
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Binding of moisture in fly ash blended Portland cement paste and mortar

Impact of replacement level and curing temperature
Linderoth, Oskar

2018

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Linderoth, O. (2018). Binding of moisture in fly ash blended Portland cement paste and mortar: Impact of
replacement level and curing temperature. [Licentiate Thesis, Division of Building Materials]. Lund University.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/3275fcc8-ba01-4d96-b202-cd32973603f0


Institutionen för Bygg och Miljöteknologi 
Avdelning Byggnadsmaterial 
Lunds Tekniska Högskola 
Lunds Universitet 
Lund 2018

Oskar Linderoth 
Building Materials | Faculty of Engineering | Lund University 

Binding of moisture in fly ash blended 
Portland cement paste and mortar 



 



 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 





  



 

 

 

  



 



α



 



 







  







 

 

 



 

 



 

 

Table 1 

Chemical compositions of OPC1, OPC2, and fly ash (FA), determined by XRF analysis. 

 OPC1 OPC2 FA 

CaO 62.8 63.4 4.0 

SiO2 19.4 21.4 51.1 

Al2O2 4.4 3.4 25.6 

Fe2O2 3.1 4.1 6.6 

MgO 2.8 1.8 2.8 

Na2O 0.3 0.2 0.9 

K2O 1.1 0.6 2.7 

SO3 3.7 2.7 0.5 

Blaine surface 
(m2/kg) 

536 343  

LOI* 2.6 2.4 4.6 

 

Table 2 

Clinker mineral composition of two OPCs, determined by XRD-Rietveld analysis. 

 OPC1 OPC2 

C3S 64.4 64.1 

C2S 11.3 12.8 

C3A 4.6 2.1 

C4AF 8.8 13.6 

 



Table 3 

Experimental matrix. 

 OPC FA 

OPC1 100 - 

OPC2 100 - 

XFA* 100-X X 

*) where X is the fly ash replacement and may vary between 10 and 60 wt%. 
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Figure 1 
Drying of fresh OPC1 and 35FA mortar discs (5 mm), hydrated at 20°C for 28 days or 15 months. The curves obtained for the 

15-month-old samples are the means of three observations. 





C3S + (3 − x + y)H → Cx − S − Hy + (3 − x)CH

C2S + (2 − x + y)H → Cx − S − Hy + (2 − x)CH



C3A + 3CS̅H2 + 26H →  C6AS̅3H32

2C3A + C6AS̅3H32 + 4H → 3C4AS̅H12

C3A + CH + 12H → C4AH13



Figure 2 
Heat production rate of a mortar sample containing OPC during the first 48 hours, measured by isothermal calorimetry (2.1). 
Numbers 1-5 mark different stages of hydration, as explained in the text. 



Figure 3 
Heat production rate of two different OPC pastes during the first 72 hours, measured by isothermal calorimetry. 



Figure 4 
Heat production rate of cement pastes containing OPC1 or OPC1 blended with 35% fly ash hydrated at either 5 or 20 °C, 
measured by isothermal calorimetry. 



Figure 5 
Growth of C-S-H: a) OP C-S-H precipitation on grain surfaces during the first hours, b) Needles cover the whole surface, 
conciding with the main peak of hydration, and c) Growth of IP C-S-H in the spaces between the dissolving grain and OP C-S-H. 
Adapted from [47]. 



Figure 6 
Schematic illustration showing the early formation of pores as C-S-H needles from two grain surfaces meet. 



 

 



Figure 7 
Heat production rate of cement pastes containing OPC1 and OPC1 with increasing fly ash (FA) replacement, measured by 
isothermal calorimetry. 



Figure 9 
Heat production rate of cement pastes containing OPC1 and OPC1 with increasing fly ash (FA) replacement, measured by 
isothermal calorimetry. 

Figure 9 
Two CaO-Al2O3-SiO2 ternary diagrams: A) OPC and some common SCMs, and B) the corresponding hydration products. The 
materials used in this thesis have been marked as OPC1, OPC2, and fly ash (FA). Adapted from [6]. 



3CH + 2S → 3C − 2S − 3H    (7) 

Figure 10 
Cumulative heat release, per gram of OPC of cement pastes containing OPC1 and OPC1 with increasing fly ash (FA) 
replacement, measured by isothermal calorimetry. 



Figure 11 
Clusters of fly ash particles captured by SEM. 



Figure 12 
Schematic illustration of a fly ash particle in cross-section. 

Figure 13 
In A) Powers model of the microstructure, including C-S-H. B) The model by Feldman and Sereda. Translated and used with 
permission from [73]. 



Figure 14 
Schematic illustration of the nanostructure of a single C-S-H sheet, adapted from [74]. 

Figure 15 
Schematic presentation of Jennings CM-II model for C-S-H. Adapted from [43]. 





Figure 16 
Schematic presentation of interhydrate spaces, capillary pores and the ITZ in a hardening concrete structure. 



Figure 17 
Schematic illustration of the concrete structure. 
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𝛼 =
𝑊𝑛

𝑐·0.25
      (7) 



Figure 18 
Amount of H (upper two) and CH (lower two), per gram of binder, in mortar containing OPC1 (left) and 35FA (right), measured 
by TGA. Beyond the first month, all samples were hydrated at 20°C. 
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Figure 19 
Degrees of hydration (α) in mortar containing OPC1 (left) and 35FA (right), determined by XRD-Rietveld analysis. The samples 
were all hydrated at 20 °C beyond the first month. 
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Figure 20 
Comparison of αOPC in the OPC1 samples from TGA and XRD-Rietveldt analysis, using the data presented for OPC1 in Figs. 18 
and 19. 
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Figure 21 
Degrees of hydration (α) of the individual clinker minerals in OPC1, from XRD-Rietveld analysis, for mortars hydrated at 20°C 
(also in Paper III). 
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Figure 22 
SEM images of six-month-old OPC1 mortar samples, hydrated at different temperatures (left to right: 5,20,35°C) for the first 28 
days, and then at 20°C. 

 



Figure 23 
Principle illustration of water in, on and around solid particles in a porous material. Additionally, the approximate RH intervals in 
which it is lost upon drying are given. 



Figure 24 
Principle illustration of water exiting the interlayer structure of C-S-H upon drying. Adapted from [80]. 

 



Figure 25 
Principle illustration of an ink-bottle pore, where d is the diameter. 

Table 4 

Division of porosity in the hygroscopic range, with respect to RH and pore sizes. 

RH Porosity Approximate 
pore sizes 

>90% Capillary pores >10 nm 

90–80% Inter-hydrate spaces 8–10 nm 

80–50% Large gel pores 3–8 nm 

50–25% Small gel pores 1–3 nm 

25–0% Intraglobule spaces 
and interlayer water 

<1 nm 

 



Figure 26 
Second desorption isotherms of OPC1, 15FA and 35FA mortars at 28 days (left) and six months (right) of hydration. The 
samples were hydrated at 20 °C and the isotherms were measured by DVS. 
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Figure 27 
Second desorption isotherms of mortar containing OPC1 and 35FA at 28 days, hydrated at different temperatures during the 
first 28 days (then at 20 °C), measured by DVS. 



Figure 28 
Second desorption isotherms of OPC1 and 35FA, hydrated at 20 °C for 28 days, measured by DVS. 
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