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Combustion affects the physical and chemical characteristics of fly ash. Peat and biomass are typically combusted using 

fluidized-bed combustion (FBC) technique, which causes the fly ash to have a low chemical reactivity. Especially low-Ca FBC 
ashes have very weak hardening properties, which reduce their utilization potential in many applications. This study examined 
the effect of adding alkaline activator and Portland cement on the hardening of two peat-wood fluidized bed combustion fly ash 
samples—one of high-calcium fly ash (24.9 % Ca) and the other low-calcium fly ash (9.7 % Ca). The reactive components of the 
raw materials, the mineralogical compositions, and compressive strengths of the resulting mortars were studied. Significant 
improvement to strength development was achieved. The addition of Portland cement proved necessary for low-Ca ash to 
harden at all. The ash cannot be considered solely as a filler material, since the reactive component (Ca, Si, Al, and S) contents 
of the ash, especially the Ca content, affect the strength development. Strength development of the mortars can be partly 
explained by the Ca/(Si + Al + S) ratio and the sum of the reactive components.  
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1. Introduction 
 

Sustainable growth is a main priority in the 
current European Union (EU) growth strategy 
(Europe 2020) [1]. This strategy focuses on building 
a more competitive low carbon economy, protecting 
the environment, and the development of new 
green technologies. Key targets for sustainable 
growth include a 20% reduction in greenhouse gas 
emissions and 20% increases in both renewable 
energy sources and energy efficiency by the year 
2020. In practice, this means that the EU will 
increase combustion of renewable biomass and 
therefore, the amount of produced biomass fly 
ashes will increase. 

On the other hand, the European Waste 
Framework Directive (2008/98/EC) requires more 
efficient use of waste materials [2]. This directive 
introduced the concept of a waste hierarchy into 
European legislation. This waste hierarchy consists 
of five levels, or goals. The first level is preventing 
waste. If this is not possible, the next step is reuse, 
followed by recycling, and then energy recovery. 
Waste disposal is the last option—resorted to only if 
none of the previous steps are feasible. Thus, the 
waste produced in combustion of biomass and 
other fuels should be effectively used in different 
applications. 

Combustion affects the physical and chemical 

 characteristics of fly ash [3,4] significantly, altering 
its potential for use in other applications. For coal, 
the most common technique is pulverized coal 
combustion (PCC) [5]; this involves a combustion 
temperature higher than 1200°C. When combined 
with a fast cooling process, this technique gives the 
fly ash a high chemical reactivity (i.e., pozzolanic 
activity) [4,5]. In contrast, peat and biomass are 
typically combusted using fluidized-bed combustion 
(FBC), which combusts at 800 to 1000°C. Thus, the 
ash from FBC combustion is considered to have 
less pozzolanic activity than PCC ash [6,7]. 

The high pozzolanity of fly ash from PCC is 
well suited for concrete and alkaline-activated 
structures. Coal fly ash can be used to create 
structures that are as hard, or even harder, than 
those made with Portland cement [8–12]. Recent 
studies of the alkaline activation of coal fly ash and 
Portland cement blends [13] demonstrate that 
these gels are very complex. The products of 
ordinary Portland cement reactions (mainly calcium 
silicate hydrate, i.e., C-S-H gel) and alkaline-
activation reactions (mainly amorphous alkaline 
aluminosilicate hydrate, i.e. N-A-S-H gel) do not 
form as separate gels but interact and change in 
structure and composition during the process [14]. 

 Due to the low pozzolanic reactivity of 
biomass and peat FBC fly ashes, they are not well 
suited for high-strength concretes or geopolymers. 
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However, their high calcium content gives 
them self-hardening properties [15,16]. A common 
application of self-hardening is the granulation of 
biomass fly ash to reduce dust formation and 
improve the handling of ash fertilisers. Thus FBC 
biomass fly ashes proves a potential replacement 
material for soil stabilization [17–19]. 

Current soil-stabilization techniques rely on 
granular (gravel and sand) or cementitious 
materials (Portland cement and lime). Future 
development, however, focuses on partially 
substituting cementitious materials that fulfill the 
requirements of the specific soil through the use of 
industrial by-products. Because the self-hardening 
strength of FBC ashes is highly dependent on the 
fuels used it can vary significantly [16], however 
adding an alkaline activator or cement can 
increase its hardening. Few studies have been 
made concerning alkaline activation of FBC peat-
wood ash [20,21]. Tyni et al. [21] characterized 
only the reaction products of alkaline-activated 
peat-wood ashes and did not study the strength 
development; Rajamma et al. [20] used only high-
Ca wood ash, and not the peat-wood ashes used 
here. Neither of these studies tested the addition of 
Portland cement. 

This study examined hardening 
improvements of two peat-wood FBC fly ash 
samples: High- (24.9 % Ca) and low-calcium fly 
ash (9.7 % Ca). In a previous study concerning 
self-hardening properties of these ashes, the 
strength of hardened high-Ca ash was quite low 
and the low-Ca ash did not harden at all [16]. This 
study evaluated whether the hardening of these 
low reactivity ashes could be increased by alkaline-
activation and cement addition. Cement addition of 
20 and 30 % was used, with sodium hydroxide 
used as an alkali activator and the reactive  
 

 components of the raw materials, the mineralogical 
compositions, and compressive strengths of the 
resulting mortars were studied. 
 
2. Material and methods 
 
2.1. Materials 

The first of the two peat/wood fly ash 
samples used here came from a pulp and paper 
mill that uses bubbling fluidized-bed combustion 
(BFB) technique (WP ash) and the second from a 
thermal power plant that uses a circulating 
fluidized-bed (CFB) technique (PW ash). 

Table 1 details the origin of the fly ash 
samples. No limestone is added in either plant, 
except that, in the first case, paper mill sludge 
containing CaCO3 is periodically fed into the boiler. 
The exact proportion of the peat content in each 
case is not known but in the pulp and paper mill 
the approximate ratios are 30% peat and 70% 
(forest residue) wood (WP); in the thermal power 
plant the proportions are 70% peat and 30% wood 
(PW). The samples were collected from the first 
field of the electrostatic precipitators in 50 l 
containers. 

The alkaline solution (SiO2/Na2O = 0.67, ρ 
= 1.2 g cm-3) used for the alkaline activation of fly 
ash was manufactured using a sodium silicate 
solution (27 % SiO2, 8 % Na2O, ρ = 1.35 g cm-3, 
Merck KGaA, Germany), NaOH pellets (p.a. ≥ 99 
% Merck KGaA, Germany) and deionized water. 
The cement used in the mortars was white 
Portland cement (CEM I; Finnsementti, Finland). 

The formulae for the alkaline solution and 
the fly ash mortars were adapted from those 
quoted by Palomo et al. [13] and García-Lodeiro et 
al. [22]. Table 2 presents the formulae for the 
mortars containing 0–30% cement and 70–100%  

 
Table 1 

Fly ash sample names and details of the origin of the samples. 
 WP PW 

Boiler type BFB CFB 
Boiler capacity 246 MW 96 MW 
Boiler bed temperature 854 ºC 840 ºC 
Electrostatic precipitator unit First First 
Approximate fuel mixture 70 % wood 

30 % peat 
70 % peat 
30 % wood 

Table 2 
Formulae for the mortars. The abbreviations used are: WP = wood-peat fly ash; PW = peat-wood fly ash; PC = Portland cement;  

AA = alkaline activated; H = heat-treated. 

Sample name 

Fly ash 
(%) 

Portland 
cement (%) 

Alkaline 
activator 

Water/binder 
ratio 

Without heat 
treatment [22°C] 

With heat treatment 
[60°C] 

WP100AA WP100AA(H) 100 0 Yes 0.45 
WP80PC20AA WP80PC20AA(H) 80 20 Yes 0.45 
WP70PC30AA WP70PC30AA(H) 70 30 Yes 0.45 
WP80PC20 WP80PC20(H) 80 20 No 0.47 
PW100AA PW100AA(H) 100 0 Yes 0.58 
PW80PC20AA PW80PC20AA(H) 80 20 Yes 0.58 
PW70PC30AA PW70PC30AA(H) 70 30 Yes 0.58 
PW80PC20 PW80PC20(H) 80 20 No 0.62 
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fly ash; in some of these the alkaline activator was 
replaced with water (WP80PC20, WP80PC20(H), 
PW80PC20, PW80PC20(H)). The mortars were 
prepared by first mixing the dry matter thoroughly. 
This dry mixture was then slowly added to the 
liquid solution (alkaline solution + deionized water) 
while stirring continuously for 5 minutes. The 
amount of alkaline-activation solution was kept 
constant in every case and the amount of 
deionized water was chosen for good workability of 
the mortars. The fast setting of these mortars 
prevented studying their rheology. Directly after 
mixing the mortars were packed into cubic molds 
(35 x 35 x 35 mm) that were then placed in a 
closed curing chamber for 24 hours. The 
temperature of the curing chamber was either 22 or 
60°C. The samples were then removed from the 
molds and stored in the curing chamber (at 22°C) 
for 7 or 14 days. 
 
2.2. Methods 
 

The sizes of the fly ash and Portland cement 
particles were measured with a Beckman Coulter 
LS 13320 and reported based on their volumetric-
based median size (d50). Specific surface area 
measurements of the fly ash were based on the 
physical adsorption of gas molecules to a solid 
surface using a Micrometrics ASAP 2020 device 
and the results were reported as Brunauer–
Emmett–Teller (BET) isotherms. The main 
chemical components of the fly ash and Portland 
cement were determined by X-ray fluorescence 
(XRF) in a melt-fused tablet produced from 1.5 g of 
fly ash melted with 7.5 g of X-ray Flux Type 66:34 
(66% Li2B4O7 and 34% LiBO2). The hydraulic 
reactivity of the fly ash was assessed by a 
selective dissolution method, in order to determine 
the fraction of each component that is available for 
short-term hardening reactions. The reactive 
calcium, silica and aluminum were determined as 
the amounts found to be soluble in an 
ethylenediaminetetraacetic acid and 
triethanolamine solution having a pH of 11.6 ± 0.1. 
The Ca, Si and Al contents of the solution were 
determined using the inductively coupled plasma 
(ICP) technique [23–25]. Compressive strength 
was measured according to European cement 
standard EN 196–1 [26] using a Zwick Z100 Roell 
test machine with TestXpert II software. 
Compressive strengths were measured after 7 and 
14 days of curing and the average of three 
individual measurements was taken in each case. 
The main crystalline phases of the powdered 
samples were identified with a Siemens 5000 X-ray 
diffractometer using CuKaα radiation (40 mA and 
40kV) and a graphite monochromator. The step 
interval, integration time and angle interval used 
were 0.04°/step, 2.5 s/step, and 10–60°, 
respectively. X-Ray diffraction analysis was 
performed on the starting materials and on the  

 mortars after 14 days of curing. The International 
Centre for Diffraction Data (ICDD) database was 
used to identify the crystalline phases [27]. 
 
3. Results and discussion 
 
3.1. Characterization of the ash and Portland 

cement 
 

Table 3 shows the compositions of the ash 
and Portland cement. There is a clear difference in 
the compositions of the two ashes combusted with 
different fuel mixtures. The WP ash from the power 
plant burning forest residues in the BFB boiler 
produced higher Ca and S content and higher 
reactive Si, Al, and Ca content. The amount of 
reactive Ca in the WP was almost five times that in 
the PW. The Si and Al were mainly in unreactive 
forms in both ashes. The Portland cement 
contained mainly Ca and Si, which were, as 
expected, entirely in a reactive form, as was the Al. 
The reactivity of the Portland cement proves the 
suitability of the method chosen for testing 
reactivity of the ash. The average particle size (d50) 
in white Portland cement was close to 10 µm, 
whereas in both fly ashes it was close to 20 µm. 

 
Table 3 

 
Chemical composition and physical properties of the ash and 

white Portland cement samples. 

 WP PW White  
Portland cement 

d50 (µm) 21.2 18.6 9.8 
Surface area 
(BET) (m2 g-1) 4.6 4.6  

CaO (%) 25.8 9.7 68.1 
SiO2 (%) 29.5 47.9 23.7 
Al2O3 (%) 11.6 9.7 2.0 
Fe2O3 (%) 16.6 24.2 0.4 
Na2O (%) 1.9 1.1 0.2 
K2O (%) 2.0 1.3 0.1 
MgO (%) 3.2 1.7 0.6 
P2O5 (%) 3.6 2.5 0.2 
TiO2 (%) 0.3 0.2 0.0 
SO3 (%) 3.9 1.6 2.1 
Cl- (%) 0.30 0.06 0.0 
Reactive Si (%) 2.2 1.5 11.1 
Reactive Al (%) 0.8 0.3 0.5 
Reactive Ca (%) 14.4 3.1 48.6 

 
3.2 Compressive strengths 

The compressive strengths of the sample 
mortars are shown in Figure 1. High-Ca WP ash 
mortars provided better compressive strength. The 
strength increments in all mortars were quite small 
during second week of curing, except in mortar 
WP80PC20, which also had by far the highest 14-
day compressive strength (13.6 MPa). Increasing 
the amount of Portland cement from 20% to 30% 
made a slight improvement in the 14-day 
compressive strengths. Mortar PW100AA, which 
contained no Portland cement, did not harden. 

Oven treatment clearly reduced the 
strength of the mortars made from high-Ca WP  
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this study contain a high percentage of amorphous 
to semi-crystalline materials, which are difficult to 
identify with XRD method. 

The crystalline phases identified in the 
mixtures of fly ash (WP and PW) and Portland 
cement (PC) were quartz, anorthite, maghemite, 
anhydrite, and alite. Lime was also found in the 
mixture of WP and PC. A small halo, indicating 
amorphous material, was detected between 25° 
and 38° in both ash types. 

After 14 days of curing, anhydrite, lime, and 
alite were mostly consumed from the high calcium 
WP mortars. In mortar WP80PC20 we detected 
sodium aluminum sulfate and some form of 
hydrated calcium aluminate (AFm). This AFm 
phase also appeared in mortar WP80PC20AA. The 
AFm phase is a typical reaction product in hydrated 
cement, but due to the low crystallinity, polytypism, 
and variations in composition, it proves difficult to 
analyze [31] and the exact form of the species 
could not be confirmed. The AFm phase was 
detected only in the mortars treated at room 
temperature, including sample WP100AA, which 
did not contain any Portland cement. This suggests 
that this phase formed as a result of a self-
hardening reaction of the high-Ca ash. 

In the oven-treated mortar WP80PC20(H), 
some crystalline CSH was detected. Ettringite and 
portlandite were detected in mortar samples 
WP80PC20AA and WP80PC20AA(H), and calcite 
was also detected in mortar WP80PC20AA(H). 

A halo between 26° and 37° was detected in 
all WP sample mortars after 14 days of curing, 
indicating the formation of amorphous phases. This 
halo was roughly the same size in all cases. The 
N-A-S-H gel in geopolymers is usually detected as 
a broad halo between 20° and 40°, whereas in 
cement the C-S-H and C-A-S-H signals are a 
broad peak at 30° [32-34]. No clear C-S-H/C-A-S-H 
signal was found in the present WP mortars; 
instead, the halo was broadly distributed, indicating 
geopolymer phases. 

Most of the anhydrite and alite phases were 
consumed from the low-calcium PW mortars after 
14 days of curing. No product signals were 
detected in the alkaline-activated mortars 
(PW80PC20AA, PW80PC20AA(H)). Ettringite was 
detected in mortars PW80PC20 and 
PW80PC20(H), and portlandite in PW80PC20. A 
visible halo, between 25° and 38°, was detected in 
all PW sample mortars, indicating geopolymer 
phases. The halos were approximately the same 
size in all mortars. 

Ettringite, portlandite, and calcite were only 
detected in the mortars without any alkaline 
activator content. All these phases typically form 
during the self-hardening of fly ash and cement 
hydration, so their presence was expected [16,35–
37]. Their absence in the mortars containing 
alkaline activator suggests that the presence of the 
activator prevents their formation. Mainly  

 amorphous phases were detected in hybrid 
cements of coal fly ash in the experiments of 
García-Lodeiro et al. [22] and Palomo et al. [13]. 
Martinez-Ramirez and Palomo [38] concluded that 
highly alkaline media retard normal Portland 
cement reactions. This could partly explain why 
the strength of high-Ca WP ash mortars decreases 
with the addition of alkaline activators. However, 
the ratio between Ca and other reactive 
components also changes, and this could be a 
reason for the decrease in strength. Furthermore, 
mortars based on FBC ashes differ significantly 
from PCC fly ash or slag based mortars, which 
consists almost entirely of reactive components. In 
this study, the addition of Portland cement and 
sodium silicate solution increased the amount of 
reactive components in the mortars, increasing the 
strength. Thus, observations made from the 
behavior of those reactive precursors do not 
necessarily apply to these less reactive FBC 
ashes. The component that contributes the most to 
increasing the strength of Portland cement is the 
CSH gel and, in geopolymers, the NASH gel, 
which are difficult to recognize in XRD 
diffractograms. NASH gel does not include any Ca, 
which the compressive strength data suggests 
plays a significant role in the strength development 
of the studied mortars. This means amorphous 
CSH gel should be produced, even though it 
cannot be detected from the diffractograms. There 
could also be other Ca-containing amorphous 
phases formed. 
 
4. Conclusions 

 
Adding Portland cement and alkaline 

activator can significantly improve the strength 
development of both low- and high-Ca FBC peat-
wood fly ashes. For low-Ca ashes it is necessary 
to add Portland cement for it to harden at all. 
Portland cement and alkaline activator addition do 
not entirely explain the strength development, as 
the reactive components in the ash, especially Ca, 
affect the strength development. Thus, the ash 
cannot be considered solely as a filler material. 
The strength development of the mortars can be 
explained, at least to some extent, by the Ca/(Si + 
Al + S) ratio and the sum of the reactive 
components.  
 
Acknowledgements 
This work was carried out under the auspices of the GEOPO 
project supported by the Finnish Funding Agency for 
Technology and Innovation (Tekes) and various companies 
(Boliden, Ekokem, Fortum, Helsingin Energia, Jyväskylän 
Energia, Kemira, Valmet Power, Metsä Group, Rovaniemen 
Energia, Stora Enso and UPM). 
 

REFERENCES 
 
1. xxx, European Commission, Europe 2020, 

http://ec.europa.eu/europe2020/index_en.htm. Accessed 
9.5.2015. 



       88      J. Pesonen, J. Yliniemi, T. Kuokkanen, K. Ohenoja, M. Illikainen / Improving the hardening of fly ash from fluidized – bed combustion  
                                                                                                        of peat and wood with the addition of alkaline activator and Portland cement 

 

2. xxx, European Commission, Directive 2008/98/EC of the 
European parliament and of the council of 19 November 
2008 on waste and repealing certain directives, Official 
Journal of the European Union, 2008, 51, 3. 

3. R. Rajamma, R.J. Ball, L.A.C. Tarelho, G. Allen, J.A. 
Labrincha, and V.M. Ferreira, Characterisation and use of 
biomass fly ash in cement-based materials, Journal of 
Hazardous Materials, 2009, 172(2-3), 1049. 

4. H. Xu, Q. Li, L. Shen, M. Zhang, and J. Zhai, Low-reactive 
circulating bed combustion (CFBC) fly ashes as source 
material for geopolymer synthesis, Waste Management, 
2010, 30(1), 57. 

5. E. Papa, V. Medri, E. Landi, B. Ballarin, and F. Miccio, 
Production and characterization of geopolymers based on 
mixed compositions of metakaolin and coal ashes, Materials 
and Design, 2014, 56, 409. 

6. J. Koornneef, M. Junginger, and A. Faaij, Development of 
fluidized bed combustion—An overview of trends, 
performance and cost, Progress in Energy and Combustion 
Science, 2007, 33(1), 19. 

7. J. Iribarne, A. Iribarne, J. Blondin, and E.J. Anthony, 
Hydration of combustion ashes— a chemical and physical 
study, Fuel, 2001, 80, 773. 

8. M. Kuroda, T. Watanabe, and N. Terashi, Increase of bond 
strength at interfacial transition zone by the use of fly ash, 
Cement and Concrete Research, 2000, 30, 253. 

9. C.B. Wilby, Concrete Materials and Structures, Cambridge 
University Press, Cambridge, (UK), 1991. 

10. A. Fernández-Jiménez, and A. Palomo, Composition and 
microstructure of alkali activated fly ash binder: Effect of 
the activator, Cement and Concrete Research, 2005, 35, 
1984. 

11. M. Izquierdo, X. Querol, C. Phillipart, D. Antenucci, and 
M. Towler, The role of open and closed curing conditions 
on the leaching properties of fly ash-slag-based 
geopolymers, Journal of Hazardous Materials, 2010, 
176(1-3), 623. 

12. E. Álvarez-Ayuso, X. Querol, F. Plana, A. Alastuey, N. 
Moreno, M. Izquierdo, O. Font, T. Moreno, S. Diez, 
E. Vázquez, and M. Barra, Environmental, physical and 
structural characterisation of geopolymer matrixes 
synthesised from coal (co-)combustion fly ashes, Journal of  
Hazardous Materials, 2008, 154(1-3), 175. 

13. A. Palomo, O. Maltseva, I. Garcia-Lodeiro, and 
A. Fernández-Jiménez, Hybrid alkaline cements, Part II: the 
clinker factor, Romanian Journal of Materials, 2013, 43(1), 
74. 

14. I. García-Lodeiro, O. Maltseva, A. Palomo, and 
A. Fernández-Jiménez, Hybrid alkaline cements, Part I: 
fundamentals, Romanian Journal of Materials, 2012, 42(4), 
330. 

15. G. Sheng, Q. Li, and J. Zhai, Investigation on the hydration 
of CFBC fly ash, Fuel, 2012, 98, 61. 

16. M. Illikainen, P. Tanskanen, P. Kinnunen, M. Körkkö, O. 
Peltosaari, V. Wigren, J. Österbacka, B. Talling, and J. 
Niinimäki, Reactivity and self-hardening of fly ash from co-
combustion of wood and peat, Fuel, 2014, 135, 69. 

17. S. Horpibulsuk, A. Kampala, C. Phetchuay, A. Udomchai, 
and A. Arulrajah, Calcium carbide residue—A cementing 
agent for sustainable soil stabilization, Geotechnical 
Engineering Journal of SEAGS and AGSSEA 2015, 46(1), 
22. 

18. M. Kamon, and S. Nontananandh, Combining industrial 
wastes with lime for soil stabilization, Journal of 
Geotechnical Engineering-ASCE, 1991, 117(1), 1. 

19. S. Kolias, V. Kasselouri-Rigopoulou, and A. Karahalios, 
Stabilisation of clayey soils with high calcium fly ash and 
cement, Cement and Concrete Composites, 2005, 27, 301. 

 

 20. R. Rajamma, J.A. Labrincha, and V.M. Ferreira, Alkali 
activation of biomass fly ash-metakaolin blends, Fuel, 2012, 
98, 265. 

21. S. Tyni, J. Karppinen, M. Tiainen, and R. Laitinen, Preparation 
and characterization of amorphous aluminosilicate polymers 
from ash formed in combustion of peat and wood mixtures, 
Journal of Non-Crystalline Solids, 2014, 387, 94. 

22. I. García-Lodeiro, A. Fernández-Jiménez, and A. Palomo, 
Variation in hybrid cements over time. Alkali activation of fly 
ash-Portland cement blends, Cement and Concrete Research 
2013, 52, 112. 

23. H.M. Dyson, I.G. Richardson, and A.R. Brough, A combined Si 
MAS NMR and selective dissolution technique for the 
quantitative evaluation of hydrated blast furnace slag cement 
blends, Journal of the American Ceramic Society, 2007, 90(2), 
598. 

24. K. Luke, and F.P. Glasser, Selective dissolution of hydrated 
blast furnace slag cements, Cement and Concrete 
Research, 1987, 17, 273. 

25. M. Ben Haha, K.D. Weerdt, and B. Lothenbach, 
Quantification of the degree of reaction of fly ash, Cement 
and Concrete Research 2010, 40, 1620. 

26. xxx, European Committee for Standardization, EN 196–
1:2005 Methods of testing cement—Part 1: Determination 
of strength. 

27. The International Centre for Diffraction Data, The Powder 
Diffraction File, 2006. 

28. P. Chindaprasirt, T. Chareerat, and V. Sirivivatnanon, 
Workability and strength of coarse high calcium fly ash 
geopolymer, Cement and Concrete Composites, 2007, 29, 
224. 

29. A.M. Mustafa Al Bakri, H. Kamarundin, M. BinHussain, I. 
Khairul Nizar, Y. Zarina, and A.R. Rafiza, The effect of 
curing temperature on physical and chemical properties of 
geopolymers. Physics Procedia, 2011, 22, 286. 

30. J. Temuujin, A. van Riessen, and R. Williams, Influence of 
calcium compounds on the mechanical properties of fly ash 
geopolymer pastes, Journal of Hazardous Materials, 2009, 
167(1-3), 82. 

31. T. Matchei, B. Lothenbach, and F.P. Glasser, The AFm 
phase in Portland cement, Cement and Concrete 
Research, 2007, 37, 118. 

32. S. Pangdaeng, T. Phoo-Ngernkham, V. Sata, and P. 
Chindaprasirt, Influence of curing conditions on properties 
of high calcium fly ash geopolymer containing Portland 
cement and additive, Materials and Design, 2014, 53, 269. 

33. I. Lecomte, C. Henrist, M. Li´egeois, F. Maseri, A. Rulmont, 
and R. Cloots, (Micro)-structural comparison between 
geopolymers, alkali-activated slag cement and Portland 
cement, Journal of the European Ceramic Society, 2006, 
26(16), 3789. 

34. I. García-Lodeiro, A. Palomo, A. Fernández-Jiménez, and 
D.E. Macphee, Compability studies between N-A-S-H and 
C-A-S-H gels. Study in the ternary diagram Na2O-CaO-
Al2O3-SiO2- H2O, Cement and Concrete Research, 2011, 
41, 923. 

35. B-M. Steenari, and O. Lindqvist, Stabilisation of biofuel 
ashes for recycling to forest soil, Biomass and Bioenergy, 
1997, 13(1-2), 39. 

36. K.M. Mehta, and J.M. Monteiro, Concrete, Inkwell 
Publishing Services, New York, (USA), 1993. 

37. H.F.W. Taylor, Cement Chemistry, Academic Press Ltd, 
London, (UK), 1997. 

38. S. Martinez-Ramirez, and A. Palomo, Microstructure 
studies on Portland cement pastes obtained in highly 
alkaline environments, Cement and Concrete Research, 
2001, 31, 1581. 

 

   
********************************************************************************************************************* 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


