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Abstract: Currently legal regulations specify that dealing with
industrial waste materials must be done according to a hierarchy:
prevention, preparation for re-use, recycling, other recovery and
disposal processes. Numerous studies aiming to determine the ef-
fects of fly ash addition on the properties of cement and concrete
indicate a beneficial effect of this material in certain cases. Fly
ash produced in power plants equipped with a fluidized bed can
vary significantly in terms of their chemical and phase composi-
tion. Therefore, in the present paper, general information about
the effects of the individual components of fly ash on test results
will be presented on the basis of a literature review. Since cement
and lime are widely used in ground improvement techniques, pos-
sible reactions taking place in a mixture fly ash-cement, and fly
ash-lime will be discussed, taking into account their impact on
ground improvement.

1. Introduction

In Poland energy production is based on power plants and thermal power stations.
Because of restrictions on the amount of emitted substances polluting air, coal com-
bustion in fluidized bed is recently becoming more popular than traditional pulverized-
fuel boilers. Currently about 300 fluidized bed boilers are working in 20 European
countries, including 14 in Poland. Many units are currently being built (Bis, 2010).
As a result, the amount of commercially available fly ash, both from traditional and
fluidized bed boilers will be gradually changing. Therefore, a need to find a way of
using materials which do not meet the standards (PN-EN197-1 2012, PN-EN450-1
2012) will be increasing. According to data compiled in 2013 by the Central Statisti-
cal Office (Central Statistical Office year LVI), in one year approximately 4.6 million
tons of fly ash from coal combustion is produced, of which 84.4 % is recovered. That
means almost 0.7 million tons of unused material per year. Currently, waste products
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are disposed by cooperating with power plant units (coal mines) and specialized units
(Hycnar, 2012). Fly ash from pulverized- fuel boilers is commonly used in production
of building materials as a component of cement and concrete. Conventional fly ash
is also used in roads constructions to build structural road layers, embankments and
in soil stabilization. The costs of by-products are highly influenced by the method
of their recovery and disposal. Recovery and production of materials/products based
thereon can bring maximum benefits (Hycnar, 2012). With this in mind, searching for
and disseminating ways to use waste products is reasonable and highly recommended.

The aim of this paper is to present main characteristics of fly ash from fluidized bed
combustion, the most important factors affecting its hydraulic-pozzolanic activity and
the possible effects of using this material in selected ground improvement techniques.

2. Fly ash from fluidized bed combustion

The process of combustion in fluidized bed boilers entails placing ground carbon and
sorbent (calcium carbonate in the form of dolomite or limestone) into the combustion
zone of the boiler. These materials, together with an inert material (sand) form a
bed, which under the influence of a fluidizing medium (air or oxygen) change into
a suspension of particles in the gas stream. As a result, the bed behaves like a
liquid. Mixing particles ensure continuous efficient combustion of fuel and a stable
level of temperature in the combustion zone (Trybuś, 1995). Lower temperature
of combustion in the fluidized bed (about 850 ◦C) in comparison to the ambient
temperature in a pulverized bed (about 1400 ◦C) affects grain size distribution, plus
chemical and phase composition of fly ash.

The difference that is relatively easy to notice is the shape of grains, which, in
contrast to spherical grains characteristic for fly ash from conventional combustion,
are very irregular (Fig. 1). Hence, fly ash from fluidized bed combustion shows higher
water demand.

Fig. 1. SEM image of fly ash from fluidized bed combustion (source: own work).



187

The chemical and phase composition of fly ash obtained in different power plants
may exhibit large differences in the amount of individual components and propor-
tions between them. However, general components in chemical composition which
are present in this material can be listed. Literature provides various information
about the amounts of the components contained in fly ash from fluidized bed com-
bustion obtained from different sources. An example of fly ash composition is shown
in Tab. 1.

Tab. 1. Examples of the chemical composition of fly ash from fluidized bed combustion
compared with conventional fly ash (Rajczyk, 2012).

Component
Fluidal fly ash from

lignite coal
combustion (%)

Fluidal fly ash from
hard coal

combustion (%)

Conventional fly ash
from hard coal

combustion (%)

Loss of ignition 11.1 4.1 1.8

SiO2 33.6 31.1 52.3

CaO 16.4 26.8 4.1

Al2O3 18.1 22.6 28.5

Fe2O3 6.9 3.1 6.4

MgO 2.7 1.8 2.4

SO3 6.5 4.9 0.4

It is difficult to apply fluidal fly ash in concrete and cement in the presented
composition because of restrictions specified in standards (PN-EN197-1 2012, PN-
EN450-1 2012). In terms of phase composition, the following can be listed as the
main components (Giergiczny, 2006; Rajczyk, 2012):

• quartz SiO2,
• anhydrite CaSO4,
• unreacted sorbent CaCO3,
• CaO,
• hematite.

Fluidal fly ash contains residual part of unburned coal and amorphous or poorly crys-
tallized products of dehydroxylation of clay substances from coal slate (Giergiczny,
2006; Stryczek et al., 2013). It should be noted that loss of ignition obtained for
fluidal fly ash includes results coming from both residual part of unburned coal and
unreacted sorbent (Giergiczny, 2006; Rajczyk, 2012).

High pH value obtained for the aqueous solution of fly ash indicates the basic en-
vironment. It creates favorable environmental conditions for the pozzolanic reaction.
The presence of Ca ions also influences soil fabric formation. This process will be
discussed in section 3.1.

An important aspect of the use of waste products, especially in geotechnical engi-
neering, is their impact on the environment. High pH value can be problematic due
to its influence on ground waters and vegetation. The latest test results obtained by
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the authors (Knapik et al., 2014) show, that adding 10 % of fly ash (by mass) to soil
increases the pH value from acid to basic. Fly ash must be also considered in terms
of radioactivity and leaching of heavy metals.

3. Materials used in ground improvement techniques

Ground improvement techniques are widely described in literature (Bzówka et al.,
2013; Broniatowska et al., 2013; Sieniawska-Kuras, 2010; Pisarczyk, 2005). Below
most popular methods using common binders such as cement, lime and fly ash are
listed and briefly described.

Soil stabilization is used to strengthen weak soil layers placed near the ground
surface. This method includes remolding the existing soil structure, spreading the
selected binder and compacting soil at the optimum water content. Depending on the
soil type, traditional stabilizers used for this purpose are cement, lime or fly ash.

For effective soil treatment it is imperative to understand the mechanism of sta-
bilization of each additive. Traditional binders generally rely on pozzolanic reactions
and cation exchange (Little and Nair, 2009). This method involves determining the
optimum amount of the stabilizer, high enough to improve weak soil properties and
sufficiently low in the view of the purchase costs.

Deep Soil Mixing involves drilling in the subsoil to create columns whose material
is a mixture of soil present in the subsoil, binders and additives injected during mixing.
The forming process involves the destruction of the existing structure of the subsoil
by a mixer assisted by compressed air and/or injected grout. The binder is served
in a wet form (grout) or a dry form (materials without water). Among the most
common binding materials there are various types of cement (especially blast-furnace
cement due to its resistance to aggressive environment) as well as additives: fly ash,
blast furnace slag, bentonite and lime powder. Columns can be formed in weak
cohesive soils, individually or in rows (tangential or overlapping), as reinforced and
unreinforced as well. The height of the columns usually does not exceed 20 m (Bzówka
et al., 2013).

Similarly to Deep Soil Mixing, jet grouting technique results in forming columns.
The main difference between Deep Soil Mixing and jet grouting is high pressure used
for jet grouting technology with which the grout is injected. The classic jet grouting
process includes drilling a borehole, cutting soil with a thin stream of water or grout
(pressure from 15 to 70 MPa), forming a column with a grout injected under the
pressure of 2 to 5 MPa (Bzówka, 2009). Jet grouting columns are frequently adopted
in foundation engineering as an alternative to piles with the aim of strengthening weak
subsoil and transferring loads to deeper and more competent soil layers. Columns
may be formed very close to each other in order to form a unique massive body made
of overlapping columns or as a regularly spaced arrays of isolated items, forming a
support system similar to a pile foundation (Modoni et al., 2013). Cement grout is
most commonly used in jet grouting. Depending on the soil type in which the columns
are formed and on the injection system, the column material shows various strength
and water permeability coefficients (Bzówka, 2009).
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3.1. Reactions occurring in fly ash

Upon contact with water free CaO reacts first, within 2 to 7 hours (Giergiczny, 2006)
and converts into portlandite, Ca(OH)2. This reaction is highly exothermic. The
presence of portlandite induces a series of changes.

Pozzolanic activity of fluidal fly ash is caused by the content of amorphous and
poorly crystallized products of dehydratation of clay minerals (illite, montmorillonite,
kaolinite, chlorite) and the amount of reactive components (SiO2, Al2O3) with respect
to calcium hydroxide created during hydratation (Stryczek et al., 2013). As a result
of the pozzolanic reaction the amount of portlandite decreases.

This process can be affected by ettringite formation. Depending on the time of its
creation, this product can delay the binding reaction (early stage) or cause swelling,
which destroys the hardened structure created from pozzolanic products (shrinking at
a late stage). According to literature (Rajczyk, 2012), the rate of forming ettringite
products in fly ash mixed with water is rapid in the first 7 days of curing. In the
next days (tested up to 70 days of curing) other ettringite products can be observed,
however the rate of their development is slower. Swelling which occurs in fluidal fly
ash co-occurs only with ettringite products, which most commonly form in fly ash
with a high SO3/Al2O3 coefficient (higher than 1.3) (Rajczyk, 2012).

Pozzolanic-hydraulic activity can be determined on the basis of samples prepared
from fly ash slurry, tested in terms of strength in different curing time.

Residual part of unburned coal plays an unfavorable role in the binding process and
decreases freeze resistance of the hardened product. Therefore, it is an undesirable
component and its quantity should be reduced.

Free CaO contained in fly ash can be viewed in terms of its impact on soil modifica-
tion. Lime is commonly used in fine-grained soil stabilization. Mechanisms occurring
simultaneously after its addition involve cation exchange and pozzolanic reaction.

Cation exchange between ions from clay minerals and lime takes place fast, result-
ing in the flocculation of the fine grained fraction (Cecconi and Russo, 2013). After
this process, soil capacity to absorb water and the risk of swelling or shrinkage tend to
decrease. The excess of water is adsorbed by lime causing a decrease in the amount of
free water. This process is called ”structural displacement of water”. The reduction
of fine fraction increases soil porosity, which makes soil resistant to low temperatures
(Piłat and Radziszewski, 2004). Cation exchange caused by lime addition to medium,
moderately fine and fine grained soils results in the decrease of plasticity and swell po-
tential of expansive soils, plus it increases workability and strength properties (Little
and Nair, 2009).

3.2. Fly ash – cement mixtures in ground improvement

Cement stabilization is ideally suited for well-graded aggregates with a sufficient
amount of fines to effectively fill the empty spaces and float the coarse aggregate
particles (Little and Nair, 2009). However, cement grout is also used in ground im-
provement techniques in order to improve fine grained soil layers (jet grouting, Deep
Soil Mixing). In fly ash-cement mixtures the same mechanisms are at work as in
cement or fly ash slurry, resulting in the formation of pozzolanic reaction products
responsible for the improvement of mechanical soil properties of the treated soil in
terms of an increase in shear strength and reduction of compressibility. However,
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Fig. 2. Compression strength tests results of soil-binder specimens made with addition
of fly ash (Knapik and Bzówka, 2013).

sulphate content and the rate of ettringite appearance should be controlled.
Addition of fluidal fly ash to cement slurry changes the rate of forming ettringite

Ca3(Al(OH)6)2·3CaSO4·26H2O. In cement slurry this product appears very soon after
adding water (after about 1 hour). Adding fluidal fly ash to cement-fly ash slurry
makes ettringite appear more slowly at the beginning and accelerate in the following
days (Rajczyk, 2012). When fly ash is in contact with water it takes weeks or months
to create ettringite. This compound appears when ions OH−, Ca2+, SO4

2− and Al3+

from dissolved Ca(OH)2, CaSO4 and aluminosilicates connect (Bulewicz, 2009).
The biggest amount of this compound was found after 28 days of curing (Rajczyk,

2012). The risk of swelling and shrinking can be reduced by using an optimum amount
of fly ash in fly ash-cement slurry. Results of tests (published in literature) carried
out on samples prepared from cement with addition of 20 – 35 % of fluidal fly ash
demonstrated lack of risk due to the durability of the material caused by the formation
of ettringite at a late stage (Rajczyk, 2012).

Cementitious binders containing fly ash may show strength increase in longer
periods (up to 90 days of curing). However, in some cases addition of fluidal fly ash
decreases strength in the whole curing period or reduces the strength in a longer
curing time, which can be noted in sudden drop of strength (Rajczyk, 2012).

In ground improvement soil type influences strength. This effect can be noticed in
presented test results (Fig. 2).The main characteristic of soil mixed with cement slurry
is dual structure consisting of stiff skeleton and filling (fine grains). Stiff skeleton is
formed when cement slurry binds with scattered sand and silt fraction (mainly quartz)
(Wiłun, 1976, 2005).

4. Conclusions

Fly ash from fluidized bed combustion can be successfully used in various types of
engineering practice. Chemical composition of this material can vary significantly in
terms of the type of the combusted coal, its origin and the quantity of sorbent, however
its main components present in the composition due to combustion technology can
be specified. In terms of pozzolanic-hydraulic activity, fluidal fly ash may be used in
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ground improvement techniques, which currently commonly use cement binders. A
significant content of lime compounds in fluidal fly ash, including free CaO, indicates
the possibility of overlapping mechanisms similar to the processes occurring in lime
stabilized soils. The aim of the undertaken large experimental program is to determine
the applicability of fluidal fly ash for soil improvement.
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