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Abstract 

 

The effect of using commercial-grade calcium sulfate (CS) in alkali-activated high-calcium fly ash (AAHFA) paste on the drying 

shrinkage and strength is reported. Five different fly ash (FA): CS ratios of 100:0, 97.5:2.5, 95:5, 92.5:7.5, and 90:10 were investigated. 

A constant Na2SiO3:10 M NaOH ratio of 1.0, liquid alkaline activator/binder (L/B) ratio of 0.40, and ambient curing temperature      

(~25 °C) were used for all mixes. The results clearly showed a reduction in the setting time for the AAHFA incorporating CS. The 

compressive strength of the AAHFA paste increased with increasing CS content up to an optimum level. In addition, the use of a 

mixture of FA and CS to produce AAHFA could improve its drying shrinkage. The use of 2.5% CS or 5% CS is recommended to 

realize significant improvements in both the drying shrinkage and strength development of AAHFA paste. 
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1. Introduction 

 

 Portland cement (PC) is the most widely used cement for construction work despite the amount of CO2 released during its 

manufacturing. Naqi and Jang [1] reported that the manufacturing of PC results in high emission of CO2: approximately 0.814 ton of 

CO2 for every ton of PC. To solve this problem, many researchers [2, 3] have aimed to utilize industrial by-products in the concrete 

industry. For example, fly ash (FA) is used to replace PC for producing cement and concrete [2, 3]. Currently, new binding materials 

called alkali-activated materials (AAMs) are receiving increasing attention for use as binders in green concrete. A number of 

researchers [4-12] have demonstrated that AAM binders can provide advantages over PC.  

 AAM is a type of cement that incorporates industrial by-products activated with an alkaline solution [13]. The main reaction 

products within AAM binders can be divided into two categories [14]: high-calcium products based on calcium silicate hydrate (CSH) 

and/or calcium aluminum silicate hydrate (CASH) gels, and low-calcium products based on sodium aluminosilicate hydrate (NASH) 

gels. The high-calcium products can provide a higher strength development compared with low-calcium products under normal 

temperatures [15]. A high strength development under normal temperatures is very useful for the construction industry, especially for 

repair work. Alkali-activated binders containing a combination of CSH, CASH, and NASH could be used as high-performance 

materials for repair work [12, 16, 17]. For example, an AAM incorporating PC and calcium carbide residue (CCR) has been developed 

for use as an alternative repair material [12, 18]. It has been reported that the AAM with PC and CCR as additives is a good choice for 

repair work in terms of its high bond strength and cost-effectiveness. However, the drying shrinkage of the AAM paste made from fly 

ash (FA) was much larger than that of the AAM paste made from PC [18, 19], except under heat-cured conditions. Matalkah et al. [20] 

proposed that the high shrinkage was due to the large number of small gel pores within alkali-activated binders, which result in a higher 

capillary stress and larger drying shrinkage. This may be a limitation for using AAM as a repair material, although AAMs exhibit high 

bonding strength and excellent durability. To solve this problem, Hanjitsuwan et al. [16] used expansive additives to improve the drying 

shrinkage. They found that the use of expansive additives in the AAM binder could reduce the drying shrinkage by 25-30%. Moreover, 

Bakharev et al. [21] reported that both the autogenous and drying shrinkage were improved with the use of 6% gypsum in alkali-

activated slag, resulting in ettringite formation. It should be noted that the ettringite formed acts as the expansive phase. 

 Therefore, this study aims to investigate the effect of using commercial-grade calcium sulfate (CS) in AAM binders on their drying 

shrinkage and strength development. The drying shrinkage and strength development of alkali-activated high-calcium fly ash (AAHFA) 

binders incorporating CS are examined. 
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2. Experiments and analysis 
 

2.1 Materials 

 

 High-calcium FA from the Mae Moh power plant in northern Thailand was used as the raw material. Commercial-grade CS 

(Ca2SO4) was used as the expansive additive. The FA had a specific gravity, median particle size, and Blaine fineness of 2.65, 15.3 

µm, and 4300 cm2/g, respectively. Table 1 lists the chemical compositions of the FA and CS. The sum of SiO2 + Al2O3 + Fe2O3 in the 

FA was 66.94%, and the CaO content was 21.41%. Thus, the FA was Class C according to ASTM C618-15 [22]. Scanning electron 

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) images of the CS are shows in Figure 1. The EDS analysis of CS 

indicated that it mainly consisted of CaO and SO3, as also shown in the X-ray fluorescence (XRF) analysis.  

 

Table 1 Chemical compositions of FA and CS (wt. %) 

 

Material SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O TiO2 P2O5 Other SO3 LOI 

FA 36.94 18.11 11.90 21.40 2.79 2.29 1.43 0.37 0.21 0.15 .2 89 1.52 

CS - - - 40.66 0.30 0.10 0.15 0.27 - 0.13 58.40 - 

 

 
 

Figure 1 SEM and EDS images of CS  

 

2.2 Mix proportions 

 

 Table 2 lists the mix proportions of the AAHFA pastes incorporating CS. The 10 M NaOH and Na2SiO3 solutions used in this 

study were based on a previous study [16]. The Na2SiO3/NaOH and L/B ratios were fixed at 1.0 and 0.40, respectively. 

 To obtain the paste, FA and CS were first dry mixed for 1 min to ensure homogeneity. Then, NaOH and Na2SiO3 were added, and 

the product was mixed for 2 min.  

 

Table 2 Mix proportions of AAHFA pastes incorporating CS  

 

Mix ID. Symbol FA (%) CS (%) 10 M NaOH (%) Na2SiO3 (%) 

1 0CS 100 - 20 20 

2 2.5CS 97.5 2.5 20 20 

3 5.0CS 95.0 5.0 20 20 

4 7.5CS 92.5 7.5 20 20 

5 10CS 90.0 10.0 20 20 

 

2.3 Testing procedure 

 

 After mixing, the setting times of the AAHFA pastes with CS were determined in accordance with ASTM C191-19 [23]. The 

compressive strength samples were obtained according to ASTM C109/C109M-20b [24]. Five identical samples were produced for 

each mix in a 50 × 50 × 50 mm cubic mold. The samples were de-molded after 24 h and wrapped with a plastic sheet for 7, 14, 28, 60, 

90, and 120 d of curing in a room at 25 2 C.  

 For the shrinkage tests, three identical samples were produced for each mix in a 25 × 25 × 285 mm prism mold according to ASTM 

C490/C490M-17 [25] and ASTM C596-18 [26]. After casting, the samples were kept at ambient temperature (~25 °C) and a relative 

humidity of 50% 3% without a vinyl sheet. The measurement of the change in length of samples was based on a previous study [16]. 

Figure 2 shows the drying shrinkage test setup.  
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Figure 2 Drying shrinkage test setup 

 

3. Results and discussion 

 

3.1 Setting time 

 

 Figure 3 shows the results for the setting times of AAHFA pastes with varying CS contents. The initial and final setting times of 

samples 0CS, 2.5CS, 5CS, 7.5CS, and 10CS were 12, 7, 5, 5, and 2 min and 18, 13, 10, 9, and 3 min, respectively. The setting time of 

the AAHFA paste thus decreased with increasing CS replacement. This was due to the high Ca content from the CS, which was 

approximately 40.66%. This agrees with the conclusion reported by Pangdaeng et al. [27] that the reaction products within the AAM 

binder were accelerated by the heat generated from the exothermic process. CSH and/or CASH gels were formed in the matrix. This is 

also consistent with previous studies [28, 29]. These previous studies reported that the coexistence of CSH and NASH gels provided the 

high strength development of the AAM binders. It should be noted that the rapid setting of AAHFA with CS is advantageous for repair 

materials intended for projects such as repairing cracks and patch repair in ballastless track structures, asphalt pavement, and walkways, 

as reported by Wu et al. [30]. However, the fast setting of the AAHFA paste with CS may make it difficult to use in large areas. Thus, 

AAHFA with CS is recommended for use on only small areas of damaged concrete.  

 

 
 

Figure 3 Setting times of AAHFA pastes incorporating CS 

 

3.2 Compressive strength 

 

 Figure 4 shows the compressive strength of the AAHFA paste using CS as the expansive additive. The strength of the AAHFA 

paste tended to increase with increasing CS content up to an optimum level, after which the strength declined. For instance, the 28-d 

strengths of samples 0CS, 2.5CS, 5CS, and 7.5CS were 45.9, 51.2, 48.7, and 44.9 MPa, whereas the 120-d strengths were 58.0, 58.4, 

54.3, and 51.9 MPa, respectively. Note that the setting time of the 10CS mix was very quick; therefore, there was not sufficient duration 

for sample preparation. The formation of CSH from FA and CS facilitated the high strength development of the AAHFA paste [16]. 

Punurai et al. [19] reported that the additional formation of CSH in the geopolymer system would refine its pore structure; hence, the 

strength development of the geopolymer was increased. Equation (1) shows the reaction mechanism between the gypsum and NaOH 

solution [31]. The Ca(OH)2 obtained from Eq. (1) can react with SiO2 and/or Al2O3 from the FA to form CSH [16]. In addition, the reaction 

of the 𝑆𝑂4
2−ions from Eq. (1) results in dissolution of the Al3+ ions from FA particles [32, 33], leading to strength development of the 

AAHFA paste. However, the Al3+ content in the matrix was reasonably high, which led to the formation of ettringite 
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(Ca6Al2(SO4)3(OH)12·26H2O) and hence a reduction in strength. This behavior is confirmed in Figure 4. The 90-d strength of the 

AAHFA paste with 5% CS was lower than that of the AAHFA paste without CS. 

 

𝐶𝑎𝑆𝑂42𝐻2𝑂 + 𝑁𝑎𝑂𝐻 → 4𝐶𝑎(𝑂𝐻)2 + 𝑁𝑎2𝑆𝑂4                                                                                                                                                     (1) 

 

 
 

Figure 4 Compressive strengths of AAHFA pastes incorporating CS 

 

3.3 Drying shrinkage 

 

 Figure 5 summarizes the results of the drying shrinkage tests of AAHFA pastes incorporating CS. The drying shrinkage decreased 

with increasing CS content compared to the paste without CS, as expected. For instance, the drying shrinkages at 90 d of curing were 

12,076, 11,632, 8,169, and 7,391 × 10-6 mm/mm for the 0CS, 2.5CS, 5CS, and 7.5CS mixes, respectively. This is consistent with the 

results of previous studies [19, 34], which reported high shrinkage values of AAM between 25,000 × 10-6 and 30,000 × 10-6 mm/mm. 

As reported, FA:CS ratios of 95:5 and 92.5:7.5 are optimal for improving the drying shrinkage. The CS acts as an expansive material, 

similar to the work of Hanjitsuwan et al. [16]. Gypsum and calcium sulfate hemihydrate were identified as the main components, as 

indicated in Table 1 and Figure 1. The formation of Na2SO4, obtained from Eq. (1) increased with increasing CS content. In addition, 

the formation of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) had a positive effect on the shrinkage behavior of the AAM [16, 21, 31]. 

Bakharev et al. [21] demonstrated that the use of gypsum in AAM binders could enhance the drying shrinkage. It should be noted that 

the formation of ettringite and sodium sulfate are critical factors for obtaining low drying shrinkage values.  

 

 
 

Figure 5 Effect of CS on the drying shrinkage of AAHFA pastes  

 

3.4 SEM and EDS analysis 

 

 Figure 6 shows the microstructures of the AAHFA pastes incorporating CS. The SEM image of the alkali-activated FA paste 

without CS (Figure 6a) shows many unreacted FA particles in the matrix. For the mixes containing CS (Figure 6b and 6c), the SEM 

images appear denser with more closely packed reaction products than the paste without CS replacement, resulting in high strength 

development of the AAHFA pastes. However, the formation of ettringite was observed, as shown in Figure 6b and 6c. The occurrence 

of ettringite formation in the matrix could explain the reduction in the strength development of the AAHFA paste incorporating 5% CS 

at a curing age of 90 d (see Figure 4). 

 The main elements detected in the EDS analysis were similar to those reported by Hanjitsuwan et al. [16]. The presence of sodium, 

silicon, and aluminum represents the geopolymer gel in the AAHFA paste [16]. Similarly, the presence of calcium, silicon, and 

aluminum corresponds to the formation of C(A)SH gels. As shown in Figure 6, the Si/Al ratio is 1.51 for spectrum 1. For the pastes 

containing FA with 2.5% CS and 5% CS, the Si/Al ratios ranged between 1.47-3.03 and 1.24-2.87, respectively. High strength 
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development of the high-calcium AAM was always found at Si/Al ratios between 2.6 and 3.0, as reported in previous studies [19, 35]. 

In addition, the Ca/Si ratios of the pastes containing FA with 2.5% CS and 5% CS were 0.40-0.58 and 0.23-0.84, respectively. The 

Ca/Si ratio of approximately 1.0 represents the initial formation of CSH, as reported in previous studies [15, 36]. Therefore, the mixes 

with CS have a higher strength development than the mix without CS. However, a high amount of Al was found in Figure 6b and 6c; 

therefore, ettringite formation may have occurred (see Figure 6b). For spectra 1 and 3 in Figure 6a, a high amount of Al was detected, 

similar to the mixes with CS. In this case, the ettringite would not be formed because Ca was no longer present. 

 

 
 

Figure 6 Microstructures of AAHFA pastes incorporating CS at 90 days  
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4. Conclusions 

 

 From the results obtained in this study, the following conclusions can be drawn: 

 1. The AAHFA pastes with CS had reduced workability. The initial and final setting times ranged from 2-12 min and 3-18 min, 

respectively. The fast setting of the AAHFA paste with CS makes it difficult to use in large areas; therefore, it is recommended for use in 

only small areas of damaged concrete. 

 2. The strength development of the AAHFA paste increased with increasing CS replacement up to an optimum level. However, a 

reduction in the 90-d strength was observed in the AAHFA paste containing 5.0% CS. Therefore, the CS content of the AAHFA paste was 

an important factor in the strength development. 

 3. Using a mixture of FA and CS to produce the AAM could improve the drying shrinkage of the AAHFA pastes. The addition of 

2.5% CS and 5% CS showed positive effects on both the drying shrinkage and strength development. 

 4. The use of CS in AAHFA pastes could improve the microstructure compared to the paste without CS. However, ettringite formation 

was observed in the pastes with CS. This led to a reduction in the strength development of the AAHFA paste incorporating 5% CS at the 

later stage despite the reduced drying shrinkage. 
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