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Abstract 

Utilization of the fly ashes is a major problem in many developing countries and in South 

Africa only about 7% of the fly ash produced annually by coal-fired power stations, has being 

utilized. Although, fly ashes can be used as an alternative binder in alkali-activated concretes, 

strength development of these concretes at room temperature is slow limiting application of 

the material. Direct electric curing is proposed for heat curing of alkali-activated fly ash 

concrete which will open new opportunities for in-situ applications of these concretes in the 

construction industry thus increasing the amount of beneficially utilized fly ash. Alkali-

activated fly ash concretes containing unclassified low calcium fly ash, sodium hydroxide and 

sodium silicate solutions were cured at 60 ºC by means of direct electric curing. The electric 

resistivity and compressive strength development of the concretes were investigated. The 

resistivity strongly depends on the type of activator used. Compressive strength up to 

33.8 MPa and 48.5 MPa at 2 and 28 days respectively, can be achieved after a short period of 
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direct electric curing. This opens new opportunities for wider application of alkali-activated 

fly ash concretes and for more extensive utilization of fly ash. 

Keywords: Alkali-Activated Concrete; Fly Ash; Electric Resistivity; Compressive Strength; 

Direct Electric Curing. 
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1. Introduction

In many developing countries, electricity is generated by coal-fired power plants producing 

significant amounts of fly ash. Utilization of the fly ash is a major problem which needs a 

solution. In South Africa more that 40 million tonnes of ash is produced annually. Sasol (an 

international integrated energy and chemicals company) produces about 8 million tonnes of 

gasification ash per year (Matjie et al., 2005), while Eskom (the largest power utility in 

Africa) produces in excess of 30 million tonnes of fly ash annually. Only about 7% of all fly 

ash produced by Eskom is beneficially used and millions of tonnes of ash are being stored 

and disposed in ash dams and landfill sites annually (Eskom Integrated Report, 2014). 

On the other hand, the increasing awareness of the environmental impact of Portland cement 

production has driven an intensive search for alternative binding systems for concrete. Alkali-

activated cements are amongst the most researched binders, attracting increasing interest for 

their potential to enable the construction industry to operate within the limitations placed on 

CO2 emissions (Kajaste and Hurme, 2016). According to Yang et al. (2013), the reduction 

rate for the CO2 emissions of alkali-activated cement concrete relative to ordinary Portland 

cement concrete commonly ranges between 55 and 75%, while according to van Deventer et 

al. (2010) the reduction can be as big as 80%. Heath et al. (2014) believe that the use of 

multiple initial aluminosilicate sources and complex mix design of alkali-activated materials 

has the potential to reduce the global warming effect compared to Portland cement. Alkali-

activated cements utilize different raw materials including fly ashes (Torres-Carrasco and 

Puertas, 2015), slags (Abdalqader et al., 2015), kaolin (Longhi et al., 2015), rice husk ash and 

different soils(He et al., 2013; Mejía et al., 2016; Nimwinya et al., 2016). Alkali-activated 

cements based on fly ash probably have the greatest opportunity for commercial utilisation 

due to the worldwide presence of coal-fired power plants, as well as the more favourable 

rheological properties and lower water demand when compared to mixes based on calcined 

clays (van Deventer et al., 2012). McLellan et al. (2011) emphasised that the Australian 
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alkali-activated fly ash (AAFA) cements can provide an estimated 44-64% reduction in the 

CO2 emissions over ordinary Portland cement. Therefore, a large amount of fly ash, disposed 

in ash dams and landfills at the moment, could be beneficially utilized in alkali-activated 

cements. 

There are however a few obstacles preventing the adoption of AAFA cements, which include 

the variability in the chemical and mineralogical composition of fly ashes (Fernández-

Jiménez and Palomo, 2003), and, despite the fact that the alkali activation of fly ash is an 

exothermic reaction (Palomo et al., 1999), slow strength development at ambient 

temperatures (Puertas et al., 2000; Somna et al., 2011). Dry or steam heat curing in a wide 

range of temperatures is normally used to accelerate the alkali activation process in order to 

obtain an adequate early age compressive strength for AAFA cements and concretes 

(Bakharev, 2005; Kovalchuk et al., 2007). Although energy sources like microwave and solar 

radiation have been used for curing AAFA cements and mortars. Somaratna et al. (2010) 

showed that volumetric heating provided by microwave curing results in faster property 

development of NaOH activated fly ash mortars as compared to conventional heat curing. 

Chindaprasirt et al. (2013) also confirmed that short microwave curing accelerates reaction in 

AAFA cement resulting in improved compressive strength. Diop and Grutzeck (2008) 

showed that solar radiation can be used to produce bricks made of alkali-activated material. 

Microwave and sun curing are promising techniques but they are rather energy or time 

consuming respectively and, in case of microwave curing, are difficult to implement for big 

structural elements on a construction site. 

Efficient heat curing of AAFA concrete on construction sites would open new opportunities 

for in-situ application of the material resulting in increased utilization of fly ash. Externally 

applied heat curing techniques such as steam curing, autoclaving, etc. are not easy to 

implement on construction sites. However, most construction sites have electric power supply 

which can be used for direct electric curing (DEC) of concrete when an alternating electric 
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current is passed through the fresh concrete to accelerate the curing process by means of 

direct ohmic heating (Bredenkamp et al., 1993; Heritage et al., 2000). Direct electric curing 

can be energy efficient, with less initial capital investment and lower running cost than that 

required for externally applied heat curing (steam, autoclave, etc.) (Wadhwa et al., 1987). 

Portland cement concretes can gain as much as 60 to 70% of the 28-d strength in 24 hours 

when cured by means of direct electric current Wadhwa et al. (1987) reported. Heritage et al. 

(2000) found that electrically cured Portland cement concretes can also achieve higher 

compressive strengths than that of concretes cured normally. Portland cement concretes have 

been cured for decades by means of DEC  but very limited information could be found on 

DEC of alkali-activated concretes (Kovtun et al., 2015).  

This paper provides information on the response of AAFA concretes to DEC. The main 

objectives of the study include investigating electric resistivity, temperature coefficient and 

compressive strength development of AAFA concrete cured by means of DEC. The influence 

of type and concentration of activator, as well as duration of pre- and isothermal curing on the 

electric and mechanical properties of AAFA concretes was studied. It is believed that DEC is 

an effective curing method which can be applied to in-situ AAFA concrete structures 

resulting in more extensive utilization of fly ash in the construction industry. 

2. Materials and methods

2.1. Materials 

The chemical and mineralogical composition of the unclassified low calcium fly ash used in 

this investigation is presented in Table 1 and Table 2 respectively. The amount of amorphous 

SiO2 and Al2O3, found by deduction of the oxide contents in the crystalline phases of fly ash 

from its chemical composition (Fernández-Jiménez et al., 2006a; Ward and French, 2006), 
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are shown in Table 2. The particle size distribution is presented in Fig. 1. The specific gravity 

and Blaine fineness of the fly ash were 2240 kg/m3 and 240 m2/kg respectively. 

 

Table 1 

Chemical composition of fly ash. 

SiO2 Al2O3 CaO Fe2O3 TiO2 K2O MgO  P2O3 SO3 Other LOI 

55.1 32.2 4.5 3.6 1.5 0.8 0.8 0.3 0.1 1.2 0.7 

 

Table 2 

Mineralogical composition and amorphous silica and alumina content of the fly ash. 

Hematite Mullitea Quartz Amorphous Al2O3 amoph SiO2 amorph 

0.9 25.8 11.6 61.7 13.5 36.4 

a – powder diffraction file # 01–083–1881 

 

 

Fig. 1. Particle size distribution of the fly ash. 

The suitability of fly ash as aluminosilicate source for the production of alkali-activated 

materials depends on its characteristics, including particle size, amorphous phase, Fe2O3, 

CaO, reactive silica and alumina, and unburned material content (Diaz et al., 2010; 

Fernández-Jiménez and Palomo, 2003). Most of the characteristics of the fly ash are within 

the limits proposed by Fernández-Jiménez and Palomo (2003), but the particle size 
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distribution is too coarse, with about 60% particles greater than 45 μm (Fig. 1). The relatively 

low content of amorphous alumina (13.5%) and silica (36.4%) in the fly ash composition 

must be noted (Table 2). Fernández-Jiménez and Palomo (2003) emphasised that the 

amorphous silica content of fly ash should be between 40-50%. Two fly ashes investigated by 

Fernández-Jiménez et al. (2006b) had 14.1% and 20.5% of amorphous alumina, and the fly 

ash with lower amorphous alumina was less reactive. Therefore the reactivity of the Lethabo 

fly ash used in this study may be relatively low. To increase the reactivity of fly ash, 

beneficiation by different methods has been used in previous studies. Somna et al. (2011) 

showed that milling of fly ash significantly increased compressive strength of NaOH-

activated fly ash pastes cured at ambient temperature. The primary cause of the observed 

strength gain was the increased reactivity arising from the increased surface area of the milled 

fly ash. Van Riessen and Chen-Tan (2013a, 2013b) found that sieving, milling and magnetic 

separation increased the fraction of reactive amorphous material. The improved fly ash 

homogeneity and reactivity increased compressive strength of alkali-activated fly ash pastes 

by up to 32%. In this research, unclassified fly ash was purposely used as it would simplify 

the production process of alkali-activated materials (no beneficiation is needed) thus 

increasing the amount of beneficially utilized fly ash. 

Commercially available sodium hydroxide flakes (98.0% purity), liquid sodium silicate 

(15.0% Na2O, 29.5% SiO2, 55.5% H2O) and tap water were used to prepare the activator 

solutions. 

Crushed dolomite stone (9.5 mm) and dolomite sand with a fineness modulus of 3.86 and 9% 

passing the 75 µm sieve were used as the coarse and fine aggregates respectively. The 

specific gravity of the aggregates was 2860 kg/m3. 

2.2. Mix design and preparation of  AAFA concretes 
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The mix design of AAFA concretes was based on the findings of Ravikumar et al. (2010) 

indicating that there is an optimal fly ash content of 18% by volume (equivalent to 400 

kg/m3), resulting in the highest compressive strength for AAFA concrete. In this 

investigation, mixes activated with sodium hydroxide and sodium silicate solutions, had an 

activator concentration equivalent of 9% Na2O per fly ash mass. The activator concentration 

was chosen based on the results of previous work of Shekhovtsova et al. (2014) which 

utilized classified fly ash from the same power station. To investigate the influence of 

activator concentration on properties of AAFA concrete subjected to DEC, the amount of 

activator was varied for mixes activated with a combination of sodium hydroxide and sodium 

silicate (Table 3). The molar silicate modulus (Ms) of the combined activator was set at 1.25 

(Hardjito and Rangan, 2005). A water-to-binder solids (where water is all water used in an 

activator solution; binder solids are fly ash and solids of activator, i.e. Na2O and SiO2) ratio of 

0.35 was used for mixes activated with only sodium silicate (LSS-9, Table 3) or sodium 

hydroxide (SH-9, Table 3), and 0.4 for mixes contained the combined activator (LSS-SH 

mixes, Table 3). The sand to total aggregate ratio was kept constant at 0.35 by weight in all 

mixes. 

 

Table 3 

Mix designs of AAFA concrete. 

Mix Activator Na2Oeq, wt.% Ms Water/binder solids ratio Sand/aggregate ratio 

LSS-9 Na2SiO3 9 2.0 0.35 0.35 

SH-9 NaOH 9  0.35 0.35 

LSS-SH-8 Na2SiO3+NaOH 8 1.25 0.40 0.35 

LSS-SH-10 Na2SiO3+NaOH 10 1.25 0.40 0.35 

LSS-SH-12 Na2SiO3+NaOH 12 1.25 0.40 0.35 
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The activator solutions were prepared and cooled down to room temperature before being 

added to the concrete in a pan mixer. The concrete mix was placed into modified casting 

moulds and vibrated for 1 minute.  

 

2.3. Experimental set up 

The layout of the rig used for direct electric curing of AAFA concrete in this study is 

presented in Fig. 2. The rig consisted of modified moulds, a power supply with capacity 300 

VA, maximum current 12 A and output voltage 0–260 V, a temperature controller, a digital 

ammeter and a digital voltmeter (Heritage et al., 2000). 

 

 

Fig. 2. Layout of the DEC rig. 

 

The modified moulds (100×100×100 mm) were placed in a 50 mm thick polystyrene shell to 

limit energy loss, and these moulds were kept in a fully closed containment box for safety 

during the DEC process. The lid of the containment box consisted of a 50 mm thick 

polystyrene plate which sealed the moulds to prevent extensive moisture loss during the 

curing process. Criado et al. (2010) and Kovalchuk et al. (2007) showed that moisture 

retention during heat treatment of AAFA cements is very important for microstructure and 

strength development. Prevention of extensive evaporation is also crucial for DEC (Heritage 

et al., 2000; Whittington et al., 1981). Three rows of the modified moulds (each consisting of 
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4 moulds connected in series) were connected in parallel (Fig. 2). The modified moulds are 

removable for ease of casting fresh concrete. The modified moulds were constructed in such a 

way (Fig. 3) that the electric current traverses the full area of the specimen (Whittington et al., 

1981) ensuring an equal electric field throughout the specimen. To eliminate the possibility of 

a short circuit while obtaining the true temperature readings of the concrete mix, a 

thermocouple with mineral insulation was placed in the centre of one of the moulds as shown 

in Fig. 3. Special care was taken of the mould that contained the thermocouple, to ensure that 

the thermocouple was properly covered by the mix. 

Fig. 3. Modified mould with thermocouple. 

2.4. Experimental procedures 

All mixes were cured following temperature cycle (Neville, 1995; Wilson and Gupta, 2004) 

consisting of precuring, heating, isothermal and natural cooling phases (Table 4). 
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During the first stage of the experiment, the mixes activated with sodium hydroxide (SH-9, 

Table 3) and sodium silicate (LSS-9, Table 3) solutions were precured for different times to 

investigate the effect of duration of precuring on strength development of AAFA concrete. 

The duration of the isothermal phase was kept constant at 6 hours (Table 4) which was 

chosen from a practical point of view as DEC could be done on a construction site during the 

off-peak hours at night. 

 

Table 4 

Curing regimes. 

Stage Mix Precuring at 25 ºC (h) Isothermal curing at 60 ºC (h) 

  2 12 24 3 6 

I 
LSS-9 √ √ √  √ 

SH-9 √ √ √  √ 

II 

LSS-SH-8 √   √ √ 

LSS-SH-10 √   √ √ 

LSS-SH-12 √   √ √ 

 

During the second stage, a precuring phase of 2 hours was chosen for the mixes containing 

the combined activator (LSS-SH, Table 3). The duration of isothermal curing was varied 

(Table 4) to determine if  AAFA concrete with reasonable strength could be developed using 

short curing times. 

All concrete mixes were heated at a rate of 20±0.5 ºC/h to avoid rapid thermal expansion 

which could disrupt concrete structure (Wilson and Gupta, 2004). The temperature of the 

isothermal phase was set at 60 ºC. Previous research on DEC of Portland cement concrete 

showed that isothermal curing at 60 ºC gave higher compressive strength at 28 days in 

comparison to 80 ºC (Heritage et al., 2000). Similar conclusion can be drawn from the study 

done by Shekhovtsova et al. (2014) on alkali activation of fly ash where heat curing at 60 ºC 
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provided the best compressive strength in the long term. For practical application, the 

temperature of isothermal curing of in-situ concrete structures is normally limited to 60 ºC 

thus avoiding crazing of concrete surface. After the isothermal phase, the DEC rig was 

switched off, and concrete specimens were left to cool down naturally within the containment 

box. Once the specimens were cooled to 30 ºC, they were de-moulded and stored in a fog 

room at >95% relative humidity and 25±1 ºC until testing. A set of three concrete specimens 

was tested at 2, 7 and 28 days according to BS EN 12390-3 (2009). 

The resistivity, ρ, of AAFA concrete mixes was calculated using Ohm’s law as indicated in 

Equation 1. 

𝜌𝑐 = 𝑅 ∙ 𝐴/𝐿 (1) 

Where ρc – resistivity of concrete, Ω·m; 

R – resistance of a concrete sample, Ω; 

L – length of a concrete sample, m; 

A – cross-sectional area of a concrete sample, m2. 

Calculation of resistivity of AAFA cement paste was done according to the formula of 

Whittington et al. (1981) for Portland cement pastes. The formula was modified as indicated 

in Equation 2 to 4 to take into account the coarse porosity caused by incomplete compaction 

of the concrete mix. 

𝐹 = 1.04((1− 𝑃𝑜𝑟)𝜑)−1.20  (2) 

Where F – formation factor; 

Por – porosity of AAFA concrete samples at 1 day (measured by hydrostatic weighing 

as indicated in Equation 3); 

φ – theoretical fractional volume of AAFA cement paste in concrete mix. 

𝑃𝑜𝑟 = 1 −𝑚/(𝑚 −𝑚𝑤)/𝛾 (3) 

Where m – mass of concrete sample, kg; 

mw – mass of concrete sample in water (hydrostatic weight), kg;  
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ϒ – theoretical relative density of AAFA concrete. 

𝐹 = 𝜌𝑐/𝜌𝑝 (4) 

Where ρp – resistivity of AAFA cement paste, Ω·m. 

The temperature coefficient of resistivity was found from the following formula (Whittington 

et al., 1981): 

𝜌𝑝2 = 𝜌𝑝1/(1 + 𝛼(𝑇2 − 𝑇1))  (5) 

Where ρp1, ρp2 – resistivity of AAFA cement paste at temperature T1 and T2 respectively, 

Ω·m; 

T1, T2 – temperature of AAFA concrete mix, °C; 

α – temperature coefficient of resistivity, °C-1. 

 

3. Results and discussion 

 

3.1. General observations 

Thermal expansion of the plastic parts of the modified moulds during the heating phase 

resulted in an air gap between the electrodes and samples. The air gap broke the electric 

circuit, effectively discontinuing DEC. This was only the case for the concrete mix activated 

with sodium hydroxide (SH-9, Table 3). The SH-9 mix precured for 12 and 24 hours did 

therefore not reach the target temperature of 60 °C (Fig. 4). The concrete mixes containing 

sodium silicates (LSS-9, LSS-SH, Table 3) did not lose contact with the electrodes due to 

higher adhesion of the mixes to metal surfaces. 
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Fig. 4. Temperature profile of SH-9 mix during the heating phase. 

 

It is also important to note that the SH-9 mix displayed intensive efflorescence formation 

after curing in the fog room. Shekhovtsova et al. (2014) observed intensive efflorescence 

formation on samples of AAFA cement pastes activated with sodium hydroxide at 9% Na2Oeq 

when cured at ambient temperature, while curing at 60 ºC resulted in no efflorescence 

formation. The efflorescence formation observed in this study thus indicates insufficient heat 

curing of the SH-9 mix caused by the air gap formed between the electrodes and the sample 

during the heating phase. The concrete samples were cooling instead of being isothermally 

cured. 

 

3.2. Electric properties 

Electric resistivity of concrete is one of the main parameters to design equipment used for 

DEC of a specific concrete structure. The resistivity of all AAFA cement pastes and concretes 

during the heating phase, calculated using Equation 4 and 1 respectively, is presented in 

Table 5. 

The electric properties of concrete are governed by the properties of the cement paste 

(Whittington et al., 1981). It can be seen that the resistivity of AAFA cement pastes 

containing sodium silicate (LSS-9, LSS-SH, Table 5) was not influenced by the duration of 

precuring, but the resistance of the paste containing sodium hydroxide as a sole activator (SH-

0

10

20

30

40

50

60

70

0 60 120

Te
m

pe
ra

tu
re

 (º
C

)

Heating time (min)

2 h precuring

12 h precuring

24 h precuring



15 
 

9, Table 5) doubled when precuring was longer than 2 hours. The increase in the resistivity 

will have a negative effect on power consumption during DEC as can be seen from Joule’s 

law (Equation 6): 

𝑄 = 𝐼2𝑅𝑡 = 𝑈2𝑡/𝑅  (6) 

Where Q – heat generated, J; 

I – electric current, Amp; 

R – electric resistance, Ω; 

U – potential, V; 

t – time, s. 

Hence it can be suggested that AAFA concrete containing sodium hydroxide as a sole 

activator should not be precured for long times. 

 

Table 5 

Physical and electric properties of AAFA cement pastes and concretes. 

Mix Precuring 
(h) 

Por Fractional 
volume, φ 

ρc1 (Ω·m)a ρc2 (Ω·m)b Formation 
factor, F 

ρp1 (Ω·m)a ρp2 (Ω·m)b α, (°C-1) 

LSS-9 2 0.035 0.311 8.85 2.12 4.41 2.01 0.48 0.081 

LSS-9 12 0.034 0.311 8.02 2.23 4.40 1.82 0.51 0.072 

LSS-9 24 0.028 0.311 8.27 2.23 4.37 1.89 0.51 0.078 

SH-9 2 0.043 0.342 1.00 0.63 3.97 0.25 0.16 0.030 

SH-9 12 0.025 0.342 2.21 1.50 3.88 0.57 0.39 0.034 

SH-9 24 0.025 0.342 1.77 1.23 3.88 0.46 0.32 0.031 

LSS-SH-8 2 0.020 0.351 3.68 1.16 3.74 0.98 0.31 0.056 

LSS-SH-10 2 0.020 0.360 4.43 1.16 3.63 1.22 0.32 0.074 

LSS-SH-12 `2 0.018 0.369 6.85 1.30 3.52 1.95 0.37 0.119 

a ρc1, ρp1 – resistivity of AAFA concrete and cement paste at the beginning of heating phase respectively; 

b ρc2, ρp2 – resistivity of AAFA concrete and cement paste at the end of the heating phase or minimal resistivity 

for SH-9 mix respectively. 
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The second important observation is that the resistivity of the AAFA cement pastes strongly 

depends on the type of activator used (Table 5). Sodium hydroxide gives the lowest resistivity 

(SH-9) followed by the combined activator (LSS-SH) and sodium silicate (LSS-9). The 

resistivity of LSS-SH cement pastes is lower than the resistivity of the LSS-9 cement paste 

despite a significantly higher water-to-binder solids ratio of the former (Table 3). The 

decrease in resistivity could be influenced by two factors. Firstly, the addition of sodium 

hydroxide to sodium silicate in the combined activator increased concentration of sodium 

ions in LSS-SH cement pastes. The increase in concentration of sodium ions is related to the 

decreased silica modulus of the combined activator (Ms=1.25 in comparison to Ms=2.0 for 

pure sodium silicate solution). Therefore, a decrease in the resistivity of AAFA cement paste 

can be expected with a decrease in silica modulus of sodium silicate activator. Secondly, 

LSS-SH cement pastes have higher volumes of alkaline solution in their composition in 

comparison to LSS-9 cement paste. 

It is important to note that the resistivity of AAFA cement pastes (Table 5) is generally lower 

in comparison to Portland cement paste with water/cement ratio of 0.40 studied by 

Whittington et al. (1981) which had the resistivity of 2.2 Ω·m. The DEC power consumption 

of AAFA concretes can thus be lower in comparison to Portland cement concretes. The 

change in the resistivity of AAFA concretes during the heating phase is presented in Fig. 5. 
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a) LSS-9 

 

b) SH-9 

 

c) LSS-SH 

Fig. 5. Development of the resistivity of AAFA concrete mixes during the heating phase. 

 

The decrease in the resistivity of AAFA concretes with increase in temperature correlates 

with the behaviour of Portland cement concretes (Bredenkamp et al., 1993; Whittington et al., 

1981). A sudden increase in the resistivity when SH-9 mix was cured (Fig. 5,b) is attributed 

to the development of an air gap between the electrodes and samples as discussed before. The 

initial resistivity of LSS-SH mixes increased with an increase in alkali content (Fig. 5,c), 

which was not expected as the increase in alkali content should decrease the resistivity of the 

AAFA concrete as the concentration of ions in the paste increased. The observed increase in 

the resistivity from LSS-SH-8 to LSS-SH-12 could be caused by the higher water content in 
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mixes containing more alkalis (Table 3). The resistivity of LSS-SH mixes did however 

equalize by the end of the heating phase (Fig. 5,c). 

The calculated temperature coefficients of AAFA cement pastes (α, Table 5) are considerably 

higher than the value of 0.022/ºC found by Whittington et al. (1981) for Portland cement 

paste. Alkali-activated fly ash cement pastes appear to be much more sensitive to temperature 

in comparison to Portland cement paste, especially when activated with sodium silicate 

solution (LSS-9, LSS-SH, Table 5). The higher temperature coefficient indicates that AAFA 

cement paste drops its resistivity faster than Portland cement paste, which will positively 

affect power consumption during DEC. The drop in resistivity is caused by an increased 

degree of hydrolysis of electrolytes with an increase in temperature. Additionally, the 

mobility of sodium ions in the sodium silicate solution significantly increases with 

temperature rise. These two factors could be responsible for the significant drop in the 

resistivity of AAFA cement pastes containing sodium silicates. 

 

3.3. Compressive strength 

Compressive strength results are presented in Fig. 6 and 7. 

 

 

Fig. 6. Effect of duration of precuring on compressive strength development of LSS-9 and 

SH-9 mixes. 
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Fig. 7. Effect of duration of isothermal curing on compressive strength development of LSS-

SH mixes. 

 

Shekhovtsova et al. (2014) found that AAFA cement pastes with similar composition to the 

composition of SH-9 could hardly be demoulded after 7 days and had a compressive strength 

of only 10.9 MPa at 28 days when cured at 25 °C. Results of Somna et al. (2011) confirms 

that the strength development of AAFA cement pastes is very slow at ambient temperature. 

As can be seen from Fig. 6, DEC significantly improved the strength performance in 

comparison to ambient temperature curing. The compressive strength at 2 and 28 days was in 

the range of 15 and 36 MPa respectively. 

The duration of the precuring affected the compressive strength development of AAFA 

concretes activated with sodium silicate (LSS-9, Fig. 6). Two hours precuring gave the best 

results as the compressive strength was the highest at all ages. In contrast, the duration of 

precuring did not have a significant effect on strength of AAFA concretes activated with 

sodium hydroxide, especially at 28 days (SH-9, Fig. 6), but the difference in maximum curing 

temperature reached by SH-9 mix precured for 2, 12 and 24 hours have to be noted (Fig. 4). 

The difference in compressive strength of SH-9 mix at 2 days was probably caused by the 
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fact that the mix precured for 2 hours reached 60 ºC, where mixes precured for 12 and 24 

hours were heated to about 45 ºC (Fig. 4). 

During the second stage of the experiment, 2 hours precuring was selected for LSS-SH mixes 

as it gave the best strength performance during the first stage. Additionally, long precuring 

times are not always practical, and an increase in precuring time can lead to an increase in the 

resistivity of AAFA concrete mix (SH-9, Table 5) which would cause increased power 

consumption during DEC. 

The decrease in duration of isothermal curing from 6 to 3 hours negatively influenced the 

compressive strength of LSS-SH-8 and LSS-SH-10 mixes (Fig. 7). LSS-SH-10 mix lost the 

most from the decreased curing time as the compressive strength at 28 days decreased by 

20%. In contrast, the duration of isothermal curing does not significantly affect the 

compressive strength of the LSS-SH-12 mix. Comparing the 28-d compressive strength of the 

LSS-SH mixes, which were isothermally cured for 6 hours (Fig. 7), it can be seen that the 

LSS-SH-10 mix gained the highest strength, which correlates with results found by 

Shekhovtsova et al. (2014), indicating that there is an optimal alkali content in AAFA 

cements and excessive amounts of alkali negatively affects mechanical properties of the 

material. However, the compressive strength of LSS-SH mixes isothermally cured for 3 hours 

increased with increase in alkali content (Fig. 7). It can be suggested that alkali content 

should be increased above the optimal concentration if AAFA concretes would be cured for 

short time without resulting in a considerable drop in target compressive strength. 

The relatively high standard deviation in strength of SH-9 mix should be noted (Fig. 6). 

Strength deviation of AAFA concretes containing sodium hydroxide and sodium silicate 

(LSS-SH, Fig. 7) is relatively high during the early stage of hardening (2 and 7 days) and 

reduces at 28 days in comparison to the concretes activated with sodium hydroxide (SH-9, 

Fig. 6). LSS-9 mixes have a low standard deviation at all ages (Fig. 6). The high standard 
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deviation in the compressive strength of SH-9 mixes could be caused by the insufficient heat 

curing as discussed before (Fig. 4). 

It is interesting to note that the 28-d compressive strength of SH-9 mixes at 36 MPa is higher 

than that of LSS-9 mixes at 32 MPa despite the improper curing of SH-9 mixes (Fig. 6), 

which is unexpected as AAFA concretes containing sodium silicate normally have a higher 

compressive strength in comparison to fly ash concretes activated with sodium hydroxide 

(Fernández-Jiménez and Palomo, 2005; Palomo et al., 1999; Shekhovtsova, 2015). The 

results therefore show that DEC has a good potential for producing fly ash concretes activated 

with sodium hydroxide, which might be economically beneficial as these concretes normally 

have significantly lower material cost in comparison to AAFA concretes containing sodium 

silicates (McLellan et al., 2011). Additionally, AAFA concrete mixes containing only sodium 

hydroxide might be “greener” (i.e., having lower environmental effect) than mixes activated 

with sodium silicate solutions (Habert et al., 2011). 

Despite the higher water-to-binder solids ratio, LSS-SH mixes had significantly higher 

compressive strength in comparison to LSS-9 and SH-9 mixes (Fig. 6-7). Sodium silicates 

with an optimized silica modulus provide better strength development of AAFA cements 

(Criado et al., 2005). Short isothermal curing for 3 hours provides relatively high compressive 

strength up to 33.8 MPa at 2 days and 48.5 MPa at 28 days (LSS-SH-12, Fig. 7), indicating 

that DEC can be effectively used for production of AAFA concretes. 

 

4. Conclusions 

In this study, low calcium fly ash, sodium hydroxide, and sodium silicate were used to 

produce alkali-activated fly ash concretes subjected to direct electric curing at 60 °C. The 

following conclusions can be drawn from the investigation. 

The resistivity of alkali-activated fly ash cement paste strongly depends on the type of 

activator used. Sodium hydroxide gives significantly lower resistivity (0.16-0.39 Ω•m) than 
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sodium silicates (0.31-0.51 Ω•m). The resistivity of Portland cement paste is considerably 

higher at 2.2 Ω•m indicating that less energy is needed for direct electric curing of alkali-

activated fly ash concretes. 

Electric resistivity of the alkali-activated fly ash concretes is more sensitive to temperature in 

comparison to the resistivity of Portland cement concretes, especially when sodium silicates 

are used as activators. Temperature coefficients up to 0.119/ºC were found for alkali-activated 

fly ash concretes in comparison to 0.022/ºC for Portland cement concrete found in literature. 

The results show that the resistivity of alkali-activated fly ash concretes decreases faster with 

increase in temperature than that of Portland cement concrete, which will positively affect 

power consumption during direct electric curing. 

Short precuring times are suggested because they result in higher compressive strength for 

alkali-activated fly ash concretes, and power consumption can be potentially reduced as the 

resistivity of fly ash concrete activated with sodium hydroxide increases with time. 

Compressive strengths up to 33.8 MPa and 48.5 MPa at 2 and 28 days respectively can be 

achieved after relatively short direct electric curing (2 hours of heating and 3 hours of 

isothermal curing, which can be implemented during off-peak hours). Alkali-activated fly ash 

cements of similar composition cured at ambient temperature achieve compressive strength of 

10.9 MPa at 28 days.  

Alkali-activated fly ash concretes showed very good response to direct electric curing 

developing high compressive strength which opens new opportunities for much wider in-situ 

use of alkali-activated fly ash concretes resulting in more extensive utilization of unclassified 

low calcium fly ash in the construction industry. 
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