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Abstract- Recently, geopolymer or alkali-activated concrete takes great attention due to low carbon footprint since fly 

ash and ground granulated blast furnace slag (industrial by-product materials) has been utilized as binder materials in the 

alkali-activated concrete. In this research, the compressive strength (CS) development of the alkali -activated fly ash/slag 

(AAFAS) concrete was investigated in an ambient environment at 7., 14., 28., and 56. days using alkali activator 

(sodium silicate to sodium hydroxide) ratios of 1, 1.5, 2, and 2.5 with 6M SH (low) concentration. In addition, the effect 

of delayed oven-curing condition was also studied at 56.day. The results indicated that for the ambient-cured specimens 

with 6M SH concentration, the maximum and minimum CS were reached in the AAFSS concrete with alkali activator (SS/SH) 

ratios of 2 and 1, respectively. The AAFAS concrete with an alkali activator ratio of 2.5 showed the lowest CS enhancement 

after 7.day and 14.day, while the AAFAS specimens with an alkali activator ratio of 1.5 performed the least CS improvement 

at 28.day in the ambient environment. Meanwhile, the highest CS enhancement was observed in the specimens with an alkali 

activator ratio of 2 for all ages. Due to the delayed oven-curing, the least and the highest CS enhancements were observed in 

the AAFAS specimens with alkali activator ratios of 2 and 1.5, respectively. The results pointed out that AAFAS concrete with 

a higher alkali activator ratio (≥2) should be used for structural applications in the ambient environment. 

 

Keywords Alkali activated fly ash/slag concrete, alkali activator, delayed oven-curing, compressive strength, sodium silicate 

to sodium hydroxide ratio. 

 

1. Introduction 

Due to the increasing population, novel eco-friendly 

materials are required in order to build sustainable structural 

applications. Nowadays, ordinary Portland cement (OPC) 

has been widely utilized as a binder material for the 

construction of structural elements. However, due to the 

hazardous influence of the cement material to the 

environment and high energy demand during cement 

production [1], alternative binder materials or different 

concrete types become necessary for the green and 

sustainable environment and global economy. Generally, fly 

ash (FA), ground granulated blast furnace slag (GGBS) and 

silica fume have been partially utilized instead of OPC as 

binder materials and their favorable effects on the 

mechanical strength and durability properties of the OPC 

concrete were reported in the earlier investigation [2]. 

Recently, geopolymer concrete or alkali-activated concrete, a 

new type of cementless free concrete, has been emerged into 

the concrete industry and numerous researches have been 

conducted in order to use geopolymer or alkali-activated 

concrete instead of OPC concrete in structural applications 

[3-7]. A novel cement-free alkali-activated concrete needs 

less energy during its production [8] and releases 

approximately 6 times less CO2 than the OPC concrete [9, 

10]. Alkali activated concretes includes FA, GGBS, 

metakaolin, silica fume as binder materials [11] and 

generally SS and SH were utilized as alkali activators for the 

geopolymerization reactions [12, 13]. 

The alkali-activated concretes with FA show slow 

geopolymerization reactions at the ambient environment and 

generally requires elevated temperature curing above 60°C 

for the fast geopolymerization reactions and early strength 

gain [14]. Therefore, the FA utilization alone can be limited 

in the precast concrete industry due to the heat-curing 

requirement. Meanwhile, GGBS consists of a high amount of 
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CaO that responsible for the strength gain at ambient 

environment. Therefore, GGBS utilization in the AAFAS 

concrete becomes significant for the structural applications. 

However, researchers reported that GGBS utilization alone 

causes high shrinkage and rapid setting [15, 16], hence 

combined utilization of the FA and GGBS should be better in 

terms of structural utilization of the AAFAS concrete 

specimens. 

Alkali activators are responsible for the initiation of the 

geopolymerization reactions. A strong alkaline medium is 

required for the surface hydrolysis and molarity 

concentration of the alkali activator determines the 

mechanical properties of the AAFAS materials [17]. In an 

earlier investigation [18], the effect of three different SH 

molarity (3M, 6M, 9M) was investigated on the FA based 

geopolymer concrete when the alkali activator ratio (SS/SH 

ratio) was kept constant and it was reported that the highest 

CS was obtained on the specimens with 6M SH 

concentration. The researchers also added that 

geopolymerization reaction was not strong due to the low SH 

concentration (3M) and premature coagulation of silica, 

which causes low CS for the AAFAS concrete specimens 

with a high molarity concentration (9M). The 6M SH was 

found as the optimum molarity concentration for the FA 

based geopolymer concrete. 

The inclusion of the SS to the SH solution improved the 

mechanical strength of the alkali-activated materials since SS 

increases the silicate content and SiO2/Na2O ratio in the 

alkali activator [19]. It was reported that the CS of the alkali-

activated materials depends on the SH molarity, SS/SH, 

SiO2/Na2O, and Na2O/Al2O3 ratios [20]. In this study, the 

effect of various SS/SH ratios under 6M SH concentration on 

the CS development of the AAFAS concrete was 

investigated. Moreover, the effect of the delayed oven-curing 

condition on the CS of the AAFAS concrete was examined. 

2. Materials and Test Methods 

2.1. Alkali Activated Concrete Materials 

The AAFAS concrete consisted of 50% GGBS and 50% 

F-type FA. The GGBS and FA materials were taken from 

Iskenderun iron and steel power plant and Çatalağzı thermal 

power plant, respectively. For the geopolymerization 

process, combined use of SS and SH solutions were utilized 

with alkali activator ratios of 2.5, 2, 1.5, and 1 with the 6M 

SH concentration. The SH pellets and SS liquid with an 

alkaline modulus of 2 and a specific gravity of 1.39 g/cm3 

were taken from a local market. The 6M SH solution and 

different alkali activator ratios were prepared in the 

laboratory environment just before the AAFAS concrete 

production. The sudden heat release emerged during mixing 

of the SH solution, hence SH solution was waited 

approximately 15 minutes in order to cool down. A 

naphthalene based superplasticizer was utilized to reach S4 

slump class concrete for structural utilization. For the 

aggregates, coarse aggregates (5mm – 22mm) and fine 

aggregates (<4 mm) were used and the aggregate sieve result 

was given in Fig. 1. The chemical composition and physical 

properties of the used binder materials were also presented in 

Table 1. 

 

Fig. 1. Aggregate sieve analysis 

Table 1. The physical properties and chemical composition 

of the slag and fly ash 

Chemical 

Composition 
Slag F-type Fly Ash  

SiO2 (%) 37.97 56.15 

Al2O3 (%) 13.27  26.37 

CaO (%) 37.92 1.79 

Fe2O3 (%) 1.16 6.44 

MgO (%) 5.64 2.35 

SO3 (%) 0.23 0.056 

Na2O (%) 0.84 1.1 

K2O (%) 0.56 3.8 

Cl (%) 0.015 0.09 

Loss on ignition (%) 0.01 2.2 

Specific Gravity 

(g/cm3) 
2.95 2.05 

Specific Surface 

(cm2/g) 
5131 3870 

2.2. Mixture Composition 

Table 2 indicates the mixture composition of the AAFAS 

concrete with various alkali activator ratios. For the 

production of the AAFAS concrete, 180 kg/m3 slag (half of 

the binder) and 180 kg/m3 F-type FA materials were utilized. 

The used alkali activator ratios were 1, 1.5, 2, and 2.5 and the 

concentration of the SS was 6M, which was considered to be 

low molarity concentration. The compressive strength 

development of the AAFAS concrete under low SH molarity 

was investigated in this research. For enhanced 

geopolymerization and workability, and especially cheaper 

alkali activated concrete productions, water addition into the 

alkali-activated concrete mixes was reported in the earlier 

investigations [21, 22]. The used water amount was kept 

constant for the all AAFAS concrete mixtures, and the 

superplasticizer amount was changed in order to obtain S4 

slump class concrete. It should be noted that the used 

superplasticizer (SP) amount in the AAFAS specimens 

decreased as the alkali activator (SS/SH) ratio increased as 

shown in Table 2. 
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Table 2. Mixture composition of the AAFAS concrete with 

different SS/SH ratios 

Mixture 

SS/SH ratios 

1 1.5 2 2.5 

6M SH 81 64.8 54 46.3 

SS 81 97.2 108 115.7 

Fly ash 180 180 180 180 

Slag 180 180 180 180 

No I 560 560 560 560 

No II 560 560 560 560 

Crushed Sand 373 373 373 373 

Sand 373 373 373 373 

Superplasticizer 11.56 10.00 8.44 6.88 

Water 43.75 43.75 43.75 43.75 

 
During mixing procedure, dry materials (aggregates, FA 

and GGBS) were included into the mixer and the dry mixture 

mixed for 2 min. The SS, SH and half of the SP were mixed 

before in a container and included into the mixer and then 

mixed for additional 2 min. Finally, water and the remaining 

SP were also mixed before in a container and the liquid 

solution was added into the mixer and mixed for additional 2 

min. The duration of the total mixing procedure was 6 min. 

2.3. Curing of specimens and compressive strength tests 

The prepared different AAFAS mixes were poured into 

the 150x150x150 mm cube molds and the required 

compaction was realized. Then the top surfaces of the cube 

AAFAS concretes were covered with plastic sheets to 

prevent the evaporation of the alkaline solutions. After 3 

days later, molds were demolded and AAFAS concretes were 

left in the ambient environment at 6 ± 4°C to investigate the 

CS development of the AAFAS concretes in winter 

conditions. The CS tests were performed according to ASTM 

C39 standard at the ages of 7., 14., 28., and 56. days in order 

to observe the CS enhancement of the ambient-cured 

AAFAS concrete specimens with curing time. Three 

identical AAFAS samples were utilized for each AAFAS 

specimen in order to calculate average CS of the AAFAS 

specimens.  

In addition to ambient-curing, the delayed oven-curing 

was also applied to the AAFAS concrete specimens in order 

to investigate the influence of delayed oven-curing condition 

on the AAFAS concrete specimens with various SS/SH 

ratios. In the delayed oven-curing conditions, the AAFAS 

concretes were waited in the ambient environment for 54 

days and then the AAFAS concretes were put in an oven at 

70°C for 48 hours (first 56 days for ambient curing condition 

and the last 2 days for oven-curing condition). The delayed 

oven-cured AAFAS concretes were tested only at the age of 

56. days and three identical AAFAS concrete samples were 

used to calculate average CS values of the AAFAS concrete 

specimens at the age of 56.day.  

3. Results and Discussions 

3.1. Ambient-cured Specimens 

Fig. 2 shows the CS development of the AAFAS 

concretes with various alkali activator ratios and 6M SH 

concentration in the ambient environment. The ambient-

cured AAFAS concretes were tested at the ages of 7., 14., 

28., and 56. days. As in the case of OPC concrete, the CS of 

the AAFAS concretes increased with time and the highest CS 

was attained on the AAFAS concretes at the age of 56. day.  

 

Fig. 2. Compressive strength development of the AAFAS 

specimens with various SS/SH ratios 

The compressive strength (CS) test results indicated that 

the CS of the AAFAS concretes increased with an increasing 

alkali activator ratios up to the value of 2, and the CS of the 

AAFAS concretes started to be decreased after the further 

alkali activator ratio (2.5). The maximum and minimum CS 

were obtained in the AAFAS concretes with alkali activator 

ratios of 2 and 1, respectively.  The CS could not be attained 

for the AAFAS concretes with an alkali activator ratio of 1. 

When the alkali activator ratio of the AAFAS specimens was 

1.5, the average CS of the AAFAS concretes were 1.28 MPa, 

1.93 MPa, 2.48 MPa, and 3.57 MPa at the ages of 7.day, 

14.day, 28.day, and 56.day, respectively. For the AAFAS 

concretes with an alkali activator ratio of 2, the mean CS of 

the AAFAS specimens were found to be 4.83 MPa, 5.75 

MPa, 9.18 MPa, and 10.66 MPa for 7.day, 14.day, 28.day, 
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and 56.day, respectively. For the AAFAS specimens with an 

alkali activator ratio of 2.5, the mean CS of the AAFAS 

specimens were obtained as 2.25 MPa, 3.37 MPa, 7.43 MPa, 

and 8.62 MPa at the ages of 7.day, 14.day, 28.day, and 

56.day, respectively. The results indicated that ongoing 

geopolymerization reactions take place with time in the 

AAFAS concretes. 

Table 3. Compressive strength changes of the AAFAS 

samples with respect to 56.day compressive strength (%) 

Day 
SS/SH ratios 

1 1.5 2 2.5 

7 - 36 45 26 

14 - 54 54 39 

28 71 69 86 86 

56 100 100 100 100 

 
Table 3 indicates the CS changes of the AAFAS 

concretes with respect to 56.day CS values. As stated earlier, 

there was no CS gain at 7.day and 14.day for the AAFAS 

concretes with an alkali activator ratio of 1. The CS 

development became 71% at 28.day with respect to 56.day 

CS for the AAFAS specimens with an alkali activator ratio 

of 1. For the AAFAS specimens with an alkali activator ratio 

of 1.5, the CS enhancements became 36%, 54%, and 69% at 

the ages of 7.day, 14.day, and 28.day, respectively. For the 

AAFAS concretes with an alkali activator ratio of 2, the CS 

enhancements at 7.day, 14.day, and 28.day were 45%, 54%, 

and 86%, respectively. For the AAFAS concretes with an 

alkali activator ratio of 2.5, the CS improvements were 26%, 

39%, and 86% for 7.day, 14.day. and 28.day, respectively. 

The CS test results indicated that the lowest CS gain was 

observed on AAFAS concretes with an alkali activator ratio 

of 2.5 at the ages of 7.day (26%) and 14.day (39%), while the 

lowest CS gain at the age of 28.day was observed on the 

AAFAS concretes with an alkali activator ratio of 1.5 (69%). 

Meanwhile, the highest CS gain was observed on the 

AAFAS concretes with an alkali activator ratio of 2 at the 

ages of 7.day (45%), 14.day (54%) and 28.day (86%). For 

the AAFAS concretes with an alkali activator ratio of 2.5, 

approximately 60% CS enhancement was observed between 

14.day and 28.day. For the AAFAS specimens with alkali 

activator ratios of 1 and 1.5, approximately 30% CS increase 

was observed after 28.day, while for the AAFAS specimens 

with alkali activator ratios of 2 and 2.5, the CS development 

became only 14% after 28.day.   

3.2. Delayed oven-cured Specimens 

Figure 3 shows the effect of the delayed oven-curing on 

the CS of the AAFAS concretes at 56.day. The delayed 

oven-cured AAFAS concretes indicated as 56-OC in Figure 

3. Results indicated that at the end of the 56.day curing 

period, delayed oven-cured AAFAS concretes yielded higher 

CS values than the ambient-cured AAFAS concretes. The CS 

of the AAFAS concrete with alkali activator ratios of 1, 1.5, 

2 and 2.5 were increased as 9%, 36%, 8%, and 33%, 

respectively due to the delayed oven-curing. Results 

indicated that the lowest CS enhancement was observed on 

the AAFAS specimens with an alkali activator ratio of 2, 

while the highest CS enhancement was noticed on the 

AAFAS concretes with an alkali activator ratio of 1.5. In 

addition, after the delayed oven-curing procedure, AAFAS 

concrete with an alkali activator ratio of 2 yielded similar CS 

values with the AAFAS concretes with an alkali activator 

ratio of 2.5. 

 

Fig. 3. Compressive strengths of the ambient cured and 

delayed oven-cured AAFAS specimens  

4. Conclusions 

In this study, the effect of various alkali activator ratios 

on the CS development of the AAFAS concretes was 

investigated using 6M SH concentration at the ages of 7.day, 

14.day, 28.day, and 56.day. In addition, the effect of delayed 

oven-curing on the CS of the AAFAS concretes was also 

investigated and the results were summarized below; 

 The results showed that the CS of the AAFAS 

concrete specimens increased with time similar to 

OPC concrete. The CS test results indicated that 

ongoing geopolymerization reactions take place in 

the AAFAS concretes up to the 56.day. 

 

 The CS of the AAFAS samples with 6M SH 

concentrations enhanced with an increase in the 

alkali activator ratio up to the alkali activator ratio 

of 2, then the CS of the AAFAS samples were 

found to be decreased for the increased alkali 

activator ratio of 2.5. 

 

 For the ambient-cured AAFAS concretes, the 

highest and the lowest CS were obtained in the 

AAFAS concrete specimens with alkali activator 

ratios of 2 and 1, respectively.  
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 The AAFAS concrete specimens with an alkali 

activator ratio of 1 showed very low CS (<1 MPa), 

which can be attributed to the low SH concentration 

in the used alkali activator.  

 

 The ambient-cured CS test results of the AAFAS 

specimens also revealed that the lowest CS 

enhancement was obtained in the AAFAS 

specimens with an alkali activator ratio of 2.5 at the 

ages of both 7.day and 14.day, while the lowest CS 

improvement was observed in the AAFAS concretes 

with an alkali activator ratio of 1.5 at 28.day. In 

addition, the highest CS enhancement was reached 

in the AAFAS concretes with an alkali activator 

ratio of 2 for all the tested ages. 

 

 The ambient-cured AAFAS specimens with alkali 

activator ratios of 1 and 1.5 showed approximately 

30% CS increase between 28.day and 56.day, 

whereas for the AAFAS specimens with alkali 

activator ratios of 2 and 2.5, the CS enhancement 

became around 14% between 28.day and 56.day. 

Therefore, AAFAS concrete with a higher alkali 

activator ratio (≥2) should be utilized in the 

structural applications in ambient environments. 

 

 The delayed oven-cured AAFAS specimens yielded 

higher CS values than the ambient-cured AAFAS 

specimens. The lowest CS enhancement was 

obtained in the AAFAS specimens with an alkali 

activator ratio of 2, while the highest CS 

improvement was achieved in the AAFAS 

specimens with an alkali activator ratio of 1.5 due to 

the delayed oven-curing at 56.day.  
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