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1. Introduction 

With an annual use of 1 m3 per person, concrete is the most frequently utilized building material on the planet 

(Gartner, 2004). The bonding part that affords conventional concrete considerable strength consists of Portland cement. 

(Provis et al., 2014). Nevertheless, cement manufacture contributes conservatively 5-8% of global anthropogenic CO2 

emissions (Sousa et al., 2021). As a consequence of this predicament, the hunt for ways to achieve a compromise 

between increased building and environmental protection has escalated. The use of geopolymers, which are inorganic 

polymers, to substitute cement-based concrete attempts to limit emissions of carbon dioxide caused by cement 

manufacture (Davidovits, 1991). Geopolymers are inorganic materials rich in silicon-aluminum oxide that react with 

alkaline activators to form cementitious materials. NaOH and water glass (Na2SO3) were the most accepted alkaline 

activator considering their economy and applicability. During the preparation process of 1-ton geopolymer cement, the 

carbon emission is 180 kg, which is only 1/5 of that of ordinary silicate cement (Habert et al., 2011). Geopolymer also 

has great mechanical and durability properties.  

Al-mashhadani et al. (2020) investigate the impact of various NaOH concentrations (8mol and 12 mol) on the 

properties of geopolymer. The compressive strength results for the 28th day indicated an increase of nearly 3%. Rekha 

et al. (2021) investigate the mechanical properties (compressive strengths, splitting tensile strengths, and flexural 

strengths) at 1 to 28 days of FA-GGBS based geopolymer concrete with five types of sodium hydroxide concentration 

(4mol, 6mol, 8mol, 10mol, and 12mol). The result illustrates that the ultimate strength was achieved up to 57.53MPa at 

28 days for 8mol geopolymer concrete, Chen et al. (2021) have a similar set of NaOH concentrations while the 
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compressive strength generally increases with increasing the molarity of NaOH concentrations. Nagral et al. (2014) 

find that a longer curing period of one day at the curing temperature of 90 °C provides the optimum mechanical 

properties of geopolymer, while other research reveals various results (Bah et al., 2022; Gorhan et al., 2014; Suppiah et 

al., 2022; Verma et al., 2022). The comprehensive impact of various variables on the mechanical properties of 

geopolymer was seldom investigated in a single design of tests prepared using a single source of fly ash. 

A great deal of previous research has stated that CO2 emission values for geopolymer concrete are 80% to 25% 

lower than those for OPC (Duxson et al., 2007; McLellan et al., 2011; Shi et al., 2021; Teh et al., 2017; van Deventer et 

al., 2010). Nevertheless, the energy expended during the manufacturing of the alkaline activators and elevated 

temperature curing of geopolymers has not been considered regularly. Therefore, the contribution to CO2 emission 

from curing temperature and usage of alkaline activators should be noted in geopolymer manufacture. 

This study aimed to examine the mechanical properties of fly ash based geopolymer mortars prepared in different 

curing conditions concerning temperatures from 40 to 60°C, curing time from 4 to 12 hours, and NaOH solution 

concentration from 8 to 12mol. We also discussed the correlation between strength properties’ increase rate and CO2 

emission. 

 

2. Experimental Program 

2.1 Experimental Materials 

Fly ash (collected from Datang Thermal Power Plant, Gongyi (China)), which is mainly composed of SiO2 (56.004 

wt%) and Al2O3 (30.267 wt%), and the percentage of CaO is less than 10% (2.36 wt%) (Table 1). This allows us to 

classify the fly ash as ASTM class F.  

Table 1 - Chemical composition of materials 

 SiO2 Al2O3 Fe2O3 K2O MgO CaO 

Fly ash 56.004 30.267 4.361 1.71 0.237 2.36 

Standard sand 91.734 3.178 0.238 0.819 0.198 0.243 

 

Fig. 1c depicts the microstructure of FA. The FA particles are spherical with smooth surfaces. Fig.1d presents the 

XRD analysis of fly ash. The particle size distribution of fly ash, conducted by laser particle size analyzer (Malvern 

Mastersizer 2000), is given in Fig 1b. The medium diameter (D50) of FA was 17.254μm.  

 

 

Fig. 1 - (a) Image of fly ash; (b) Particle size distribution of fly ash; (c) SEM image of fly ash; (d) XRD patterns 

of fly ash 
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NaOH pellets (purity>96%) and water glass (sodium silicate solution, Na2O, ~10.2%, SiO2, ~26.1%) were sourced 

from a Chinese chemical company from Ningxia and Sichuan. Three different concentrations of NaOH: 8mol, 10mol, 

and 12mol were arranged, where ‘mol’ stands for the molarity of the solution concentration. The alkaline activator was 

prepared by a blend of NaOH solutions and water glass in the mass ratio of 1:2 one day before mixing. The standard 

sand was purchased from Xiamen ISO Standard Sand Co., Ltd. 

 

2.2 Experimental Procedure 

Design mixes of geopolymer mortars based on orthogonal design and the single-variable method are given in Table 

2, and the used sodium hydroxide concentration was 8mol, 10mol, and 12mol.  

Table 2 - Design mixes of geopolymer mortars 

Fly ash sodium hydroxide solution sodium silicate solution standard sand 

450g 78.3g(8mol) 156.7g 1350g 

450g 78.3g(10mol) 156.7g 1350g 

450g 78.3g(12mol) 156.7g 1350g 

 

The specimens were prepared based on the Chinese Transportation Trade Standard JTG 3420-2020. The alkali-

activator and fly ash was placed in the cement mortar mixer for 30-second slow stirring, with sand addition, 30s slow 

stirring,30s rapid stirring,90s break, and then 60s rapid stirring. Subsequently, the mixture was poured into the 

rectangular lubricated steel molds with 40×40×160 mm in two layers, and each one was pounded 60 times. Afterward, 

the samples were cured in an oven with different temperatures and initial curing times, then demolded by the next day, 

followed by further curing at room temperature for 3,7,28 days. The central apparatus operating in the experimentation 

consists of the mixer for mixing mortars (JC/T-681), jolting table for compacting mortars specimen (JC/T-682), NLD-3 

apparatus for the fluidity of cement mortar, and YAW-300 pressure testing machine produced by Jinan Zhongluchang 

Instrument Equipment Co., Ltd. The sample preparation and the mix proportions of geopolymer mortars are shown in 

Fig 2 and Table 2. 

 

 

 
 

Fig. 2 - Experimental procedure 

 

2.3 Design of Orthogonal Experiments 

The best mechanical properties of geopolymer mortars were determined by the orthogonal test of four factors (the 

molarity of the NaOH solution, initial curing temperature, initial curing time, and curing age) and three levels. The test 

level and factors are illustrated in Table 3. 
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Table 3 - Factors and level table of L9 (34) orthogonal test 

Level Level 1 Level 2 Level 3 

NaOH molarity 8mol 10mol 12mol 

Initial curing temperature 40℃ 50℃ 60℃ 

initial curing time 4h 8h 12h 

curing age 3d 7d 28d 

 

3. Results and Discussion 

3.1 Fluidity 

In order to ensure that the dosage of the Alkali-activator does not change with the difference in NaOH solution 

concentration, the fluidity was compliant. After several attempts, the dosage of the Alkali-activator was set as 235g. 

However, the fluidity of geopolymer mortars decreased with increasing NaOH solution concentrations which can be 

observed in Fig 3. This is due to the decrease in water phase content. 

 

 

Fig. 3 - Effect of NaOH concentration on fluidity of geopolymer mortars 

 

3.2 Result of Orthogonal Experiments 

As shown in Table 4, the best curing condition is plan 8. According to the development law of strength, It can be 

presumed that the best curing condition is NaOH:12mol, initial curing temperature:60℃, initial curing time:12h, and 

curing age is 28d. To measure the sensitivity of each factor to the intensity index, The size of the extreme difference of 

the experimental index under each factor can be calculated in orthogonal trials. It can be concluded from the results, 

which are shown in Table 4, that the range of curing age is the largest, which is the main factor. The extreme difference 

in NaOH molarity is relatively tiny, a secondary factor. 

Table 4 - The result of orthogonal experiments 

Factor 
NaOH 

molarity 

Initial curing 

temperature 

Initial curing 

time 

Curing 

age 

Flexural 

strength 

Compressive 

strength 

Plan1 8mol 40℃ 4h 3d 3Mpa 7.6Mpa 

Plan2 8mol 50℃ 8h 7d 5.7Mpa 16.3Mpa 

Plan3 8mol 60℃ 12h 28d 7.8Mpa 31.6Mpa 

Plan4 10mol 40℃ 8h 28d 8.3Mpa 32.5Mpa 

Plan5 10mol 50℃ 12h 3d 5.4Mpa 19.8Mpa 

Plan6 10mol 60℃ 4h 7d 5.8Mpa 19.1Mpa 

Plan7 12mol 40℃ 12h 7d 6.2Mpa 22.8Mpa 

Plan8 12mol 50℃ 4h 28d 9.4Mpa 36Mpa 

Plan9 12mol 60℃ 8h 3d 5.7Mpa 26.8Mpa 

Range (flexural 

strength) 
1.6 1 0.5 3.8 / / 

Range (compressive 

strength) 
10.033 4.866 4.3 15.3 / / 
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3.3 Effect of NaOH Concentration 

Testing the mechanical properties of fly ash-based geopolymer mortars with NaOH concentration as a single 

variable. The initial curing temperature was 50℃, and the initial curing time was 12h. The results are shown in Fig 4. 

 

 
 

Fig. 4 - Mechanical properties of geopolymer mortars with NaOH molarity increase 

Flexural and compressive strength results were obtained at 3d,7d, and 28 days. What can be seen apparently in Fig 

4 is the growth of flexural and compressive strength with the increase of NaOH concentration, sample 12mol has the 

best 3d’s mechanical properties, but the sample 8mol has the most considerable percentage of strength development, 

which 28d’s strength, almost the double of 3d’s, furthermore, the flexural strength results of 10mol were very close to 

the ones of 12mol samples. Hence, we can infer that higher NaOH concentration does promote geopolymerization 

resulting in a higher flexural and compressive strength. In addition, the dosage of NaOH pellets increases by 19.6% and 

41.8% from 8mol to 10mol and 12mol, respectively. The contribution of CO2 emissions from raw materials to the 

preparation of 1 group of geopolymer mortars is about 0.305kg to 0.321kg (Turner et al., 2013). 

 

 
 
Fig. 5 - Strength increase rate compare with dosage and CO2 emission increase rate at different NaOH molarity 

Fig 5 compared the increase rate of 3d, 7d, and 28d’s strength, NaOH pellets dosage, and CO2 emission from 8mol 

to 10mol and 12mol, respectively. It was observed that increases in NaOH molarity from 8mol to 10mol led to a greater 

early strength increase rate than the dosage of NaOH pellets. However, this relationship was reversed with an increase 

in NaOH molarity from 10mol to 12mol. For the 28d’s strength, it appears to be more cost-effective when NaOH 

molarity is 8 mol for the reason that the NaOH pellets increase did not provide an equivalent strength increase. On the 

other hand, CO2 emission did not appear to increase significantly with the NaOH pellets, and strength increased. 
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3.4 Effect of Curing Condition 

The mechanical properties test was carried out with initial curing temperature and initial curing time as a single 

variable. The initial curing time and temperature were set as 12h and 60℃, respectively, NaOH solution was 10mol. 

The flexural and compressive strength development results of geopolymers at different ages with curing condition 

changes have been plotted in Fig 6. 

 

 
 

Fig. 6 - Mechanical properties of geopolymer mortars with initial curing temperature and time 

 

Increases in curing time led to compressive and flexural strength development in the geopolymer mortars at 

different ages. Fig 4a revealed that the flexural strength development of all mixtures increased rapidly with initial 

curing temperature from 40℃ to 50℃, followed by a further increase in flexural strength at slower rates with initial 

curing temperature from 50℃ to 60℃. Fig 4b shows that there has been a steady increase in the mechanical properties 

of samples 4h and 12h relatively while the late strength of sample 8h increased rapidly. 

 

3.5 Microstructural Analysis 

After mechanical testing, the geopolymer mortar samples of 10mol NaOH (initial curing time: 12h, curing age: 7 

days) were prepared for microstructural analysis. The fracture surface of samples at the magnification of 10k is shown 

in Fig 7. 

 

 
 

Fig. 7 - SEM micrographs of geopolymer mortars 

 

It is obvious that the development of binding gels has been considerably impacted by the various initial curing 

temperature. Some unreacted fly ash particles were observed in the micrographs. However, partially dissolved fly ash 

particles were found in Fig. 7b-c. As the temperature increases, the geopolymerization process develops, leading the 

unreacted fly ash to dissolve and leaving behind unreacted inner voids in the geopolymer. This may be owing to the 

fact that there is inadequate heat to break the chemical bonds of Si-O and Al-O bonds in fly ash (Chindaprasirt et al., 

2017). As shown in Fig.7c, during thermal hardening at 60℃, the bulk of the fly ash particles had dissolved in the 

alkaline activator with little unreacted or partially reacted fly ash particles remaining. Compressive strength and 

flexural strength values follow a similar trend. 
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4. Conclusion 

The current research investigated the effects of NaOH concentration and curing conditions on fly ash-based 

geopolymer mortars' strength and microstructure. The following conclusions can be inferred based on the present study: 

1．The increase in NaOH molarity did not lead to an increase in the fluidity of geopolymer mortars. On the 

contrary, it followed the opposite trend. 

2．Based on the obtained data from orthogonal experiments, the sensitivity factor of geopolymer mortar 

mechanical strength is in the order: curing age > NaOH molarity > initial curing temperature > initial curing time. 

Therefore, the NaOH molarity and initial curing temperature should be attention in the preparation of geopolymer 

mortars. 

3．The higher concentration of NaOH showed significantly better mechanical strength results. The optimum 

NaOH molarity may be 10mol while NaOH pellets dosage and CO2 emission were taken into account. The longer 

initial curing time and higher initial curing temperature showed better 28d ages mechanical strength despite the 

mechanical strength development speed at 3d, and 7d ages being different. 

4．The micrographs of geopolymer mortars showed that the increases in mechanical properties followed a similar 

trend of the geopolymerization process with the increase in temperature. 
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