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Abstract
Approximately 500 000 tons of non-coal fly ash are produced in Finland annually from energy
generation sources, most of which is fluidized bed combustion fly ash (FBCFA) from the burning
of peat and wood. This significant industrial side stream is not yet fully utilized, so that some is
still escaping from the material circulation of circular economy. FBCFA is nevertheless a
promising novel supplementary cementitious material, as it naturally possesses a fine particle size
as well as suitable chemical and mineralogical composition properties. Utilization of this material
would be beneficial for the environment, as it could potentially reduce the carbon footprint of
concrete production and the environmental impacts of ash disposal. It would also be beneficial for
ash producers, as it would provide a new route for reducing the amount of waste generated.
The aim of this thesis was to study how FBCFAs originating from the co-combustion of peat
and wood affect the properties of fresh and hardened mortars when used to replace 10–40% of the
cement normally used in them, and also to examine the effect of FBCFAs on freeze-thaw
durability.
It was found that FBCFA acts as a beneficial reacting component in mortar rather than just an
inert filler material. In general, fluidized bed combustion fly ash slightly reduced the compressive
strength of the mortar samples, but it clearly out-performed non-reactive filler materials and
achieved roughly similar compressive strengths to those resulting from conventional coal fly ash.
FBCFA increased the water requirement of fresh material due to irregular particle shape.
However, sufficient dosage of superplasticizer enabled to prepare mortar with good workability
even when 40% of the cement was replaced with FBCFA. In addition, milling of FBCFA was
found to be an effective method to decrease the water requirement of fresh mortar. FBCFA
increased the porosity, capillary water absorption and water vapour permeability of mortars, but
unlike conventional coal fly ash it did not had any negative effect on the performance of the air
entrainment agent nor on the freeze-thaw resistance of the mortars.
From a technical perspective, approximately 20% of the cement could be replaced with good
quality FBCFA without significantly impairing the performance of the hardened material,
although at the moment FBCFA does not conform to the European fly ash standard EN 450-1,
which hampers its use. On the other hand, it could be still used in applications, which do not
require standardized concrete. The future feasibility of FBCFA as a supplementary cementitious
material is highly dependent on the legal incentives laid down and customers' attitudes towards
sustainable construction materials.

Keywords: fluidized bed combustion fly ash, freeze-thaw durability, mortar, porosity,
strength properties, supplementary cementitious material, workability
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Tiivistelmä
Suomessa syntyy vuosittain noin 500 000 tonnia energiantuotannon lentotuhkia, jotka ovat
peräisin muusta kuin kivihiilen poltosta. Suurin osa näistä tuhkista on peräisin puun ja turpeen
leijupetipoltosta. Kaikkea syntyvää tuhkaa ei hyödynnetä vielä täysin ja osa tuhkista läjitetään
kaatopaikoille. Leijupetipolton lentotuhka on kuitenkin lupaava sementin seosaine, sillä tuhkalla on luonnostaan hieno partikkelikoko ja sopiva kemiallinen koostumus. Tämän sivuvirran tuotteistaminen rakennusteollisuuden raaka-aineeksi olisi hyödyllistä ympäristön kannalta, sillä sen
käyttö voisi pienentää sementin hiilijalanjälkeä sekä tuhkan läjittämisen ympäristövaikutuksia.
Tämän lisäksi tuhkan hyödyntäminen sementin seosaineena hyödyttäisi tuhkan tuottajia, sillä
tämä tarjoaisi uuden tavan vähentää syntyvän jätteen määrää.
Tämän Tämän työn tavoitteena oli tutkia, miten puun ja turpeen yhteispoltosta syntyvä leijupetipolton lentotuhka vaikuttaa tuoreen ja lujittuneen laastin ominaisuuksiin, kun tuhkalla korvataan 10–40 % käytettävästä sementistä. Tämän lisäksi työssä tutkittiin leijupetipolton lentotuhkan vaikutusta laastin pakkasenkestävyyteen.
Työssä kävi ilmi, että leijupetipolton lentotuhka toimii laastissa reaktiivisena komponenttina,
sen sijaan, että se olisi vain reagoimaton fillerimateriaali. Yleisesti ottaen leijupetipolton lentotuhkat heikensivät hiukan laastien puristuslujuutta. Lujuudet olivat kuitenkin huomattavasti
parempia, kuin laasteissa, joissa vastaava määrä sementtiä korvattiin reagoimattomilla fillereillä, ja samaa tasoa kuin laasteissa, joissa sementtiä korvattiin perinteisellä hiilen pölypolton lentotuhkalla. Epäsäännöllisen partikkelimuodon vaikutuksesta tuhkat lisäsivät huomattavasti laastien vedentarvetta, mutta riittävällä tehonotkistimen annostelulla voitiin valmistaa työstettävyydeltään hyviä laasteja, jopa silloin kun sementistä korvattiin 40 % leijupetipolton lentotuhkalla. Myös tuhkan jauhatuksen todettiin olevan tehokas menetelmä työstettävyyden parantamiseksi. Leijupetipolton lentotuhka lisäsi laastien huokoisuutta, kapilaarista veden imeytymistä
sekä vesihöyryn läpäisevyyttä. Leijupetipolton lentotuhkien todettiin soveltuvan myös pakkasenkestävän laastin valmistukseen, eikä tuhkilla ollut negatiivista vaikutusta huokostimen toimintaan.
Käytännössä noin 20 % sementistä voitaisiin korvata hyvälaatuisella leijupetipolton lentotuhkalla heikentämättä merkittävästi lujittuneen materiaalin ominaisuuksia. Tällä hetkellä eurooppalainen lentotuhka standardi EN 450-1 ei kata leijupetipolton lentotuhkaa, mikä rajoittaa sen
käyttöä. Toisaalta, tuhkaa voitaisiin mahdollisesti hyödyntää sovelluksissa, joihin ei vaadita
standardoitua betonia. Lähitulevaisuudessa leijupetipolton lentotuhkan hyödyntämisnäkymät
ovat voimakkaasti riippuvaisia siitä, miten tuhkan hyödyntämistä rajoittava sääntely, sekä asiakkaiden suhtautuminen ympäristöystävällisiin rakennusmateriaaleihin kehittyvät.

Asiasanat: huokoisuus, laasti, leijupetipolton lentotuhka, lujuus, pakkasenkestävyys,
sementin seosaine, työstettävyys

Now this is not the end. It is not even the beginning of
the end. But it is, perhaps, the end of the beginning.
- Winston Churchill
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1

Introduction

1.1

Background

Concrete is the most extensively used construction material in the world and it is
hard to imagine the modern world without it. It is an inexpensive and versatile
building material, the raw materials for which are widely available everywhere.
Concrete is used in buildings, roads, bridges, dams, paving stones, statues and
water pipes, making it the most heavily consumed manmade material.
Although the carbon footprint of producing a tonne of concrete (0.103 kg
CO2e/kg) is not particularly high compared with other common building materials
such as steel, glass, timber, polystyrene or mineral wool [1], the huge volumes
produced by the concrete industry result in huge CO2 emissions. At the heart of this
problem is the binder material used in concrete, ordinary Portland cement (OPC),
the production of which is alone estimated to cause as much as 8% of global
anthropogenic CO2 emissions [2].
The reason for this is that the OPC production process is based on calcination
of limestone (CaCO3) in a high-temperature kiln, during which the CaCO3
decomposes to CaO and CO2. In addition, the production process involves size
reduction of the large material flows, which also consumes energy. The emissions
related to firing of the kiln and size reduction can be reduced, to certain extent, by
improving energy efficiency and using renewable energy sources, but it is
impossible to eliminate all the CO2 emissions from OPC production, since the
process is essentially based on a chemical reaction that yields CO2 as a product.
One effective method for reducing the carbon footprint of concrete is to reduce
its cement content, as the majority of the CO2 emissions associated with concrete
come from the production of OPC [3]. For this purpose, the concrete industry is
already using various supplementary cementitious materials (SCMs) originating
from natural or industrial sources. These materials should contribute to strength
development, thus enabling the OPC content of the concrete to be reduced without
any loss of strength, durability or other important properties of the final product.
One problem, however, is that the generation of the currently used industrial side
streams cannot meet the demand arising from the growing concrete consumption,
a situation that is expected to get worse in the near future as the production of some
SCM materials, e.g. coal fly ash, is decreasing in many parts of the world. For this
reason, it is important to adopt new SCMs.
17

Fluidized bed combustion fly ash (FBCFA) is an inorganic residue that has a
naturally fine particle size and a chemical composition resembling that of cement.
This material is expected to continue to be available in the future, as fluidized bed
combustion is an efficient and relatively clean method of produce energy from noncoal fuels, and thus a rapidly expanding combustion method. The annual production
of non-coal fly ash in Finland at the present time is approximately 520 000 tons [4]
and it is reasonable to assume that most of this ash originates from fluidized bed
combustion. Since the above-mentioned factors make FBCFA an interesting option
for an SCM, this thesis sets out to study its suitability for that purpose.
The use of FBCFA could also yield certain additional benefits. Replacing
cement with industrial side streams has a potential for saving on natural resources,
as less limestone would be excavated for cement production, it would also be an
appealing possibility for ash producers, as they could commercialize these
previously expensive species of waste in the form of valuable products, which in
return would reduce the land areas required for storing of un-used residues. This
has happened already in the case of certain SCMs of industrial origin, such as coal
fly ash, blast furnace slag and silica fume, which serve as good example of how the
principles of a recycling economy and a waste hierarchy should be applied.
1.2

Aims of the thesis

The specific aim of this thesis was to examine from a technical perspective whether
it is possible to use FBCFA arising from the combustion of peat and wood to replace
a significant portion of the cement used in mortars, without degrading the
performance of the finished material. It also explores the possibilities for enhancing
the properties of FBCFA by milling it using a laboratory-sized ball mill.
These aims were approached by studying the properties of FBCFA and its
effect on the properties of mortar samples in both a fresh and a hardened state. The
following questions were considered important from the viewpoint of this work:
–

–
–
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What are the most important properties of FBCFA that affect the workability
of mortars, and is it possible to enhance the physical properties of FBCFA by
milling?
What is the effect of FBCFA on the hardened state properties of mortars?
What is the role of FBCFA in a mortar? Is it merely a filler material or does it
produce beneficial hydration products?

–

What is the effect of FBCFA on the freeze-thaw durability of mortars and the
required dosage of air entrainment agent?

The effect of FBCFA on the workability of mortars was studied in detail in Paper
II, which also included experiments regarding the effect of milling the FBCFA. The
effect of FBCFA on the strength properties of mortars was studied in Papers I, III
and IV, while Paper I also investigated the role of FBCFA in mortars. Paper III
examined the effect of FBCFA on the microstructure of mortars. The effect of
FBCFA on freeze-thaw resistance and the dosing of air entrainment agent were
studied in Paper IV.
1.3

Outline of the thesis

This thesis is divided into five chapters. Chapter 1 serves as an introduction to the
topic. Chapter 2 provides an overview of current cement and concrete technology
and a state-of-the-art review regarding the utilization of FBCFA as a cement
replacement material. The materials and methods used in this work are presented
in Chapter 3, while Chapter 4 contains the key results and a discussion. Conclusions
regarding the main findings of the thesis are drawn in Chapter 5.
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2

Literature review

2.1

Concrete and cement

Modern concrete is a composite material, the main components of which are
cement, fine and coarse aggregates, and water. In addition, concrete often contains
SCMs and chemical admixtures. When the constituents of concrete are mixed, the
cement and water come into contact, which initiates hydration of the cement.
During the hydration process the mineral phases of the cement react with water to
form stable reaction products, producing a hard matrix, which binds the aggregate
particles together.
2.1.1 Production of cement and concrete
The production of cement starts from the excavation of limestone and other
minerals. After the crushing and grinding, these materials are mixed and fed into a
cement kiln, where they are fired at 1350–1450°C [5]. During firing the limestone
decomposes to CaO, releasing CO2. The CaO then reacts further with other
minerals inside the kiln, mainly silica, aluminium and iron, to form tricalcium
silicate (alite), dicalcium silicate (belite) and tricalcium aluminate, which are the
most important mineral phases responsible for the strength of hardened concrete.
In addition, calcium aluminoferrite (ferrite) is also formed. During the firing the
fine material sinters into nodules, which then cool down. Later these nodules can
be ground together with gypsum to produce a fine cement powder.
2.1.2 Hydration of cement
The hydration of cement is a complicated process consisting of a series of chemical
reactions. There still exists some debate among scientists about the details of this
process [6], and only a brief summary or outline of the hydration process will be
presented here based on the reviews provided in [6]–[8]. The hydration process is
often divided into stages in the literature, according to a typical heat evolution curve
[9]. The numbers and names of these stages do not follow any well-established
convention, however, but rather they depend on the source cited. In this chapter the
hydration of cement will be divided into four stages.
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The hydration of cement (consisting mainly of alite, belite, tricalcium
aluminate, ferrite and gypsum) is a dissolution-precipitation process [6].
Dissolution of the alite, calcium aluminate and gypsum starts immediately when
they come into contact with water. However, after the intensive initial reactions,
the rate of dissolution decreases rapidly [10]. Gypsum is added to cement in order
to prevent rapid hydration of the aluminate phase, which would otherwise lead to
rapid setting of the concrete [7], [10]. At the early stages of hydration small
amounts of calcium silicate hydrate (CSH), ettringite and Afm are percipitated on
the surfaces of unhydrated cement particles, and the rate of precipitation of these
reaction products remains slow for the next few hours, allowing time to cast and
place the concrete. After this ‘dormant’ period, however, the acceleration stage
starts and the alite, and calcium aluminates are hydrated at increasing rates, leading
to massive precipitation of CSH, calcium hydroxide (portlandite) and ettringite.
This eventually creates a hardened binder matrix, which glues the aggregate
particles together. After a few hours of these intensive reactions the rate of
hydration decreases again, leading to the ‘post- acceleration’ stage.
Although typically 50% of the cement has reacted after one day [6], the
hydration reactions can continue in this post-acceleration stage for as long as there
are reactive phases and water present in the material. This applies especially to
belite and pozzolanic materials, which react much more slowly than the alite [6].
2.1.3 Fresh state properties
The fresh state properties of concrete are highly important for the quality of the
final product. Workability is a general term that describes how easy fresh concrete
is to work with. This term includes several properties of the fresh material such as
yield stress, viscosity, cohesiveness, proneness to segregation and stickiness. Low
yield stress concrete fills the mould easily, so that it is often a desirable property
[11], while low viscosity can facilitate the pumping of concrete [12]. On the other
hand, highly flowing concrete is prone to segregation [13], whereupon the
constituents are not uniformly distributed within the material. In particular, the
water rises to the surface of the concrete and the heavier aggregate particles tend to
settle to the bottom. This reduces the quality of the concrete, especially at the
surface of the cast, where the excess water will create excess porosity and weaken
the material.
One important property of cement is its setting time, since this determines how
much time there is to cast and finish the fresh concrete before it hardens. Fresh
22

concrete starts to lose its fluidity (i.e. stiffen) almost immediately after mixing, due
to the formation of hydration products, and the fluidity further decreases as the free
water, which lubricates the mixture, is consumed through the formation of
hydration products and by evaporation [7]. Ideally, the subsequent dormant period
of the hydration process should be long enough to allow time for casting and
finishing the surface. At initial setting time the reaction products in the cement
should have formed enough rigid structures for the concrete to become unworkable.
The time when the concrete becomes entirely rigid is called the final setting time,
although in reality the setting time is a sliding concept and it is impossible to say
exactly when the concrete has set, as several methods exist for determining the
setting time [14]. It should also be noted that the setting time does not represent
any well-defined physical change in the material [15].
2.1.4 Hardened state properties
Porosity and microstructure
Hardened concrete is a heterogeneous composite material, which at the
macroscopic level is composed of aggregate particles and the binder matrix. A
closer look will also reveal that the hardened cement paste is not homogeneous, as
it contains micro-cracks and pores and voids of various sizes. In addition, the
cement paste around the aggregate particles is less dense. The microstructure of
hardened concrete or mortar has a huge impact on its hardened state properties,
because even small imperfections can largely determine the strength and durability
of the material.
At a water/cement ratio of approximately 0.38 there is just enough water for
complete hydration of the cement [16], whereas as the water/cement ratio increases
above that figure, the hydration products can no longer fill all the available space,
and ‘capillary pores’ are formed [16]. In normal concrete the water/cement ratio is
usually higher than 0.4 in order to provide sufficient workability in the fresh
mixture [17], while the capillary pores range in size from 10 nm to a few microns
depending on the water/cement ratio and the age of the material [7]. Large capillary
pores are detrimental for strength and permeability, while small ones (< 50 nm) are
important for drying shrinkage and creep [7]. Hydrated cement paste also contain
interlayer water, which forms very small gel pores between the solid hydration
products (approximately 28% of the volume of cement consists of completely
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hydrated cement paste) [16]. The size of these gel pores is around 0.5–5 nm, so that
they are significantly smaller than capillary pores[18].
During the mixing of concrete or mortar a small amount of air is bound in the
fresh material. Excess air can be removed during casting by vibration, but some
air is still left in the finished concrete (around 1–2%) or mortar [17]. If the
workability of a concrete is low, or its compaction is insufficient, the air content
can be even higher, which will have a negative impact on the strength and
permeability of the material. Air voids can also be added intentionally, however, to
improve the freeze-thaw resistance of the material, in which case it is done using
an air entrainment agent (AEAs). Both natural and entrained air voids are
significantly larger than capillary pores.
Interfacial transition zones (ITZ) are relatively weak regions around the
aggregate particles in mortar and concrete. ITZs are formed because a large
aggregate particle has disrupted the packing of small cement particles and for this
reason the amount of cement in the close proximity of a given aggregate particle is
lower than in the bulk of the cement paste [19]. This increases the water/cement
ratio around the aggregate particle, creating a more porous region than the bulk
paste [19]. ITZs are usually the weakest link in concrete and often serve as starting
points for crack propagation [7].
Cracks, pores (excluding entrained air) and voids are generally unwanted in
concrete, because they detract from the strength of the material and often increase
penetration by deleterious substances, making it less durable.
Strength
The high compressive strength of concrete makes it a perfect choice for
applications where a high load-bearing capacity is required, but usually the
compressive strength is limited because of the weak interfacial transition zones
rather than by inadequate strength of the bulk binder matrix or aggregate particles,
although this may not be true when lightweight aggregates are used [7]. The
hardening of concrete starts when concrete that has set starts to develop
compressive strength. Rapid hydration and strength development after setting is
often beneficial so that the moulds can be removed as early as possible. Strength
development may then continue for several months after this under favourable
conditions
The compressive strength of concrete usually correlates well with its porosity.
High compressive strength typically means low porosity and vice versa. This
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relationship makes compressive strength a useful overall quality indicator. If the
strength of a concrete is at the desired level, it means that the constituents were
mixed in the designed manner and the concrete was compacted well during casting.
High compressive strength indicates that the material has a dense microstructure
which will probably restrict penetration by water and gases.
Concrete is a brittle material and its tensile strength is usually about an order
of magnitude lower than its compressive strength [18]. The reason for the low
tensile strength is the heterogeneity of the material. In addition to the aggregates
and binder matrix, it also contains micro-cracks, air voids and interfacial transition
zones, which serve as starting points for fast crack propagation [7]. Concrete is
often reinforced with steel bars to enhance its tensile strength.
It is known that the strength properties of concrete are highly dependent on the
ratio between water and cement. A low water-to-cement ratio usually produces
concrete with a high strength, while if the water-to-cement ratio is increased by
reducing the cement content or by adding more water to the mixture, the
compressive strength of the material will usually decrease. The reason for this is
that a high water-to-cement ratio will produce a binder matrix of higher porosity. A
greater amount of water will also increase the porosity of IFTs [7]. The strength of
concrete is also affected by the cement type, aggregate properties, admixtures and
curing conditions.
Dimensional stability
After hardening, concrete usually contains a significant amount of unaltered excess
water, which is released into the surrounding environment if the concrete is not
covered with an impervious material. Water is first removed from the large pores,
but if the relative humidity of the surrounding environment is low enough, it will
also be drawn out of the smallest pores [18]. This will cause the concrete to shrink
from its original dimensions, causing stress in the material if the concrete is
restrained, and if this stress exceeds the tensile strength of the material, cracking
will occur [7].
In addition, creep and thermal expansion can cause dimensional changes in
hardened concrete. Creep is a similar phenomenon to drying shrinkage in the sense
that it is also the result of movements of water in the pores of hardened concrete,
but instead of a moisture gradient, the water movements involved in creep are
caused by an external load [7]. Deformations caused by creep (and drying shrinkage)
are partly irreversible, so that the structure will only partly return to its original
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dimensions when the load (or moisture state in the case of drying shrinkage) is
removed [18]. Thermal expansion is more relevant in the case of massive
monolithic casts in which high temperature gradients between the surface and the
inner parts of the structure can cause internal stress and cracking of the structure
[17].
2.1.5 Long-term durability
Freeze-thaw effects
Recurrent freezing and thawing can have a deleterious effect on concrete or mortar,
because freezing water present in capillary pores will expand and create internal
stress, which can damage the material. It is hard for water to penetrate into concrete
that has a very low permeability, however, so that it is likely that the amount of
freezing water will be so low that it will not cause any damage. The other possibility
for overcoming the problem is to entrain small air bubbles in the concrete or mortar
by applying chemicals known as air entrainment agents (AEA) which trap small air
bubbles in the fresh material during the mixing and retain this air in the hardened
material as well. As the temperature drops, these air bubbles contract, relieving the
stress caused by the expanding water. In addition, part of the ice forms inside these
air bubbles, where freezing will not cause stress to the material.
For such air bubbles to be efficient, the distance between them must be short,
approximately 0.1–0.2 mm [7]. This requirement limits the size of the pores, so that
their diameter is typically 0.05–1 mm [7].
Air entrainment naturally reduces the strength of the material, but this is to a
certain extent an acceptable price to pay for the improved freeze resistance
properties. Freeze-resistant concrete is typically designed to contain 4–8% air [20]
although significantly higher air contents of 10–20% [21] are often used for mortar,
which generally has a higher cement paste content than concrete.
Resistance to aggressive agents
Although concrete is a very durable material, there are various aggressive agents
that can damage it, in addition to which it can suffer damage from the corrosion of
steel used for reinforcement, as the reaction products from corrosion will cause
expansion and exert stress on the surrounding concrete. Some aggressive agents
26

may be present in constituents of the concrete itself, while others may be present in
the environment surrounding the concrete.
If concrete is exposed to water containing sulphates, those sulphates can react
together with various products of cement hydration (depending on the type of
sulphate) to form calcium sulphate, which can further react with aluminates present
in the concrete to form ettringite (since calcium sulphate can of course react directly
with aluminates) [16]. The formation of ettringite will cause expansion and damage
the concrete, because the resulting volume of ettringite will be significantly higher
than the combined volume of the portlandite and aluminates [16]. Acids are in
general harmful for concrete, because they can dissolve the products of cement
hydration (especially portlandite) [16], and if the concrete is exposed to carbon
dioxide, the portlandite present in the hydrated cement can react with it to yield
calcium carbonate [16]. This is an especially problematic situation in reinforced
concrete, because sufficient decrease in the pH of the cement matrix will lead to
destruction of the oxide film that protects the steel reinforcements, initiating their
corrosion [17]. Corrosion can even occur in non-carbonated concrete if it contains
chloride ions.
The damage caused by some of the above-mentioned deterioration mechanisms
can be mitigated by selecting cement and concrete constituents that do not contain
too many of the associated harmful components, e.g. calcium aluminates or
chloride. This will not, however, protect concrete from external sources of
aggressive agents. In these cases, low permeability concrete, containing large
amounts of CSH often proves to have the best characteristics for resisting
deleterious substances. In addition, exposure to aggressive chemicals together with
water (which is frequently a carrying medium for deleterious substances and a
requirement for their harmful reactions) can often be mitigated by means of various
surface treatments.
2.2

Cement replacement materials

The cement content of concrete can be reduced by replacing some of the cement
with other materials, some of which can also be directly blended into the cement.
These replacement materials can be self-cementitious materials, pozzolanic
materials, or inert filler materials.
Self-cementitious materials react with water to form reaction products having
cementitious properties, while pozzolanic materials are ones which can react with
water and portlandite to form products with cementitious properties [22]. The
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pozzolanic materials that are used in concrete usually contain reactive silica, which
reacts with portlandite originating from the hydration of alite and belite to form
CSH [23]. This process is beneficial because CSH provides more strength and is
also chemically a more durable phase than portlandite [16]. Blast furnace slag is a
common cement replacement material which does not alone react well with water
but can be activated by lime, OPC, sulphates or alkalis to produce a useful binder
material [24].
Inert filler materials essentially do not react in concrete, but they can still have
several beneficial effects. If an inert replacement material has a really fine particle
size, it can fill the spaces between fine aggregates, which will improve the packing
of the particle system [25], [26]. This will enable the amount of water in the mixture
to be reduced, leading to lower porosity and increased strength [25]. Filler materials
can also enhance the hydration of cement, as small filler particles can act as
nucleation centres for phases precipitated during the early stages of cement
hydration [27], [28], by reducing the energy barrier to precipitation, and in this way
they can improve the microstructure of the material [29]. It has also been suggested
that filler materials can enhance nucleation by increasing the shearing of particles
during mixing [30].
Cement replacement materials can also have beneficial effects on the rheology
of the fresh material if they possess a smooth, spherical particle shape which allows
the particles to by-pass each other easily in the fresh cement paste. In the opposite
case, if the material is irregularly shaped, it can have an adverse effect on
flowability [31]. In addition, if a replacement material enhances the packing of the
particle system, as mentioned above, it can also lead to improved flowability [28].
When a significant portion of the cement is replaced with inert or slowly reacting
material, good workability can be maintained for longer because the consumption
of free water at the early stages of hydration is lower. The use of material which
improves the workability of a fresh mixture can allow the water content to be
reduced, which will lower the water/cement ratio and increase the strength of the
concrete.
In general, inert or slowly reacting materials generate less heat, which can be
beneficial in some cases. Lower hydration heat means lower temperature gradients
in massive casts, which can mitigate the cracking that can be caused by thermal
gradients.
At the moment the European concrete standard EN 206 enables the use of
following additions to concrete: filler aggregates, pigments, fly ash, silica fume,
and ground granulated blast furnace slag [32], while the European cement standard
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EN 197-1 includes granulated blast furnace slag, natural pozzolanas, fly ashes,
burnt shale, limestone, and silica fume [33].
2.2.1 Fly ash from coal combustion
Fly ash from the combustion of pulverized coal, often referred to simply as fly ash,
is a fine fraction of the unburned mineral residue. At the moment only fly ash from
pulverized coal combustion and fly ash from the co-combustion of coal and
biomass (up to 50% of the mass of the fuel) are accepted in terms of the European
concrete and cement standards [32], [33]. The name ‘fly ash’ originates from the
fact that due to its fine particle size, this ash is carried out of the boiler by the flue
gases and is usually separated from the air flow by means of cyclones or
electrostatic separators.
In pulverized coal combustion the temperature in the boiler is usually
approximately between 1000 and 1600°C [34], which is enough to melt most of the
ash particles. After leaving the boiler, fly ash cools down quite rapidly, and this
combination of a high combustion temperature followed by rapid cooling results in
spherical ash particles which often have a high content of amorphous and reactive
mineral phases.
The addition of fly ash to concrete often enables the water content of the
mixture to be reduced while maintaining good workability, as the spherical ash
particles can act as ball bearings in fresh concrete, reducing the friction between
the cement and the fine aggregate particles. The lower water content then leads to
lower porosity of the hardened material, which has a positive impact on strength
and durability.
The reactive silica present in fly ash can also improve the quality of concrete
since it reacts with portlandite and water [23]. These pozzolanic reactions are
usually slow [23], which means that the strength development of the concrete is
slower when a significant amount of cement is replaced with fly ash. On the other
hand, pozzolanic reactions can continue for a long time if there is sufficient
moisture and unreacted phases present in the concrete. Also, if a large amount of
the cement is replaced with fly ash, the heat production in the concrete will be
relatively low during the first few days of hardening [35]. This can be a beneficial
property in massive concrete casts, because it will reduce the reaction heat and lead
to less cracking due to the lower temperature gradients.
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2.2.2 Fly ash from fluidized bed combustion
In fluidized bed combustion a solid fuel is fed into a boiler, where combustion takes
place in a fluidized bed. The fuel and bed material are fluidized by blowing air in
from the bottom of the boiler, where this fluidization efficiently mixes them,
creating a uniform environment for burning (see next section). Fluidized bed
combustion fly ash (FBCFA) is a fine inorganic residue composed of unburned fuel
and the remaining bed material. It is usually separated from the flue gases using
electrostatic precipitators or cyclones.
The use of FBCFA as a replacement material for cement has been studied
during recent decades and some of the results have been promising, although its
properties differ significantly from those of conventional CFA. The properties of
FBCFA, its origins and its behaviour as a cement replacement material are
described more detail in section 2.3.
Fluidized bed combustion technologies and fuels
Fluidized bed combustion can be divided into atmospheric fluidized bed
combustion and pressurized fluidized bed combustion. The topic of this work is
related to atmospheric fluidized bed combustion, which can be further separated
into bubbling fluidized bed combustion (BFBC) (Fig. 1) and circulating fluidized
bed combustion (CFBC).
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Fig. 1. A bubbling fluidized bed boiler (Reprinted by permission from [36] © 2017
University of Oulu).

In BFBC the velocity of the air entering the boiler is from 1 to 3 m/s [37], which
generates a bubbling bed from the fuel and bed material. The depth of this bed is
typically 1–1.5 m. By comparison, the air velocity in CFBC is higher, up to 8 m/s
[34], which creates a circular flow in the boiler [34]. The role of the bed material is
to improve heat transfer and reduce the temperature gradients inside the boiler, and
also to act as an adsorbent material that can bind sulphur compounds released from
the fuel during combustion. The BFBC alternative is common in small units, while
CFBC is preferred in larger units, since it is hard to increase the capacity of a BFBC
boiler beyond a certain threshold, as the area of the boiler would become
impractically large [38].
The main benefits of FBC are its suitability for the combustion of various solid
fuels and its low level of emissions. FBC tolerates well fuels of low grade and
fluctuating quality [37], so that typical fuels include low-rank coals, municipal and
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demolition waste, peat, energy crops, Paper mill sludges and wood (including
various residues from the forest industries). SOX emissions from FBC boilers can
be reduced by injecting an absorbent such as limestone or dolomite into the boiler,
where it will react with sulphur compounds released from the fuel during
combustion [39]. Thus the amount of calcium carbonate injected depends greatly
on the sulphur content of the fuel [39], [40]. Some coals may contain high amounts
of sulphur, and the amount of limestone added can be correspond to 30 to 50% of
the mass of the combusted coal [41]. On the other hand, the sulphur content of peat
and biomass can be so low that that the injection of an adsorbent material may be
unnecessary [42], [43]. The reduction of SOX emissions in the FBC process is
efficient because of the high concentration and long residence time of the adsorbent
material, and also the optimum temperature and intensive mixing [34]. Thus the
rate of sulphur removal can be as high as 95% [39].
FBC usually entails low NOx emissions, because the combustion temperature
in the boiler (750–950°C) [37] is significantly lower than in pulverized combustion.
This minimizes the formation of thermal and prompt NOx compounds in particular,
so that most of the NOx emissions originate from nitrogen present in the fuel [44].
The low burning temperature also prevents melting of the ash particles [34], which
reduces the sintering of ash and bed material and consequent fouling of the boiler’s
inner surfaces.
Properties of fluidized bed combustion fly ash
Since the properties of fly ashes are greatly affected by the combustion method,
temperature and the chemical composition of the fuel, the physical, chemical and
mineralogical properties of FBCFA can differ markedly from those of conventional
fly ash (CFA) originating from pulverized coal combustion. In addition to this,
there can be huge differences between FBCFAs depending on the properties of the
fuel and bed material. This makes it hard to draw conclusions about the nature of
these materials, although there are certain characteristics that they have in common.
The chemical composition of an FBCFA depends on the composition of the
fuel mixture, and also on the bed material and any adsorbent material. During
combustion, the carbon present in the fuel reacts with oxygen, but the fuel always
contains some inert mineral matter as well, and it is this that is left to form ash. The
ash content of different fuels can vary widely, as can the chemical composition of
the ash.
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In general, the ash content of coal is much higher than that of biomass or peat.
The most common oxides in FBCFAs are CaO, SiO2, Al2O3 and Fe2O3, while the
amount of sulphur also varies greatly, so that SO3 can be one of the major oxides
in some ashes while in others the SO3 content can be only few percent. This depends
essentially on the sulphur content of the fuel and the process parameters. In addition,
fly ash usually contains small but non-negligible amounts of sodium, potassium,
magnesium and chlorides and unburned carbon. The unburned carbon content is
often estimated on the basis of the loss on ignition (LOI), which can vary
significantly between ashes. It should be noted, however, that the LOI value alone
is not always a good indicator of the unburned carbon content, because it can also
include the decomposition of certain phases, e.g. carbonates from limestone.
The mineralogy of FBCFAs depends on the mineralogy and chemical
composition of the fuel and the bed material, in addition to which the burning
temperature, which is significantly lower in FBC than in pulverized combustion,
has its own effect on the mineralogy of the fly ash. FBCFAs usually contain several
crystalline phases [45]–[49], commonly quartz, calcium sulphate (anhydrite), lime
and calcium carbonate, and at least some FBCFAs also contain a significant
proportion of amorphous phases [50].
In contrast to CFA, the particles of which are mainly spherical [46], [51], [52],
FBCFA is composed largely of irregularly or angularly shaped particles [53]–[55].
This contrast can also be seen in Fig 2. Spherical particles can also be found in
some FBCFAs, but their proportion is usually much lower [40], a difference that is
often explained in the literature by the lower temperature of FBCFA (relative to
PCC), which is not enough to melt irregularly shaped ash particles to form spherical
shapes, as in the case of PCC [47], [55], [56]. It is possible that the type of fuel [40]
and the type and amount of adsorbent material used may also affect the shape and
physical properties of the ash particles. Due to irregular particle shapes, the specific
surface area of these ashes is typically higher than for conventional fly ash or
cement [43], [47], [53], although there are a few exceptions to these observations
[52], [54]. Naturally, the particle size of FBCFA also varies, but it is usually in the
same range as that of the cement or slightly higher [45], [47], [57], although
examples of FBCFAs having a finer particle size than cement also exist [50]. The
density or specific gravity of FBCFA is slightly lower than that of OPC [53], [54],
[57].
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Fig. 2. Fluidized bed combustion fly ash (a) and coal combustion fly ash (b).

2.3

Use of fluidized bed combustion fly ash in cementitious
systems

The use of fluidized bed combustion fly ash in construction materials has been
studied during the recent decades from a number of viewpoints:
–
–
–
–
–

FBCFA as a cement replacement material [58]
Aggregates prepared from FBCFA [59], [60]
FBCFA as a raw material for alkali-activated materials [61], [62]
Activation of ground granulated blast furnace slag using FBCFA [63], [64]
Self-cementitious properties of FBCFA [43], [65]

Since the intention here is to study the use of fluidized bed combustion fly ash as a
cement replacement material, the literature review will focus on research Papers in
which it is explicitly stated that fluidized bed combustion fly ash was used to
replace ordinary Portland cement in cement paste, mortar or concrete.
2.3.1 Effect on fresh state properties
Fluidized bed combustion fly ash has been reported to increase the water
requirement when it is used as a cement replacement material [51], [66], [67],
although it was found in [68] that ultrafine FBCFA can improve the rheology of a
cement paste at low replacement rates. Similarly, some studies have reported that
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FBCFA increases plasticizer dosages [51], [56], [69]. These phenomena are
associated with the particle size distribution [52], [57], [68], irregular particle shape
[68], loose packing density [52], [57], [68], high volume [70], high fineness [67],
high specific surface area or porosity [51], [56], [68], and with chemical
composition [51], [56], [70]. Most of these studies were focused on FBCFAs
originating from coal combustion, whereas Paper II examines what are the main
reasons behind the increased water requirement caused by FBCFAs obtained from
the combustion of peat and wood.
One study [71] reported that FBCFA significantly reduced the bleeding of
water from fresh cement paste.
Several authors have reported that FBCFA increases the setting time of cement
[66], [72], [73], the reason suggested for this being the high calcium sulphate
content [54], [72], [73] found in some ashes, and it has even been suggested that
FBCFA containing a high amount of SO3 could be used to replace gypsum as a
retarder of hydration [73]. In addition, the reduction of the cement content [54], [66]
can delay the setting time. On the other hand, some ashes seemed to reduce the
setting time [70], which could be due to a high free CaO content [70]. It has also
been reported that the effect on setting time may be dependent on the replacement
rate [71], suggesting that the setting time decreases at low replacement rates but
starts to increase again when the replacement rate is higher . There is also one study
in which FBCFA had no significant effect on the initial setting time of blended
cement whereas the final setting time was increased [67].
2.3.2 Effect on hardened state properties
Several studies have reported that cement replacement using FBCFAs has a
negative impact on compressive strength [46], [48], [53], [54], [66], [67], [74]–[83].
These negative results have been attributed to reduced cement content caused by
the presence of less reactive material [70], [82] and the formation of excess
portlandite (in fly ashes that contain a large amount of free CaO) [84]. In some
studies a decrease in compressive strength is probably at least partly caused by an
increased water requirement, which was addressed by adding more water to the
mixture [53], [66], [67], and in one case the reason was insufficient grinding time
for the blended cement [67]. FBCFA from waste incineration can also contain
metallic aluminium, which in the presence of strong alkalis generates hydrogen gas,
causing expansion and deterioration in strength at an early stage [81].
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On the other hand, it has been reported elsewhere that, depending on the curing
time, replacement rate and any pre-treatment, FBCFAs can have either a positive
or a neutral effect on strength properties [50], [70], [71], [76], [85]–[87] and in
some cases the effect of cement replacement has been exclusively positive [56],
[88], [89]. Positive outcomes have been associated with the pozzolanic effect [50],
[56], [70], [89], the formation of hydrated calcium aluminate [70], a high volume
of hydration products [88], self-cementitious properties [70], increased early
hydration due to Ca(OH)2 [70], a decreased water/cement ratio due to the
absorption of water by the fly ash [70] and high fineness of the material [50], [56],
[88].
Most of the above studies involved FBCFAs originating from the combustion
of coal, whereas Papers I, III and IV examined how FBCFAs from the combustion
of peat and wood affect the strength properties of the resulting concrete. The ashes
studied in those experiments were selected because they showed a promising
chemical composition and pre-experiments had suggested that they did not cause
any deleterious expansion. In addition, the performance of FBCFA was compared
in Papers I, III and IV with that of more non-reactive fillers and fly ashes obtained
from pulverized coal combustion.
Only a few authors have used quantitative methods to study how cement
replacement using FBCFAs affects the microstructure of the cement, mortar or
concrete. Some have suggested that cement replacement using FBCFA increases
the porosity of mortar [77], [78], [80], whereas one study reported that FBCFA had
a negative or neutral effect on accessible water, depending on the water/binder ratio
[86]. On the other hand, it has also been reported that FBCFA reduces water
porosity and permeable voids in concrete [88] and the air permeability of cement
paste [47]. Porosity and water absorption are important properties for the long-term
durability of cement-based materials, and because all the previous studies had been
carried out with fly ashes originating from coal combustion, the aim in Paper III
was to examine how FBCFA from the combustion of peat and wood affects these
properties.
There are only a few studies that have examined how cement replacement using
FBCFAs affects the shrinkage of concrete, mortar or cement paste [71], [73], [76].
Two of these [73], [76] did not include reference material without FBCFA, but both
suggested that drying shrinkage was rather low. In [71], however, it was shown that
cement replacement using FBCFA reduced the drying shrinkage of cement paste.
Since this aspect of FBCFA apparently needed more research, further experiments
were undertaken with regard to the drying shrinkage of FBCFAs from the
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combustion of peat and wood, as reported in Paper III. Similarly, the performance
of FBCFA was compared with that of more conventional materials: limestone filler
and fly ash from pulverized coal combustion.
Expansion caused by cement replacement with FBCFAs in cement pastes or
mortars has been studied by some authors [70], [73], [76], [79]. The suggested
reasons for such expansion are a high content of free CaO [70], [76], [79] or SO3
[70], [73], [79]. In three cases [70], [73], [76] it was not stated explicitly whether
FBCFA increased the expansion compared with pure cement, but at least no
damaging expansion was reported in cement paste [70], [73] or in mortar [76]. In
[79] FBCFA was reported to increase the expansion of mortar, but again it did not
have any adverse effect.
2.3.3 Effect on long-term durability
Although the effect of FBCFA on the long-term durability of mortars or concrete is
an important topic when its suitability as an SCM is to be evaluated, studies
focusing on long-term durability are still few in number and most of them consider
chiefly freeze-thaw durability, while only a few deal with other damage
mechanisms.
Some authors have studied the freeze-thaw durability of air-entrained or nonair-entrained concrete containing FBCFA, some suggesting that FBCFA can have
negative effects on freeze-thaw resistance [75] or frost scaling resistance [88], [90],
[91], whereas a few authors have also reported positive effects related to these ashes
[88]. Some results also indicate that the presence of unburned carbon in FBCFA
can interfere with the performance of AEA in similar way as unburned carbon in
CFA, increasing the AEA dosage [91], [92] and detracting from the quality of the
air entrainment [92]. On the other hand, there are also indications that the use of
FBCFA in air-entrained concretes could improve the entrainment parameters [85].
Most of the above studies focus on ash from coal combustion, while only one
[88] studied FBCFA obtained from the combustion of biomass. For these reasons
Paper IV examined how an FBCFA from combustion of peat and wood which had
a remarkably low unburned carbon content affected AEA performance and freezethaw resistance in mortars. This was regarded as an interesting research topic
because many regions where peat and biomass are used as fuels are located in
climates where structures can be exposed to recurrent freezing and thawing during
the winter months.
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From the viewpoint of other aspects of long-term durability, FBCFA seems to
be a more promising material. One study suggested that cement replacement using
FBCFA could protect mortars exposed to HCl acid [77], and others suggest that
cement replacement using FBCFA reduces the chlorine ion permeability of
concrete [85], [88], although it is admitted in one of these that this is not necessarily
always the case in air-entrained concretes [85]. On the other hand, FBCFA can
reduce the carbonation resistance of concrete, especially if the water/cement ratio
is high [87].
2.3.4 Ash treatment methods
Given that the physical, chemical and mineralogical properties of FBCFAs are
often sub-optimal for a cement replacement material, several studies have been
focused on different ash treatment methods, including at least sieving, milling,
washing and classification.
Milling of FBCFA naturally reduces its particle size [45], [48], [81] and can
also increase the specific surface area [48], [52], specific gravity or density [52],
[57], bulk density or packing density [48], [52], reactivity [80] and the content of
amorphous phases [48], [57], [81]. On the other hand, Ohenoja et al. [45] reported
that milling does not necessarily increase the specific surface area or reactivity of
FBCFA. Milling of FBCFA for use as a cement replacement material has been
reported to reduce the setting time [80], water requirement [52], [57], drying
shrinkage [79] and porosity [80] and to increase the compressive strength [48], [79],
[80], expansion [79] and heat of hydration [80].
In classification and sieving, fly ash is divided into size fractions which can
differ in their specific surface area [47] and chemical composition [55], [89]. When
classified ashes are used as cement replacement materials different size fractions
can have different impacts on microstructure [47] and compressive strength [47],
[76], [89]. One option for a conventional classification process is to make use of
the combustion plant’s electrostatic precipitators, which are linked in series. In such
an arrangement they work as a classifier, since the different size fractions are
enriched in different precipitators [93].
One study has suggested that hydraulic classification can alter the chemical
composition of fly ash and mitigate the negative effects of a high free CaO content
by prehydrating it [76]. A combination of washing and wet milling is reported to be
an efficient method for removing chlorides from FBCFA [81].
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The carbonation of fly ash by various methods can reduce its free CaO content
[84], [94], improve the compressive strength of mortars [84], [94] and reduce the
water absorption [84] and expansion caused by free CaO [94] when it is used as a
cement replacement material.
The effect of milling FBCFA obtained from the combustion of peat and wood
on the workability and rheology of concrete samples is examined in Paper II, a
further aim of which was to identify the most critical FBCFA parameters affecting
the water requirement, as there seems to be some ambiguity surrounding this topic.
Paper IV was then devoted to investigating how the milling of FBCFA affects the
air content of fresh mortar and the compressive strength and freeze-thaw durability
of air-entrained and non-air-entrained mortars.
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3

Materials and methods

3.1

Materials

3.1.1 FBCFAs and CFA
The three FBCFAs studied here, referred to as FBCFA1, FBCFA2 and FBCFA3,
originated from fluidized bed boilers that used peat and wood as their fuel. FBCFA1
and FBCFA2 were from the same bubbling fluidized bed boiler and FBCFA3 from
a circulating fluidized bed boiler. These ashes were selected because their chemical
composition (Table 1) seemed promising for a cement replacement material.
Although these ashes did not differ radically in their chemical compositions, their
physical properties such as specific surface area, bulk density and morphology
differed significantly.
Two CFAs, referred to as CFA1 and CFA2, were used in the experiments to
compare the FBCFAs with the conventional SCM. Both fly ashes originated from
pulverized coal combustion but differed significantly in their chemical composition
(Table 1).
Table 1. Chemical compositions (wt%) and selected properties of the fly ashes.
Component/property

FBCFA1

FBCFA2

FBCFA3

CFA1

CaO

16.3

17.4

12.0

42.6

CFA2
4.2

SiO2

41.8

36.4

30.8

33.4

54.8

Al2O3

13.1

13.2

15.1

10.1

20.9

Fe2O3

13.6

20.2

26.7

5.5

7.2

Na2O

2.1

1.2

1.1

0.8

1.2

K2O

2.3

1.7

1.6

1.2

1.9

MgO

2.5

2.1

2.5

2.0

1.9

P2O5

3.5

3.9

4.9

0.3

0.7

TiO2

0.5

0.3

0.4

0.5

1.0

SO3

2.1

2.1

3.5

1.9

0.4

Cl

0.1

0.1

0.1

0.0

0.1

Free CaO

2.5

2.9

0.1

NA

NA

Loss on ignition at

0.3

0.6

1.5

2.9

1.3

950°C
Carbon content

NA

NA

0.3

NA

1.1

Bulk density (tapped)

NA

379

698

NA

NA

(kg/m3)
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Component/property

FBCFA1

FBCFA2

FBCFA3

CFA1

CFA2

Specific surface area

2.7

4.0

10.9

NA

NA

39.7

24.0

15.9

10.4

11.7

I, III

II

II, III, IV

III

IV

(m2/g)
Median particle size
(µm)
Paper
NA = not analysed

3.1.2 Aggregate sands and filler materials
Two aggregate sands, referred to as sand1 and sand2, were used in the experiments.
Sand1, used in Papers I, II and IV, was CEN-Standard sand (CEN-Standard,
Normensand), which is defined in cement testing standard. Sand2, used in Paper
III, was a commercial sand product intended for building applications (SABBIA0/3,
Esincalce). Sand1 was almost pure quartz, while Sand2 was composed mainly of
limestone and some other calcium and silicon-based phases.
The low-reactive filler materials used in Papers I and II to compare the effects
of the FBCFAs on materials with really low reactivity are referred to as MS1 and
MS2. MS1 was a sieved natural sand product (Puhallushiekka, Fescon), while MS2
was CEN-Standard sand (CEN-Standard, Normensand). Both sands were ground
in a laboratory-sized tumbling ball mill to a particle size similar to that of the
cement. MS1 was composed mainly of SiO2 (77.0%) and Al2O3 (12.1%), while
MS2 was almost pure quartz. Commercial limestone filler (CA 100, Cava Gola
della Rossa), referred as LF, was used as a low-reactive filler material in Paper III.
Table 2. Chemical compositions (wt%) and selected properties of the aggregate sands
and filler materials.
Component/property

Sand1

Sand2

MS1

MS2

LF

CaO

0.1

79.8

1.6

0.1

97.5

SiO2

97.2

17.8

77.0

97.2

0.2

Al2O3

1.3

0.8

12.1

1.3

0.1

Fe2O3

0.4

0.4

2.1

0.4

0.1

Na2O

0.2

0.0

3.1

0.2

0.0

K2O

0.5

0.3

3.0

0.5

0.0

MgO

0.1

0.6

0.6

0.1

1.0

P2O5

0.0

0.1

0.1

0.0

0.0

TiO2

0.1

0.0

0.2

0.1

0.0

SO3

0.0

0.1

0.0

0.0

0.2

Cl

0.1

0.0

0.0

0.1

0.0
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Component/property

Sand1

Sand2

MS1

MS2

LF

Loss on ignition at 950°C

0.3

6.2

0.4

0.3

44.0

Specific surface area (m2/g)

NA

NA

1.8

varied

NA

depending on
milling time
Median particle size (µm)

760

11.11

NA

varied

6.1

depending on
milling time
Paper
1

I, II, IV

III

I

II

III

particle size measured in dry mode, NA = not analysed

3.1.3 Cements
The four types of cement conforming to the European cement standard EN 197-1
[33] used here are referred to as Cement1, Cement2, Cement3 and Cement4.
Cement1 is a Portland-composite cement type, CEM II/B-M (S-LL) 42.5 N
(Plussementti, Finnsementti), containing 10–25% blast furnace slag and 6–15%
limestone in addition to clinker. This cement type is popular and widely available
in Finland. Cement2 is a white cement type, CEM I 52,5 N R- SR5 (Valkosementti,
Finnsementti), and was used in Paper II because the amount of other constituents
apart from clinker was minimal. Cement3 is a Portland-limestone cement type,
CEM II/A-LL 42,5 N R (Colacem), that contains 6–20% limestone in addition to
clinker. This cement was used in Paper III because it was easily available in the
location where the experiments were performed and was fairly similar in type to
Cement1, which had already been used in Paper I. Cement4 is a sulphate-resistant
cement type, CEM I 42,5 N -3R (SR-Sementti, Finnsementti), that was selected for
Paper IV because it contained a minimal amount of constituents other than clinker.
The chemical compositions of the cements are presented in Table 3.
Table 3. Chemical compositions (wt%) and selected properties of the cements.
Component/property

Cement1

Cement2

Cement3

Cement4

CaO

58.4

69.0

65.5

64.6

SiO2

21.7

24.4

19.1

19.9

Al2O3

5.4

2.0

5.0

3.7

Fe2O3

3.3

0.3

2.5

5.4

Na2O

0.6

0.2

0.4

0.5

K2O

0.7

0.1

0.9

0.3

MgO

3.9

0.6

1.3

2.5

P2O5

0.1

0.2

0.3

0.1
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Component/property

Cement1

Cement2

Cement3

Cement4

TiO2

0.6

0.0

0.2

0.1

SO3

3.5

2.0

3.5

2.4

Cl

0.1

0.0

0.1

0.2

Loss on ignition at 950°C

3.4

1.2

5.2

NA

Specific surface area (m2/g)

1.8

1.8

NA

NA

10.31

8.6

10.2

9.4

I

II

III

IV

Median particle size (µm)
Paper
1

particle size measured in dry mode, NA = not analysed

3.1.4 Chemical additives
Two superplasticizers, referred to as SP1 and SP2, were used to control the
workability of the fresh mortar. SP1, as used in Papers I and IV, was a
polycarboxylate-based superplasticizer (SemFlow ELE 20, Semtu), while SP2, as
used in Paper III, was acrylic polymer-based (Dynamon SP1, Mapei). An airentrainment agent based on synthetic tensides (Airmix, Finnsementti) was used in
Paper IV.
3.2

Methods

3.2.1 Characterization of the materials
The chemical compositions of the materials were analysed by an x-ray fluorescence
(XRF) method using a wavelength-dispersive XRF spectrometer (AxiosmAX,
PANalytical) to take measurements from melt-fused tablets.
The free calcium content was measured using the method described in the EN
451-1:2017 standard [95]. Loss on ignition (LOI) at 950°C was determined using
an automatic drying and ashing system (prepASH, PrecisaGravimetrics AG). The
carbon content of the fly ash was measured using a CHNS/O elemental analyser
(2400 Series II CHNS/O Analyzer, PerkinElmer).
A diffractometer (SmartLab, Rigaku) was used to identify crystalline phases in
the fly ash, with a step interval, integration time and angle interval 0.02°, 5.1°/min
and 10–90°, respectively, for Paper I and the same parameters except for an angle
interval of 5–120° in Paper II. Also, Rietveld refinement was performed in Paper II
to analyse the composition of the crystalline phases, and for this purpose 0.3 g of
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TiO2 (rutile) was added to 2.7 g fly ash samples. The refinement was carried out
using the diffractometer software.
The particle size distributions of the materials were analysed using a laser
diffraction particle-size analyser (LS 13 320, Beckman Coulter) together with a
Fraunhofer optical model for data analysis. The measurements for Paper I were
performed using a dry powder system, whereas those for Papers II, III and IV were
carried out in wet mode using isopropanol as the carrier medium. The particle size
distribution of the non-milled sand in Paper II was analysed by the dry sieving
method.
Particle morphology was investigated using a field emission scanning electron
microscope (FESEM) (ULTRA PLUSS, Zeiss). For this analysis the samples were
attached to carbon stickers and sputter-coated with platinum.
The specific surface areas of the cement replacement materials were analysed
using an accelerated surface area and porosimetry system (ASAP 2020 Plus
physisorption, Micromeritics).
The densities of the materials were measured using a helium pycnometer
(AccuPyc II 1340, Micrometrics), and the tapped bulk densities of the cement
replacement materials were determined by measuring 100 ml of powder in a
graduated cylinder, which was tapped 2500 times using a mechanical tapping
machine, after which the tapped bulk density was calculated from the sample
weight and volume.
3.2.2 Design of the mix and preparation of the specimen
The mixes of the mortars were designed on the basis of the cement testing standard
EN 196-1 [96], which gave a composition for the reference sample of 1 mass part
cement, 0.5 part water and three parts sand.
The mix composition of the reference sample in Paper I followed standard EN
196-1 [96] and was then modified by replacing 10, 20 and 40% of the composite
cement with milled FBCFA1 to study the effect of partial cement replacement.
Cement was also replaced with milled sand to see whether the changes observed in
the mortars containing FBCFA1 were due to chemical or physical effects.
The mix composition of the mortar in Paper II was similar to that in Paper I,
but this time white cement was used in the reference sample and 25% of the cement
in the other samples was replaced with FBCFA2, FBCFA3 or MS2. These
replacement materials were milled for 0, 30, 90 and 120 min to study the effect of
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fly ash milling on the workability of the mortar and the rheology of the cement
paste.
The mix composition used in Paper III was again similar to that in Paper I.
Portland-limestone cement was used in the reference sample, but this time FBCFA1,
FBCFA3, CFA1 and LF were used to replace 10, 20 and 40% of the cement to see
how FBCFA affects the porosity and microstructure of a mortar. CFA1 and LF were
tested to see how FBCFA performs by comparison with more conventional cement
replacement materials. Various amounts of superplasticizer (SP) were used in all
the mortars to adjust their workability to a constant level.
The mix composition of the reference sample in Paper IV again followed the
cement testing standard EN 196-1 [96], with the exception that a slightly lower
water/cement ratio (0.45) was used. This was done to avoid mortars becoming too
fluid due to the high dosages of AEA used in the experiments. Then 20% of cement
was replaced with non-milled FBCFA3. This was done to explore how FBCFA
from the combustion of peat and wood would affect the freeze-thaw resistance of
the mortars. In addition, milled FBCFA3 (M-FBCFA3) was used to see if milling
had an effect on freeze-thaw resistance. Conventional coal fly ash was used in order
to compare the effect of FBCFA to more conventional SCM. All the mortars also
contained some amount of SP and 0.005–0.2% (of the mass of the binders) AEA.
3.2.3 Workability
The workability of the mortars was evaluated using the flow table method described
in standard EN 1015-3 [97], in which the mortar is compacted into a conical mould
on a flow table using a tamper, after which the mould is removed and the flow table
is jolted 15 times, which spreads the mortar cake on the table. Finally, the diameter
of the spread mortar cake is measured. The measurements for Paper III were
performed with a slightly modified flow table that included cushioning underneath
the glass top. This significantly reduced the force of the jolting, resulting in a lower
diameter of the spread mortar cake.
In Papers I–III the consistency of the mortars containing 10–40% cement
replacement materials was adjusted so that they had similar workability to the
corresponding reference sample. This was done in Papers I and III by adding
sufficient amounts of superplasticizer to the fresh mixture, whereas in Paper II the
workability was adjusted using water. The water requirement calculated by
comparing the amount of water in the test mortar to the corresponding reference
mortar, according to equation
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𝑊𝑎𝑡𝑒𝑟 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 %

100,

(1)

where Wtest is the mass of water in a test mortar that has the same flow diameter (±
10 mm) as the reference mortar, and Wreference is the mass of water in the reference
mortar. In Paper IV it proved impossible to maintain a constant workability, as the
mixtures contained varying amounts of AEA which also had a significant effect on
workability.
3.2.4 Microstructure
The porosity of the mortar samples was analysed using a mercury intrusion
porosimeter (MIP) (Pascal 240, Thermo Fischer). Samples cured for 28 days prior
to the analysis were dried in an oven at 60°C until they reached a constant mass.
The capillary water absorption of the mortar samples and the capillary water
absorption coefficient (AC; kg/m2×s0.5) were determined according to standard EN15801 [98]. In this method a cubic sample (40×40×40 mm) originating from a
mortar prism is placed on a wet bedding layer and the amount of water absorbed
through the face of the cube (Qi; kg/m2) is determined by weighing the sample after
certain specified time intervals. The AC is determined from the linear part of a plot
in which Qi is presented as a function of the square root of time (s0.5). The AC is
the slope of the line that fitted to the first five data points, those measured during
the first 60 min of the experiment.
The water vapour permeability of the mortars was evaluated using a method
described in standard EN 1015-19 [99] in which mortar is cast in a cylindrical
mould (d = 125 mm, h = 30 mm). After 28 days of curing, the side of the cylinder
is sealed to a sample holder so that the water vapour released under controlled
conditions by means of a saturated solution of potassium nitrate (KNO3) is able to
diffuse only through the top and bottom surfaces of the cylinder. The relative
humidity and temperature inside the sample holder were 93 ± 3% and 20 ± 2 °C,
respectively, while those outside the sample holder were 50 ± 5% and 20 ± 2 °C,
respectively. Again the samples cured for 28 days prior to the analysis were dried
in an oven at 60 °C until they reached a constant mass.
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3.2.5 Strength properties
The compressive strengths of the mortars were measured from broken halves of the
mortar prisms according to standard EN 196-1 [96] (Papers I and IV) or EN 101511 [100] (Paper III).
3.2.6 Freeze-thaw resistance
The freeze-thaw (F-T) resistance of mortar samples was evaluated by exposing
mortar prisms of size 40×40×160 mm to recurring cycles of freezing and thawing
(Paper IV). The experimental procedure was based on the method described in
standard ASTM C666 [101], but with some modifications. After 28 days of curing,
the samples were transferred to a climate chamber (WK3-180/40, Weiss Technik)
where they were kept half-immersed in water and exposed to 90 F-T cycles. Each
eight-hour F-T cycle consisted of four two-hour phases, the temperature being kept
at 15 °C for two hours, dropped to −20 °C during the next two hours at a constant
rate of 0.29 °C/min, kept at −20 °C for two hours, and finally raised to 15 °C again
at a constant rate of 0.29 °C/min during the last two hours.
The F-T resistance was evaluated by comparing the compressive strengths
measured after exposing the samples to these F-T cycles with values measured for
samples which had not been exposed to F-T.
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4

Results and discussion

4.1

Workability

4.1.1 Effect of FBCFA on the workability of mortars
The results of this work showed that FBCFAs from the combustion of peat and
wood had a negative effect on the workability of mortars. This is well in line with
other studies, which have reported that FBCFA increases the water requirement
[57], [66], [67] or the SP dosage [51], [56], [91]. The magnitude of this negative
effect varied significantly between ashes, however, so that a mortar in which 25%
of the cement was replaced with FBCFA2 had a 116% water requirement, for
example, whereas a mortar containing FBCFA3 had a 129% requirement (Paper II).
This negative effect was also seen when the workability of the mortars was
adjusted with respect to SP (Fig. 3). Considerable dosages of SP had to be added to
mortars containing FBCFA in order to increase the workability to the same level as
in the reference sample, and the SP dosage required clearly increased with the
replacement rate, again with a significant difference between the FBCFAs. Thus
the SP dosage required by FBCFA1 at a 40% replacement rate, was approximately
three times higher than that for the reference mortar, whereas the SP dosage for
FBCFA3 was more than six times higher than the reference value.
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Fig. 3. Superplasticizer doses of the mortars (Reprinted [adapted] by permission from
Paper III © 2019 Elsevier).

Although the FBCFAs had negative effects on workability, it was possible to
produce good quality mortars when a sufficient SP dosage was used. At a 40%
replacement rate the SP dosage for FBCFA3 was high (1.8% of the mass of the
binders), slightly higher, in fact, than the dosage limit recommended by the SP
manufacturer.
4.1.2 Effect of milling of FBCFA on workability
Milling of the FBCFAs clearly had a positive effect, as the water requirements of
FBCFA2 and FBCFA3 decreased significantly (Fig. 4), although milling could not
reduce the water requirements of the mortars to the level of the reference sample.
In the case of FBCFA2, 60 minutes of milling reduced the water requirement from
an initial 116% to 107%, while in the case of FBCFA3, 90 minutes of milling
reduced the water requirement from an initial 129% to 116%. Similarly, milling
reduced the yield stress and apparent viscosity of the cement pastes (Paper II). In
contrast to the FBCFAs, milling did not have any effect on the water requirement
of MS (Fig. 4).
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Fig. 4. Effect of milling on the water requirement [ Paper II].

At replacement rates of 10% and 20% the workability of the mortars containing
milled FBCFA (M-FBCFA1) was only slightly lower than that of the reference
sample (Fig. 5), but at a 40% replacement rate the difference relative to the
reference sample became too great. On the other hand, a small amount of SP (0.2%
of the mass of the binders) was able to increase the workability of the mortar to the
same level as in the reference. Replacement of some of the cement with milled sand
produced identical workability to that of the reference sample when the
replacement rate was 10 or 20%, but when the replacement rate was increased to
40%, the milled sand produced a slightly higher spread value.
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Fig. 5. Spread diameters of the mortars (Reprinted [adapted] by permission from Paper
I © 2017 ASCE).

Milling of the FBCFAs also increased the flowability of air-entrained mortars. Nonmilled FBCFA3 and milled M-FBCFA3 were used as cement replacement materials
in air-entrained mortars in Paper IV, although the experiments also included mortars
that were not air-entrained. As with the results presented earlier, the milling of
FBCFA3 clearly had a positive effect on workability, as the M-FBCFA3 samples
required less SP (4.2 g) than the FBCFA3 ones (5.0 g) while producing higher
spread values in the flow table test. This suggests that even the SP dosage of the
reference mortar (2.0 g) would have been sufficient for M-FBCFA3 to achieve a
similar spread value to the reference mortar.
The results regarding the effect of milling conform quite well to those in the
existing literature, as the milling clearly reduced the water requirement of the fly
ashes in similar ways to those reported earlier [46], [52], [57].
4.1.3 Properties of FBCFAs that affect workability
The highly irregular particle shapes of the FBCFAs studied here (Fig. 6) would
seem to be the main reason behind the decline in workability observed when these
ashes are used as SCM. Due to these irregular particle shapes, the specific surface
areas of these ashes are high, and they do not pack as well as solid particles that
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have a spherical or angular particle shape. These properties increase the water
requirement of the mortars because the high specific surface area absorbs a large
amount of water, and due to poor packing more water is required to fill the spaces
between the particles, leaving less free water to provide fluidity for fresh material.
In addition, irregular particles do not glide easily against one other, as more
spherically shaped particles do. However, FESEM pictures (Fig. 6), and bulk
densities (Fig. 7(b)) show that significant variation exists in these factors, even
within ashes that originate from the combustion of similar fuels under similar
conditions. This explains why FBCFA2, for example, had a significantly higher
water requirement than FBCFA3.
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Fig. 6. FESEM picture of FBCFA2 (a) and FBCFA3 (b).

Interestingly, the milling of an FBCFA can significantly improve its packing,
manifested as increased bulk density (Fig. 7(b)), while the effect on the specific
surface area is more limited, as shown in Fig. 7(a). Surprisingly, the milling of
coarser sand shows different trends, as this reduces its bulk density and
significantly increases its specific surface area (Fig. 7(a)). The effect of milling on
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these two parameters was also studied in [48], where milling increased the loose
bulk density of ash in a similar way but its effect on the specific surface area was
much more significant, an increase of approximately 70%. This was also the case
in [52], where milling more than doubled the specific surface area of the FBCFA.
It is possible that there may be differences in morphology between FBCFAs which
could explain the observed discrepancies. It may be that the FBCFAs used in [48],
[52] were of a more solid structure than in that used here, whereupon breaking of
the solid particles could have led to a greater increase in surface area than the
breaking of more porous particles.

Fig. 7. Effect of milling on the bulk density (a), and specific surface area (b) of the
materials (Reprinted [adapted] by permission from Paper II © 2018 Elsevier).

It has been suggested in one study [70] that a high free CaO content can have a
negative effect on workability. The reason for this is that the rapid hydration of CaO
can consume a significant amount of water, leaving less water for lubricating the
cement paste. This factor is not the primary reason for the high water requirement
in the case of the ashes studied here, however, as the free CaO content was usually
relatively low (0.1–2.9%) compared with the figures presented in [70] (7.6–16.7%).
In addition, some studies [51], [56] have reported FBCFAs that contain significant
amounts of unburned carbon (7.6 and 13.24%), which may absorb part of the
plasticizer agent, leading to a less efficient plasticizer effect in the paste. All of the
ashes studied here, however, had low LOI values (0.3–1.5%) indicating low
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amount of unburned carbon, so SP adsorption in unburned carbon was not the
reason for high SP requirement.
Therefore, it can be concluded that the primary reason for the high water and
SP requirements of ashes lies in their highly irregular particle shape and high
specific surface area. In the case of FBCFA3, it can be stated that the adverse effect
on workability originated purely from its physical properties, as the LOI and free
CaO content were 1.5 and 0.1%, respectively, but in the case of FBCFA1 and
FBCFA2, free CaO (2.5% in FBCFA1 and 2.9% in FBCFA2) may have played a
small role.
4.2

Strength properties

The strength properties of mortars containing 0–40% FBCFAs were examined in
Papers I, III and IV. Direct comparison of the results reported in the various Papers
should be avoided, because there were some differences in the constituents of the
mortars, e.g. in cement types, SP dosing and types of aggregate sand, although the
basis of the mix design remained the same throughout. Also, the samples referred
to in Paper III were cured under different conditions from those in Papers I and II.
4.2.1 Strength activity indices
Despite the aforementioned limitations, some general trends can be observed by
comparing the strength activity indices of all the mortars after 28 days of curing
(Fig. 8). In general, it seems that cement replacement using fly ash or unreactive
fillers reduces the compressive strength, but there were exceptions to this, because
in some cases cement replacement using 10% or 20% FBCFA produced the same
or even a slightly better compressive strength than in the corresponding reference
sample. In addition, cement replacement using a FBCFA produced significantly
better results than with unreactive milled sand or limestone filler. This demonstrates
that FBCFA participates beneficially in the hydration reactions.
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Fig. 8. Strength activity index of mortars after 28 days of curing, Roman numerals refer
to the Paper in which the results are presented, whereas the numbers 10, 20 and 40
refer to the cement replacement rate in each mortar sample [Papers I–IV].

These results are generally in line with the existing literature, which usually
suggests that cement replacement using FBCFAs reduces the compressive strength
of concrete. The literature also offers a few examples in which even moderate
amounts of an FBCFA have been detrimental to the compressive strength [54], [94].
Pan et al. [94], for example, report that cement replacement rates of 15% and 20%
reduced the 28-day strength activity index to approximately 41 and 36% of the
original value, respectively. Similarly, Wu et al. [54] state that the 28-day strength
activity index was only 43%, when 25% of the cement was replaced with FBCFA.
4.2.2 Effect of curing time on compressive strength
Although some mortars containing an FBCFA reached good 28-day compressive
strengths, it should be noted that their early strength may have been significantly
lower, as seen in Fig. 9, which shows the compressive strengths of M-FBCFA1,
MS1 and the corresponding reference mortars after 2, 7 28 and 90 days of curing.
At the early stages (2 and 7 days) the compressive strengths of mortars containing
20% or 40% M-FBCFA1 were significantly lower than the reference and only
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slightly better than that achieved with unreactive MS1, but between 7 and 28 days
the compressive strengths of the mortars containing M-FBCFA1 increased to a
higher level than that of the MS1 samples. This difference was demonstrated
particularly well in the mortars with a 40% replacement rate (Fig. 9(c)).

Fig. 9. Compressive strengths of ref., M-FBCFA1 and MS1 at replacement rates of (a)
10%, (b) 20% and (c) 40% (Reprinted [adapted] by permission from Paper I © 2017
ASCE) .

These results suggest that early strength development was much slower in the
FBCFA samples than in those containing only cement, whereas a considerable
strength gain was found between 2 and 28 days. Beyond this, the strength
development continued at more or less the same rate as in the reference sample and
there were no indications of the strength increasing above that of the reference
sample at any stage.
The behaviour shown in Fig. 9 seems to be quite typical of the partial
replacement of cement with FBCFAs. Several studies have reported that
compressive strengths of samples containing FBCFAs are significantly lower than
those of a reference sample after a few days of curing, but that they often increases
significantly (relative to reference samples) after longer periods of curing [46], [48],
[50], [71], [78], [83]. On the other hand, Pavoine et al. [86] noted that this strength
gain already occurred at ages between 1 and 7 days when 20% of the cement was
replaced with FBCFA. This concrete had a significantly lower compressive strength
than the reference at the age of 1 day, but when the curing time was 7 days or longer
the compressive strength exceeded that of the reference sample. In the work of
Omran et al. [88] 25% of the cement was replaced by FBCFA and the compressive
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strength was even slightly higher than that of the reference sample at the age of 1
day, after which the difference in favour of the FBCFA samples increased as a
function of curing time. On the other hand, the existing literature also provides
several examples of the performance of FBCFA samples remaining quite constant
with time [51], [54], [56], [58], [81] and in few cases even decreasing with time
[66], [85].
4.2.3 The role of FBCFA in the strength development of mortar
Several mechanisms for the action of cement replacement materials have been
presented in the literature. In general, the replacement of some of the cement with
less reactive materials is expected to reduce the compressive strength of the
material due to the increased water/cement ratio, often referred as the ‘dilution
effect’ [27], [30]. This was clearly observable in most of the samples presented in
Fig. 8, as the compressive strength was usually lower than in the reference samples,
and for this reason it seems that the FBCFAs studied here were clearly less reactive
than the cements. It is nevertheless the case that cement replacement using FBCFA
or CFA generally produces significantly better results than with non-reactive
materials, i.e. MS or LF. This indicates that, in addition to the negative dilution
effect, these ashes also produce some beneficial effects to a greater extent than do
the non-reactive materials.
It has been suggested that small particles can act as nucleation centres for
cement hydration products and that this can have beneficial effects on the rate of
early hydration and the development of the cement microstructure [27], [102],
[103]. This is often called the ‘nucleation effect’. It is possible that all the cement
replacement materials studied here may have induced this beneficial effect, because
they all had a fine particle size. The results presented in Fig. 9 suggest that at least
M-FBCFA1 and MS were quite similar with regard to this aspect, as their
compressive strengths at an early age (2 and 7 days) were close to each other. This
observation is well in line with previous data in which fly ash and inert fillers of
the same fineness were shown to have the same kind of effect after short hydration
times [29].
It is know that incorporation of fine filler materials can improve the packing of
the particle system, thus significantly improving the workability of fresh mortar or
concrete [25], [26], [28]. This enables the water/cement ratio to be reduced while
maintaining the workability at a constant level. This can of course have a positive
effect on strength properties as the water/cement ratio decreases. In our
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experiments, similar positive effect was not gained when cement was replaced with
different materials and water/powder ratio was kept constant. The absence of this
beneficial effect was probably due to fact that the particle size distribution of
replacement materials was similar to that of cement.
It is possible that all the fly ashes studied here induced pozzolanic reactions in
the mortars, at least to some extent, as they contained significant amounts of SiO2
(30.8–54.8%) and Al2O3 (10.1–20.9%). In addition, the FBCFAs contained Fe2O3
(13.6–26.7%), which can similarly take part in such reactions. The FBCFAs
likewise contained a lot of crystalline phases, which are thought to be less reactive
than amorphous silica, for example. On the other hand, FBCFAs often have a higher
specific surface area than cement or CFA, which generally increases the reactivity
of solid materials.
Several studies have shown that some FBCFAs can possess self-cementitious
properties [43], [46], [48], and it is possible that some of the fly ashes used here
had self-cementitious or hydraulic properties, as they contained chemical
components which are associated with such properties, especially SO3 and free
CaO [43], [46], [48]. On the other hand, it seems that CFA2 had mainly pozzolanic
properties, because it had a high SiO2 content but were rather poor in CaO and SO3.
It seems that, in addition to a possible nucleation effect, both the FBCFAs and
the CFAs had beneficial effects related to their chemical and mineralogical
composition, i.e. hydraulic or pozzolanic effects, that differentiated these materials
from the non-reactive filler materials MS and LF. It is impossible on the basis of
the present results, however, to distinguish between these two effects. It is possible
that some materials can induce both of these beneficial phenomena to some extent.
Fig. 9, for example, shows that, at least in the case of M-FBCFA1, these reactions
were significantly slower than the hydration of pure cement, as the early age
compressive strengths were significantly lower in relation to the reference sample
than those measured at later ages. On the other hand, FBCFA3 and M-FBCFA3
produced higher 28-day compressive strengths than CFA2, which probably had
only pozzolanic properties. This suggests that at least some FBCFAs could react
faster in cementitious systems than does traditional coal fly ash.
4.2.4 Effect of milling on strength properties
It seems on the basis of the 28-day compressive strengths that the milling of a
FBCFA is not always beneficial for the strength properties of the mortar. This result
contradicts the findings of several other Papers, which have reported that milling
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of FBCFA used as a cement replacement material would increase the compressive
strength of mortars [48], [79], [80].
When the strength activity indices of FBCFA1 and M-FBCFA1 are compared
(Fig. 8) it seems that milling has clearly positive effect on the properties of this fly
ash. It should be noted, however, that these results are obtained from different sets
of experiments, and that the samples containing FBCFA1 (Paper III) were cured in
a humidity chamber whereas those containing M-FBCFA1 were cured in water
(Paper I). It is possible that the samples cured in humid air did not have enough
water to fully drive the latent hydraulic or pozzolanic reactions that were required
to reach a high compressive strength.
The comparison of non-air entrained mortars containing 20% FBCFA3 or MFBCFA3 (in Paper IV) showed that milling did not have any positive impact on
compressive strength, as the milled fly ash produced a slightly weaker compressive
strength than did the non-milled one. In these experiments the only difference in
composition between the samples was a slightly higher SP dosage in FBCFA3.
It is possible, that the effectiveness of milling may depend on the quality of the
fly ash. Milling of a fly ash that has a relatively low specific surface area can
significantly increase the surface area, resulting in increased activity [48], [52],
whereas milling of a fly ash that already possess a high specific surface area will
only slightly increase the specific surface area and thus have only a limited impact
on reactivity. This could explain why milling seemed to improve the reactivity of
FBCFA1 whereas FBCFA3 did not benefit from it. It is also possible that different
milling parameters may explain the observed differences between this work and
other investigations involving milling. In cases where fly ash is activated using a
ball mill, the mass of the milling medium relative to the mass of fly ash has been
significantly higher than in our experiments, which will probably have led to more
intensive milling, causing more deformation of the crystalline structures and
leading to greater activity of the milled fly ash. In our work milling was mainly
used to reduce the particle size and shatter the irregularly shaped fly ash particles,
and for this reason the milling parameters were chosen so that a large volume of fly
ash could be milled in a relatively short time in a laboratory-sized mill.
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4.3

Porosity and capillary water absorption

4.3.1 Cumulative and relative pore volume
Both FBCFA1 and FBCFA3 increased the cumulative pore volume of the mortars
relative to the reference mortar (Fig. 10(a) and (b)) when 10–40% of the cement
was replaced. Moreover, it was particularly the number of pores of a diameter
slightly less than 0.1 µm that increased, as can be seen in the relative pore size
graph (Fig. 11(a) and (b)), which shows a high peak in this region. On the other
hand, there was no clear trend between the replacement rate and increased porosity.
CFA1 did not have much effect on mortar porosity, as both the cumulative and
relative pore volume curves (Fig. 10(c) and 11(c)) were extremely close to those
for the reference sample.
In the case of LF, a 10% replacement rate produced a pore size distribution that
was very close to that of the reference mortar, whereas higher replacement rates
increased the cumulative pore volume (Fig. 10(d)) and a 40% replacement rate also
significantly increased the number of pores larger than 0.1 µm, unlike the other
cement replacement materials studied here. The main peaks in the LF 20% and LF
40% curves in the relative pore size graph (Fig. 11(d)) are seen to have shifted to
the right, indicating that the use of LF increased the pore size.
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Fig. 10. Cumulative pore volumes of the mortars (Reprinted [adapted] by permission
from Paper III © 2019 Elsevier).
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Fig. 11. Relative pore volumes of the mortars (Reprinted [adapted] by permission from
Paper III © 2019 Elsevier).

Although other studies of the effect of cement replacement with FBCFAs have all
reported that this increases the porosity [47], [77], [78], [80], most of these
experiments were performed on cement paste and only one [77] used mortar
samples. It is thus difficult to compare the present results with their findings.
Nevertheless, some comparisons can be made. It is clear, for example, that cement
replacement with FBCFA mainly increased the numbers of small pores, whereas in
[80] FBCFA significantly increased porosity throughout the whole size range
examined, just as LF did in our study. In fact FBCFA increased the total porosity
too in [77], but the increase took place mainly in pores of diameter less than 50 µm.
This was surprising considering that the workability of the mortars in [77] had been
adjusted by changing the water-binder ratio so that it increased along with the
replacement rate.
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It is possible that in the case of the FBCFAs used here the increase in the
number of small pores originated from the porosity of the fly ash itself. FESEM
images of the FBCFAs revealed that these ashes contained many particles with
pores of diameter less than 1 µm, and it is possible that these pores may have
remained at least partly air-filled even in the hydrated mortar, which could explain
the increased porosity. Since the BCFAs at the highest replacement rate of 40% did
not cause the same increase in larger pores as occurred in the LF 40% samples, it
must be concluded that the reaction products of the FBCFAs were able to prevent
the occurrence of excess capillary porosity.
The fact that CFA1 did not increase the number of pores of diameter around
0.1 µm as the FBCFAs did could be explained by a difference in particle
morphology, as CFA1 consisted mainly of spherical and angular particles.
LF did not have a significant effect on porosity at a 10% replacement rate,
possibly because the nucleation and filler effects were able reduce the porosity
during hydration in the case of this sample, but for some reason this was not
manifested in good compressive strength. As the replacement rate was increased to
20% and 40% the porosity started to increase, and more specifically the numbers
of pores of diameter greater than 0.1 µm. The reason for this could be the excess
formation of capillary pores caused by the increase in the water/binder ratio.
4.3.2 Capillary water absorption
With only a few exceptions, the use of FBCFAs as cement replacement materials
increased the amount of capillary absorbed water relative to the reference sample
(Fig. 12(a) and (b)), whereas the effect on the rate of water absorption varied (Fig.
13). In some samples, including the reference sample, the water absorption curve
had not stabilized by the end of the experiment, indicating that these samples would
have been able to absorb even more water if the test had continued.
FBCFA1 showed a clear trend for capillary water absorption (Fig. 12(a)) to
increase at higher replacement rates, and similarly, an increased cement
replacement rate slightly increased the capillary water absorption coefficient,
which indicates that the rate of water absorption also increased with the increasing
replacement rate (Fig. 13).
In the case of FBCFA3, 20% cement replacement produced almost identical
results to those obtained with the reference sample, whereas 10 and 40%
replacement rates significantly increased capillary water absorption (Fig. 12(b)).
This time, however, cement replacement slightly reduced the capillary water
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absorption coefficients of the mortar, indicating that the rate of water adsorption
was slightly lower than in the reference sample (Fig. 13).
CFA1 absorbed almost the same amount of water as the reference sample and
there was no correlation with the replacement rate (Fig. 12(c)), but the replacement
of cement with CFA1 caused a noticeable increase in the capillary water absorption
coefficient, the highest value being achieved at 20% replacement (Fig. 13).
When cement was replaced with LF, 10% replacement did not have much effect
on the amount of water absorbed (Fig. 12(d)). LF 20% and LF 40% both slightly
increased the total amount of absorbed water, LF significantly increased the
capillary water absorption coefficient as the replacement rate increased, so that the
coefficient at a 40% replacement rate was almost double that of the reference
sample (Fig. 13).

Fig. 12. Capillary water absorption of the mortars (Reprinted [adapted] by permission
from Paper III © 2019 Elsevier).
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Fig. 13. Water absorption coefficients of the mortars (Reprinted [adapted] by
permission from Paper III © 2019 Elsevier).

The results of the capillary water absorption experiments are well in line with those
of the porosity experiments. Cement replacement using FBCFAs generally
increased the porosity of the mortars, which led to an increased amount of capillary
absorbed water. Unexpectedly, however, the effect on the capillary water absorption
coefficient was much lower than with the non-reactive LF, probably due to the
different pore size distribution.
The replacement of some of the cement with CFA1 seemed to have the smallest
impact on the pore network, as can be seen in the results of the capillary water
absorption tests as well, as these proved quite similar to the results for the reference
sample in terms of total amount of absorbed water. In addition, the effect of the
replacement rate seemed to be almost negligible. This suggests that CFA1 produces
large amounts of reaction products during the hydration phase, and that these fill
the space in the binder matrix in much the same way as they do in the reference
sample. It is possible that these reaction products are not as dense as CSH, however,
which could explain why CFA1 did not reach such high compressive strengths as
were measured in the reference sample.
Only a few authors have studied the effect of cement replacement using FBCFA
on water absorption [84], [86], [88] and there seems to been no studies to
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investigate the effect of FBCFA on the rate of water absorption. It has been found
[86] that 20% cement replacement in concrete samples does not have any effect on
the pores accessible to water when water/binder ratio is 0.4, whereas with a higher
ratio of 0.55 the FBCFA produced a significant increase in these pores. Elsewhere
[84] it was shown that 10% cement replacement with FBCFA caused only a slight
increase in the water absorption of mortar, while contrary to previous studies, it
was reported in [88] that 25% cement replacement with FBCFA slightly reduced
the water porosity of concrete, although it should be noted that the age of the
samples in [88] was 2351 days, whereas in other studies, including this present one,
the age has been significantly lower (from 3 to 91 days). It is possible that longer
curing times would also be beneficial for the FBCFAs studied here, as they would
allow the densification of mortars through pozzolanic activity, as suggested in [88].
4.4

Freeze-thaw resistance

The effect of FBCFA on the AEA requirement and freeze resistance of mortars was
studied in Paper IV. FBCFA3 was selected for this purpose because it had the most
promising properties for SCM, including low LOI, which usually indicates low
carbon content, a desirable property when fly ash is used together with AEA. In
addition, this fly ash had highly irregular particle shapes, which could trap
additional air in the mortar. On the other hand, it was also possible that FBCFA3
could increase the AEA dosage by absorbing AEA due to its high specific surface
area. FBCFA3 was also milled to produce M-FBCFA3 in order to test whether
milling had any impact on the air content of fresh mortar or the freeze-thaw
resistance of hardened material.
4.4.1 Effect on the AEA requirement
FBCFA3 and M-FBCFA3 did not have any clear impact on the AEA requirement,
i.e. the air content of fresh mortar was quite similar to that of the reference sample
when moderate (0.005 and 0.015%) AEA dosages were applied (Fig. 14). By
contrast, CFA2 significantly increased the AEA requirement, as the air content of
fresh mortars containing 0.005–0.05% AEA were approximately from two to three
times lower than those in the reference sample. An AEA dosage of 0.2% seemed to
be so high that it developed an unnecessarily high air content in all the mortars.
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Fig. 14. Effect of AEA dosage on the air content of fresh mortars (Reprinted [adapted]
by permission from Paper IV © 2020 ASCE).

It seems from these results that the amount of unburned carbon in FBCFA3 and MFBCFA3 was so low (0.3%) that it did not absorb AEA, unlike CFA2, which had a
high unburned carbon content (1.1%) and absorbed some of the AEA. The results
demonstrate that LOI alone does not necessarily serve as good indicator of the AEA
requirement, as the LOI of FBCFA3 (1.5%) was slightly higher than that of CFA2
(1.3%). The majority of the LOI of FBCFA3 apparently originates from
decomposition of calcium carbonate, whereas in CFA2 the LOI is composed mainly
of unburned carbon. When the AEA dosage was increased to 0.2% the amount of
AEA seems to have exceeded the absorption capacity of the CFA2, leaving enough
AEA in the mixing water to increase the air content of the fresh mortar to the same
level as in the reference sample.
The effect of FBCFA on the AEA requirement or the air content of the fresh
material has been studied earlier only by a few authors [85], [92], and both of these
studies involved ashes originating from coal combustion. It was reported in [85]
that cement replacement using 15% or 30% FBCFAs had no significant effect on
the air content of the fresh concrete, although the AEA dosage of the concretes
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containing FBCFA was 50% higher than that of the reference concrete, suggesting
that the FBCFAs, having LOI values of 2.7% and 3.4%, increased the AEA
requirement. Glinicki and Zielinski [92] in turn examined the effect of two FBCFAs
on the AEA requirement and they found that both fly ashes caused it to increase
significantly. This seemed to be connected with the unburned carbon present in the
ashes (3.9 and 0.3%), in that the ash with the higher unburned carbon content
required almost twice as much AEA than that with the lower content. Surprisingly,
the ash with low carbon content required approximately three times as much AEA
as the reference sample, a finding which differs significantly from the results
obtained in this study. As mentioned earlier, LOI is not an accurate measure for
unburned carbon [104], and there can also be differences in the properties of
unburned carbon between ashes, leading to different absorption capacities [105]–
[107].
It seems from these results that FBCFAs obtained from the combustion of peat
and wood do not absorb significant amounts of AEA if their carbon content is low,
although these ashes can possess a relatively high specific surface area (10.9 m2/g
in the case of FBCFA3), which is often associated with a high absorption capacity.
In that sense, these ashes could be suitable raw materials for frost-resistant concrete.
4.4.2 Effect on freeze-thaw resistance
The freeze-thaw resistance of mortars containing FBCFA3 or M-FBCFA3 was
same or slightly better than that of the reference mortars when the air content was
low or moderate (Fig. 15). This was also the case in the non-air-entrained mortars.
Air-entrained mortars containing CFA2 had a similar freeze-thaw resistance to the
reference mortars with a similar air content, but when CFA2 was used in a non-airentrained mortar the sample was so badly degraded that reliable determination of
its compressive strength was impossible. When the air content of a fresh mortar
exceeded approximately 30%, its freeze-thaw resistance decreased rapidly due to
plummeting compressive strength.
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Fig. 15. Effect of the air content of fresh mortars on F-T resistance (Reprinted [adapted] by
permission from Paper IV © 2020 ASCE).

The effect of FBCFAs on freeze-thaw resistance has been examined in only a few
studies [75], [88] and the results are somewhat contradictory. It was reported in [75]
that the partial replacement of cement with FBCFA in dry-cast concrete products
reduced the freeze-thaw resistance as the replacement rate increased. By contrast,
the freeze-thaw resistance of the concrete in [88], when 25% of cement was
replaced with FBCFA, was slightly higher than that of the reference sample.
Similarly, the frost scaling resistance of concrete has been studied by very few
authors [88], [90], [91], all of whom have reported that FBCFAs reduce resistance
to frost scaling. According to [91] the decrease in frost scaling resistance correlated
with increasing LOI values, indicating that unburned carbon could be connected to
this decline in performance. In [88] it was shown that concrete containing an
FBCFA can achieve good results for freeze-thaw resistance while showing poorer
resistance to frost scaling, so that one should perhaps avoid direct comparisons with
results obtained from frost scaling resistance experiments.
Two studies reported that FBCFAs can have adverse effects on parameters of
air entrainment quality [88], [92], whereas one maintained that FBCFA had only a
negligible effect on these parameters [85]. That study did not include any analysis
of the quality of air entrainment in hardened material, but apparently the FBCFA
used in it had no significant effect on the quality of air entrainment as the freeze71

thaw resistance of the mortars was similar or slightly better than that of the
reference sample. On the other hand, Omran et al. [88] found that the use of FBCFA
reduced the spacing factor of air entrainment (a negative effect), even though the
samples had a slightly better freeze-thaw resistance than the reference. In the case
of FBCFA3 it is even possible that the irregular particle shape and slightly reduced
workability could have prevented the escape and coalescence of entrained air
bubbles. It is also possible that replacement of some of the cement with FBCFA
could have improved the cohesiveness of the mortar and reduced the bleeding of
mixing water [71], which is associated with a decrease in surface scaling resistance
[108].
Air entrainment was crucial for CFA2, as the non-air-entrained mortar suffered
severely during the freeze-thaw experiment. This was probably due to the
combined effect of low air content and low compressive strength (as discussed in
detail in Paper IV). It has also been reported that CFA increases the scaling of
concrete [108], one reason for which may be the increase in bleeding water caused
by CFA [108], so that scaling of the surface may have been detrimental to the
relatively small mortar specimen. In the air-entrained samples, however, CFA2
achieved similar freeze-thaw resistances to those in the reference that had a similar
air content. This is probably due to the beneficial effect of air entrainment and it is
possible that AEA also improved the cohesiveness of the mortar by lowering the
amount of bleed water.
4.4.3 Effect of milling on freeze-thaw resistance
As mentioned earlier, milling had a clear impact on the workability of the mortars
containing FBCFAs, as M-FBCFA3 achieved a significantly higher spread value
with a lower SP dose than FBCFA3. In addition, the workability of the mortars
containing M-FBCFA3 seemed to be more sensitive to the AEA dosage than that
of the mortars containing FBCFA3. In the case of an air-entrained mortar, a slightly
poorer workability could be an advantage, as such a mortar could better retain its
air content during casting and compaction. By contrast, the high workability of
mortars containing M-FBCFA3 may be the reason why these contained slightly less
air than the corresponding mortars containing FBCFA3.
From the viewpoint of freeze-thaw resistance, the milling of FBCFA3 did not
offer any benefits, as the same level of freeze-thaw resistance was observed with
non-milled FBCFA3. In addition, the compressive strengths of the mortars
containing M-FBCFA3 before and after the freeze-thaw experiment (presented in
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more detail in Paper IV) were slightly lower than those of the mortars containing
FBCFA3.
4.5

Suitability of FBCFA as an SCM

On the basis of the results presented in this work and in more detail in Papers I–IV,
it seems that from a technical perspective good quality FBCFA from the
combustion of peat and wood can be used as a supplementary cementitious material.
At the moment, this material does not meet the qualify as a fly ash according to the
European standard [109], which maintains that fly ash originates from the
combustion of pulverized coal or the co-combustion of pulverized coal and biomass.
The standard also sets various chemical and physical requirements for fly ash
when used as a constituent in concrete. The purpose of these requirements is that
concrete producers should be able to ensure that the fly ash they are using is of a
constant quality and is predictable in its behaviour. Also, the chemical requirements
ensure that the fly ash has no detrimental effects on the long-term durability of the
concrete.
When the chemical properties of FBCFAs studied here are compared with the
requirements of the fly ash standard, it can be seen that these ashes do in fact meet
most of the requirements (Table 4).
Table 4. Chemical requirements of fly ash according to standard EN 450-1 [106].
Chemical requirements
Loss on ignition

Limit

FBCFA1

FBCFA2

FBCFA3

Category A:≤ 5.0%

0.3

0.6

1.5

Category B:≤ 7.0%
Category C:≤ 9.0%
Chloride

≤ 0.10%

0.1

0.1

0.1

Sulphate (SO3) content

≤ 3.0%

2.1

2.1

3.5

If ≤ 1.5%, should be

2.5

2.9

0.1
NA

Free calcium oxide

tested for soundness
Reactive calcium oxide

≤10.0 %

NA

NA

Reactive silicon dioxide

≥ 25%

NA

NA

NA

Sum of SiO2, Al2O3 and

≥ 70%

68.5

69.8

72.6

≤ 5.0%

3.6

2.3

1.2

Fe2O3
Total content of alkalis
(Na2Oeq)
Magnesium oxide

≤ 4.0%

2.5

2.1

2.5

Phosphate

≤ 5.0 %

3.5

3.9

4.9
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All the fly ashes studied here had low loss on ignition, so they easily qualified for
category A, the strictest one, in this respect. This is an important property if fly
ashes are to be used in frost-resistant concrete. Similarly, the fly ashes qualified
with respect to chloride, which suggests that their use in reinforced concrete will
not increase corrosion of the reinforcement steel due to chloride. The sulphate
content of FBCFA1 and FBCFA2 was clearly below the limit, but FBCFA3 slightly
exceeded the limit, which may hamper its use in concrete. In the case of FBCFA3,
the high sulphate content should be taken into account when selecting the other
constituents of the concrete. Also, it might be possible to reduce the sulphate
content of fly ash by removing its finest fraction by a process of classification [93].
In the case of FBCFA1 and FBCFA2 the free calcium content exceeded the limit
set in the standard, which means that these ashes should be tested for soundness
before using them in concrete. Reactive calcium content was not analysed here, but
there was nothing during the experiments to suggest that reactive calcium could
hinder the use of these ashes. Similarly, reactive silicon was not analysed, but
because the FBCFAs contained less than 25% SiO2, it is quite safe to assume that
this requirement was not met. The sum of SiO2, Al2O3 and Fe2O3 was slightly under
the limit in the case of FBCFA1 and FBCFA2, while FBCFA3 exceeded this limit.
The purpose of this limit is apparently to ensure that fly ash contains enough
chemical components which are associated with pozzolanic reactions. On the other
hand, if a fly ash possesses fairly hydraulic properties, the slightly lower
concentrations of these oxides will not be detrimental to its performance. The total
alkali content (expressed as Na2Oeq) was below the limit in all the fly ashes, so they
should not increase the alkali loading of the concrete too much, which would thus
reduce the risk of the alkali silica reaction occurring. In addition, the magnesium
oxide content of the fly ashes was below the limit set by the standard, which means
that the magnesium present in them should not cause significant expansion. Finally,
the phosphate content of all the FBCFAs was below the limit quoted in the fly ash
standard.
The fly ash standard [109] also lays down numerous physical requirements
such as fineness, activity index, soundness, initial setting time and water
requirement. No attempt was made here to study directly whether or not these
requirements were met, because the experimental methods differed from those of
the fly ash standard, but some estimates regarding the physical requirements can
still be put forward on the basis of this work.
The present fly ashes were not sieved, so it is hard to estimate whether they
would meet the limits for fineness as defined in [109] (40% for category N and 12%
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for category S). It is likely, however, that the fineness of the FBCFAs would not
limit their use in concrete, as their particle size is only slightly higher than that of
cement. Also, the specific surface area may be significantly higher, which would
have positive effect on the reactivity of these ashes.
The fly ash standard’s requirement for the activity index is 75% at 28 days and
85% at 90 days, and the cement replacement rate in this test is 25%. M-FBCFA1
achieved 92% at 28 days and 93% at 90 days with a 20% replacement rate (Paper
I). The strength activity index of FBCFA3 was 104% at 28 days with a 20%
replacement rate (Paper IV), and it is likely that at least M-FBCFA1 and FBCFA3
could pass the limit for the fly ash standard even with a 25% replacement rate,
which suggest that activity of these fly ashes is high enough to be used as a type II
addition (pozzolanic or latent hydraulic addition) as defined in the European
concrete standard [32].
The requirement for soundness would apply to FBCFA1 and FBCFA2, as their
free calcium content exceeded 1.5%. The soundness of the cement paste was not
studied here, but no signs of deleterious expansion were observed in the case of
FBCFA1, at least. The moderate free calcium content of this fly ash apparently did
not cause any problems, as it is possible that the particles containing free calcium
oxide were so fine that they had already reacted before the material set, which
causes it no harm. In the case of FBCFA2, only the fresh state properties were
studied, so that it was impossible to observe any expansion related to the free
calcium oxide content.
Although the initial setting time was not measured here, no signs of delayed
setting were observed in the mortars containing FBCFAs, and all the mortar
samples were hard enough to be de-moulded after one day of curing.
According to the fly ash standard, the water requirement of fly ashes of fineness
category S must be under 95%, whereas there is no limit to the water requirement
for category N fly ash, probably because this slightly coarser ash (from pulverized
coal combustion) is not likely to have any adverse effect on workability. On the
basis of the present results it is likely that FBCFA from the combustion of peat and
wood would not reach the water requirement for category S fly ash, and even if this
ash were to have the fineness of category N, it would probably significantly reduce
the workability of the fresh concrete, unlike fly ash from the combustion of
pulverized coal.
It has been shown that the FBCFAs studied here can meet most of the relevant
chemical and physical requirements laid down in the fly ash standard [109] and it
can be assumed that their use in concrete would not cause any significant decline
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in long-term durability. Their performance as supplementary cementitious
materials would in many ways be similar to that of fly ash from the combustion of
pulverized coal, but it would deviate from the latter with respect to the increased
water requirement caused by its irregular particle shapes.
It should be noted that the conclusion reached above applies only to a limited
number of FBCFAs, because the chemical and physical properties of these
materials can vary significantly.
It is uncertain at the moment whether the standard will be revised to include
FBCFAs as suitable materials, a situation which greatly hinders the use of FBCFA
as an SCM. It might perhaps be possible, however, to use FBCFAs in non-structural
applications in which failure to comply with the standard would not pose problems.
4.6

Prospects for using FBCFAs as SCMs

It has been shown that, from a technical perspective at least, some FBCFAs are
suitable for use as an SCM in concrete. The fact that the material can be used in
concrete does not, however, mean that this will actually be done some day. The
situation is problematic because the use of this material as a replacement for cement
does not enhance the properties of the concrete in any meaningful way, although it
may still provide major benefits for the environment, for concrete producers and
for ash producers.
4.6.1 Environmental benefits
The use of FBCFA could be beneficial for the environment from a number of
perspectives, most notably reduction of the carbon footprint of concrete, reduced
consumption of mineral resources and reduction of the space required for storing
fly ash.
Perhaps the most important reason for using FBCFA in concrete is the
opportunity to reduce the carbon footprint of concrete by lowering its cement
content. It may seem obvious at first that replacing a raw material that has a high
carbon footprint (cement) with one that has essentially a zero carbon footprint (fly
ash) will actually reduce the carbon footprint of concrete. A closer look, however,
reveals that the issues are more complicated than this.
First, it must be ensured that the utilization of fly ash does not detract from the
properties of the finished material, e.g. its strength and durability, in such a way
that would eventually lead to increased consumption of concrete and cement., It is
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clear from this work that if the cement replacement rate is too high (around 40% or
more), the strength properties of the finished material will decrease. This challenge
could be tackled by adding slightly more FBCFA to the mixture, which could still
be feasible, since FBCFA has a low or negative price. It is also clear that the use of
FBCFAs in mortar will reduce its workability, while in concrete the decrease in
workability would have to be compensated for with an increased dose of SP.
Naturally, the production of SP generates its own emissions, but these would not
have much effect on the carbon footprint of concrete as the quantities involved are
fairly low, even though the use of FBCFA would slightly increase the consumption
of SP.
Various treatment processes, e.g. grinding, washing and classification, could
be employed to improve the quality of the FBCFA and increase the amount of
potentially usable fly ash, but all these treatment methods entail an environmental
burden of their own and their adaptation would increase the price of the fly ash,
which could make such treatment methods unfeasible.
Logistics can play an important role when considering questions of
environmental or economic feasibility. Ideally, the FBCFAs should be used in
places close to the fly ash production site, because the transportation of fly ash
creates expenses and, with the current means of transportation, CO2 emissions. In
some areas where ash producers exist close to a concrete producer, the use of fly
ash may actually reduce the carbon footprint of the material, especially if the
cement producer is located much further away. In the opposite case it is possible
that the use of ash will not make sense at all from an ecological viewpoint, as
vehicle emissions could outweigh the benefits of the reduced cement content.
The use of FBCFA as a partial replacement for cement would reduce the need
to extract limestone and other mineral resources as raw materials for making
concrete. Although limestone is in general widely available in many regions around
the world, a reduction in limestone extraction would indeed save land areas for
better use.
The use of fly ash in concrete would efficiently cut down the space required
for storing unused fly ash. This is perhaps not a huge factor in Finland, which is a
scarcely populated region, but in other, more densely populated regions it could be
an important issue.
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4.6.2 Benefits for concrete producers
From the viewpoint of a concrete producer, a decrease in cement content would
have two benefits. The first is that it can lower the production costs, as some of the
expensive cement would be replaced by a material with a lower or even negative
price. It is questionable, however, whether this incentive is enough to justify all the
extra work and possible investments required for the adoption of a new raw material.
After all, concrete is still quite a cheap material. The second benefit is that the use
of fluidized bed combustion fly ash would enable the manufacture of more
sustainable concrete products, which could be a major selling point where
customers are concerned.
4.6.3 Benefits for ash producers
For ash producers unused fly ash is a major waste stream, the handling of which is
a significant item of expenditure. At the moment, some of the fluidized bed
combustion fly ash generated is used as a fertilizer and geotechnical material, but
still much of the volume produced is left unused. The use of fly ash as a raw
material in concrete making would introduce more variety into the utilization
options, which is important factor in a rapidly changing operational environment.
Responsible waste management in the form of FBCFA utilization would also
improve the image of ash producers in the eyes of customers.
4.6.4 Future prospects
The economic feasibility of FBCFA as an SCM in concrete is highly dependent on
the incentives created by developing the necessary legislation and stimulating a
growing environmental awareness among customers. One example of a powerful
incentive of this kind is the Waste Tax, which in 2019 was 70 €/tonne in Finland,
having increased from 40 €/tonne in 2011, at the same time as its tax base has
decreased by approximately 90% [110]. This suggests that the Waste Tax has indeed
reduced the amount of landfill waste. If the tax continues to increase in the future,
it may make some previously unfeasible solutions more attractive for ash producers.
There have been signs in recent years of a growing trend for consumers to
demand more environmentally friendly products. This will probably increase the
willingness of concrete producers to develop and offer products that entail an even
lower environmental burden, making the use of FBCFA more attractive for concrete
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producers. One crucial step in the right direction would be for major customers of
the construction industry to include the carbon footprint of a building, for example,
as one evaluation criterion when considering tenders.
Perhaps the most effective method for speeding up the technological transition
to a more sustainable trajectory could be the introduction of a carbon tax, which
would create a strong and unambiguous incentive for the concrete industry to
reduce its CO2 emissions even further. In this battle the use of FBCFA could be one
option among the many.
As shown in this work, the use of FBCFA as a SCM is a potential, but in
practice challenging method for reducing the consumption of cement and
improving the carbon footprint of concrete. Challenges are only to be expected,
however, in this battle against climate change and the degradation of our biosphere.
We must accept the fact that the age of easy solutions is over.
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5

Conclusions

The development of concrete technology has greatly contributed to the flourishing
of human societies around the globe during the last hundred years and it is hard to
imagine that any other building material will replace it at any time soon. In the
meantime, the consumption of concrete will continue to increase, playing an
indisputable role in climate change. Although, we cannot abandon concrete as a
building material, we must continue our efforts to reduce its carbon footprint to as
low a level as possible. In addition, we must ensure that we consume concrete and
cement as sparingly as possible, only in applications where it is really needed. As
shown in this work, the use of FBCFA from the combustion of wood and peat as an
SCM is one promising tool for reducing the cement content of concrete.
The chemical and physical properties of FBCFAs vary a lot depending on the
properties of the fuel and bed materials and the process parameters during
combustion. However, the FBCFAs used in this work had chemical properties
which almost met the requirements of the European fly ash standard, and it was
concluded that it would be safe to use these fly ashes in concrete.
Since the irregular particle shapes typical of FBCFA differ significantly from
the consistent particles of conventional SCMs and filler materials, cement
replacement with FBCFA would significantly detract from the workability of fresh
concrete or mortar. This problem can be mitigated by milling the FBCFA or by
applying sufficient doses of superplasticizers. These methods have been shown
here to enable the production of mortars with good workability.
On the basis of the strength properties of mortars it was easy to conclude that
the FBCFAs studied here were clearly reactive, unlike MS or LF, this difference
being more obvious at moderate and high replacement rates. In the best case, 20%
cement replacement even produced a slightly higher compressive strength than was
observed in the corresponding reference sample. FBCFAs were also found to
produce similar or higher 28-day compressive strengths relative to CFAs.
Microstructural analyses of mortars revealed that the partial replacement of
cement with FBCFAs mainly increased the numbers of small pores (diameter less
than 0.1 µm), whereas non-reactive LF significantly increased porosity throughout
the whole range of pore sizes examined. In the mortars in which cement was
replaced with FBCFAs this increased porosity also led to an increased amount of
capillary absorbed water. On the other hand, the effect on the water absorption rate
was significantly lower in these mortars than in the case of non-reactive LF.
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The FBCFA studied here seemed to be suitable for the production of frostresistant concrete due to its extremely low carbon content, and unlike conventional
CFA, this FBCFA did not affect the AEA dosage. In addition, the freeze-thaw
resistance of mortars containing FBCFA was same as in the reference sample or
slightly better.
There seem to be no technical limitations on the use of FBCFA as an SCM in
concrete, although at the moment its utilization is hindered by the fact that even
good quality FBCFA does not conform to the European fly ash standard EN 450-1,
due to that standard’s basic definition of fly ash. Also, the economic feasibility of
using FBCFA can be challenging due to cost of the necessary logistics and the
investments required for adopting this new material. However, the future
development of environmental legislation and customers’ increased demands for
more sustainable products may serve as economic incentives that will make the use
of FBCFAs as SCMs a more attractive option, especially in product categories
which are not standardized.
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