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Abstract 15 

Fly ash from fluidized bed combustion differs greatly from that of pulverized coal firing. The 16 

most noticeable differences are in morphology, reactivity, and chemical composition. The 17 

utilization of biomass fly ash from fluidized bed combustion as a cement replacement material 18 

could be a promising method for both minimizing the amount of landfilled fly ash and reducing 19 

CO2 emissions in the concrete and cement industry. In this study, fly ash from fluidized bed 20 

combustion of peat and forest industry residue was used as a supplementary cementitious 21 
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material for CEM II composite cement which contains OPC, blast furnace slag, and limestone. 22 

Even with a 40% cement replacement ratio the compressive strengths of the mortar samples 23 

were still as high as 88% of the control sample’s strength. Comparison with un-reactive 24 

replacement material revealed that moderate hydraulic properties of the studied fly ash 25 

explained the positive effects on strength rather than filler or nucleation effects. 26 

 27 

Keywords: blast furnace slag, biomass ash, cement, hydration, mortar, reactivity 28 

 29 

1. Introduction 30 

Fluidized bed combustion is an efficient and growing method to produce energy from various 31 

fuel types such as coal, peat, wood, municipal waste, agricultural residues, etc. However, 32 

fluidized bed combustion produces significant amounts of fly ash, which can be hard to utilize. 33 

Annually 500 000 tons of fly ash originating from fluidized bed combustions of peat and wood 34 

is produced in Finland (Korpijärvi et al. 2009). More than 1.5 Mt/y similar ashes are produced 35 

in Europe (van Eijk et al. 2012) and, due to increasing demand for clean and renewable energy, 36 

the amount of fly ash is expected to increase in many regions. Utilization of fluidized bed 37 

combustion fly ash in concrete production as a cement replacement material could be a 38 

promising method to both minimize the amount of landfilled fly ash and to reduce CO2 39 

emissions created by the concrete and cement industry. 40 

Fly ashes from fluidized bed combustion differ greatly from pulverized coal firing fly ash which 41 

has already been well studied (Abdul Awal 2013; Haha et al. 2010; Lawrence et al. 2005) and 42 

widely adopted by the concrete industry. The primary reasons for this are the differences in 43 

combustion conditions, fuel characteristics, and additive materials. The typical characteristics 44 
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of fluidized bed combustion fly ash are irregular, flaky particle size and a high portion of 45 

crystalline phases (Chindaprasirt et al. 2011; Li et al. 2012; Ohenoja et al. 2016b; Sinsiri et al. 46 

2010; Zhao et al. 2015) which in generally are less reactive than amorphous phases. Pulverized 47 

coal firing produces spherically shaped fly ash (Li et al. 2012; Zhao et al. 2015), which has a 48 

high content of amorphous material (Chindaprasirt et al. 2011). Differences in physical ash 49 

characteristics are caused by different burning temperatures. In fluidized bed combustion, the 50 

temperature is kept low to reduce emissions and eliminate the sintering of ash particles (Loo et 51 

al. 2008). High temperatures in pulverized coal firing melt and sinter the ash particles and result 52 

in glassy spherical particles with more reactive phases (Chindaprasirt et al. 2011). Low 53 

temperatures lead to irregular particle shape (Zhao et al. 2015) with crystalline phases 54 

(Chindaprasirt et al. 2011).  55 

In general, the chemical composition between the fly ashes from fluidized bed combustion 56 

varies more than fly ash from pulverized coal firing. Fluidized bed combustion is a suitable 57 

method for various fuels (e.g., coal, peat, wood, forest residues, agricultural residues, and 58 

municipal waste) and their combinations. Fuel mixtures and the quality of some fuels can vary 59 

significantly, even within a short period of time, which can cause fluctuations to ash quality. In 60 

addition to the fuel also possible fuel impurities, bed material and burning additives are present 61 

in the burning chamber. These materials can react in a boiler and alter the chemical composition 62 

of fly ash (Loo et al. 2008). One of the main advantages of fluidized bed combustion is that 63 

lime or dolomite can be injected into the boiler for the efficient reduction of SOx emissions, 64 

especially when coal is burned. Lime reacts with sulfur compounds, and sulfates are formed 65 

(Chindaprasirt et al. 2011; Zhao et al. 2015). The injection of lime or dolomite often explains 66 

the high CaO content of fly ash from the fluidized bed combustion of coal (Chindaprasirt et al. 67 

2011; Zhao et al. 2015). Calcium containing compounds are not usually added to the 68 

combustion of biomass, but the calcium content of biomass fly ash can still be high because 69 
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some biomass fuels are so rich in calcium that it forms a significant portion of the fly ash. In 70 

some cases, calcium-containing sludge from the paper industry is injected into the boiler, which 71 

can increase the calcium content of the fly ash. 72 

Utilization of fly ashes originating from fluidized bed combustion in cement applications has 73 

been investigated in several studies (Li et al. 2012; Nocuń-Wczelik et al. 2014; Pavoine et al. 74 

2014; Rajamma et al. 2009, 2015; Roszczynialski and Nocuń-Wczelik 2004; Sinsiri et al. 2010; 75 

Wu et al. 2014; Zhao et al. 2015). Most of these studies are focused on fly ash from coal 76 

combustion and only few (Rajamma et al. 2009, 2015) on biomass fly ash. Similarly utilization 77 

of biomass fly ash has been studied (Berra et al. 2015; Cuenca et al. 2013; Kaminskas and 78 

Cesnauskas 2014; Kaminskas et al. 2015; Rajamma et al. 2015; Teixeira et al. 2016; Wang et 79 

al. 2008) but only on few cases (Rajamma et al. 2009, 2015) fluidized bed combustion is 80 

mentioned as a burning method. Additionally, in those studies where fly ash from fluidized bed 81 

combustion was used as a cement replacement material, clinker or Ordinary Portland Cement 82 

(CEM I or Type I) was used. However, some studies (Dung et al. 2014, 2015a; b; Salain et al. 83 

2001; Wu et al. 2015) have suggested that fly ash from fluidized bed combustion could promote 84 

the hydration of blast furnace slag. Certain commercial cement types contain significant 85 

amounts of blast furnace slag; therefore, fly ash from fluidized bed combustion could more 86 

positively affect these cements. It should be noted that, due to variations in physical and 87 

chemical characteristics,  the suitability of the ashes to work as a cement replacement material 88 

can vary significantly, and making conclusions based only on few studies should be avoided. 89 

In this study, fly ash from fluidized bed combustion of peat and forest industry residues was 90 

used as a supplementary cementitious material for CEM II type cement which, in addition to 91 

clinker, contains blast furnace slag and limestone. Fly ash was milled to a fine particle size to 92 

enhance reactivity and ensure similar packaging with cement. As a reference, cement was 93 

replaced by un-reactive sand which was milled to the same particle size as cement. This method 94 
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has proven effective in identifying the different working mechanisms related to partial cement 95 

replacement (Lawrence et al. 2005; Sata et al. 2012). Investigations included the 96 

characterization of fly ash and milled sand, the analysis of the hydration heat by semi-adiabatic 97 

calorimetry, and evaluation of the properties of both fresh and hardened mortars. 98 

2. Materials  99 

The biomass fly ash used in this study originated from a 246 MW bubbling fluidized bed 100 

combustion boiler. During the gathering of ash samples, fuel composition was 80% peat and 101 

20% forest industry residue. The temperature inside the boiler was approximately 890 °C which 102 

is typical for fluidized bed combustion. The fly ash used in this study was milled with a 103 

tumbling ball mill from original median particles size of 52.8 µm to approximately the same 104 

particle size as cement resulting in milled fly ash (MFA). 105 

In this study, two different sands were used. Sand used as a cement replacement material was 106 

sieved natural sand (Puhallushiekka, Fescon) having an original particle size of 0.5–1.6 mm. 107 

This sand was composed of quartz, albite, and microcline. Before it was used as a cement 108 

replacement material, it was milled to the same particle size as cement with a tumbling ball mill 109 

resulting in milled sand (MS). Un-milled sand (UMS) was also used as a reference in the 110 

hydration heat studies.  111 

The sand used as an aggregate material in the mortar was CEN-Standard sand (CEN-Standard, 112 

Normensand GmbH) which is described in cement testing standard EN 196-1 (SFS (Finnish 113 

Standards Association) 2016). The cement used in this study was type CEM II/B-M (S-LL) 114 

42.5 N (Plussementti, Finnsementti). According to the manufacturer, in addition to clinker this 115 

cement contains 6–15% limestone and 15–25% blast furnace slag. A polycarboxylate-based 116 

superplasticizer agent (Sem®Flow ELE 20, Semtu) was used to adjust the consistency of mortar 117 

mixtures when 40% of the cement was replaced by biomass fly ash. 118 
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3. Methods 119 

3.1. Chemical composition 120 

An x-ray fluorescence method (XRF) was used to analyze the chemical compositions of fly ash, 121 

sand, and cement. The analysis was from melt-fused tablets using a wavelength dispersive XRF 122 

spectrometer (AxiosmAX, PANanalyctical). Loss on ignition of cement, MS, and fly ash at 950 123 

°C were determined by heating the sample in the oven. Samples were kept in the oven overnight, 124 

and mass loss was calculated. Determination of the free CaO was done for fly ash using a 125 

method described in the fly ash testing standard EN 450-1 (SFS (Finnish Standards Association) 126 

2013). Using this method, an ash sample was boiled for 3 h in a mixture of butanoic acid, 3-127 

oxo-ethyl ester and butan-2-ol. Afterward, this mixture was filtered and titrated to determine 128 

the amount of free CaO. The selective dissolution method (Dyson et al. 2007; Haha et al. 2010; 129 

Luke and Glasser 1987) was used to evaluate the amount of reactive CaO, SiO2, Al2O3, and 130 

Fe2O3. In this method, the ash sample was mixed in a solution consisting of 131 

ethylenediaminetetraacetic acid and triethanolamine solutions. The pH of the solution was 132 

adjusted to 11.6 ± 0.1, with the addition of 1 M NaOH. Concentrations of soluble CaO, SiO2, 133 

Al2O3, and Fe2O3 were determined using the inductively coupled plasma technique. 134 

3.2. Particle morphology 135 

A field-emission scanning electron microscope (FESEM) (ULTRA PLUS, Zeiss) was used to 136 

analyze the particle morphology of both sand and fly ash. The samples were prepared by 137 

attaching the sample to a carbon sticker and sputter-coating it with platinum. The imaging of 138 

the samples was done using 5 kV voltage. 139 

3.3. Particle size distribution 140 
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The analysis of particle size distribution of MFA, MS, and cement was done using a Beckman 141 

Coulter LS 13 320 laser diffraction particle size analyzer. Measurements were done using a dry 142 

powder system, and data was analyzed using the Fraunhofer optical model.  143 

3.4. Preparation of mortar samples 144 

The designs of the mortar mixtures are presented in Table 1. The control sample was prepared 145 

using cement, tap water, and CEN Standard sand. Milled sand was used to replace 10, 20, and 146 

40% of the cement in the samples which are later referred to as MS 10%, MS 20%, and MS 147 

40%, respectively. Similarly the samples in which cement were replaced with milled biomass 148 

fly ash are later referred to as MFA 10%, MFA 20%, and MFA 40%. Preparation of mortar 149 

samples was done according to cement standard EN 196-1 (SFS (Finnish Standards 150 

Association) 2016) with slight modifications. Modifications included the flow table test done 151 

before molding the samples and curing at a slightly higher temperature of 22.5 °C. Additionally, 152 

adjustments were made to mortar consistency using super plasticizer in the samples where 40% 153 

of the cement was replaced by MFA.  154 

3.5. Heat of hydration 155 

A semi-adiabatic calorimeter (F-Cal 8000, Calmetrix) was used to evaluate the heat of hydration 156 

of mixtures containing cement, water, and replacement materials. Samples were prepared using 157 

the same procedure as with the mortar samples with the exception that CEN Standard sand and 158 

plasticizer agent were not used. An equivalent amount of sand was used as a reference material 159 

in one sample container. The temperature of this reference was subtracted from the temperatures 160 

of other samples to determine the temperature change due to exothermic reactions and to 161 

eliminate possible external error sources.  162 

3.6. X-ray diffraction analysis  163 



8 
 

A diffractometer (SmartLab, Rigaku) was used to identify crystalline phases of replacement 164 

materials and hardened cement pastes. The step interval, integration time, and angle interval 165 

used were 0.02 °, 0.24 s, and 10–90 °, respectively. Preparation of the hardened pastes included 166 

crushing, vacuum freeze drying, and grinding.  167 

3.7. Consistency of fresh mortar 168 

Consistencies of fresh mortar mixtures were evaluated using a flow table test described in 169 

mortar testing standard EN 1015-3 (SFS (Finnish Standards Association) 1999). The 170 

consistency was evaluated to ensure the proper rheology of the mortar mixtures and to estimate 171 

the water demands of both MFA and MS. 172 

3.8. Strength measurements 173 

Flexural strength was measured from 40*40*160 mm mortar prisms. Broken halves from the 174 

determination of flexural strength were used for compressive strength measurements. Both 175 

measurements were done according to cement testing standard EN 196-1 (SFS (Finnish 176 

Standards Association) 2016). Strength measurements were made after 2, 7, 28, and 90 d. 177 

4. Results and discussion 178 

4.1. Characterization of cement replacement materials 179 

The chemical properties of the cement, MS, and fly ash are presented in Table 2. The fly ash 180 

was mainly composed of Si, Ca, Fe, and Al; however, it also contained alkalis, phosphates, 181 

sulfides, magnesia, and small quantities of Titanium and chloride. The selectively soluble 182 

portion of CaO was high, unlike with SiO2, Al2O3, and Fe2O3. The fly ash contained some free 183 

CaO. The MS was mainly composed of silica and aluminum; however, it also contained some 184 

calcium, iron, sodium, and potassium. The low LOI value of the fly ash indicated that the 185 

amount of unburned carbon and carbonates were quite low. The higher LOI value of cement 186 
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likely resulted from the decomposition of carbonates present in the cement due to limestone 187 

which was one component of the cement used in this study. 188 

The particle size distributions of cement, MS, and MFA are presented in Fig. 1 which shows 189 

that, after milling, the particle size distributions of cement, MS, and MFA were relatively wide 190 

and quite close to each other. After milling, MS and MFA still had a slightly higher fraction of 191 

particles exceeding 40 µm compared with cement; otherwise, the differences between materials 192 

were low. Thus, variations in particle size distributions of different materials should have a 193 

minimal effect on the packing of cement.  194 

FESEM pictures of MFA and MS, which are presented in Fig. 2, revealed that the fly ash had 195 

an irregular morphology (Fig. 2b). In addition to irregularly shaped ash particles, few spherical 196 

particles were observed in the milled ash samples; however, their portion of all ash particles 197 

was low. The spherical shape of these particles originates from melting and sintering, which 198 

could suggest that these particles contain amorphous phases. MS possessed a more angular and 199 

solid particle shape than MFA (Fig. 2a). The BET surface areas of cement, MS, and MFA were 200 

1.8, 2.2, and 2.7 m2/g, respectively.  201 

The XRD patterns of MS and MFA are presented in Fig. 3. XRD analysis of the MS revealed 202 

that the sand contained mainly quartz, albite, and microcline, which are all typical phases of 203 

Finnish sand. Fig. 3 shows that crystalline phases dominated the phase composition of MFA. 204 

Quartz, lime, anhydrite, albite, and hematite were identified from the XRD graph. The anhydrite 205 

content was estimated to be relatively low because the SO3 content of the MFA was only 2.1%. 206 

4.2. Heat of hydration 207 

The results of the semi-adiabatic calorimetry are presented at Fig. 4. Figs. 4a and 4b present the 208 

heat of hydration for pastes when cement was replaced by MS and MFA, respectively. UMS 209 

was used as a reference, and the results are presented in Fig. 4c. When cement was replaced by 210 



10 
 

UMS the hydration heat dropped as the portion of sand increased. The occurrence of a heat 211 

peak was also slightly delayed (Fig. 4c). Regarding MFA, the hydration heat increased when 212 

10% of the cement was replaced with MFA (Fig. 4b). A 10% cement replacement by MS 213 

produced a similar result when compared with the control sample (Fig. 4c). When a higher 214 

amount of cement was replaced by MS or MFA, the hydration heat decreased. Similar results 215 

are reported in literature: Fly ashes from pulverized coal firing (Abdul Awal 2013; Han et al. 216 

2014) and from fluidized bed combustion (Nocuń-Wczelik et al. 2014; Rajamma et al. 2015) 217 

are known to decrease the hydration heat of cement. 218 

 At a replacement rate of 20%, the heat peaks of both MS and MFA were slightly higher than 219 

the heat peak of UMS sand; however, when 40% of the cement was replaced, the heat peaks of 220 

both MS and MFA were slightly lower than in UMS. This inconsistent result can be related to 221 

uncertainty of semi-adiabatic measurements. MFA raised the heat of hydration notably during 222 

the first 3 h (Fig. 4b) unlike UMS or MS. The effect was more pronounced as the replacement 223 

level increased. The early heat peak, which appeared in samples containing MFA (Fig. 4b), can 224 

be associated with the formation of ettringite (Han et al. 2014; Taylor 1997) and syngenite (Han 225 

et al. 2014). The ettringite has been found to be one of the main hydration products in self-226 

hardening of these type of ashes (Illikainen et al. 2014). With MFA, the first peak clearly 227 

increased with the increasing replacement level. In addition to reactive Ca, the MFA contained 228 

reactive Al and Fe which are precursors of ettringite. Similar increase in early heat of hydration 229 

was also observed in a study by Nocuń-Wczelik et al. (Nocuń-Wczelik et al. 2014). Researchers 230 

concluded that high heat was caused by active CaO and anhydrite which were present in the 231 

ashes (Nocuń-Wczelik et al. 2014). 232 

The second heat peak can be associated with the formation of calcium silicate hydrate (CSH) 233 

and portlandite (CH) (Taylor 1997). At a 10% replacement rate heat peak, of MS was similar 234 

to the control sample; however, in the MFA, the heat peak was significantly higher. Similar 235 
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increase in the main peak was also reported in the study of Ataie and Riding (Ataie and Riding 236 

2016), in which 10% of the cement was replaced by high Si fly ash which had originated from 237 

the burning of wheat and rice straws. In samples MS 20% and MFA 20%, heat peaks were 238 

lower than in the control sample but still higher than in the sample that contained 20% UMS. 239 

This could suggest that both replacement materials promote the hydration of tricalcium silicate 240 

when 10 or 20% of the cement is replaced. A study conducted by Roszczynialski and Nocuń-241 

Wczelik (Roszczynialski and Nocuń-Wczelik 2004) could provide an alternative explanation. 242 

In their study, it was observed that low SO3 content in relation to calcium aluminate content 243 

can cause a significant heat peak which appears after approximately 13 h of curing and is caused 244 

by the formation of calcium aluminate hydrates (Roszczynialski and Nocuń-Wczelik 2004). 245 

Kaminskas and Cesnauskas (Kaminskas and Cesnauskas 2014) reported that cement 246 

replacement by milled biomass fly ash accelerated the hydration of calcium silicates, although 247 

the heat of hydration decreased when cement was replaced by milled biomass fly ash. 248 

4.3. Consistency of fresh mortar 249 

Spread values from the flow table test are presented in Fig. 5. Cement replacement by MFA 250 

clearly decreased the spread values of the fresh mortar mixtures. However, the difference 251 

between the control samples was relatively low at replacement levels of 10 and 20%; hence, 252 

super plasticizer was not added to these mixtures. At a 40% replacement level, the flow of fresh 253 

mortar was so low that super plasticizer was added to the mixture. After the addition of super 254 

plasticizer, the mortar’s consistency returned to the level of the control sample. The dosage of 255 

super plasticizer was 0.2% of the binder’s mass which was considered low; the manufacturer 256 

of the super plasticizer recommends a dosage of 0.4–2.0%.  257 

Increased water demand related to the utilization of biomass fly ash (Berra et al. 2015; Cuenca 258 

et al. 2013; Kaminskas et al. 2015; Rajamma et al. 2009, 2015; Wang et al. 2008) and fluidized 259 



12 
 

bed combustion fly ash (Li et al. 2012; Rajamma et al. 2015) has been reported in several 260 

studies. Gallias et al. (Gallias et al. 2000) reported that increasing the specific surface area of 261 

mineral particles correlates with increased water demand in the case of rounded and angular 262 

particles. With irregularly shaped particles, a similar correlation was not observed. Water 263 

demand of irregularly shaped particles was reported as being two to four times higher than that 264 

of rounded or sub-angular mineral particles (Gallias et al. 2000). While the high contents of 265 

CaSO4, CaO (Chi and Huang 2014; Li et al. 2012) and unburned organic matter (Chi and Huang 266 

2014; Rajamma et al. 2015) in fluidized bed combustion fly ash have also been reported to 267 

cause higher water demand, those were not observed in the fly ash used in this study. Possible 268 

reasons for the increased water demand of MFA in this study were likely the combined effects 269 

of high specific surface area and irregular particle morphology. However, a small addition of 270 

super plasticizer agent returned the spread value of MFA 40% to the control sample’s level. 271 

This was unlike what was found in a study by Rajamma et al. (Rajamma et al. 2015) in which, 272 

even though the mortars also contained super plasticizer agent, the water content had to be 273 

increased to obtain proper workability. Because cement replacement with MFA did not 274 

decrease the water demand of mortar, we can assume that the filler effect did not significantly 275 

impact these samples.  276 

Milling of fly ash clearly had a positive effect on water demand because the spread values of 277 

un-milled fly ash in preliminary studies were considerably lower than with MFA (data not 278 

shown). It is possible that milling lowered the water demand of the fly ash by lowering the 279 

amount of irregularly shaped ash particles (Fu et al. 2008). Similar results related to the positive 280 

effects of milling were reported in other studies (Li et al. 2012; Ohenoja et al. 2016a). Notably, 281 

the milling does not necessarily cause a significant increase in the specific surface area which 282 

can already be quite high for un-milled ash (Ohenoja et al. 2016a). Thus, milling could be an 283 
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interesting method for modifying fly ash particle size distribution toward better packing without 284 

increasing the specific surface area. 285 

Cement replacement by MS (see Fig. 5) had no clear effect on the spread values of the mortar 286 

mixtures. This was expected because the particle size distribution of MS was close to that of 287 

cement. Studies have shown that cement replacement with inert mineral particles containing 288 

the same particle size distribution does not alter the packing of cement (Gallias et al. 2000; 289 

Tikkanen 2013). In this study, the specific surface area of MS and likely also the morphology 290 

were similar to those of cement. When the particle size distributions of both materials were 291 

close to each other, the water demand was not affected by the replacement of cement with MS. 292 

Thus, it can be concluded that MS did not affect the mortar samples’ properties via the filler 293 

effect.  294 

4.4. XRD analysis of cured paste samples 295 

XRD analysis of hardened cement pastes revealed that replacing a portion of the cement with 296 

either MS or MFA did not radically affect the identified hydration products after 7 or 28 d (Figs. 297 

6 and 7). XRD cannot, however, detect possible changes in amorphous hydration products. The 298 

crystalline phases identified from the control samples were portlandite, larnite, brownmillerite, 299 

calcium carbonate, and monocarboaluminate (Ca4Al2 (CO3)(OH)12∙5H2O). Portlandite is a 300 

common hydration product of cement. Brownmillerite and larnite belong to the main phases of 301 

cement clinker; therefore, the presence of these phases indicate that a portion of the cement did 302 

not react during the first 28 d. Calcium carbonate likely originated from the limestone present 303 

in the cement used in this study. Monocarboaluminate has been observed in other studies 304 

(Schöler et al. 2015; De Weerdt et al. 2011) when cement was partially replaced by limestone 305 

and supplementary cementitious materials.  306 
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When a portion of the cement was replaced by MS or MFA the changes in the XRD graphs 307 

(Fig. 6) were primarily related to the unreactive crystalline phases of quartz, albite, and 308 

microcline which were present in the replacement materials. Even high replacement levels did 309 

not dramatically affect the formation of identified hydration products at curing times of 7 or 28 310 

d. The XRD graphs of 7 and 28 d MFA 40% samples were almost identical (Fig. 7), which 311 

indicated that the hydration products formed after 7 d of curing were essentially the same as 312 

those present at 28 d. This was also the case with the control sample and samples with MS (data 313 

not shown). It should be noted that estimations about the amount of formed hydration products 314 

based only on XRD graphs should be avoided. For example Fig. 6 shows that, if phases 315 

originating from MS are ignored, there are no significant differences at XRD graphs of control 316 

sample and MS 40%, while it is obvious that amount of hydration products must be lower for 317 

MS 40% sample. 318 

4.5. Mechanical strength of hardened samples 319 

Compressive strengths of mortar samples at different curing times are presented in Fig. 8. Fig. 320 

8a presents compressive strength with a 10% replacement rate, Fig. 8b with 20%, and Fig. 8c 321 

with 40%. The compressive strength of MFA 10% was approximately the same as the strength 322 

of the control sample (Fig. 8a). The only exception was the 2 d strength which was slightly 323 

lower than the strength of the control sample. The strength of MS 10% (Fig. 8a) was lower than 324 

in the control sample during the entire time range.  325 

When 20% of the cement was replaced, MFA produced a higher compressive strength than MS 326 

(Fig. 8b); however, both compressive strengths were lower than the control sample during the 327 

entire period of the study. MS 20% had almost the same early age compressive strength as MFA 328 

20%; however, after 28 and 90 d, it was significantly lower.  329 
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When 40% of the cement was replaced, the sample was significantly weaker than the control 330 

sample at 2 and 7 d; however, after 28 and 90 d, it performed much better, and the difference 331 

between it and the control sample was much lower (Fig. 8c). The compressive strength of MS 332 

40% was at the same level as MFA 40% after 2 d of curing but at longer curing times the 333 

compressive strength of MS 40% was substantially lower. At longer curing times, the decrease 334 

was closely proportional to the replacement rate. According to Lawrence et al. possible effects 335 

of cement replacement by inert mineral materials are dilution, filler, and nucleation effects and 336 

with pozzolanic materials, also the pozzolanic effect (Lawrence et al. 2005).  337 

When the compressive strengths of samples with replacement materials were compared with 338 

the control sample, the relative strengths were lower after 2 d of curing than with longer curing 339 

times. Thus, replacing cement with MS or MFA more negatively impacted early strength. 340 

Importantly, the differences between MFA and MS were quite low after 2 d of hardening, which 341 

suggested that the chemical properties of the replacement materials were non-relevant in the 342 

early ages. Similar observations were also reported in a study by Lawrence et al. (Lawrence et 343 

al. 2005) who also concluded that the surface areas of cement replacement materials correlated 344 

with nucleation and the pozzolanic effect. However, regarding inert material increasing fineness 345 

above 500 m2/kg (Blaine) did not give additional strength via the nucleation effect (Lawrence 346 

et al. 2005). With pozzolanic material, a similar limit was not observed; hence, increasing 347 

fineness above 500 m2/kg (Blaine) produced higher strength. Researchers also discovered that 348 

although the positive effect of heterogeneous nucleation has greater significance in the early 349 

ages it is still maintained at longer curing times (Lawrence et al. 2005). It is hard to accurately 350 

estimate the role of heterogeneous nucleation in the experiments of this study because only two 351 

different replacement materials with different specific surface areas were used. In both cases, 352 

at 10 and 20% replacement levels, more heat was generated than with UMS, which could be 353 

due to the nucleation effect. However, the compressive strengths in these samples were lower 354 
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than the control sample; thus, the high heat of hydration did not result in high compressive 355 

strengths. MS and MFA both possessed a high specific surface area which has been reported to 356 

promote the nucleation effect (Lawrence et al. 2003; Tikkanen 2013); however, from basis of 357 

data from the present study it is impossible evaluate how the high specific surface area affected 358 

the compressive strengths of the mortars. The compressive strengths of the samples containing 359 

MFA increased between 2 and 28 d more than mortars with MS, which indicated that good of 360 

mechanical strength not induced by nucleation effects only. According to Cyr et al. (2006), 361 

strength gain due to pozzolanic properties overtake the nucleation effect after 28 d. However, 362 

certain studies (Berra et al. 2015; Kaminskas and Cesnauskas 2014) have suggested that some 363 

biomass fly ashes do not possess significant pozzolanic properties. In this study, no significant 364 

strength increase was observed after 28 d, which indicated that the pozzolanic effect was not 365 

dominant in this case.  366 

Several studies (Dung et al. 2014, 2015a; b; Salain et al. 2001; Wu et al. 2015) have 367 

demonstrated that fly ash from fluidized bed combustion can activate the latent hydraulic 368 

properties of blast furnace slag which was also one constituent of the cement used in this study. 369 

Notably, this effect was considered to be low or insignificant because contents of CaO (Dung 370 

et al. 2015b), free CaO (Salain et al. 2001), and SO3 (Wu et al. 2015; Salain et al. 2001), which 371 

are associated with the activation of blast furnace slag, were relatively low in the fly ash used 372 

in this study compared to ashes used in other studies. The CaO and SO3 contents of MFA were 373 

even lower than in the cement used in this study; therefore, it is unlikely that replacing cement 374 

with MFA could further promote the hydration of blast furnace slag.  375 

It is known that fly ashes from fluidized bed combustion can possess moderate hydraulic 376 

properties (Li et al. 2012; Nocuń-Wczelik et al. 2014; Ohenoja et al. 2016a; Zhao et al. 2015). 377 

Ohenoja et al. observed that self-hardening samples produced from milled fly ash from fluidized 378 

bed combustion of peat and forest industry residuals can reach up to a 20 MPa hydraulic 379 



17 
 

compressive strength (Ohenoja et al. 2016a). Similar compressive strengths have also been 380 

measured in self-hardening samples prepared from fly ash from the fluidized bed combustion 381 

of coal (Li et al. 2012). Results from the selective dissolution method also indicated that the fly 382 

ash used in this study contained components that can take part to hydration reactions. Thus 383 

increase in compressive strength, related to cement replacement by MFA, could originate from 384 

slow hydration of the Ca, Si, Al, and S bearing phases (Illikainen et al. 2014; Ohenoja et al. 385 

2016a). The formed hydration products were essentially the same as those formed in the 386 

hydration of plain cement because no distinctive hydration products were observed in the XRD 387 

analysis. Portions of the selectively soluble components were estimated to be sufficient to form 388 

a significant amount of hydration products which could compensate for the adverse dilution 389 

effect caused by cement replacement.  390 

The flexural strengths of the mortar samples at different curing times are presented at Fig. 9. 391 

Fig. 9a presents flexural strength with a 10% replacement rate, Fig. 9b with 20%, and Fig. 9c 392 

with 40%. When 10% of the cement was replaced by either MFA or MS, the flexural strengths 393 

of the samples were at the same level as the strength of the control sample (Fig. 9a). Decline in 394 

the flexural strength of control sample and MFA 10% was observed after 28 d. This phenomena 395 

is probably related to variation of measurements, especially at the case of control sample which 396 

had the greatest error, since no other reasonable explanation was found. When 20% of the 397 

cement was replaced, the flexural strengths behaved in a similar way to the 10% replacement; 398 

however, in the early age, the strengths were slightly lower (Fig. 9b). At a 40% replacement 399 

with MS, the decrease in flexural strength was significant; however, MFA produced similar 400 

flexural strength than the control sample after 90 d of curing, even with a 40% replacement 401 

level (Fig. 9c); however, shorter curing time decreased the strength significantly compared to 402 

the control sample. 403 

5 Conclusions 404 
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Fly ash from fluidized bed combustion of peat and forest industry residuals offer a potential 405 

alternative cement replacement material. With low cement replacement ratios (10 and 20%), it 406 

is possible to achieve almost the same compressive strength—more than 90%—as that of the 407 

control sample. By replacing 40% of cement by fly ash, the compressive strength can be still as 408 

high as 88% of the control sample’s strength. Compared to un-reactive material, the difference 409 

at the early stage of hydration is low; therefore, the nucleation effect of fly ash is not dominant. 410 

The studied fly ash possesses hydraulic properties, which explains positive effects on strength. 411 

While this work revealed that fluidized bed combustion ash show potential as a cement 412 

replacement material, further studies are needed, especially given the large variation in the 413 

current fluidized bed combustion fly ashes.  414 
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Table 1. Design of mortar mixtures 

mixture cement [g] milled ash [g] 
milled      

sand [g] 

CEN standard 

sand [g] 
water [g] 

super   

plasticizer [ml] 

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

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

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

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

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

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

MFA 40% 270 ± 1 180 ± 1 0 1350 ± 3 225 ± 1 1 
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Table 2. Chemical composition of cement, MS, and MFA 

Sample name cement MS MFA 

CaO, XRF (%) 58.4 1.6 16.3 

SiO2, XRF (%) 21.7 77.0 41.8 

Al2O3, XRF (%) 5.4 12.1 13.1 

Fe2O3, XRF (%) 3.3 2.1 13.6 

Na2O, XRF (%) 0.6 3.1 2.1 

K2O, XRF (%) 0.7 3.0 2.3 

MgO, XRF (%) 3.9 0.6 2.5 

P2O5, XRF (%) 0.1 0.1 3.5 

TiO2, XRF (%) 0.6 0.2 0.5 

SO3, XRF (%) 3.5 0.0 2.1 

Cl, XRF (%) 0.1 N/A 0.1 

Selectively soluble CaO (%) N/A N/A 10.6 

Selectively soluble SiO2 (%) N/A N/A 1.8 

Selectively soluble Al2O3 (%) N/A N/A 1.5 

Selectively soluble Fe2O3 (%) N/A N/A 0.8 

Free CaO (%) N/A N/A 2.5 

Loss on ignition 950 C° (%) 3.4 0.4 0.3 
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Figure captions 

 

Fig. 1. Particle size distribution of materials, (a) cumulative and (b) differential 

 

Fig. 2. FESEM pictures of MS (a) and MFA (b) 

 

Fig. 3. XRD graphs of MS and MFA: A = albite, a = anhydrite, H = hematite, L = lime, M = microcline, and Q = 

quartz 

 

Fig. 4. Results of semi-adiabatic calorimetry of (a) MS, (b) MFA, and (c) UMS 

 

Fig. 5. Spread values of mortar samples 

 

Fig. 6. XRD graphs of the control 28 d, MS 40% 28d, and MFA 40% 28 d: A = albite, B = brownmillerite, C = 

calcite, m = calcium monocarboaluminate, L = larnite, M = microcline, P = portlandite, and Q = quartz 

 

Fig. 7. XRD graphs of MFA 40% 7 d and MFA 40% 28 d: A = albite, B = brownmillerite, C = calcite, m = 

monocarboaluminate, L = larnite, M = microcline, P = portlandite, and Q = quartz 

 

Fig. 8. Compressive strengths of samples at the (a) 10%, (b) 20%, and (c) 40% replacement levels 

 

Fig. 9. Flexural strengths of samples at the (a) 10%, (b) 20%, and (c) 40% replacement levels 
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