 7days of curing, and a resilient modulus (Mg) of up to two
times higher, after 14 days of curing was achieved (Li et al. 2009). The NRRDA
(2016) suggests that when a proportion of 2-3% cement content is utilised for soil
treatment (without specifiying the soil type) an improved CBR value of more than 25
can be obtained, which can advantageously be used as sub-base/base for rural
roads. Li et al. (2009) state that in the three cases investigated, Wisconsin,
Minnesota, and Kansas, utilisation of FA for stabilisation achieved substantial
success in regards to an improved pavement structure and also a sustainable
construction. It should be pointed out that the construction methods in all three cases

were similar (Li et al. 2009):

e FA was spread uniformly on the surface of the subgrade, RPM, or RSG
using truck-mounted lay-down equipment.

e Then, it was mixed in using a road reclaimer.

e Water was added during mixing using a water truck, whenever required.

e The mixture was compacted within 1 to 2 hours of blending using a
tamping foot compactor.

e This was followed by a vibratory steel drum compactor.

Misra et al. (2009) propose that class C FA may be utilised to stabilise reclaimed
asphalt base, for low traffic volume roads, to construct a high quality road base. The
materials often used in the conventional construction of these types of roads are very

diverse and inconsistent. In general, it is quite common for these roads to go without
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any maintenance at all or very little maintenance, due to budgetary limitations (Misra
et al. 2005). For utilisation of FA in the stabilisation of a reclaimed asphalt base, a
comprehensive construction methodology, FA content and optimum moisture content
are of high importance (Misra et al. 2005). Additionally, as Santos et al. (2011) state,
the unit weight of FA-soil mixture is an important factor as it influences the strength,
compressibility, and permeability. The same authors report that the unit weight of the

compacted mixtures depends on:

e The method of energy application.
e The amount of energy applied.

e The grain size distribution.

e The plasticity characteristics.

e The moisture content at compaction.

In one study, Toraldo et al. (2013) investigated the utilisation of BA stabilisation for
use in road pavement. It was found that when BA was mixed with cement (up to 4%
content), the results did not meet the required standards for road construction;
however, when the cement content was raised to 5%, it proved to be suitable for the
purpose. The authors concluded that a BA content of 10% and 5% cement could be
used in road construction as the properties fulfilled the technical guidelines as well
as meeting the acceptable leaching behaviour (Toraldo et al. 2013). In another
study, Bose (2012) investigated soil stabilisation with FA (contents of 0 to 90%), and
it was established that the UCS increases at 20% FA -80% clay mix and then
decreases, with further addition of FA. Bose (2012) implies that the quantity of FA up

to optimum content can induce a pozzolanic reaction and that cemented materials
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can effciently contribute to shear strength increase, while the additional quantity of
FA acts as unbounded silt particles, which have neither appreciable friction nor

cohesion, causing a decrease in strength.

Moreover, in the study by Li et al. (2009), the authors concluded that materials
stabilised with FA had significantly higher CBR and Mg than the pavement materials,
and suggested that stabilisation with FA should be beneficial in terms of increasing
pavement capacity and service life. Bose (2012) established that the optimum FA
content for improving the shear strength of the treated soils under the presented
conditions is 20%. Han (1993) proposed that a typical stabilised soil mixture would
contain 80 % ground materials, 16 % FA and 4 percent cement. Moreover, according
to UKQAA (2011d), a much more recent evaluation, for coarse-grained soils and as

a starter, 5% FA followed by 3% cement may be appropriate.

FA can be used in variety of ways within highway construction for technical,
environmental and cost benefits. UKQAA (2011d) has set the following aims for

utilisation of FA in the pavement construction industry:

e To make more extensive use of FA, a by-product from coal-fired power
generation plants.

e To reduce the consumption of primary materials for pavement construction.

e To widen the range of pavement construction materials.

e To produce more cost effective and environmentally sustainable

pavements.
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2.5 Stabilisation Procedures

2.5.1 Activation

Activation is a ‘chemical process that allows the transformation of glassy structures,
partially or totally amorphous, into very compact well-cemented composites’ (Palomo
et al. 1999, p. 1323). Through this process, the chemical reaction of soil particles
and chemical additives creates a strong bond between the soil grains, resulting in a
stronger, more durable and a better quality soil in comparison to an untreated soil.
There are some common activators, such as lime and cement, and there are some
more recent stabilisers such as FA (Class C), blast furnace slag, sodium hydroxide
and sodium silicate (Palomo et al. 1999). As extensively mentioned in the previous
sections, cement is among one of the first binding agents used since the invention of
soil stabilisation technology in the 1960s. The reaction produced by cement is not
solely dependent on soil minerals; the vital reaction occurs with the available water
or moisture in the soil (Zumrawi 2015). This can be the reason why cement is used
to stabilise a broad range of soils. Class C FA also has similar characteristics due to
its self-cementing properties (Cristelo et al. 2011). There are different types of
cement available in the market: ordinary Portland cement, blast furnace cement,
sulfate resistant cement and high alumina cement among others (Makusa 2012).
Generally, the choice of activator depends on the type of soil to be treated and

desired final strength (Makusa 2012).

Stabilisation with lime as the choice of activator, is commonly performed in
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geotechnical and environmental projects. Some of the applications include rendering
of backfill, highway capping, slope stabilisation and foundation improvements such

as in the use of lime pile or lime-stabilised soil columns (Makusa 2012).

Class F FA can be used in the stabilisation process if added with an activator such
as lime or cement. It is important to note that the impact of Class F (plus an
activator) may differ significantly compare to a Class C stabilised sample. It is highly
dependable on the pozzolan content of each ash and the degree of self-cementing
property of Class C FA (Little and Nair, 2009). Free lime is the basis for stabilisation
of Class C FA, which becomes available at the point of contact with water (Little and
Nair, 2009). The level of self-cementing properties of a Class C FA, may vary
extensively as it is influenced by the source of the parent coal as well as the
methods of combustion. According to Cristelo et al. (2012b), when lime-based
binders were compared to cement-based binders, the mechanical strength achieved
by cement-based binders was higher and of a better consistency. Similar behaviour
was found by authors Aydilek and Arora (2005), where the unconfined compressive
strengths of cement-stabilised samples were higher than those of lime-stabilised
samples, by a minimum factor of ten. Additionally, a further advantage of using FA
and cement together is that it can help in containing the leachate of heavy metals
(Kamon et al. 2000). Although the National Rural Roads Development Agency of
India states that cement is more difficult to mix intimately with plastic material, pre-

treating the soil with approximately 2% lime can alleviate the issue (NRRDA 2016).

In one article, Kaniraj and Havanagi (1999) explain that there is a significant gain in

strength (particularly in the case of class F FA) even with a small addition of cement,
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and the gain depends on the cement content and curing time. In an experimental
study (Paige-Green and Netterberg, 2004) consisting of extensive laboratory testing,
it was found that a 3% cement content as the choice of activator for purpose of
stabilisation proved adequate for strength purpose but had inadequate durability in
the long term. The UK Quality Ash Association (UKQAA 2011d) states that the
precise additions of activators would depend on the required mechanical strength of

the project, which would be subject to extensive laboratory testing.

The selection of the activator is based on plasticity and particle size distribution of
the material to be treated (NRRDA 2016). It is also believed that different types of
stabilisers and activators would require different durations to reach their maximum
strength due to their chemical compositions (Veelen and Visser, 2007). A
methodology developed by the U.S., air force, by which an appropriate activator and
stabiliser can be selected, is presented in Figure 16 (Little and Nair, 2009).
According to Okonta and Ojuri (2014), the actual choice of most appropriate
stabilising and the quantity of the agent required are usually based on the 7-day

UCS of the stabilised soil.
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Figure 16: Decision tree of activator and stabiliser selection
Source: After (Little and Nair, 2009)

A systematic study was carried out to identify the most suitable activators that will
enhance the reactivity of the class F FA in the early stages of curing (Arjunan et al.
2001a). A mixture of sodium carbonate, sodium hydroxide and calcium hydroxide
have proved to produce enhanced strength in stabilised mixutres, where mixutres
with sodium carbonate have shown a very low strength activation effect (Arjunan et
al. 2001a). Moreover, the study by Arjunan et al. (2001b) showed that utilising low
concentrations of sodium hydroxide as an activator for class F FA was highly

effective. It is further stated, by the same authors, that the pozzolanic activity of FA
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can depend on the FA ‘fineness, amorphous matter, chemical and mineralogical

composition and the unburned carbon content’ (Arjunan et al. 2001b, p. 1).

It is believed that fine FA produces better strength than the respective activated
coarse FA (Arjunan et al. 2001a). Nevertheless, according to Kim et al. (2005) the
addition of BA to FA can lead to better well-graded size distribution, allowing for a
better compacted material with less void, and ultimately resulting in a higher
maximum dry density. It has been known and proven that soil stabilisers and
activators can improve the strength of pavement materials; however, it is of high
importance to choose the right stabiliser and activator for the specific project (Veelen

and Visser, 2007).

It was found that numerous activating agents are suitable for FA stabilisation, i.e.
sodium hydroxide, calcium hydroxide, lime and cement. As hydroxide combounds
require high level of health and safety for both utilisation and storage, lime and
cement were viable choices as activators for the purpose of this research. It was
mentioned ealier that cement-based samples achieved mechanical strength higher
and of a better consistency when compared to lime-based samples. For the purpose

of FA-soil stabilsation, cement was used as the activator in this study.

2.5.2 Curing

Curing is the process of maintaining moisture content and controlling the moisture
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loss of stabilised materials over a period of time to allow adequate hydration (Okonta
and Ojuri, 2014). Appropriate curing is very important for three reasons (AustStab

2012; NRRDA 2016):

e It ensures that sufficient water is retained in the material so that the
hydration reactions between the stabiliser, water and the soil can continue.
e It reduces shrinkage.

e |t reduces the risk of carbonation.

In a study, by Kaniraj and Havanagi (1999), the samples were closely wrapped in a
polyethylene bag and placed above water in a desiccator kept in a room where the
temperature (21°C) and the humidity were maintained by the water. In the study
developed by Lav and Lav (2014), the samples were also wrapped in plastic bags
and cured in a controlled room, with a temperature of 23 °C and 50% humidity.
Kamon et al. (2000) also used similar curing methods, where the specimens were
sealed and cured under a constant room temperature of 20 °C and a relative
humidity of 80%. In order to model samples tested in the laboratory like the field
conditions, AustStab (2012), a pavement recycling and stabilisation association,
states that for best practice samples are to be sealed in airtight bags and kept at a

constant temperature.

Furthermore, in another article, the authors concluded that buried curing resulted in
lower strength overall when compared with curing at an ambient temperature and
humidity (Cristelo et al. 2011). Meanwhile, Beeghly (2003) had the samples cured at

ambient temperatures (22 °C). Celauro et al. (2012b) also cured the samples at this

87



temperature with £ 2 °C tolerance. It is believed that the longer the curing time, the

higher the average strength (Palomo et al. 1999).

Palomo et al. (1999) believe that temperature is a reaction accelerator; its effect is so
intense that the reaction steps overlap each other. In general terms, if all the factors
remain constant, the temperature increases tend to result in a gain of mechanical
strength. Paige-Green and Netterberg (2004) investigated the effect of temperature
and found that samples compacted at higher temperatures, 40°C and the density
had the sharpest decrease, while the maximum density was achieved at 23 °C. It
should also be noted, however, that samples compacted at 10 °C achieved a better

consistency.

The significant factors affecting the mechanical strengths are always the temperature
and the type of the activator (Palomo et al. 1999). It is been found that the effect of
higher temperatures was more important than that of the cement type (Paige-Green
and Netterberg, 2004). It should be pointed out that different stabilisers need
different curing times in order to reach adequate strength (Okonta and Ojuri, 2014).
The kind of solution used for the activation of the FA is essential in the development

of reactions.

In the field, temperature fluctuates throughtout the day and daily. According to Paige-
Green and Netterberg (2004), the pozzolanic reaction is sensitive to changes in
temperature. The reactions slow down when temperature are low, which

subsequently will lead to lower strength of the stabilised material. In cold regions, it
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may be advisable to stabilise the soil during the warm season (Makusa 2012).
However, in terms of issues faced in hot dry climates, the prevention of moisture loss
is very challenging, and the surface should be constantly sprayed and kept damp
throughout both day and night (NRRDA 2016). Curing through spraying is
significantly more efficient, when a layer of sand with thickness of 30mm to 40mm is
spread on top of the layer first (NRRDA 2016). As a result, the number of spraying
cycles per day lowers and a considerable amount of water is saved (NRRDA 2016).
Prior to spraying, the surface should be swept free of loose material and any damp
areas should be free of standing water. The following methods of curing are

suggested (NRRDA 2016):

e Covering with impermeable sheeting with joints overlapping at least 300
mm and set to prevent ingress of water.

e Spraying with a bituminous sealing compound.

Alternatively, using crushed ice during compaction, as suggested by Baykal et al.
(2004), can overcome the issues of stabilising in cold regions or cold seasons. The
same authors had their samples sealed and cured at 21°C for periods of 1, 7, 14, 28
and 90 days. For the purpose of this research, as sugessted by AustStab (2012) and
similar curing methods undertaken by Kaniraj and Havanagi (1999), Kamon et al.
(2000) and most recently, Lav and Lav (2014), the samples to be tested will be

sealed in plastic bags and kept room temperatures for the curing.
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2.6 Laboratory Testing

There have been many studies, with different approaches, on the utilisation of FA.
The specifications and requirements should be based on a series of laboratory tests
for obtaining the optimum moisture content, unconfined compressive strength (UCS)
and California Bearing Ratio (CBR) values (Misra et al. 2005). According to NRRDA
(2016), the strength of stabilised materials is most commonly evaluated through UCS
and CBR tests. The UCS varies with FA content and water content and the CBR
values tend to increase with curing time (Santos et al. 2011; UKQAA 2007). In
various researches, where FA was utilised for soil stabilisation, there were some
common laboratory tests performed, in order to obtain before and after treatment
properties, both physical and chemical. Among the most important tests were:
e Particle Size Distribution (Cristelo et al. 2011; 2012b).
e Attersberg’s limits (Cristelo et al. 2011, 2012b; Hossain 2010; Kamon et al.
2000; Kolias et al. 2005).
e Compaction test, rammer method (Cristelo et al. 2011; 2012b; Hossain
2010; Kamon et al. 2000; Kaniraj and Havanagi, 1999; Kolias et al. 2005;
Jackson et al. 2007).
e California Bearing Capacity (CBR) test (Hossain 2010; Kolias et al. 2005;
Jackson et al. 2007; Sato and Nishimoto, 2005; Li et al. 2009).
e Shear Strength (Consoli et al. 2008; Cristelo et al. 2011; Porbaha and
Hanzawa, 2001; Sato and Nishimoto, 2005).
¢ Unconfined Compressive Strength (UCS) (Arioz et al. 2013; Cristelo et al.

2012a; Kamon et al. 2000; Kolias et al. 2005; Sato and Nishimoto, 2005).
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e X-Ray diffraction (XRD) Analysis (Arioz et al. 2013; Cristelo et al. 2012a;
Kolias et al. 2005).

e Resilient Modulus (Mg) (Li et al. 2009; Aydilek and Arora, 2005).

In a study by Kim et al. (2005), in which both class C and F FA in the United States
were examined, typical maximum dry density and optimum moisture content of these

FAs where reported (see Table 2). In another study, Acosta et al. (2003) reported the

average maximum dry density of FA, 8-7 kN/m3 and the optimum moisture content

of 15-35%.
Table 2: Typical FA maximum dry density and optimum moisture content
Source: After (Kim et al. 2005)
FA Typical maximum dry | Typical optimum moisture
Class F 11.9-18.7 kN/m3 13-32%
Class C 13.0-18.7 kN/m3 11-19%

The UKQAA (2007, p. 4) states that ‘the maximum dry density and optimum moisture
content should be determined using the 2.5kg rammer as described in BS1377 Part
4’. In practice sufficient compaction can be achieved over a range of moisture
contents between 0.8 and 1.2 times the optimum value (UKQAA 2007). The
Specifications for Highway Works (SHW 2016) series 600, in the clause for
compaction requirements, states that at least 95% of the maximum dry density
should be achieved. However, there have been projects where 90% has been
accepted (UKQAA 2007). Typical CBR values for inundated ash at zero days are 10-
20% (UKQAA 2007). Paige-Green and Netterberg (2004) recommend the following

measures for stabilisation purposes:

91



e Investigations into the relationship between workability and setting times
should be carried out.

e Any soil to be used for stabilisation should be tested following the normal
material design procedures as well as assessing the temperature and time
sensitivity of the density and strength.

e The construction techniques and temperatures should also be simulated
as closely as possible.

e The effect of cement, conditioning time and temperature on durability
should be assessed.

e Consideration should be given to reducing the strength grade and

increasing the setting times for cement-soil stabilisation.

The long-term performance must be extrapolated from short-term laboratory tests,
which are a source of uncertainty (Mitchell and Kelly, 2013). Homogeneous mixing is
necessary to obtain consistent results in both the lab and the field (Misra et al. 2005).
It is suggested that the compactions of samples of FA-soi