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Abstract 

Cement production produces a significant portion of CO2 emission caused by human activity. The replacing of cement 

with alternative binders is one way to reduce the CO2 emission from cement industry and to save natural resources. 

In Finland, approximately 500 000 tons of biomass fly ash is created annually. Part of this ash could potentially be 

utilized as a cement replacement material if current concrete standards are modified to allow the use of biomass fly 

ash as a raw material of structural grade concrete, but even under current legislation biomass fly ash could be already 

utilized in low value concrete and mortar products or applications.  

In this study, the suitability of two biomass fly ash, from bubbling fluidized bed combustion, to partially replace 

cement in concrete was investigated. Cement was replaced also by milled sand to identify the effects of fine inert 

material. Replacement levels of 10 %, 20 % and 40 % were used. Research methods included a grinding of materials, 

the preparation of mortar samples, evaluation of fresh mortar paste, strength measurements, calorimetry, electron 

microscopy, X-ray powder diffraction analysis and chemical analysis.  

Results of the study demonstrated, that replacement of cement by biomass fly ashes or milled sand had a clear impact 

on the properties of fresh and hardened mortar. Both fly ashes involved the hydration of cement instead of acting just 

as a filler material. The chemical composition and performance of two studied fly ash differed greatly from each 

other and indicated that at least part of biomass fly ashes could be very potential alternatives to replace significant 

amounts of cement in concrete. On the other hand, some biomass fly ashes can also cause detrimental expansion 

when used in concrete.  
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Tiivistelmä 

Sementin tuotanto on vastuussa merkittävästä osasta ihmiskunnan aiheuttamista CO2 päästöistä. Sementin 

korvaaminen vaihtoehtoisilla sideaineilla on yksi keino pienentää sementtiteollisuuden CO2 päästöjä sekä säästää 

luonnonvaroja.  Suomessa syntyy vuosittain noin 500 000 tonnia lentotuhkaa biomassan poltosta. Osa tästä 

lentotuhkasta voitaisiin mahdollisesti hyödyntää sementtiä korvaavana raaka-aineena, mikäli nykyisiä 

betonistandardeja muutetaan tulevaisuudessa sallimaan myös biomassan poltosta syntyvät lentotuhkat betonin raaka-

aineina. Nykyisessäkin tilanteessa biomassan lentotuhkaa voitaisiin hyödyntää matala arvoisissa betonituotteissa ja 

sovelluksissa. 

Työssä tutkittiin sementin osittaista korvaamista kahdella leijupoltosta peräisin olevalla biotuhkalla. Sementtiä 

korvattiin myös jauhetulla hiekalla eri vaikutusmekanismien selvittämiseksi. Tutkimuksessa käytettiin 10, 20 ja 40 

% korvausasteita. Tutkimus metodit käsittivät materiaalien jauhamisen, kemiallisen koostumuksen analysoinnin, 

laastinäytteiden valmistamisen, tuoreen laastin ominaisuuksien arvioimisen, lujuusmittaukset, kalorimetrian, 

elektronimikroskopian sekä hydrataatiossa syntyneiden faasien määrityksen. 

Tutkimuksen tulokset osoittivat, että sementin osittainen korvaaminen biomassan lentotuhkalla tai jauhetulla hiekalla 

vaikuttaa selvästi tuoreen sekä lujittuneen laastin ominaisuuksiin. Molemmat tuhkat vaikuttivat sementin 

hydrataatioon sen sijaan, että ne olisivat toimineet ainoastaan hienona täyteaineena. Tuhkien kemiallinen koostumus 

sekä vaikutukset valmistettujen näytekappaleiden ominaisuuksiin poikkesivat toisistaan huomattavasti. Tutkimuksen 

perusteella ainakin osa biomassa lentotuhkista voisivat korvata huomattavia osia betonissa käytettävästä sementistä.  

Jotkut lentotuhkista voivat puolestaan aiheuttaa betonin haitallista paisumista mikäli niitä käytetään sementtiä 

korvaavana ainesosana.  
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1 INTRODUCTION 

It is hard to imagine a modern world without concrete. Concrete is everywhere, in our 

homes, in our work places, in bridges, in sewers, even in a fire place of a national park. 

It is not a coincident that concrete has become an essential part of construction industry. 

Concrete can be cast on moulds to produce columns, beams, slabs, tiles and endless 

amounts of other forms. An ancient dome of Pantheon, the elegant curves of Sydney opera 

house and the massive walls of Pentagon are just a few iconic examples of the possibilities 

of the concrete.  

A manufacturing of cement, which is the main constituent of concrete, is a relatively easy 

process and raw materials for cement and concrete can be found all regions around the 

world. It has many beneficial properties such high compressive strength, good 

availability, a low price, easy formability and suitability for moist and underwater 

environments. 

Production of concrete is a very energy intensive process. It is estimated that the 

production of concrete accounts approximately 5 % of CO2 gases from human sources 

(“Cement Technology Roadmap 2009,” 2010) One reason for concrete industry’s high 

carbon footprint are industry’s extremely high volumes. It is estimated that during 2014 

over 4 billion tons of cement was produced (van Oss, 2015). The use of concrete will 

grow also in future when developing countries are pursuing higher standards of living. A 

good example from this trend is China which used more concrete between the years 2011 

and 2013 than the U.S. during the whole 20th century (Swanson, 2015).  

One potential way to reduce the environmental impacts of concrete is to minimize the 

amount of cement in concrete. This leads to the reduction of carbon emissions and saves 

natural resources. The reduction of cement content in concrete can reduce the strength 

which must be compensated with some other material in order to maintain high strength 

and durability of concrete. Several cement replacement materials (CRM) are well studied 

and already used in a commercial scale, such as blast furnace slag, limestone and coal fly 

ash.   

Coal fly ash used as a CRM is produced in pulverized fuel boilers. However, there are 

also other types of fly ashes originating from fluidized bed combustion of different fuel 



10 

types. In Finland, the fluidized combustion of wood residuals, peat and sludges from pulp 

and paper industry is a significant part of energy production. Using renewable fuels in 

burning processes is one way to reduce greenhouse gas emissions from energy 

production, but it also generates large amounts of biomass ash which utilization levels is 

low. If at least part of biomass fly ash could be utilized as a CRM, it would reduce carbon 

emissions from cement production and reduce the amount of land filled fly ash.  

Currently pure biomass fly ash is not used in concrete since it is not categorized as s 

suitable material in concrete and cement standards in Europe and US. Reasons for this 

are probably high variations in biomass fly ash quality. There is still also lack of 

knowledge and experience, how biomass fly ash behaves together with cement although 

research is done around the world with these subjects.   
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2 CONCRETE AND CEMENT 

Concrete is a rock like composite material consisting of cement matrix and aggregate 

particles. Concrete is produced by mixing cement and water together with aggregate 

material. A result from this is a fluid mixture that is usually poured and compacted to 

moulds. Cement and water starts to react immediately when they are brought in contact. 

The reaction between the compounds of cement and water is called hydration, which is 

highly complex series of different chemical reactions in a cement matrix. During the 

hydration, originally fluid concrete mixture slowly hardens into final product 

Portland cement, and its numerous modifications, consist mainly of finely ground 

hydraulic calcium silicates and calcium sulfate (Mehta and Monteiro, 2005). When, these 

minerals react with water they form crystalline or amorphous stable hydration products 

which volume is approximately the same as a sum of water and cement. During the 

hydration, water and un-hydrated cement is slowly replaced by solid hydration products. 

A result is a dense matrix of hydrated cement which works as glue between aggregate 

particles.    

A large portion of the volume of concrete, 60 % – 80 %, consists of aggregate particles 

which work as an inexpensive filler material. Properties of aggregates can have an effect 

on various properties of fresh and hardened concrete, e.g. to unit weight, consistency, 

ultimate strength and durability. Aggregates can be divided into different categories by 

size, weight and origin. Most common aggregate materials are fine (from 75 µm to 4.75 

mm) and coarse (from 4.75 to 50 mm) aggregates from natural minerals. 

Modern concrete industry utilizes many specific chemicals as minor additives which are 

used to modify concrete properties. These additives can have an effect e.g. to rheology, 

setting time or air content of concrete. 

2.1 Composition of Portland cement 

Cement usually contain clinker, gypsum and other constituents e.g. blast furnace slag or 

limestone. Cement properties can be affected by the selection and proportion of different 

raw materials. In European EN 197-1 -standard the raw materials for different cement 

blends are determined. According to standard possible raw materials are: clinker, blast 
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furnace slag, silica fume, pozzolans, fly ash, burnt shale, limestone and minor additional 

constituents. (“SFS-EN 197-1:en Cement. Part 1: Composition, specifications and 

conformity criteria for common cements,” 2012) Table 1 presents types and constituents 

of common cements according to cement standard EN 197-1. 

Table 1. Cement types of EN 197-1. 

 

 

  

K S D [b] P Q V W T L LL

CEM I Portland cement CEM I 95-100 - - - - - - - - - 0-5

CEM II/A-S 80-94 6-20 - - - - - - - - 0-5

CEM II/B-S 65-79 21-35 - - - - - - - - 0-5

Portland-silica fume 

cement CEM II/A-D 90-94 - 6-10 - - - - - - - 0-5

CEM II/A-P 80-94 - - 6-20 - - - - - - 0-5

CEM II/B-P 65-79 - - 21-35 - - - - - - 0-5

CEM II/A-Q 80-94 - - - 6-20 - - - - - 0-5

CEM II/B-Q 65-79 - - - 21-35 - - - - - 0-5

CEM II/A-V 80-94 - - - - 6-20 - - - - 0-5

CEM II/B-V 65-79 - - - - 21-35 - - - - 0-5

CEM II/A-W80-94 - - - - - 6-20 - - - 0-5

CEM II/B-W 65-79 - - - - - 21-35 - - - 0-5

CEM II/A-T 80-94 - - - - - - 6-20 - - 0-5

CEM II/B-T 65-79 - - - - - - 21-35 - - 0-5

CEM II/A-L 80-94 - - - - - - - 6-20 - 0-5

CEM II/B-L 65-79 - - - - - - - 21-35 - 0-5

CEM II/A-LL80-94 - - - - - - - - 6-20 0-5

CEM II/B-LL65-79 - - - - - - - - 21-35 0-5

CEM II/A-M 80-88 0-5

CEM II/B-M 65-79 0-5

CEM III/A 35-64 36-65 - - - - - - - - 0-5

CEM III/B 20-34 66-80 - - - - - - - - 0-5

CEM III/C 5-19 81-95 - - - - - - - - 0-5

CEM IV/A 65-89 - - - - 0-5

CEM IV/B 45-64 - - - - 0-5

CEM V/A 40-64 18-30 - - - - - 0-5

CEM V/B 20-38 31-49 - - - - - 0-5

a The values in the table refer to the sum of the main and minor additional constituents.

b The proportion of silica fume is limited to 10 %

c In Portland-composite cements CEM II/A-M and CEM II/B-M.

in pozzolanic cements CEM IV/A and CEM IV/B and in composite cements CEM VIA and CEM V/B

the main constituents other than clinker shall be declared by designation of the cement (for examples. see Clause 8).

CEM V 
Composite cement 

[c]

18-30

31-49

12-20

21-35

CEM III
Blast furnace 

cement

CEM IV
Pozzolanic cement 

[c]

11-35

36-55

CEM II 

Portland-slag cement

Portland-pozzolana 

cement

Portland-fly ash 

cement

Portland-burnt shale 

cement

Portland-limestone 

cement

Portland-composite 

cement [c]

Burnt 

shale
Limestone

Main 

types
Types of common cement

Composition (percentage by mass [a])

Main constituents

Clinker

Blast 

furnace 

slag

Silica 

fume

Pozzolana Fly ash
Minor 

additional 

constituents
natural

natural 

calcineded
siliceous calcareous



13 

 

In cement chemistry different abbreviations of elements and compounds are used. Cement 

chemistry notation is presented at Table 2 (Mehta and Monteiro, 2005; Viirola and Raivio, 

2000) 

Table 2. Notations commonly used in cement chemistry. 

 

 

2.1.1 Clinker 

A clinker is the main component of cement and it essentially contains all the major 

components which work as reactants for hydration. Depending on the cement purpose of 

the use, clinker raw materials can be adjusted to produce cement with suitable phases to 

develop desired properties for a final product. The clinker is manufactured by heating raw 

materials, usually limestone and clays, in a cement kiln. Raw materials are chosen so that 

they provide right proportions of calcium, silica and alumina to the final product. The 

temperature in the end part of cement kiln varies from 1450 C° to 1550 C° (Mehta and 

Monteiro, 2005). 

Minerals containing CaCO3 are decomposed to CaO and CO2 in the cement kiln at high 

temperature. This reaction is the main source of CO2 caused by the cement production. 

Calcium carbonate source can be for instance limestone, marl or chalk. (Mehta and 

Monteiro, 2005) 

Oxide or compound
Abbrevation in cement 

chemistry
Name Mineral phase

Al2O2 A Aluminium oxide, alumina

CaO C Calcium oxide, or lime

Fe2O3 F Iron oxide

H2O H Water

MgO M Magnesium oxide, or periclase

SiO2 S Silicon oxide, or silica

SO3  S̅ Sulfur trioxide

Ca(OH)2 CH Calcium Hydroxide Portlandite

3CaO·SiO2 C3S Tricalsium silicate Alite

2CaO·SiO2 C2S Dicalcium silicate Belite

3CaO·Al2O2 C3A Tricalsium aluminate Aluminate

3CaO·Al2O2·Fe2O3 C4AF Tetracalcium alumino ferrite Ferrite

4CaO·3Al2O2·SO3 C4A3S̅ Calsium sulfoaluminate

3CaO·2SiO2·3H2O C-S-F (C3S2H3) Calcium silicate hydrate

CaSO4·2H2O CS̅H2 Calcium sulfate Gypsum
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Clay minerals are fed to the cement kiln to provide silica, alumina and iron oxides needed 

in a hydration process. In cement production, clay minerals are preferred since they 

contain aforementioned elements, especially silica, an easily reactive form. Alumina, iron 

oxide and alkalis also facilitate the formation of calcium silicates. Ores containing 

aluminum and iron can be used as additional ingredients. Clay minerals react in the kiln 

to silica, alumina and iron oxides. They also react with limestone and form dicalcium 

silicate (C2S), tricalcium silicate (C3S), tricalcium aluminate (C3A) and tetracalcium 

alumino ferrite (C4AF). (Mehta and Monteiro, 2005) 

2.1.2 Calcium sulfate 

Calcium sulfate in the form of gypsum or anhydrite is added to clinker and they are ground 

together in a finish mill to achieve proper fineness. Calcium sulfate is an essential part of 

cement since it prevents too fast setting of fresh concrete. Usually, calcium sulfate content 

of cement is around 5 %. (Mehta and Monteiro, 2005) 

2.1.3 Granulated blast furnace slag 

Granulated blast furnace slag (GBFS) is a side product from iron making industry. Blast 

furnace slag is widely utilized in modern blended concretes. Two thirds of granulated 

blast furnace slag should consist of CaO, MgO and SiO2. GBFS contains also Al2O3 and 

other compounds. (“SFS-EN 197-1:en Cement. Part 1: Composition, specifications and 

conformity criteria for common cements,” 2012) 

2.1.4 Pozzolans 

According to EN 197-1 standard, pozzolans are siliceous or silico-aluminous materials 

that do not harden in the presence of water. Pozzolans have cementitious properties in the 

presence calcium hydroxide when they are finely ground. Pozzolans can be divided into 

natural and artificial pozzolans although EN 197-1 standard describes that pozzolans 

include only natural pozzolans (divided into natural pozzolans and calcinated natural 

pozzolans). Natural pozzolans can be for example volcanic materials, sedimentary rocks, 

clays and shales. Artificial pozzolans can be for example coal fly ashes or silica fumes. 

(“SFS-EN 197-1:en Cement. Part 1: Composition, specifications and conformity criteria 

for common cements,” 2012) 
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The use of pozzolanic materials can improve the properties of concrete because the 

hydration of pozzolans in general consumes calcium hydroxide (CH) and produces 

calcium silicate hydrate (C-S-H) instead of producing CH as one can see from equation 

(1). (Mehta and Monteiro, 2005).  

Pozzolan + CH + H → C-S-H    (1) 

Decreasing of CH improves the concrete durability under sulfate rich environment 

(Mehta and Monteiro, 2005). The hydration reactions of pozzolans are also slower than 

PC so the heat of hydration is lower on the earlier stages of hydration. This can be a 

significant advantage in the case of massive concrete constructions. The use of pozzolans 

can improve the impermeability by reducing porosity of the concrete matrix which also 

leads to better resistance against penetration sulfates and to higher strength. (Mehta and 

Monteiro, 2005)  

2.1.5 Fly ash 

EN 197-1 allows only fly ashes from pulverized coal fired furnaces to be used in cement. 

The fly ash must be separated from flue gasses using electrostatic or mechanical 

precipitation. In the standard, the fly ashes are divided into siliceous and calcareous fly 

ash (“SFS-EN 197-1:en Cement. Part 1: Composition, specifications and conformity 

criteria for common cements,” 2012) Fly ash is covered in more details in later chapters.  

2.2 Hydration of Portland cement 

Hydration of cement is the complex series of chemical reactions between phases of 

cement and water. When, the hydration process is considered it should be remembered 

that investigation of the hydration reaction is so challenging that some of the details are 

still unknown for scientist. In this section, the hydration is covered briefly and in a 

simplified way.  

The main components participating in the hydration of Portland cement are C3S, C2S, 

C3A and calcium sulfate. The main hydration products are C-S-H, CH, ettringite (AFt) 

and monosulfate (AFm). Hydration of cement can be divided into different stages which 

are a rapid heat generation stage, a dormant period, an acceleration period, deceleration 
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and the final stage where the hydration can continue slowly even years if a sufficient 

amount of water is available. 

When, cement and water are mixed they start to react immediately. C3A hydrates at fast 

rate in the presence of water to crystalline products in highly exothermic reaction. If this 

reaction is allowed to continue, unwanted rapid hardening of cement is taken place. The 

addition of calcium sulfate to cement significantly slows down the hydration of C3A, 

since gypsum dissolves easily to water which releases calcium and sulfate ions. These 

ions react with aluminate ions and form AFt or AFm, depending on sulfate concentration. 

These hydration products are precipitated on the surfaces of un-hydrated cement particles 

which slow down the diffusion around particles and reaction rate. Usually, AFt is 

responsible for the stiffening and early strength of cement paste. (Mehta and Monteiro, 

2005) Also small part of C3S is hydrated to C-S-H during the initial stage of hydration.   

After the initial stage, the hydration rate of the cement is very low and the cement is in 

the dormant stage. During this time, concrete mass is fluid and it can be transported and 

compacted to mould. During the dormant stage hydration still continues as cement 

particles dissolve slowly. Duration of dormant period is usually few hours. (Viirola and 

Raivio, 2000) 

At the accelerating stage, the rate of hydration increases rapidly again as C3A and also 

C2A starts to react. They both form C-S-H and portlandite (CH) according to the 

following equations (1) and (2). 

2C3S + 6H → C3S3H3 + 3CH   (1) 

2C2S + 4H → C3S3H3 + CH   (2) 

Hydration of C3S is faster than the hydration of C2H. Studies have shown that the equation 

(2) produces more C-S-H than the equation (1), which is associated to higher strength 

characteristics and better sulfate resistance properties of hydrated cement paste. High 

hydration heat peak at accelerating stage is due to the formation of C-S-H and CH. (Mehta 

and Monteiro, 2005)   

Eventually, the rate of hydration starts to decrease since the amount of un-hydrated 

material decreases and formed hydration products interferes with diffusion around un-

hydrated cement particles. The hydration of calcium silicates still slowly continues as 
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long as water is available. During this deceleration stage, the decreased concentration of 

sulfate ions causes AFt to react with C4AF and C3A converting AFt to AFm. (Viirola and 

Raivio, 2000) 

After first 48 h, the generation of heat decreases to very low level but the hydration still 

continues slowly, especially at the case of C2S. The full hydration of calcium silicates can 

take even decades (Viirola and Raivio, 2000). A slow continuation of the hydration can 

be seen also in strength of cement, which increases significantly, and in the densification 

of cement microstructure.  

2.3 Environmental issues of concrete and cement industry 

When environmental impacts of concrete are examined as per a produced unit, it seems 

that it has relatively low impact on nature when compared with other commonly used 

building materials (Scrivener, 2014). Concrete, produced from ordinary raw materials, is 

nontoxic building material and it is easy to reuse or dispose at safely manner. It can be 

landfilled or crushed and used as aggregate material in new concrete. Concrete can be 

also very durable and long lasting building material, if suitable concrete type for specific 

purpose is selected. The problem is that concrete and cement are produced in huge 

amounts which is the reason why approximately 5 % of greenhouse gas emissions 

produced by mankind are from concrete industry (“Cement Technology Roadmap 2009,” 

2010). The world’s annual concrete production is over 10 billion tons (“Annual world 

production,” n.d.). This makes concrete the second most used material by mankind 

(Scrivener, 2014). In the year 2006, annual cement production was 2.55 billion tones, so 

on average every person on this planet consumed approximately 360 kg cement this year 

(“Cement Technology Roadmap 2009,” 2010). 

It is estimated that decomposing of calcium carbonate is responsible for approximately 

60-65 % of CO2 produced in cement production. The rest of CO2 emissions are mainly 

from fossil fuels used to heat clinker to high temperatures. (“Cement Technology 

Roadmap 2009,” 2010). Also quarrying, grinding, milling and transportation produces 

some CO2 emissions. There are several alternative low-carbon binders under 

development, such as geopolymer cements, magnesium silicate based cements and carbon 

absorbing cements. These novel binders, however, are not yet feasible alternatives for 

Portland cement based products. If these alternative binders leaved out from 
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considerations, it is possible to reduce CO2 emissions from the production of cement by 

(“Cement Technology Roadmap 2009,” 2010):  

 improving the thermal and electric efficiency of cement plants,  

 using alternative fuel sources to heat cement kiln, 

 partial substitution of clinker material and  

 carbon capture and storage. 

The present work essentially addresses with the substitution of clinker material although 

it is done at the concrete level rather than replacing clinker within the cement production 

process. Clinker substitution is already applied in a large scale and is estimated that 

globally average clinker content of cement is around 78 %. The potential of CO2 emission 

reduction by a substitution of clinker depends greatly on the availability of substitution 

material and its suitability for concrete raw material. The national cement standards and 

attitudes of construction industry and its clients can also have an effect on the practices 

implied in cement industry.   (“Cement Technology Roadmap 2009,” 2010)  

Substitution of cement by industrial byproducts can be seen as an attractive way to reduce 

the environmental impacts of concrete since it reduces an amount of clinker fed to the 

cement kiln. This method also saves natural resources and reduces the need for landfilling 

if industrial byproducts with no better usage are utilized. A lot of research is still required 

to find out what materials are suitable for using together with concrete. 
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3 FLY ASH 

Fly ash is a fine fraction of unburnt inorganic matter which flows with flue gases in 

combustion boilers. The ash fraction that remains at a bottom of a burning chamber is 

referred as bottom ash. Fly ash is usually collected from flue gases using different 

separating devices such as electrostatic precipitators (ESP), cyclones or mechanical 

filters. Since ESP, remove different particle sizes in different separation stages, fractions 

of fly ash with different particle size can, in some cases, be collected straight from the 

separating device.  

3.1 Production of fly ash 

Coal fly ash is produced as a side product of energy production in large volumes around 

the world since coal is the most used fossil fuel. It is estimated that annually 500 million 

tons of coal fly ash are produced around the world annually (Mehta and Monteiro, 2005). 

Coal fly ash is available at many regions around the world. This is probably one reason 

why coal fly ash is widely utilized in concrete production and why coal fly ash in concrete 

is also well studied subject.  

An interest towards using biomass in large scale energy production is constantly 

increasing since it is a renewable and sustainable energy source. Biomass has been 

essential part of energy production in northern countries for long time (and in other 

regions). A burning of biomass produces significant amounts of fly ash. An amount of 

ashes produced in Finland is approximately 1 600 000 t/y (2009), approximately 1 

000 000 t of ashes originates from the burning of coal and approximately 500 000 t from 

the burning of biomass(Korpijärvi et al., 2009).  

The most common boiler types in large scale energy production are grate fired boilers, 

fluidized bed boilers (FBB) and pulverized coal fired boilers (Kara et al., 2004). Process 

conditions inside different burning processes vary which has a significant effect on the 

properties of formed fly ash. 

The most common combusted fuels that are used in a large scale and which produces 

significant amounts of fly ash are coal, municipal waste, sludges from paper industry, 

wood and peat. In warmer areas also rice husks, a side stream of rice production, are 
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burned. These fuels are often burned in different combinations e.g. coal and wood or 

wood and peat and different burning processes are preferred depending on fuel type. The 

fuel type also influences greatly to amount and the chemical composition of fly ash. 

According to a review article of McKendry typical ash contents of different fuels are: 

wood 1 %, straw 4-6 % and bituminous coal 9 % (McKendry, 2002). The ash content of 

peat is approximately 5 % (Flyktman M et al., 2011).     

3.1.1 Grate firing  

Grate fired boilers are nowadays common in small units. Power output in these can vary 

from 15 kW to 80MW. In the grate fired boilers fuel is fed to the grate which can be fixed 

or moving. The Grate fired boilers can be used to burn biomass, coal, wood waste and 

municipal waste. Majority of ashes produced in the grate fired boilers is bottom ash and 

it can contain significant amount of unburned material. (Maskuniitty, 2002) 

3.1.2 Fluidized bed combustion 

Fluidized bed boilers were developed in 1970’s and their unit size varies between   5 MW 

to over 700MW. FBBs can be divided into bubbling fluidized beds (BFB) and circulating 

fluidized beds (CFB). In FBBs fuel burns in bed which contains burning fuel and bed 

material. The bed is fluidized by air flow which lifts the fuel and the bed material from a 

bottom of the boiler. In BFB speed of air flow is so slow, less than 3 m/s, that bed material 

stays in the burning chamber. In the CFB higher speed of air flow, usually 5-10 m/s, 

creates circulation inside the boiler so that cyclones are used to prevent the escape of bed 

material from the burning chamber. Typically, the temperature inside FBBs is 750 -950 

C°, softening of the ash sets the upper limit for boiler temperature (Hyppänen and Raiko, 

2002; Kara et al., 2004). The main advantages of FBB are (Kara et al., 2004): 

 Suitable for solid fuels with high quality variance 

 Suitable for moist fuel up to 60 % moisture 

 Co-firing of different fuels, the addition of liquid or gaseous fuels also 

possible  

 Lower emission levels of CO, hydrocarbons and NOx due to lower burning 

temperature and efficient mixing in chamber 

 Low emission levels, SOx emissions can be reduced by the injection of lime 

or dolomite 
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3.1.3 Pulverized coal firing 

Pulverized solid fuel firing has been traditionally used at large units (power output over 

1000 MW) but recently FBBs have started to replace this power plant type especially in 

the units below 500 MW. In pulverized coal firing, coal is dried and ground to produce 

fine coal powder, which is injected to a burning chamber through burners. In the burning 

chamber, the coal powder is ignited by hot combustion gases. The pulverized coal firing 

can be divided into molten and dry chamber burning. In molten chamber burning ash 

melts and it is removed from the bottom of the burning chamber while in dry chamber 

burning ash does not melt and it is removed as fly ash (Asikainen and Jalovaara, 2002). 

The temperature in the pulverized coal firing can vary from 1300 to 1700 C° depending 

on coal type (IEA Clean Coal Centre, 2015). 

A co-firing of pulverized peat or wood with coal is also (Asikainen and Jalovaara, 2002).  

Biomass portion that can be co-combusted with coal is quite small, usually 3-5 % with 

commonly used biomasses such as saw dust or pellets, if biomass is ground together with 

coal and fed to the same burners with coal. Much larger portion of biomass is possible to 

use if dedicated biomass line and the burner are used. In this case biomass is ground 

separately from coal so biomass does not interfere operation of coal mills which usually 

are not designed for fibrous materials. With dedicated biomass lines and the burners, a 

portion of combusted biomass can be even 20–30 %, but this often requires significant 

investments. (Flyktman M et al., 2011)  

Significant amount of biomass can be utilized in PCF if coal is partly replaced by torrefied 

wood: biomass portion can be even 50 %. In torrefication process wood is heated to the 

temperature of 250 C–270 C° at the absence of oxygen. During the torrefication all water 

and part of volatilizing compounds are removed from biomass which increases the energy 

density of biomass. During torrefication biomass turns to hydrophobic so open air storage 

of fuel is also possible. (Flyktman M et al., 2011)  

An alternative method to utilize biomass energy is indirect co-combustion in which 

biomass is first gasified in a separate gasifier and then purified product gas is burned with 

coal. In this method, the ash from gasified biomass can be collected separately from coal 

ash. Portion of power derived from biomass can be even 50 % when gasifier gases are 

combusted with coal. (Flyktman M et al., 2011)  
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3.2 Properties of fly ash 

The properties of fly ashes vary greatly between different ashes. There can be differences 

e.g. between particle size, fineness, chemical composition and reactivity. These properties 

determine how fly ash can be utilized and how fly ash behaves when mixed in concrete.   

3.2.1 Chemical composition and mineralogy 

A chemical composition of fly ashes naturally depends on the chemical composition of 

burned material. In generally, fly ash consist of different inorganic elements present in 

fuel. During the combustion, almost all carbon is burned but fly ashes an contain also 

small of unburned carbon. In addition to actual fuel, materials in the combustion process 

can be originated from different impurities e.g. sand and soil from biomass, bed material 

or added lime in FBC or mineral matter left in coal in PCF. Examples from the chemical 

composition of different fly ashes from fluidized bed combustion of various fuels are 

presented at Table 3 (Chi and Huang, 2014; Illikainen et al., 2014; Johnson et al., 2010; 

Wu et al., 2015a). 

Table 3. Examples of chemical compositions of different fly ashes 

 

case 1 case 2 case 3 case 4

Fuel(s) coal
bituminius coal, 

sludge, tires
peat, wood

forest industry 

residues, peat + 

paper mill sludge

Burning process CFB CFB CFB BFBC

CaO (%) 55.84 37.8 9.70 29.90

SiO2 (%) 3.72 26.4 47.90 22.50

Al2O3(%) 0.55 13.9 9.70 10.20

Fe2O3(%) 0.57 3.73 24.20 20.20

Na2O (%) 0.10 1.05 1.60

K2O (%) 0.34 0.54 1.32 3.50

MgO (%) 1.62 2.36 1.71 3.50

P2O5(%) 0.43 2.50 0.30

TiO2 (%) 0.69 0.24 5.60

SO3 (%) 29.09 12.9 1.64 7.50

LOI 7.83

Case 1: Chi and Huang, 2014

Case 2: Wu et al., 2015a

Case 3: Illikainen et al., 2014

Case 4: Illikainen et al., 2014
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Coal fly ashes are mainly composed from SiO2, Al2O3 and from Fe2O3, but they can also 

contain CaO, SO3 and alkalis (Alonso and Wesche, 2006). Biomass fly ashes are 

essentially composed from the same components as coal fly ashes, but portion of oxides 

greatly varies. Biomass fly ashes from burning of wood, the forest residues or 

combination of these two with peat, often contains significant portions of SiO2, CaO, 

Al2O3 (usually less than in coal fly ash) and Fe2O3. (Girón et al., 2013; Ohenoja et al., 

2016; Pesonen, 2012; Rajamma et al., 2015; Wang et al., 2008b) According to a study of 

Jaworek et al. biomass fly ash contains more alkalis and alkali earth metal than coal fly 

ash. The study also suggested that coal fly ash contains more Si, Al, Na, Fe, and Ti than 

biomass fly ash while in biomass ash the proportion of Mg, K, Ca, Mn, Mo, S, Cl, and P 

is higher than in coal fly ash. (Jaworek et al., 2013) It should be noted that in this study 

the burning methods used were pulverized coal firing and BFB for biomass which may 

affect the results. Rice husk ash contains mainly SiO2 (approximately 90 %) and small 

amount of other oxides (Antiohos et al., 2014; Chopra et al., 2015; Le and Ludwig, 2016). 

Lime is often added to the fluidized bed boilers to reduce SO2 emissions of the burning 

process. According to study of Chindaprasirt et al., added lime increases the CaO content 

of fly ash (Chindaprasirt et al., 2011). Added lime can also increase the sulfate content of 

the fly ash (Lecuyer et al., 1996). 

3.2.2 Reactivity 

Reactivity (or pozzolanicity) is the property of fly ash which determines how well fly ash 

can take a part in the hydration of cement. In cement standard EN 197-1, terms reactive 

SiO2 and reactive CaO are used. Reactive SiO2 is a soluble part of SiO2 when treating 

sample with hydrochloric acid and boiling potassium hydroxide. Reactive CaO is the 

portion of CaO which can produce calcium silicate hydrates or calcium aluminum 

hydrates under normal hardening conditions. (“SFS-EN 197-1:en Cement. Part 1: 

Composition, specifications and conformity criteria for common cements,” 2012)  

In generally the reactivity of crystalline materials is lower than the reactivity of 

amorphous materials. This is also true in the case of fly ash,  which can consist of glassy, 

amorphous material, or of crystalline material (Wang, 2007). Some studies suggest that 

PCF produces fly ash with high reactivity while in the case of FBC the reactivity of fly 

ash is lower (Chindaprasirt et al., 2011; Lecuyer et al., 1996). Kiuru (2014) reported that 

due to lower process temperatures the pozzolanic properties of wood fly ashes are weaker 
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in comparison with coal fly ashes (Kiuru, 2014). According to Alonso and Wesche, 50-

90 % of coal fly ash consist of glassy particles  (Alonso and Wesche, 2006). In a study 

Berra et al. it was reported that all three studied wood fly ashes contained over 45 % of 

amorphous phases. However, the boiler type was not mentioned in study. (Berra et al., 

2015)    

Improper storing can have an effect on the reactivity of fly ash. Fly ash can be stored in 

conditions in which it is exposed to humidity and CO2 which may lead to the formation 

of carbonates and to lower reactivity (Korpijärvi et al., 2012). 

3.2.3 Particle size and fineness 

Usually, a particle size of coal fly ash varies from a sub-micron scale to about 200 µm 

(Jaworek et al., 2013; Mehta and Monteiro, 2005; Vornanen and Penttala, 2008). At the 

case of wood fly ash, maximum particle sizes between 120 µm and 600 µm have been 

reported (Berra et al., 2015; Esteves et al., 2012; Vornanen and Penttala, 2008).  In the 

study of Pesonen two fly ashes from co-combustion of peat and wood was examined and 

maximum particle sizes were 200 µm and 400 µm (Pesonen, 2012). Particle size and 

fineness affect how ash particles behave in cementitious systems.  

Fineness or specific surface area is a property of fly ash which describes the surface area 

of certain mass unit of fly ash (usually stated as m2/kg or cm2/g). Fineness is in connection 

with particle size and particle morphology, since surface area increases when the amount 

of particles increases or when the surface of the particle roughens. Usually fineness of 

coal fly ash varies from 2500 cm2/g to 5500 cm2/g (Blaine method), but fly ash separated 

by using of ESPs is even finer. (Alonso and Wesche, 2006)  

In the case of cement, the fineness can have an effect on the reactivity of cement. A fast 

reaction of C3S in fine particles is a key issue to produce cement products with high early 

strength (Mehta and Monteiro, 2005). Similar observations are also made with pozzolans 

(Alonso and Wesche, 2006; Bentz et al., 2011; Lawrence et al., 2005). According to Bentz 

et al. Fineness of fly ash has an insignificant effect on compressive strength at short ages 

(1–7 d) but with longer curing times finer particles produced higher compressive strength. 

(Bentz et al., 2011) In the study of Wang et al. it was observed that outer parts of many 

fly ash particles (both coal and biomass) had reacted within time while inner part of 
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particles remained inert. It seems that smaller particles are more reactive due to their 

higher relative surface areas. (Wang et al., 2008a) 

3.2.4 Morphology 

Shape of fly ash particles can vary from spherical shape to irregular and spongy shapes. 

Several studies have shown that fly ash from coal combustion is mainly spherical shape 

while biomass fly ash is irregular shape. (Jaworek et al., 2013; Vornanen and Penttala, 

2008; Wang, 2007)  

On the other hand, the burning method has shown to have a great impact on ash 

morphology. In these studies, the burning of coal fuels with different burning methods 

was investigated. It was found that burning method affected the morphology of fly ash. 

Pulverized coal firing produced more spherical fly ash particles while fluidized bed 

combustion resulted in more irregularly shaped particles. (Chindaprasirt et al., 2011; 

Goodarzi, 2006; Lecuyer et al., 1996; Wilczyńska-Michalik et al., 2014) In a study of Chi 

and Huang CFB combustion of coal produced irregular shaped fly ash (Chi and Huang, 

2014). According to Chindaparasit et al. the reason for different morphology is due to the 

differences in temperatures between PCC and FBC. In PCC, the temperature is high 

enough to melt and sinter fly ash particles to form spherical shape while in FBC the lower 

temperature leads to irregular shape. (Chindaprasirt et al., 2011). Alonso and Wesche 

reported in their book also similar observation in the study of Heufers and Magel (1984) 

(Alonso and Wesche, 2006). 

3.3 Processing methods of fly ash 

Properties of fly ash can be seen as a result of a burning process in which fly ash is formed. 

Making changes in the existing process in order to modify the properties of fly ash can 

be difficult and expensive. It can be also impossible to make changes to fuel compositions 

of power plants since the location of the power plant and availability of the fuels usually 

sets economic limits for used fuel. Use of certain methods in order to modify the 

properties of fly ash has been studied in literature. These methods can be in an essential 

role in order to utilize fly ash in concrete industry. 
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3.3.1 Grinding 

A grinding of fly ash is an effective method to decrease the particle size and increase the 

fineness. Some studies suggest that smaller particle size achieved by grinding can 

improve the compressive strength of mortar due to pozzolanic reactions of fly ash since 

increased surface area generally leads to higher reactivity (Felekoğlu et al., 2009; Lowe, 

2012; Sinsiri et al., 2012). Grinding can also have an effect on particle shape (Mucsi et 

al., 2015). The effect depends on particles initial shape e.g. grinding can roughen smooth 

particles and vice versa (Felekoğlu et al., 2009). Some studies suggest that grinding can 

also increase the reactivity of fly ash via mechanical activation by turning crystalline 

phases to more amorphous and thus increasing the strength of concrete or geopolymer 

(Hamzaoui et al., 2016; Marjanović et al., 2014). On the other hand in the study of Mucsi 

et al., the grinding of fly ash with a ball mill, a vibratory mill and a stirred media mill did 

not increase the amount of crystalline material (Mucsi et al., 2015).  

3.3.2 Classification 

In the burning process some substances can be concentrated on certain particle sizes 

(Barbosa et al., 2013; Dahl et al., 2009; Girón et al., 2013; Skrifvars et al., 2004). There 

are evidences that silica can be concentrated on the coarse fraction of biomass fly ash 

while many harmful substances are concentrated on the fine fraction (Pesonen, 2012). 

Classification can be one method to sort out portions of fly ash which are suitable or 

detrimental for the utilization purposes. In this way, at least some fraction of fly ash can 

be utilized. 

Fly ash is typically separated from flue gasses by electrostatic precipitators (ESPs) or by 

mechanical precipitators. ESPs can divide fly ash stream in different fields since 

separation happens in different stages inside of the ESP. Some studies suggest that certain 

components of fly ash can be concentrated in the different ESP fields. In the study of 

Jaworek et al. it was observed that carbon content of coal and biomass fly ash was higher 

in the first stage of ESP than in later stages. The same study suggests that sulfur content 

of fly ashes increases in later ESP stages. (Jaworek et al., 2013) 

3.3.3 Washing 

Washing could be one method to remove harmful substances from fly ash. In the study 

of Berra et al. wood fly ashes were treated by washing them twice with deionized water. 
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Washing removed significant amounts of chlorides, sulfates and alkalis. Respectively a 

portion of sum of SiO2, Al2O3 and Fe2O3 increased. After a washing treatment two of 

three studied ashes were able to meet the requirements set in ASTM C 618 (Standard 

Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in 

Concrete) for Class C coal fly ash. (Berra et al., 2015) 

3.3.4 Firing 

Lowe studied firing of biomass fly ash (BMF) to reduce the amount of unburned carbon 

present in biomass. The firing of samples was done for one hour at temperatures of 550, 

750 and 950 °C. Firing of BMF is energy intensive process but it was found to eliminate 

unburned material from BMF and improved the compressive strengths of concrete 

samples prepared with BMF. (Lowe, 2012)  

3.4 Utilization of fly ash in concrete 

Coal fly ash has been utilized a long time to reduce a cement content of concrete. Coal 

fly ash has many positive effects on the properties of concrete such ash lower water 

requirement, the low heat of hydration and high impermeability.  Biomass fly ashes have 

not been used in concrete in a commercial scale, since current concrete standards limits 

the use of fly ash only to coal fly ash. This is probably a reason why the utilization of 

biomass fly ash in concrete is still relatively less studied subject. Lack of biomass specific 

sources also forces to investigate studies done with coal fly ash and inert mineral particles 

in order to understand the behavior of biomass fly ash in cementititous systems.   

Many studies suggest that the replacement of cement by biomass fly ash or by fly ash  

from a co-firing of coal and biomass reduce the compressive strength of concrete  (Berra 

et al., 2015; Tkaczewska and Małolepszy, 2009; Wang et al., 2008b). These findings seem 

logical since it is well known that decrease of cement portion of concrete decreases the 

compressive strength of concrete. There are also studies suggesting that if the relatively 

small portion of cement is replaced with biomass fly ash, the compressive strength of 

mortar can be the same or even better than using only PC (Sinsiri et al., 2012; Vornanen 

and Penttala, 2008). Reason for these inconsistent results may lay in the fact that there 

are many different factors affecting the compressive strength of concrete. Since chemical 

and physical properties in different biomass fly ashes can vary significantly, 

generalizations about fly ashes suitability to concrete raw material should be avoided.  
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There are different theories about how fly ash behaves in a concrete system. In an 

extensive study of Cry et al., researchers aimed for developing general mix design rules 

for concrete mixes with different mineral admixtures. In this study inert and pozzolanic 

admixture, with different fineness and replacement rates, was used to identify the working 

mechanisms involved in replacing the cement with different admixtures. According to 

study, the effect of cement replacement by fly ash can be divided into three different 

aspects which are: the loss of strength due to a decrease of cement content, gain of 

strength due to the pozzolanic reactions and gain of strength due to nucleation effects. 

The possibility of mineral admixture working as a filler material was also investigated 

but there was no evidence found supporting this mechanism. (Cyr et al., 2006)    

In a study of Tikkanen, inert mineral powders were used to partially replace cement in 

concrete mixtures. Tikkanen reported that addition of fine mineral powders reduced a 

water requirement of concrete by improved packaging of solid particles. An increase in 

the fineness of mineral powder resulted in a decrease of water demand. This phenomenon 

could be also utilized to lower the amount of cement in concrete while still maintaining 

good compressive strength. Cement replacement without reduced water in general led to 

reduced compressive strength although in some cases 10 % cement replacement by 

certain mineral powders produced the same or even slightly improved compressive 

strengths than a control sample despite the increased water-cement ratio. Tikkanen also 

reported the improved micro structure of concrete at interfacial transition zones between 

aggregate particles and bulk paste due to an addition of mineral powders. (Tikkanen, 

2013)   

3.4.1 Hydration of fly ash 

As mentioned earlier, the reactivity of fly ash varies and it depends mainly on the content 

of amorphous material and fineness of fly ash particles. Usually, fly ashes can be 

classified as pozzolans which means they can react together with CH and form C-S-H as 

mentioned in Chapter 2.1.4. Main technical advantages of using pozzolans in cement are 

(Mehta and Monteiro, 2005): 

 Slow reaction  

o Less heat is liberated in early stages of hydration.   

 Reaction consumes CH 

o More durability at acid environments. 
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 Reaction products fill up capillary voids efficiently. 

o Improved strength and permeability. 

Some studies suggest that BMF is not necessarily very effective pozzolan since cement 

replacement by BMF does not consume significant amounts of CH (Berra et al., 2015; 

Lowe, 2012). According to Berra et al., this might be due to insufficient amount of 

reactive pozzolanic oxides (Berra et al., 2015).  

In studies concerning the hydration of fly ash it is observed that the hydration products of 

fly ash-PC blend do not differ from the hydration products of pure PC. Chi and Huang 

used petroleum coke ash from CFBC while Tkaczewska and Małolepszy used coal-

biomass fly ash.  (Chi and Huang, 2014; Tkaczewska and Małolepszy, 2009) However, 

Bae et al. studied cement mixtures with high  (from 20% to 80%) coal fly ash content and 

observed in addition to normal hydration products that these mixtures produced C-S-H 

with a lower Ca/Si ratio than in pure PC and strätlingite which was found only from a 

mixture containing 80 % of fly ash (Bae et al., 2014).  

If fly ash contain sufficient amount of reactive calcium, it can harden when mixed just 

with water (Illikainen et al., 2014; Lecuyer et al., 1996; Ohenoja et al., 2016). In this case 

fly ash can be considered a hydraulic binder in itself rather than a pure pozzolan. In the 

hydration of pure fly ash and water, strength is gained mainly from the formation of Ca-

AL phases (Ohenoja et al., 2016). 

3.4.2 Heterogeneous nucleation 

Heterogeneous nucleation is a physical process which leads to the chemical enhancement 

of cement hydration. (Cyr et al., 2005; Lawrence et al., 2005, 2003)  In heterogeneous 

nucleation, mineral particles reduce the activation energy required for nucleation. This 

enables nucleation in a lower saturation ratio compared with a situation where the 

particles do not exist. (Stumm et al., 1992) According to Sinsiri et al., biomass ash 

particles can work as nucleation centers for cement hydration products leading to 

improved compressive strength (Sinsiri et al., 2012). A study of Tikkanen indicated that 

partial replacement of cement by inert mineral powders can also increase the amount of 

hydrated cement, which can partly compensate the effect of dilution due to cement 

replacement with inert material. (Tikkanen, 2013).  
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3.4.3 Fly ash as aggregate 

Berra et al. used wood biomass fly ash to replace ground limestone filler and part of 

calcareous sand in concrete so that the total ash content of concrete was 8 % by mass. 

Concrete containing fly ash achieved little higher compressive strength than reference 

concrete. Also demand for super plasticizer was significantly lower since fly ash 

replacement was found to improve the workability of concrete. (Berra et al., 2015) 

In the study of Chi and Huang, the use of fly CFB coal fly ash as a replacement of fine 

aggregate was investigated.  The conclusion was that CFB coal fly ash had positive effect 

on the properties of roller compacted concrete when 5-10 % of fine aggregate was 

replaced by fly ash. (Chi and Huang, 2014) Mehta reported that studies have been made 

also to pelletize fly ash and use pellets as aggregate but controlling carbon content and 

the fineness of fly ash has been problematic (Mehta and Monteiro, 2005). 

3.4.4 Activation of blast furnace slag 

Blast furnace slag is self cementitious material, which means that it can react with water 

and produce a hardened cement matrix. The hydration of blast furnace slag is a slow 

process but it can be improved by alkali activation which is well studied phenomenon. In 

concrete, the hydration of blast furnace slag is enhanced when it is combined together 

with PC which contains calcium hydroxide and gypsum (Mehta and Monteiro, 2005).  

In one study fly ash from co-firing of coal, paper sludge and tire waste was used to 

enhance the hydration of blast furnace slag. Cement mix contained 50% fly ash and 50 % 

slag, no additional PC was used in this study. In this case, the conclusion was that fly ash 

should contain enough (about 40%) CaO to promote the activation of blast furnace slag. 

(Wu et al., 2015) 

It should be remembered that PC is highly alkaline by itself so it is unclear if the 

replacement of cement by biomass fly ash provide any additional improvement to the 

activation of blast furnace slag. However, PC normally does not contain much Na or K 

which could promote alkali activation by other reaction steps. 
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3.5 Possibilities of the utilization of biomass fly ash in concrete 

Biomass fly ashes are promising candidates to replace a significant amounts of cement in 

different applications. However there are still some challenges for widespread utilization 

of BMFs in concrete. Fly ashes can contain chemical components, such as sulfate and 

chloride, which can be deleterious to the long term durability of concrete. Also the 

possibility of increased water demand and amount of unburned carbon must be taken into 

account. (Vornanen and Penttala, 2008)  

In Europe, under the current standards fly ash can be utilized in structural grade concrete 

either using it as cement replacement material in concrete production or using it as a 

constituent of cement in cement production. In both cases fly ash type is limited to fly ash 

obtained from a burning of pulverized coal. Co-combustion of coal and some other 

material is allowed, but coal portion should be 60-50 % depending on the type of the co-

combustion material and maximum ash portion derived from co-combustion materials is 

30 %. (“SFS·EN 450-1:en Fly ash for concrete. Part 1: Definition, specifications and 

conformity criteria,” 2013, “SFS-EN 197-1:en Cement. Part 1: Composition, 

specifications and conformity criteria for common cements,” 2012). Alternatively under 

current legislation BMFs could be already utilized in low value concrete and mortar 

products or applications. These could be for instance bricks and blocks for environmental 

building or backfill applications. 

3.5.1 European concrete standard EN-206 

In general concrete is defined and specified in European concrete standard EN 206. This 

standard also regulates the amount of fly ash and other materials in concrete. (“SFS-EN 

206:en Concrete. Specification, performance, production and conformity,” 2014) 

Requirements for fly ash used in concrete are defined in European standard EN 450. Fly 

ash is defined in EN 450 as follows:  

“fine powder of mainly spherical, glassy particles, derived from burning of pulverised 

coal, with or without cocombustion materials, which has pozzolanic properties and 

consists essentially of SiO2 and Al2O3 and which: 

is obtained by electrostatic or mechanical precipitation of dust-like particles from the 

flue gases of the power stations; and 
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may be processed, for example by classification, selection, sieving, drying, blending, 

grinding or carbon reduction, or by combination of these processes, in adequate 

production plants, in which case it may consist of fly ashes from different sources, each 

conforming to the definition given in this clause 

Note 1 to entry: Municipal and industrial waste incineration ashes do not conform to the 

definition given in this clause. “ (“SFS·EN 450-1:en Fly ash for concrete. Part 1: 

Definition, specifications and conformity criteria,” 2013) 

This standard gives also numerous additional chemical and physical requirements for fly 

ashes obtained from co-combustion of coal and other materials, which can be e.g. wood 

chips, straw, cultivated biomass, paper sludge or petroleum coke. The chemical and 

physical requirements for fly ash set in standard EN 450-1 are presented at Table 4. 

Table 4. Chemical and physical requirements of fly ash according to EN 450-1. 

 

Category A: ≤ 5.0 %,

Category B: ≤  7.0 %,

Category C: ≤  9.0 %

Choloride ≤  0.10 %

Sulfuric anhydride ≤ 3.0 %

Free calsium oxide (if higher, fly ash soundness must be tested) ≤ 1.5 %

Reactive calcium oxide ≤ 10.0 %

Reactive silicon dioxide ≥ 25.0 %

Sum of silicon dioxide, aluminium oxide and iron oxide ≥ 70 %

Magnesium oxide ≤ 4.0 %

Phosphate ≤ 5.0 %

Soluble phosphate ≤ 100 mg/kg

Total content of alkalis (Na2O equvalent) ≤ 2.5 %

Finenes (portion of ash retained when wet Category N: ≤ 40 %,

sieved on a 0.045 mm sieve) Category S: ≤ 12 % 

28 d: ≥ 75 %,

90 d: ≥ 85 %

Soundness (not required if free calsium oxide ≤ 1.5 %) ≤ 10 mm

Particle density (deviation from value declared by producer) ≤ ±200 kg/m3 

Initial setting time

Not more than twice as 

long as the initial setting 

time of a 100 % test 

cement paste

Water requirement (only for category S fly ash) ≤ 95 %

Loss on ignition

Activity index

Chemical and physical requirements
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3.5.2 European cement standard EN 197-1 

If fly ash is utilized in cement production, it must fulfill requirements set in European 

cement standard EN 197-1 which uses the same definition than EN-450 for fly ashes. In 

EN 197-1, fly ashes are divided into siliceous fly ash and to calcareous fly. Siliceous fly 

ashes consist mainly of reactive silicon dioxide and aluminum oxide. Reactive CaO must 

be less than 10.0 % by mass and free CaO content less than 1.0 % by mass. If the free 

CaO content is between 1.0 to 2.5 %, soundness test is required. Expansion in the 

soundness test must be under 10 mm. Siliceous fly ash must contain at least 25.0 % 

reactive silicon dioxide by mass. (“SFS-EN 197-1:en Cement. Part 1: Composition, 

specifications and conformity criteria for common cements,” 2012) 

Calcareous fly ashes consist mainly of reactive SiO2 and Al2O3. Reactive CaO content 

must exceed the portion of 10.0 % by mass. If the portion of reactive CaO is 10.0-15.0 

%, it must also contain 25.0 % of reactive SiO2 by mass. If calcareous fly ash contains 

more than 15.0 % of reactive CaO, compressive strength measurement, according to EN 

196-1, must be done. Test is done for ground ash using only fly ash as a binder. 

Compressive strength must be at least 10 MPa after 28 d of curing. Calcareous fly ash 

must be also tested for soundness and expansion in test should not exceed 10 mm. (“SFS-

EN 197-1:en Cement. Part 1: Composition, specifications and conformity criteria for 

common cements,” 2012) 

Loss on ignition, for both siliceous and calcareous fly ash, must be within one of 

following limits: 0-5.0 %, 2.0-7.0 %, or 4.0-9.0 %. If SO3 content exceeds the limit set 

for cement type, cement producer must take this into account so that total SO3 content of 

cement stays below the limit. The limit for SO3 content varies from 3.5 to 4.0 % 

depending on cement type (exception is CEM III/C type). Chloride content of cement 

should not exceed 0.10 %. (“SFS-EN 197-1:en Cement. Part 1: Composition, 

specifications and conformity criteria for common cements,” 2012) 

3.5.3 Other factors affecting to the utilization of biomass fly ash 

In the case of biomass fly ash, the variations in the quality of fly ash from the same 

producer can be high  (Kiuru, 2014; Vornanen and Penttala, 2008). According to study of 

Wang, there is a greater variation in the quality of BMF than CFA. Even if only one type 

of biomass is harvested from the same location, the weather and growing season will have 
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an effect on the composition of BMF. (Wang, 2007) This brings additional challenges to 

the utilization of biomass fly ash. However if new BMFs utilizing applications are 

developed, it could encourage ash producers to improve their processes to minimize 

variations in ash quality in the same way than in the case of slags from metal industry.   

Economic issues can also limit the utilization of fly ash. The effective utilization of fly 

ash requires that ash producing plants are located near cement plants so that costs from 

transporting the ash are not too expensive. On the other hand, current trends in waste 

legislation are increasing the cost to dump the fly ash to landfills. This probably 

encourages ash producers to look new alternative ways to handle and utilize produced 

ashes. 
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EXPERIMENTAL PART 

Fluidized bed boilers are commonly used in Finland to produce energy from biomass. 

Producing energy from renewable resources is an essential part of sustainable 

development. Energy production from biomass produces significant amounts of fly ash, 

but still large part of produced fly ash is unutilized and landfilled. Cement industry could 

provide one route to utilize significant amounts of fly ash. Subject was considered 

important since utilizing of BMFs in concrete would reduce CO2 emissions, save natural 

resources and reduce the amount of landfilled material. Also companies producing BMFs 

could be interested to turn a major waste fraction into a valuable side product. 

In this work suitability of BMFs from BFB-boilers as a cement replacement material was 

studied. As mentioned in Chapter 4.3, some studies suggest that BMFs or ashes from CFB 

boilers are unsuitable to be used as a raw material of cement. On the other hand studies 

ending up at the opposite conclusions can also be found. The main goals of this study 

were to recognize mechanisms that could explain positive effects, observed in some 

studies, of BMFs addition to cement. In the beginning, the hypothesis was that alkalis, 

often present in BMFs, could enhance the hydration of blast furnace slag (BFS) used in 

some cement products. Another area of interest was to evaluate how burning process, 

especially BFB, affects to the properties of fly ash. 

At this study experimental part included:  

 Grinding of CRM to the same median particle size as cement  

 Evaluation of replacement materials 

o Chemical analysis 

o Electron microscopy 

o Phase identification 

 Preparation of mortar samples, where 10, 20 and 40 % of cement was replaced by 

milled BMFs or milled sand 

o The spread values of fresh mortar 

 Analyzing of strength properties and expansion of hardened mortar 

 Hydration heat measurements of cement paste samples, where 10, 20 and 40 % of 

cement was replaced by milled BMFs, milled sand or by coarse sand 



36 

 Evaluation of hardened cement paste samples where 40 % of cement was replaced 

by milled BMFs or by milled sand. 

o Electron microscopy 

o Phase identification 
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4 MATERIALS 

4.1 Fly ashes and milled sand 

Two fly ashes (FA1 and FA2) used in this study were obtained from Finnish power plants. 

These particular fly ashes were chosen since they come both from BFB-combustion and 

both had high alkaline content which were important properties when aiming to alkali-

activate cement containing BFS. The effect of cement replacement by milled sand was 

also investigated. The milled sand was originally sandblasting sand. It is irregular shaped 

and it consists mainly from silicon and aluminum but it also contains a significant amount 

of alkalis. Chemical compositions of studied replacement materials and cement are 

presented in Table 5. 

Table 5. Chemical compositions of the studied replacement materials and cement. 

 

 

Fly ash 1 contains more calcium, silicon and sulfur than FA2. Loss on ignition at 525 C° 

indicates that FA1 contains small amount of unburned organic material. Also an alkali 

content of FA1 is higher than in FA2. FA2 contains more aluminum and iron than FA1. 

In generally amount of harmful substances, from the point of durability concrete, is lower 

in FA2.  

FA1 FA2 Pluss cement milled sand

CaO, XRF [%] 21.1 16.3 58.4 1.6

SiO2, XRF [%] 43.8 41.8 21.7 77.0

Al2O3, XRF [%] 7.4 13.1 5.4 12.1

Fe2O3, XRF [%] 2.6 13.6 3.3 2.1

Na2O, XRF [%] 2.1 2.1 0.6 3.1

K2O, XRF [%] 6.5 2.3 0.7 3.0

MgO, XRF [%] 3.4 2.5 3.9 0.6

P2O5, XRF [%] 3.0 3.5 0.1 0.1

TiO2, XRF [%] 0.8 0.5 0.6 0.2

SO3, XRF [%] 6.3 2.1 3.5 0.0

Cl, XRF [%] 0.3 0.1 0.1

Loss on ignition 525 C° [%] 1.5 -0.8 0.8 0.2

Loss on ignition 950 C° [%] 5.4 0.3 3.4 0.4
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Figure 1. Cement replacement materials used in this study: (a) original sand, (b) original 

FA1, (c) original FA2, (d) milled sand, (e) milled FA1 and (f) milled FA2. 

4.2 Cement 

Cement used in this study was Plus cement (type CEM II/B-M (S-LL) 42.5 N) from 

Finnish producer. According to manufacturer this cement is a good and cost effective 

choice for general purpose use and it is also widely available in Finland. The cement is 

mixed cement and in addition to clinker it contains 6 – 15 % limestone and 15 – 25 % 

blast furnace slag. Plus-cement is the most used cement in Finland with market share of 

60 %. It has been on the market since 2010 and it replaced former general purpose cement.  

Choosing the cement which contains also blast furnace slag was logical since one goal of 

this study was to investigate if high alkali content BMF enhance the hydration of blast 

furnace slag.  

4.3 Sand  

The main ingredient of mortar samples is sand which works as an aggregate material and 

it can have a significant influence on compressive strengths of mortar samples. Sand used 

for mortar samples was CEN standard sand described in EN 196-1. CEN standard sand 
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has wide particle size distribution and rounded particle shape. SiO2 content of CEN 

standard sand is 97 % so it was considered an inert aggregate material. 

4.4 Plasticizer agent 

A plasticizer agent was used for controlling the flowability of cement at 40 % cement 

replacement level, since mortar samples prepared using high cement replacement level 

were too stiff to be molded properly. The addition of the plasticizer agent brings another 

small variable to experiments. This was still considered less harmful, from the point of 

analyzing results, than altering a water-cement ratio of mortar or to use too stiff mortar 

that could lead to problems with the compaction of mortar to moulds. Plasticizer used in 

this study was Sem Flow ELE 20 from Semtu Oy, which is a polycarboxylate based super 

plasticizer designed for the production of concrete elements.  
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5 METHODS 

Modern concrete has been used in construction applications since the 19th century so 

numerous different methods are developed to evaluate the quality and performance of 

concrete and its constituents. This is extremely important since concrete often has crucial 

part in the design and structures of massive buildings. A failing of concrete can endanger 

human lives and cause significant economic losses. The research and quality control of 

concrete is challenging since concrete system is in constant change almost its whole life 

time. At the beginning, these changes usually happens at fast rate, but some changes, 

detrimental to concrete structures, can occur after several years. 

Many methods are developed to evaluate the performance and to observe phenomena 

related to concrete. Some of these methods are good for field use in concrete and building 

industry while others are designed to be used in a lab scale to produce more qualitative 

data from concrete or cement. In this study selection of experimental methods was limited 

to tests that could be conducted within a few months. Also the number of studied fly ash 

samples limited the scale of experiments.                                                                                                                    

5.1 Grinding of cement replacement materials 

After initial particle size measurements, unprocessed BMFs and sand blasting sand was 

milled to achieve similar particle size and particle size distribution than cement. This was 

done to minimize variables which are related to different particle size. Particle size can 

have an effect on the micro structure and on the water demand of fresh mortar paste.  A 

laboratory size ball mill, manufactured by Germatec, was selected for grinding of ash and 

sand. 2400 g batches of replacement material were milled in a chamber which volume 

was approximately 5 l. Milling balls with the diameters of 18 mm and 27 mm (the total 

mass of balls approximately from 9.7 kg to 13.6 kg) were used. Milling speed varied 

approximately from 70 rpm to 85 rpm depending on a fill rate of container. Milling was 

continued as long as the desired median particle size close to cement was achieved.   

5.2 Chemical composition analysis 

Chemical composition analysis for BMFs, sand and cement was done using X-ray 

fluorescence analysis (XRF). During the XRF analysis, a sample is exposed to ionizing 
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X-ray beam. When atoms present in the sample absorbs x-rays, their electrons can move 

from inner orbital to outer orbital. Eventually electron return from outer orbital back to 

inner orbital, which releases energy in the form of emitted photon. Because every element 

has different energy stages in orbitals, every element has a characteristic radiation which 

is utilized in XRF analysis to identify elements present in the sample. XRF can be used 

as a qualitative, to identify elements present in the sample, or a quantitative method, to 

analyze the proportion of different elements in the sample. (“XRF - X-ray Fluorescence 

analysis explained,” 2015) In this study Axiosmax wavelength dispersive XRF 

spectrometer, manufactured by PANanalyctical, was used as a qualitative and quantitative 

method to analyze the chemical composition of ashes, sand and cement. The analysis was 

done for melt fused tablets prepared by melting 1.5 g of analyzed material together with 

7.5. g X-Ray flux Type 66:34 (66 % Li2B4O7 and 34 % LiBO2) at 1150 °C. 

5.3 Thermo-gravimetric analysis 

Thermo-gravimetric analysis was done for ashes to analyze moisture content, content of 

organic material (mainly unburned carbon) amount of oxidized material or the amount of 

decomposed CaCO3. Analysis is done by heating a sample to high temperatures in 

different steps. The weight of the sample was recorded through a heating process. Mass 

loss in two temperatures was recorded. Until 525 °C organic material is burnt so this value 

can be used to estimate the portion of organic material at the sample. Samples were heated 

up to 950 °C, since according to European fly ash standard, loss on ignition (in 950 °C) 

analysis must be made for fly ashes (“SFS·EN 450-1:en Fly ash for concrete. Part 1: 

Definition, specifications and conformity criteria,” 2013). Between 525 and 950 °C   

CaCO3 decomposes to CaO and CO2. Analysis was done using prepASH 129 thermo-

gravimetric analyzer. 

5.4 X-ray powder diffraction analysis 

X-ray powder diffraction (XRD) analysis is a method used to identify crystalline solid 

materials, determine unit cell dimensions, measure the purity of a sample and determine 

the crystal structures of analyzed materials. Each crystalline mineral poses a unique 

structure which affects how material diffracts x-rays. During the XRD analysis 

monochromatic x-ray beam is focused to the sample. Diffracted X-rays create a unique 



42 

diffractogram which can be compared reference patterns from other samples, to identify 

phases present in the analyzed sample. (“X-Ray Diffraction – XRD,” 2015) 

In this study XRD was used to identify mineral phases present in ground fly ashes and in 

hardened cement paste samples where 40 % of cement was replaced by fly ash or ground 

sand. High cement replacement level was chosen for XRD because before the test it was 

unsure would lower amounts produce detectable effects. Cement paste samples were 

prepared in a similar way with mortar samples, but without sand or a plasticizer agent. 

Cement paste instead of mortar was chosen to reduce the amount of quartz in the samples, 

because the high amount of quartz interfered in the recognition of cement hydration 

products in XRD analysis.  

A mixing of the cement paste samples was done manually. After two days of curing the 

samples were crushed and freeze dried to stop the hydration and to prepare the samples 

for grinding. In a freeze drying method liquid nitrogen was used for a rapid freezing of 

the samples. After the freezing, the samples were kept in a vacuum dryer in room 

temperature (the temperature of a condenser was -54 °C) at approximately 0.05 mbar for 

22 h. After freeze drying the samples were milled, to produce fine powder suitable for 

XRD analysis, by using a planetary ball mill. XRD analysis was also done for both fly 

ashes used in this study. Since ashes were already milled to small particle size, there was 

no need for other pretreatment.   

5.5 Particle size measurements 

The particle size measurement of cement, BMFs, sand and milled sand was done by using 

Beckman Coulter LS 13 320 laser diffraction particle size analyzer. A particle size 

analyzer based on laser diffraction utilizes particles’ capability to diffract and refract light 

beams that hit to particles. Laser diffraction analyzer measures the angles and intensities 

of light that is diffracted and refracted from the particles. Measurement data is then used 

to form a particle size distribution. (“Fundamentals of Diffraction,” 2015) Advantages of 

the laser diffraction analyzer are easy and fast operation, good repeatability and 

quantitative data. Measurements were done using a dry powder system and data was 

analyzed using Fraunhofer optical model. For each sample measurement was done three 

times and average of these measurements was calculated.   
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5.6 Electron microscopy 

Zeiss ultra plus (a field emission scanning electron microscope (FESEM)) was used for 

the determination of particle morphology of ground sand and fly ashes before and after 

milling. 1000 X magnification was found to be suitable for a determining of a general 

morphology of particles. 20 000 X magnification was used to examine the surface 

structure of particles. 

FESEM was used also to examine the microstructure of hardened cement paste samples. 

At the case of cement, the samples were analyzed using 10 000 X and 50 0000 X 

magnifications.  The samples were prepared by attaching the sample to carbon sticker and 

sputter coating with platinum. Imaging of the samples was done using 5 kV voltage.  

5.7 Preparation of mortar samples and spread measurement 

Preparation of mortar samples was made following the EN 196-1 standard with some 

slight modifications. These modifications were done to equipment used in concrete 

casting, curing conditions and a mixing procedure. Preparation of mortar samples 

included the measurement of ingredients, mixing, spread measurements, moulding, un-

moulding and curing of samples. Composition of mortar samples is presented at Table 6. 

Table 6. Compositions of mortar mixtures. 

 

  

mixture cement [g]
ground ash 

[g]

ground sand 

[g]

CEN standard 

sand [g]
water [g]

super 

plasticizer 

[ml]

control 450 ± 1 0 0 1350 ± 3 225 ± 1 0

milled sand 10 % 405 ± 1 45 ± 1 45 ± 1 1350 ± 3 225 ± 1 0

milled sand 20 % 360 ± 1 90 ± 1 90 ± 1 1350 ± 3 225 ± 1 0

milled sand 40 % 270 ± 1 180 ± 1 180 ± 1 1350 ± 3 225 ± 1 0

FA2 10 % 405 ± 1 45 ± 1 0 1350 ± 3 225 ± 1 0

FA2 20 % 360 ± 1 90 ± 1 0 1350 ± 3 225 ± 1 0

FA2 40 % 270 ± 1 180 ± 1 0 1350 ± 3 225 ± 1 1

FA1 10 % 405 ± 1 45 ± 1 0 1350 ± 3 225 ± 1 0

FA1 20 % 360 ± 1 90 ± 1 0 1350 ± 3 225 ± 1 0

FA1 40 % 270 ± 1 180 ± 1 0 1350 ± 3 225 ± 1 1.5
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Mixing was done by the following procedure: 

 Ingredients of mortar mass were measured: 

o 450 g cement, in this study 10, 20 or 40 % was replaced by BMF or by 

ground sand 

o 225 g water, tab water, temperature 20 C  

o 1350 g sand, CEN standard sand 

o 1 – 1.5 ml plasticizer agent, used only in samples where 40 % of cement 

was replaced by BMF. 

 Water and cement (including BMF or ground sand) are brought into contact in 

mixing bowl 

 30 s mixing with low speed 

 mixing continues, sand is poured to the bowl during next 30 s 

 30 s mixing with high speed 

 edges and bottom of the bowl are scraped manually to ensure that no mortar mass 

is left unmixed 

 60 s mixing with high speed 

After the mixing, the rheology of the mixture was evaluated using a flow table test 

according to a mortar testing standard EN 1015-3. Determining the flowability of the 

mortar is important since too stiff mortar cannot be properly cast in to moulds. In the 

opposite case segregation of water and other components can occur. The flow table test 

also gives some information about the water requirement of different fly ashes in mortar 

mixtures although the test is not used actually to measure the water requirement of 

concrete.  

At the flow table test a small cake from the mortar mass was prepared on the flow table 

using a mould. After this, the flow table was jolted 15 times which spread the cake on the 

table. A diameter of the cake was measured from two perpendicular lines. The 

measurement was done two times for each sample. Samples that contained 40 % BMF 

were too stiff to be moulded properly so after spread measurement the plasticizer agent 

was added to mass and the mass was mixed another 30 s with high speed. The spread 

measurement was repeated for the samples that required the plasticizing agent.  
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After the mixing and spread measurements were done, the mortar mass was cast in to 

steel mold to create three 40 mm x 40 mm x 160 mm prism from each sample batch. 

Plastic sheet was placed over the mold to prevent a drying of samples. First 20 to 24 h 

mortars cured in molds at 20 C° temperature (relative humidity approximately 40 to 50 

%). After this, the samples were removed from the molds and placed at water containers 

where they were stored at the temperature of 23 °C     

5.8 Strength measurements 

Strength measurements were done for mortar samples after 2, 7, 28 and 90 days. Strength 

measurements included both flexural and compressive strength measurements according 

to standard EN 196-1 although a few exceptions from standard had to be done since 

samples were weighted and their height was measured before the strength measurements. 

This lead to too long time between removing samples from water to strength 

measurements. Standard EN-196-1 is widely used to evaluate the performance of 

different cements and cement blends. It provides a good procedure to prepare mortar 

samples in a lab scale. Also Finnish cement producer uses this standard to report the 

compressive strength of their products so comparing the results of cement mixtures 

containing novel supplementary cementitious materials to commercial products is easy. 

5.8.1 Flexural strength 

Flexural strength measurement was done for 40 x 40 x160 mm hardened mortar prisms. 

In a flexural strength test, the prism is loaded from three points. During the test, load is 

applied to the prism vertically at an increasing rate of 50 N/s.  Flexural strength is 

calculated from equation (3): 

𝑅𝑓 =
1,5×𝐹𝑓×𝑙

𝑏×𝑑3 ,  (3) 

where Rf is the flexural strength [MPa], 

b is the width of the prism [mm], 

 d is the depth of the prism [mm], 
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𝐹𝑓 is the load applied to the middle of the prism at a moment fracture [N] 

and 

l is the distance between the supports [mm]. 

 

Estimation for the error of flexural strength measurement was calculated from equation 

(4): 

𝐸𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 = ±1.96 ×
𝑆𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙

√𝑛
   (4) 

where 𝐸𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 is the is the estimated error for flexural strength [MPa], 

 𝑆𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 is the is the standard deviation of flexural strength [MPa] and 

n is the number of flexural strength measurements. 

 

5.8.2 Compressive strength 

Compressive strength measurements were done for prism halves from the flexural 

strength test. In the compressive strength test, the load is vertically applied to the smooth 

faces of the sample to square area which side is 40 mm. The force increases with a rate 

of 2,4 kN/s.  

Compressive strength is calculated from equation (5): 

𝑅𝑐 =
𝐹𝑓

1600
,  (5) 

where 𝑅𝑐 is the compressive strength [MPa], 

 𝐹𝑐 is the maximum load at the fracture [N] and 

1600 is the area of the platens (40 mm×40 mm) [mm2].  

Estimation for the error of the compressive strength measurement was calculated using 

equation (6). 

𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 = ±1.96 ×
𝑆𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒

√𝑛
  (6) 
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where 𝐸𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 is the is the estimated error for compressive strength [MPa], 

𝑆compressive is the is the standard deviation of compressive strength [MPa] 

and 

n is the number of compressive strength measurements. 

 

5.8.3 Relative strength 

Relative strength describes how well a sample performs in relation to a control sample. 

Thus the control samples relative strength is 1. Values greater than 1 indicate, that a 

strength is higher than the control sample and values below 1 indicates that the strength 

is lower than the strength of the control sample. The relative strength is calculated from 

equation (7): 

𝑅 =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙
,  (7) 

where 𝑅 is the relative strength, 

 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the compressive strength of the sample [MPa] and 

𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the compressive strength of the control sample [MPa].  

 

Estimation for the error of the relative strength was calculated from equation (8): 

𝐸𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ  = ± 2 ×
𝐿𝑛

𝐿𝑅
 (√(

𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
)

2

+ (
𝑆𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙
)

2

) (8) 

where  𝐸𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ is the estimated error for the relative strength, 

𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the compressive strength of the sample [MPa], 

 𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the compressive strength of the control sample [MPa], 

𝑆𝑠𝑎𝑚𝑝𝑙𝑒 is the standard deviation of the sample [MPa] and 

 𝑆𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the standard deviation of the control sample [MPa]. 
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5.9 Heat of hydration 

Measuring the heat of hydration is a relatively easy way to acquire information about the 

early stages of cement hydration and evaluate the basic performance of concrete at early 

age. There are different methods for measuring the heat of hydration, such as isothermal, 

adiabatic and semi adiabatic methods.  

In this study, the semi adiabatic calorimetry F-Cal 8000 manufactured by Calmetrix 

company was used. F-Cal 8000 is an eight channel semi adiabatic calorimeter which can 

be used to evaluate setting times, the compatibility of SCMs and admixtures and mix 

design optimization. F-Cal 8000 records the time and temperature of each sample 

container. This data can be plotted to produce a curve where sample temperature is a 

function of time. The curves can be used to evaluate a setting time of cement paste. If the 

curves are integrated, estimations about released total heat during hydration can be made. 

F-Cal 8000 has some limitations because it do not give very detailed data about hydration. 

Measurements made with F-Cal 8000 are insensitive to little changes in samples’ 

hydration heat production, since the mass of a sample is quite high and so it can store 

heat. Stored heat is slowly released from sample which can hide small variations in actual 

heat that is liberated from reaction. 

Measurements were done in three batch four or five samples at time. Every batch 

contained one sample container which was filled with sand. The temperature of the sand 

container was subtracted from the temperatures of the other samples to eliminate the 

effect possible environmental disturbances from measurements. The samples prepared for 

hydration heat measurements were similar with the mortar samples. However CEN 

standard sand and plasticizer agent was not used in these samples. The mass of the 

samples was approximately 550 g. 
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6 RESULTS 

6.1 Grinding of materials 

A grinding of cement materials with a ball mill proved to be an effective method to reduce 

a particle size of replacement materials. The particle size of milled CRMs was on the 

same level with cement used in this study. Size reduction compared with unground 

replacement materials was significant. The particle size distribution of cement 

replacement materials used in this study is presented at Figure 2. 

 

Figure 2. The particle size distribution of cement replacement materials used in this 

study. 

 

The particle size distribution of cement was slightly narrower than for milled replacement 

materials although difference in a median particle size was low. Every sample contained 

a small fraction of particles which diameters were lower than 0.4 µm. The particle sizes 

of milled and original materials are presented at Table 7.  
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Table 7. The particle sizes of milled and original materials. 

 

 

6.2 FESEM analysis of materials 

FESEM analysis done for CRMs used in this study revealed that morphologies of BMFs 

differ greatly from the morphology of milled sand. FESEM pictures of milled sand and 

fly ashes are presented at Figures 3 and 4. Both fly ash samples contained the particles of 

various shapes and sizes. The fly ash particles were mostly irregular shaped but also 

spherical particles were found. Fly ashes contained also angular particles which can be 

unburned carbon or sand particles from boiler bed material. The angular particles were 

dominant in milled sand samples. 

The morphology of milled fly ash did not differ much from original fly ash. Irregularly 

shaped fly ash particles were dominant shape also in milled fly ash. An amount of large 

particles was lower, as expected, in milled ash. FESEM pictures with 1000X 

magnification presented at Figure 3. 

Larger magnification shows that surface texture of milled fly ash particles differs greatly 

from milled sand. The surface of fly ash particles is very spongy and it can be estimated 

that specific surface area is significantly higher in fly ash than in milled sand. The surface 

of milled sand particles is more flat. FESEM pictures with 20 000X magnification 

presented at Figure 4. 

Plus 

cement
sand

sand, 

milled
FA1

FA1, 

milled
FA2

FA2, 

milled

Mean [μm] 15.3 932.9 19.7 268.2 24.0 88.1 22.1

Median [μm] 10.3 875.7 11.1 204.2 10.0 52.8 10.7

d10 [μm] 0.9 444.6 0.8 4.9 0.8 5.9 0.8

d50 [μm] 10.3 875.7 11.1 204.2 10.0 52.8 10.7

d90 [μm] 35.0 1532.4 53.4 652.7 68.9 226.7 61.2
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Figure 3. FESEM images of cement replacement materials (a) milled sand, (b) FA1, 

milled and (c) FA2, milled. 
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Figure 4. FESEM images of cement replacement materials (a) milled sand, (b) FA1, 

milled and (c) FA2, milled. 

6.3 XRD analysis of materials 

XRD analyses were done for both BMFs used in this study. The XRD patterns of these 

analyses are presented in Figure 5. From both fly ashes quartz, anhydrite and lime was 

identified. Analysis done for FA1 reveals that ash probably also contains phases similar 

to gypsum, calcite, periclase, microcline and hematite. XRD analysis of FA2 indicates 

that ash could contain also albite and magnesioferrite 
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Figure 5. XRD patterns of FA1 and FA2 

 

6.4 Preparation of mortar samples and spread measurements 

The composition and consistency of mortar samples was similar between every sample. 

The bleeding of water or segregation of ingredients was not observed with any sample. 

There were no signs of improper compaction of mortar mass to molds, such as large 

cavities in mortar prisms.  

Cement replacement by FA1, caused the mortar samples to expand during the curing. The 

expansion seemed to correlate with the replacement rate of cement so the samples with 

higher replacement rates expanded more than those with a low replacement rate. Mortar 

moulds limited the expansion of the samples to a vertical direction so the height of these 

samples was 0.5 - 3 mm higher than others. The volume change of the samples relative 

to the control sample are presented at Figure 6. Expansion caused small fractures, cracks, 

pores and cavities to these samples. Details from the surfaces of the mortar samples 

containing FA1 are presented at Figure 7. 



54 

 

Figure 6. The volume change of the samples relative to the control sample. 

 

 

Figure 7. Surfaces of mortar samples containing FA1: (a) 10 % FA1, (b) 20 % FA1 and 

(c) 40 % FA1. 
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According to spread measurements, both BMFs slightly decreased the spread value of a 

cake prepared in a flow table test when 10 % or 20 % of cement was replaced. When 

replacement level was 40 %, both mixtures were so stiff that plasticizing agent had to be 

added to the mixtures to adjust the rheology. After this, spread value returned to a similar 

level to the control samples. Ground sand, on the other hand, slightly increased the spread 

value of the mortar mixtures. The effect of cement replacement by BMF and ground sand 

to the spread value is represented at Figure 8. 

 

Figure 8. Effect of cement replacement to spread value of mortar mass. 
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Figure 9. 40 % replacement rate had clear effect to visual appearance of mortar samples. 

Mortar samples from front to back: 40 % FA2, 40% FA1, 40 % ground sand and 

control. Note that mortar samples presented in this figure are moist which affects to the 

visual appearance of mortar samples. 

 

6.5 Strength measurements 

6.5.1 Compressive strength 

The results of compressive strength measurements (MPa) as a function of time are 

presented at Figures 10, 11 and 12. Each figure clearly shows that there are differences 

between the performance of different ashes and ground sand. The compressive strengths 

of mortar samples increase with time. Strength peaks or plateaus did not occur during a 

time period of this study. Generally, FA2 seems to be the best CRM while FA1 is the 

worst. Ground sand ranks between the two ashes. 
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Figure 10. The compressive strength of mortars containing 10 % of replacement 

materials. 
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Figure 11. The compressive strength of mortars containing 20 % of replacement 

materials. 
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Figure 12. The compressive strength of mortars containing 20 % of replacement 

materials. 

 

The effect of cement replacement by milled sand is almost directly proportional to a 

replacement rate (see Figures 10, 11 and 12). When replacement level is increased the 

compressive strength decreased. This trend seems to be similar with every curing time. 

Although samples cured only two days are weaker in comparison with a control sample 

than the samples with longer curing times. 

Replacement of cement by FA1 clearly weakens the compressive strength of cement more 

than other materials tested in this study. Difference between replacement level of 20 % 

and 40% is lower than with FA2 or with milled sand (see Figures 11 and 12). 

FA2 behaves almost the same way than control sample when 10 % of cement is replaced 

(see Figure 10). With 20 % replacement rate FA2 performs the same way than cement in 

which only 10 % is replaced by ground sand (see Figures 10 and 11). At the age of 28 d 

the samples in which 20 and 40 % of cement was replaced by FA2 produced almost equal 

compressive strengths (see Figures 11 and 12). 
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Reliability of compressive strength measurements can be considered good, since 

deviation between different specimens did not exceed the limits mentioned at EN 196-1. 

Also curing conditions were managed to keep almost constant during this study.     

Figure 13 shows that relative strength loss due cement replacement by ground sand is 

almost the same than the replacement portion of cement at curing times between 7 d to 

90 d. The relative strength is even lower than the replacement rate at 2 d. 

 

Figure 13. Relative strength of samples containing milled sand. 

 

The relative strengths of mortars containing FA1 are presented in Figure 14. The figure 

shows that the relative strengths of mortars are weaker in comparison with mortars where 

other replacement materials were used (see Figures 13, 14 and 15). Clear trends in the 

relative strengths of mortars with FA1 are hard to identify but it seems that at least with 

the 40 % replacement the rate relative strengths are slightly lower after 2 d of curing than 

at longer curing times.   
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Figure 14. Relative strength of samples containing FA1 in relation to control sample 

 

From Figure 15 it can be seen that mortars containing FA2 produces high relative 

strengths. After 2 d of curing, strength loss compared with the control sample is 

approximately the same than the cement replacement rate. With longer curing times, the 

relative strengths increase and they are much higher than the relative strengths of the 

mortar samples in which cement was replaced by milled sand (see Figures 13 and 15). At 

the 10 % replacement rate FA2 produces mortar which strength equals that of the control 

sample when curing time is 7 d or longer. Even 20 % and 40 % cement replacement 

produced mortar which strength is almost at the same level with the control sample. 

 

Figure 15. Relative strength of samples containing FA2 in relation to control sample. 
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6.5.2 Flexural strength 

Flexural strength measurements (MPa) as a function of time are presented at Figures 16, 

17 and 18. Results are similar with compressive strengths: generally FA1 produces 

weaker flexural strength than ground. Performance of FA2 is the best of studied materials 

also according to the flexural strength measurements.  

Figure 16. The flexural strengths of mortars containing 10 % of replacement materials. 
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Figure 17. The flexural strengths of mortars containing 20 % of replacement materials. 

 

 

Figure 18. The flexural strength of mortars containing 40 % of replacement materials. 
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According to the flexural strength measurements, it seems that the control sample and the 

sample containing 10 % of FA2 have reached the maximum flexural strength somewhere 

between 28 d and 90 d of curing (see Figure 16). Surprisingly after 90 d curing FA2 

reached better flexural strengths at the 20 % and 40 % replacement rates than at the 10 % 

rate (see Figures 16, 17 and 18). Also mortars with 10 % and 20 % milled sand reached 

the better flexural strengths than the control sample after 90 d of curing. 

In comparison with the compressive strength measurements, a deviation is much higher 

in the flexural strength measurements. This is natural and there are no similar limits to 

evaluating the reliability of the flexural strength than the compressive strength in EN 196-

1.  

6.6 Heat of hydration 

The early stages of hydration were studied by using a semi adiabatic calorimeter four or 

five samples at time. The temperatures of each sample are represented as a function of 

time in Figures 19, 20 and 21. 

Figure 19 presents the effects of cement replacement by coarse sand. Coarse sand clearly 

reduces hydration heat with every replacement level. The increasing amount of coarse 

sand also increases time to reach a heat peak which could indicate to a slightly higher 

setting time. 

 

Figure 19. The hydration heat curves of the samples containing coarse sand. 

 



65 

Figure 20 presents the effects of cement replacement by milled sand. The samples 

containing milled sand, generally produced less heat than the control sample. An 

exception is the sample with 10 % of milled sand: its heat peak is as high as for control 

sample and heat production after 15 hours is also higher. With the higher replacement 

levels, the hydration heat is significantly lower. The heat peaks of the samples containing 

ground ash occur at the same time as with the control sample. 

 

Figure 20. The hydration heat curves of the samples containing milled sand. 

 

According to Figure 16 cement paste mixtures containing FA1 produced much more heat 

than the samples with the same replacement levels of ground or regular sand (see Figures 

19 and 20). During the first five hours, the temperature of the samples containing FA1 

was higher than the temperature of the control sample. This indicates high heat production 

during an initial stage of the hydration. The phenomenon seems to be stronger with the 

higher replacement levels. The higher levels of FA1 shift heat peaks to the right and 

prolong a dormancy period. 
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Figure 21. The hydration heat curves of samples containing FA1. 

 

Figure 22 presents the effect of cement replacement by FA2. When 10 % of cement is 

replaced by FA2, the hydration heat is significantly higher than the temperature of the 

control sample. When the replacement level is higher, the hydration heat decreases. With 

every sample containing FA2, the hydration heat during the first five hours is higher than 

the temperature of the samples with coarse or milled sand (see Figures 18 and 19). The 

hydration heat curves of the samples containing 20 % or 40 % FA2 are almost identical 

to the curves with the same replacement levels of milled sand, with an exception that the 

early hydration heat is lower in the case of the samples with milled ash. 

 

Figure 22. The hydration heat curves of the samples containing FA2. 
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Figure 23 presents integrated areas between each sample and sand control. The integrated 

area is used to evaluate the total amount of heat liberated from the samples within the first 

48 hours. A diagram clearly shows that all samples containing 10 % of ash or milled sand 

produced more heat than the control sample, especially the sample with 10 % of FA2. 

The samples containing FA1 produced almost an equal amount of heat than the control 

sample at the replacement levels of 20 % and 40 %. The other samples with the same 

replacement levels produced significantly less heat. Samples in which part of cement was 

replaced by coarse sand produced less heat than the control sample with every 

replacement level. Difference between samples containing 20 % and 40 % coarse sand is 

quite low.  

 

Figure 23. The integrated areas of the hydration heat samples. 

 

6.7 XRD analysis of cement paste samples 

Results of XRD analysis done for cement pastes with 40 % of cement replacement are 

presented at Figures 24 - 27. The main phases identified from a control sample were 

portlandite and hatrurite (see Figure 24). These phases seemed to be present also in all 

other cement samples (See Figures 24 – 27). Clear peaks of quartz and albite were 

identified from the sample that contained 40 % of milled sand, otherwise a phase 

composition was quite similar with the control sample (see Figure 24). 
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Figure 24. The XRD pattern of the cement paste control and cement paste containing 40 

% of milled sand. 

 

The samples in which 40 % of cement was replaced by fly ash were similar with each 

other (see Figure 25). Portlandite peaks were significantly weaker in these samples than 

in the control sample (see Figures 26 and 27). Both samples contained also quartz and 

some other phases that the control sample did not include (see Figures 25, 26 and 27). 

From a cement paste sample containing FA1 bredigite, calcite and spinel was identified 

(see Figure 26). Calcite was also identified from the cement paste containing FA2 and 

one clear peak was unidentified (see Figure 27). 
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Figure 25. The XRD pattern of the cement paste containing 40 % of FA1 and cement 

paste sample containing 40 of FA2. 

 

 

Figure 26. The XRD pattern of the cement paste control and cement paste containing 40 

% of FA1. 
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Figure 27. The XRD pattern of the cement paste control and cement paste containing 40 

% of FA2. 

 

The hardened cement paste samples probably also contain many other crystalline phases 

than mentioned in this study. The fact that cement hydration produces several different 

hydration products causes the overlapping of phases diffraction patterns, which make the 

reliable identification of the phases difficult. Ideally, the XRD analysis should be 

accompanied with other analysis methods, such as electron microscopy for polished 

samples and energy dispersive spectroscopy to verify the identified phases.      

6.8 FESEM analysis of cement paste samples 

Mortar pastes were investigated with FESEM after two days of curing. Preparation of the 

FESEM samples included freeze drying and crushing of hydrated cement paste.  FESEM 

analysis was done with magnifications from 10 000 X to 100 000 X.  

The majority of hydration products were rod shaped crystals and foil like substances, but 

also some plate shaped crystals were found. Generally, FESEM analysis did not reveal 

any radical differences between the different samples. However, the sample containing 

40 % of milled sand, seems to contain less hydration products than the other samples. 



71 

Also the amount of foil like substance seems to be the lowest in this sample. The amount 

of foil like substance is the highest for the sample containing 40 % of FA2. The cement 

paste samples with 10 000X magnification are presented at Figure 28 and with 50 000X 

magnification at Figure 29. 

 

Figure 28. Hydrated cement paste (50 000 X magnification). (a) control, 40 % of 

cement replaced by (b) milled sand, (c) FA1, (d) FA2. 
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Figure 29. Hydrated cement paste (50 000 X magnification). (a) control, 40 % of 

cement replaced by (b) milled sand, (c) FA1, (d) FA2. 

 

In this study, the FESEM analysis was done only for the cement replacement samples, 

with the 40 % replacement rate. It should be noted that the samples were analyzed after 

two days of curing so it is possible that the significant part of the hydration products of 

fly ashes haven’t formed in this stage. It is also possible that the hydration products 

formed during the earlier stages of the hydration have already reacted and formed other 

products. 
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7 DISCUSSION 

7.1 Chemical composition and morphology of cement replacement 

materials 

XRF analysis done for ashes again demonstrated that ashes from similar burning 

processes can possess very different chemical compositions. Reason for this is probably 

the differences in the composition of fuel used in boilers. The XRD analysis also shows 

significant differences in phase compositions between two fly ashes. The main 

differences in the chemical compositions between FA1 and FA2 are much higher 

potassium and sulfur content in FA1. Calcium and silicon content and loss on ignition 

value (at 525 C°) are slightly higher for FA1. The iron content of FA2 is significantly 

higher than in FA1 

Morphology of CRMs was studied using FESEM which showed that the morphology of 

fly ashes differs clearly from the morphology of milled sand. Irregularly shaped, spongy 

particles were dominant shape in studied fly ashes but spherical and angular particles 

were also found. After milling, the general particle shape of fly ash remained quite the 

same. Large spongy ash particles and angular particles are probably fractured into smaller 

pieces which explain their absence in milled samples. 

When, the surface of the CRMs was investigated with larger magnifications it was 

revealed that also the surface of the fly ash particles was different than the surface of the 

milled sand particles. In the fly ash particles, the surface was spongy and irregular while 

the surface of milled sand was smoother and flatter. 

The analysis done for the CRM indicated that there are significant differences between 

the materials. Fly ashes used in this study differ from milled sand by particle size, particle 

morphology and by chemical composition. After the milling, the particle sizes and the 

shape of particle size distributions of CRMs were almost identical. The chemical and 

phase composition is unique with each CRM so it is reasonable assume that differences 

in the performance of each CRM are related to the chemical composition or differences 

in morphology between fly ashes and milled sand. 
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7.2 Water demand of mortar mixtures 

Both ashes used in this study decreased the spread values of mortar mixtures. A decrease 

in the spread values was still quite low with replacement levels of 10% and 20 %. The 

adding of plasticizer agent returned the spread values to a normal level in samples in 

which 40 % of cement was replaced with ash. Experiments did not indicate any adverse 

effects related to the use of plasticizer agent. Although spread measurements done in this 

study are not used to determine a water requirement of cement, the fact that the spread 

values are decreased indicates that in these cases more water or plasticizer agent is 

required to maintain the workability of a mortar mixture. The samples containing milled 

sand slightly increased the spread values which indicate that the reason for the decreased 

spread values may lay in a chemical composition or higher surface area of ashes used in 

this study. Also Tikkanen reported that cement replacement by inert materials decreases 

the water demand (Tikkanen, 2013). The increased water demand related to an addition 

of BMFs is also reported in several studies  (Rajamma et al., 2015; Vornanen and Penttala, 

2008; Wang et al., 2008b). On the other hand in a study of Berra et al. two of three studied 

BMFs decreased the water demand and only one BMF increased the water demand. 

(Berra et al., 2015) 

7.3 Compressive and flexural strengths of mortar samples 

Strength measurements indicated that the compressive strength of a control sample was 

at the same level what the manufacturer of cement claims, so it works as a good reference 

point where new mixtures can be compared. In this study, the curing temperatures of 

mortar samples were slightly higher than in a cement testing procedure described in EN 

196-1 which can lead to a minor increase of the compressive strengths as suggested by 

(Mehta and Monteiro, 2005). This increase, however, can be considered as negligible. 

The flexural strengths of the mortar samples reached the maximum value at the 

measurements done after 28 d curing. After 90 d curing the flexural strengths were 

slightly lower. However the difference between these two measurements was so low that 

when the scattering of measurement data is taken into account it is impossible to say if 

strength has in reality decreased, increased or stayed on the same level after 28 d. 

Cement replacement by milled sand clearly lowers the compressive strengths of mortar 

samples. A decrease in compressive strengths seems to be in correlation with cement 
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replacement level, especially with longer curing times. Similar results were reported by 

(Sinsiri et al., 2012). In generally the flexural strengths are also decreased when milled 

sand is used to replace cement. The exception is 90 d curing time since 10 % and 20 % 

replacement rate produces slightly better or equal flexural strength than the control 

sample.  

Expansion of mortar mixtures containing FA1, clearly demonstrates that some fly ashes 

are maybe not suitable for alternative binder material to replace cement in common 

applications. The expansion leads to degeneration of structure which is probably the main 

reason for weak flexural and compressive strengths of this certain ash. The compressive 

strengths of samples containing FA1 are the lowest with every replacement level. When, 

the samples containing FA1 are compared with the control sample it can be seen that with 

smaller replacement levels the evolution of the compressive strength relative to the 

control sample’s strength does not continue in longer curing times as in the case of milled 

sand and FA2. When 40 % of cement is replaced by FA1 the evolution of the strength 

continues a similar way than the other samples with the high replacement level. FA1 also 

produces the weakest flexural strengths. According to the compressive strength 

measurements, FA2 performs very well as a cement replacement material. The 

compressive strengths are about the same level as the control samples with 10 % 

replacement rate. The compressive strengths are relatively high also with higher 

replacement levels and they exceed the strengths of those samples where an equal amount 

of ground sand was used. This clearly indicates that FA2 beneficially involves a hydration 

process and good compressive strength cannot be explained only by nucleation or filler 

effects. FA2 probably poses pozzolanic properties and produces more C-S-H and less CH 

than the control sample. FA2 also produces quite strong mortar even with replacement 

level of 40 % when a curing time is long enough.  

It is possible that the early strength of fly ash containing cements could be increased by 

grinding cement to s finer particle size as it is often done in the case of fast hardening 

cement products. Also Bentz et al. suggested that finer cement could be used together 

with fly ash to enhance the early age strength (Bentz et al., 2011).   
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7.4 Hydration heat of cement pastes 

The hydration heat curves of prepared cement pastes are interesting. When 10 % of 

cement is replaced by FA1 or FA2 an early age heat production increases significantly 

compared with a control sample. This indicates that the components of fly ashes stimulate 

a hydration process some way. Also a 10 % cement replacement by ground ash produces 

slightly more heat than the control sample, and much more than the sample which 10 % 

includes regular sand. This suggests that the part of a stimulation effect can be due to 

enhanced nucleation which partly compensates a reduced amount of cement in paste. The 

increased heat production during the early stage of the hydration does not lead to a high 

early compressive strength. The samples containing 20 % or 40 % of FA1 clearly produce 

more heat than the other samples with the same replacement levels. Still, the compressive 

strengths of mortars containing FA1 are weaker than the others.  

The replacement of cement by fly ashes or by milled sand had a clear effect on the amount 

of heat released during the early stages of hydration. Mixtures containing 10 % of  FA1 

or FA2 produce significantly more heat than the control sample. Also 10 % replacement 

with milled sand produces a slightly more heat than the control sample. The 20 % 

replacement with FA1 delays a setting time of the cement paste, but it still produces 

approximately the same amount of heat than the control sample. The mixtures containing 

milled sand and FA2 produced almost identical heat curves with the 20 % and 40 % 

replacement levels. The only difference is a small heat peak which occurs at the age of 1 

h. The 40 % replacement with FA1 produces more heat than the other samples with the 

same replacement levels, but less than the control sample in a previous set. The 40 % 

replacement level delays the setting times more than the other samples. A small heat peak 

can be observed at the curves of samples FA1 40 %, FA2 20 % and FA2 40 %. This 

indicates to a high heat production at the first minutes after mixing. The samples in which 

part of cement was replaced by coarse sand were made to demonstrate the effect of the 

reduced amount of reactive material in the hydration heat samples. The hydration heat 

curves of the samples, containing coarse sand, clearly show how a lower cement content 

decreases the heat released from the hydration. It seems that the cement replacement by 

coarse sand slightly delays the occurrence of the heat peak.  

Decreased heat production, observed with the cement mixtures containing 20 % or 40 % 

BMFs, can be seen as a positive effect, especially at massive concrete structures where 
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the heat released from the hydration causes a risk of cracking. This is due to the heat 

expansion of the concrete and high temperature gradients in massive structures. On the 

other hand, the lowered heat production can increase the need for extra insulation or 

warming at winter time when the fresh concrete must be kept warm to ensure early 

strength development.  

7.5 XRD analysis of cement paste samples 

XRD analyses were done for cement paste samples which contained 40 % cement 

replacement materials, the samples were cured two days. The analysis done for a control 

sample shows that crystalline phases from a hydration are the same which are usually 

associated to the hydration of PC such as Portlandite and hatrurite. These phases were 

detected also from all other cement pastes. 

When 40 % of cement was replaced by milled sand, strong quart and albite peaks were 

identified from XRD patterns. The quartz peaks indicated that at least a part of milled 

sand did not react within the first two days. The albite peaks could indicate that milled 

sand contained albite mineral as impurity. Other explanation is that albite is formed 

during the hydration of cement as mentioned in a study of (An et al., 2004).  Portlandite 

peaks in this sample are little weaker than in the control sample probably because the 

amount of reactive material is lower. Otherwise the XRD pattern was very similar with 

the control sample. 

The XRD analyses done for the cement pastes with 40 % of fly ash, showed that the 

hydration of these mixtures were somewhat different than the hydration of the control 

sample. In both fly ash cement mixtures, the Portlandite peaks were significantly weaker 

than in the control sample. Both fly ash cement mixtures also contained quartz which 

originates probably from bed sand. Also calcite was observed from mixtures in which fly 

ash was used. In addition to these, the peaks matching bredigite and spinel were detected 

from the XRD pattern of FA1. It is likely that during the hydration many unidentified 

phases were also formed. The XRD pattern of FA2 contained one clear peak (at 

approximately 28°) where a good match could not be found from databases.   
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7.6 Expansion mechanism of mortar containing FA1 

Harmful substances can cause the excessive and deleterious expansion of mortar as seen 

in this study. In order to utilize BMFs in concrete, identification of these expansion 

causing components is vital. There are several mechanisms that are usually associated to 

the expansion of concrete (Odler, 2003): 

 Ettringite expansion  

 Free CaO expansion  

 MgO expansion 

 Alkali aggregate reactions 

o Alkali silica reaction/alkali silicate reaction 

o Alkali carbonate reaction 

Some of these mechanisms are utilized purposely in expansive cements but often they are 

rather an unwanted phenomenon causing the uncontrolled expansion which lead to the 

detoration or cracking of the concrete (Odler, 2003). According to Odler expansive agent 

containing free lime, anhydrite and hauyne was developed by Ishida et al. (1997) This 

particular agent is reported being effective especially with slag cements. (Odler, 2003) 

The formation of ettringite is often utilized at expansive cements. In US, expansive 

cement blends that are based on PC and calcium sulfate are divided into categories K, M 

and S, depending on the source of additional Al2O3 that is required to the formation of 

ettringite (Taylor, 1997). It should be noted that according to Odler the formation of 

ettringite does not necessarily cause the expansion of the cement paste. For the expansion, 

ettringite must be formed in the cement paste when the paste has already started to harden. 

Thus the ettringite formation in the fresh paste does not cause the expansion or damages. 

The second requirement for the expansion is that ettringite is formed on the surface of an 

anhydrous aluminum phase. This is more likely in high Ca(OH)2 concentrations which 

mitigate the travelling of aluminate ions away from an aluminum source. If the Ca(OH)2 

concentration is low, it is more likely that ettringite precipitates to intergrain space where 

it can actually contribute to a strength development. (Odler, 2003) If cement contains high 

amounts of gypsum, the deleterious swelling due to ettringite formation can increase 

because the ettringite formation occurs later. An increased amount of C3A increases 

swelling and setting time with an increasing SO3 content. (Kurdowski, 2014) 
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The hydration of CaO to Ca(OH)2 can cause the expansion of  the cement paste due to 

the formation of Ca(OH)2 which volume is significantly higher than the volume of initial 

CaO. In cement CaO (called also free lime) can be either at soft burnt or hard burnt form. 

The difference between these two is that soft burnt CaO is formed at the low temperature 

(below 1200 °C) calcination and hard burnt CaO is formed at the high temperature (1300 

°C -1400 °C) calcination. Apparently only hard burnt CaO causes the swelling of the 

cement paste. (Odler, 2003) In Finnish cements, a portion of free lime in cement is 0.5 – 

2 % which do not cause the swelling of the concrete (“Suomalainen sementti,” 2015). 

MgO can react a similar way than CaO but it forms Mg(OH)2. According to a Finish 

cement producer MgO content below 5 % do not cause the expansion of the concrete 

(“Suomalainen sementti,” 2015) Calcium chloride is reported causing the significant 

expansion of the concrete (increase of 0 % – 15%) and an increase in the heat of hydration 

during the first 24 h (Mehta and Monteiro, 2005).   

The alkali aggregate reactions (AAR) can be divided into alkali silica reaction (ASR) and 

alkali carbonate reaction (ACR). Usually, the AARs are the consequence of reactions 

between aggregates containing reactive silica (Reactive silica can be also originated from 

SCMs), alkalis present in the pore solution of the concrete and water. This reaction 

produces high volume gel like products on the surfaces of the aggregates. This causes the 

concrete to expand and leads to the cracking and popouts of the aggregate particles. The 

ASR can be eliminated by using the unreactive aggregates, by lowering the alkali content 

of cement or preventing concrete exposure to moist conditions. The ACR is caused by 

argillaceous dolomitic limestone which is sometimes used as an aggregate in concrete. In 

this reaction swelling of illitic material and de-dolomitzation of dolomitic material which 

is caused by alkali hydroxides occurs. (Odler, 2003).  

The ultimate reason for the expansion of FA1 still remains unknown. At the case of FA1, 

the magnitude of the expansion is high and it occurs at very early age. The height of the 

standard mortar prism can increase even 7 % and it was observed that the expansion 

happens within 2-10 hours from the beginning of the hydration. FA1 was also tested with 

pure PC to see if the expansion is related to BFS or limestone present in Plus cement. 

Mortar prepared from pure PC and FA1 expanded similar way than the mixtures of Plus 

cement and FA1. This suggests that the expansion is caused by FA1 itself and not by the 

combination of ash and BFS.  
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Ettringite was not detected at XRD analysis so it is unlikely that it would be the cause of 

the expansion of FA1. The Mg content of FA1 is about the same than in Plus cement so 

the expansion caused by the hydration of MgO can be also ruled out. FA1 contains 

significant amounts of alkalis so reactions similar to AARs could take place in mortar, 

but usually the expansion caused by AARs is much lower and occurs after longer periods 

of time. The content of free CaO, SO3 and Cl is higher in FA1 than allowed in fly ash 

standard EN 450-1. It is likely that some of these components, their combination or some 

yet unknown phenomenon causes the expansion of FA1.  

7.7 Suitability of studied fly ashes to cement replacement material 

Fly ash standard EN 450-1 defines requirements for fly ashes that can be used as cement 

replacement materials in concrete. The most of these requirements are important because 

they ensure that fly ashes used in cement do not possess any properties detrimental to 

fresh or hardened concrete. Chemical properties have effects on the dimensional stability, 

setting times, strength and long term durability of the concrete. The physical properties 

are related to the dimensional stability, strength of the hardened concrete and proper 

rheology of fresh concrete. In this study fly ashes conformity to the requirements of the 

standard EN 450-1 instead of cement standard EN 197-1 was chosen. One reason for this 

was that the portion of reactive CaO and reactive SiO2, in which the requirements of EN 

197-1 are mainly based on, was not analyzed. The second reason was that the possible 

utilization of fly ash is more likely to happen by concrete producers than cement 

producers for instance in Finland there is only one cement producer but several concrete 

producers. 

It is clear that fly ashes used in this study do not meet all of the requirements of the EN 

450-1 standard, since these fly ashes are not from pulverized coal combustion. The more 

important is how they meet the chemical and physical requirements which have effects 

on the actual performance of fly ashes in concrete. Conformity of studied fly ashes to 

requirements set for fly ashes at EN 450-1 is presented at Table 8.  
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Table 8. Conformity of studied fly ashes to requirements set for fly ashes at EN 450-1 

 

In this study only the loss on ignition and amount of free calcium oxide was tested 

according to EN 450-1. The evaluation of fulfillment of the chemical requirements is 

based on the XRF analysis done for fly ashes. The amount of reactive calcium oxide, 

reactive silicon dioxide and soluble phosphate was not analyzed at all. The evaluation 

considering an activity index is based on compressive strength measurements done for 

mortar samples. The evaluation of initial setting time is based on the hydration heat curves 

of cement pastes. Some of the physical requirements (soundness, particle density and 

water requirement) was not evaluated at all. 

According to XRF results FA1 does not meet the requirements set in EN 450-1 for 

chloride, sulfuric anhydride, free calcium oxide and the total content of alkalis. Also the 

sum of silicon dioxide, aluminum oxide and iron oxide is too low. It is clear that the 

activity index at 25 % ash portion would be too low after 28 d and 90 d curing since a 

compressive strength even with 10 % replacement rate is too low when compared with 

the control sample. From hydration heat figures it can be seen that a hydration heat peak 

occurs little later when a part of cement is replaced by FA1, which indicates to a delayed 

Chemical and physical requirements

FA1 FA2

Loss on ignition Category B Category A

Choloride no yes

Sulfuric anhydride no yes

Free calsium oxide no yes

Reactive calcium oxide a a

Reactive silicon dioxide a a

Sum of silicon dioxide, aluminium oxide and iron oxide no no

Magnesium oxide yes yes

Soluble phosphate a a

Total content of alkalis (Na2O equvalent) no no

Finenes (portion of ash retained a a

 when wet sieved on a 0.045 mm mesh sieve)

Activity index (28d) c b

Activity index (90d) c b

Soundness c a

Particle density (deviation from value declared by producer) a a

Initial setting time b b

Water requirement (only for category S fly ash) a a

a) not evaluated

b) not evaluated, probably yes

c) not evaluated, prabably no

satisfy requirement
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setting of cement paste. With 20 % replacement rate the heat peak occurs only three hours 

later than in the control sample so it is likely that the initial setting time is less than twice 

as long as the initial setting time of the control sample. FA1 contains high levels of 

sulfates and alkalis. The XRD analysis reveals, that at least the part of sulfates exist in the 

form of anhydrite which probably causes delayed setting. The delayed setting can be 

problematic in many applications since it usually delays following work phases. In 

building applications, a porous structure would expose the concrete to aggressive 

chemicals from environment and to possible freeze-thaw damages. 

Fly ash 2 fulfills the evaluated chemical requirements of EN 450-1, except the sum of 

silicon dioxide, aluminum oxide and iron oxide, which is slightly less than required. Also 

the total content of alkalis is too high, but not as much as in the case of FA1. FA2 would 

fulfill the activity index requirements since the relative strength of the mortar sample 

exceeds the limit set by the standard even with 40 % replacement rate. The hydration heat 

curves of the cement samples containing FA2 shows that the heat peak occurs 

approximately at the same time as in the case of the control sample regardless of the 

cement replacement rate. 



83 

8 CONCLUSIONS 

This study is an excellent example of how biomass fly ashes from similar processes can 

possess completely different properties when used as cement replacing material. Thus, 

making hasty generalizations concerning the potential usage of biomass fly ashes as 

cement replacing materials should be avoided.  

All studied replacement materials increased a hydration heat when replacement level of 

10 % was used. This could indicate that finely ground materials promote the hydration of 

cement. However high hydration heat did not correlate with high compressive strength.  

When cement was replaced by milled sand, decrease in the compressive strength of 

mortar samples was approximately proportional to a cement replacement rate. Cement 

replacement by milled sand did not significantly affected on the spread values of fresh 

mortar paste.  

The cement replacement by high sulphur fly ash FA1 caused the excessive expansion of 

the mortar samples, which resulted in structure with visible voids and cracks. The strength 

properties of FA1 were poor due to the deterioration of macro structure. A cause for the 

expansion remained unknown but FA1 contains free CaO, sulfates, alkalis and Cl more 

than the fly ash standard EN 450-1 allows. FA1 significantly increased the heat of 

hydration during the first 48 h with all replacement rates. FA1 decreased the spread value 

of fresh mortar mass but plasticizer agent was needed to maintain proper flowability only 

at 40 % replacement level. 

The cement replacement by FA2 produced mortar with almost equal compressive strength 

to the control sample at the 10 % replacement rate. The compressive strengths were 

significantly higher than with milled sand when higher replacement levels were used. 

This demonstrates that this particular biomass fly ash contributes beneficially to the 

hydration. FA2 affected the spread values of mortar similar way than FA1. 

According to literature, ash produced in FBBs can be considered possessing more 

crystalline phases than ash produced in the boilers where pulverized fuels are burned. In 

spite of this fact, results of this study clearly shows that BMFs from FBB boiler can still 

be reactive and take part in the hydration. FESEM analysis showed that particles of BMFs 
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used in this study are irregularly shaped which indicates to high surface areas. This could 

at least partly explain the relatively high reactivity of these ashes. 

More research needs to be done in order to utilize biomass fly ash in concrete.  Long term 

durability issues for instance was not investigated in this study. Also the issues related to 

an increased water demand and possible expansion caused by BMFs needs to be solved 

before concrete or cement standards can be expanded to allow the use of BMFs together 

with the concrete. 
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Appendix 1. Full XRD analysis of FA1. 

 

 
 

 

  



 

Appendix 2. Full XRD analysis of FA2. 

 

 
 

 

  



 

Appendix 3. Full XRD analysis of reference cement paste. 

 

 
 

 

  



 

Appendix 4. Full XRD analysis of cement paste in which 40 % of cement is replaced by 

milled sand. 

 

 
 

 

  



 

Appendix 5. Full XRD analysis of cement paste in which 40 % of cement is replaced by 

FA1. 

 

 
 

 

  



 

Appendix 6. Full XRD analysis of cement paste in which 40 % of cement is replaced by 

FA2. 

 

 
 

 

 


