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Abstract: In this study, the changes in mass, compressive strength and length were analyzed to investigate 10 
sulfate resistance according to ground granulated blast furnace slag (GGBFS) blending ratio and type of 11 
sulfate solution. All alkali activated mortars showed excellent sulfate resistance when immersed in sodium 12 
sulfate (Na2SO4) solution. However, when immersed in magnesium sulfate (MgSO4) solution, different sulfate 13 
resistance results were obtained depending on the presence of GGBFS. Alkali activated GGBFS blended 14 
mortars showed a tendency to increase mass, increase length and decrease compressive strength when 15 
immersed in magnesium sulfate solution, but the alkali activated FA mortars did not show any significant 16 
difference depending on the types of sulfate solution. The deterioration of alkali activated GGBFS blended 17 
mortars in the immersion of magnesium sulfate solution was confirmed by the decomposition of C-S-H which 18 
is the reaction product by magnesium ion and the formation of gypsum (CaSO4·2H2O) and brucite (Mg(OH)2). 19 

Keywords: alkali activated materials; fly ash; ground granulated blast furnace slag; sulfate resistance; cation 20 
accompanying sulfate 21 

 22 

1. Introduction 23 
As climate change has become a social issue since the 2000s, there is a growing need to develop new 24 

materials that can replace ordinary Portland cement (OPC) in order to reduce the amount of CO2 generated 25 
during the cement manufacturing process. For this reason, studies on alkali activated materials (AAMs) such as 26 
ground granulated blast furnace slag (GGBFS), fly ash (FA) and metakaolin have been actively conducted 27 
[1-6]. In general, AAMs are divided into two types depending on the reaction products. First, a binder using 28 
calcium rich materials such as GGBFS is activated by an alkaline solution to produce a calcium silicate hydrate 29 
(C-S-H) similar to the OPC hydrate. Second is geopolymer, which is low in calcium and high in silica and 30 
alumina contents, such as metakaolin and FA, and mainly produces amorphous alkali aluminosilicates gel [7, 31 
8]. Caustic alkalis (MOH), non-silicate (M2CO3, M3PO4, M2SO4 etc.) and silicates (M2O · nSiO2) are used as 32 
activators. Of all these activators, NaOH, Na2CO3, Na2O·nSiO2 and Na2SO4 are the most widely available 33 
chemicals. Some potassium compounds have been used in laboratory studies, but their potential applications 34 
will be very limited due to their costs [9] 35 

Generally, the deterioration mechanism by the sulfate attack of concrete is represented by the following 36 
two explanations. First, as shown in Equation (1) and (2), Ca(OH)2 in concrete reacts with sulfate ions (SO4

2-) to 37 
form gypsum (CaSO4·2H2O). Gypsum formation as a result of cation-exchange reactions is capable of causing 38 
expansion. Second, the reaction of gypsum with calcium aluminate hydrate as in Equation (3) causes the 39 
degradation of properties such as expansion and delamination due to the formation of ettringite [10, 11] 40 

 41 𝑁𝑎 𝑆𝑂 + 𝐶𝑎(𝑂𝐻) + 2𝐻 𝑂 →  𝐶𝑎𝑆𝑂 ∙ 2𝐻 𝑂 + 2𝑁𝑎𝑂𝐻                (1) 42 

𝑀𝑔𝑆𝑂 + 𝐶𝑎(𝑂𝐻) + 2𝐻 𝑂 →  𝐶𝑎𝑆𝑂 ∙ 2𝐻 𝑂 + 𝑀𝑔(𝑂𝐻)                 (2) 43 
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3𝐶𝑎𝑂 ∙ 𝐴𝑙 𝑂 ∙ 12𝐻 𝑂 + 3(𝐶𝑎𝑆𝑂 ∙ 2𝐻 𝑂)  +  14𝐻 𝑂 44 

 →  3𝐶𝑎𝑂 ∙  𝐴𝑙 𝑂  ∙ 3𝐶𝑎𝑆𝑂 ∙ 32𝐻 𝑂                         (3) 45 

Depending on the cation type associated with the sulfate solution (i.e., Na+, K+, or Mg2+), both calcium 46 
hydroxide and C-S-H present in the hydrated Portland cement paste may be converted to gypsum by sulfate 47 
attack. In the case of magnesium sulfate attack, the conversion of calcium hydroxide to gypsum is accompanied 48 
by the simultaneous formation of magnesium hydroxide, which is insoluble and reduces the alkalinity of the 49 
system [12]. The AAMs concrete performed better than OPC in sodium sulfate (Na2SO4) solution, and similarly 50 
to OPC in magnesium sulfate (MgSO4) solution [13]. In general AAMs are reported perform equivalently to or 51 
better than OPC, but the performance of the AAMs depends strongly on the chemistry of the source material 52 
(GGBFS, FA or others), on the type of the activator and on the composition and concentration of the sulfate 53 
solutions used for testing [9]. 54 

In this study, the sulfate resistance of alkali activated FA based geopolymer and GGBFS blended mortars 55 
was evaluated. Specifically, the sulfate resistance was evaluated by changing the mass, compressive strength 56 
and length of alkali activated mortars according to the types and concentrations of sulfate solution. 57 

2. Experiment  58 

2.1. Materials 59 
FA and GGBFS were used as source materials in alkali activation, and the chemical compositions and 60 

physical properties of FA and GGBFS are listed in Table 1. FA is classified as class F fly ash according to 61 
ASTM C 618 since SiO2 + Al2O3 + Fe2O3 is 85.1% and CaO is 3.8%. GGBFS shows 43.0% of CaO, 34.3% of 62 
SiO2 and 14.2% of Al2O3. The Blaine surface area is 381 m2/kg for FA and 428 m2/kg for GGBFS, and the 63 
density is 2,210 kg/m3 for FA and 2,890 kg/m3 for GGBFS, respectively. The fine aggregate is used in 64 
accordance with ISO 679. For the activation of FA, sodium silicate solution (SiO2 28.2%, Na2O 9.3%, H2O 65 
62.55%), and pure sodium hydroxide are usually adopted. Sulfate solutions were prepared using magnesium 66 
sulfate (MgSO4) and sodium sulfate (Na2SO4) reagents. 67 

The X-ray diffraction pattern of the FA and GGBFS is shown in Figure 1. The major crystalline 68 
components found in FA are quartz and mullite. In case of GGBFS, it has an amorphous phase of 95% or more 69 
because it is precipitated in a rapid cooling while being completely melted in the steel making process. 70 
Therefore, only the Anhydrite (CaSO4) added in the blast furnace slag grinding process is confirmed as the 71 
crystalline component. Both FA and GGBFS show the hump as an amorphous phase characteristic in the X-ray 72 
diffraction patterns and an amorphous hump was located between 15 degree and 35 degree 2θ. 73 

Table 1. Chemical compositions and physical properties of alkali activated materials (FA and GGBFS) 74 

 
Chemical compositions (mass %)   Physical properties 

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 LOI  
Density 
(kg/㎥) 

Blaine 
(㎡/kg) 

FA 58.9 20.9 5.30 3.80 1.31 0.74 1.69 0.50 4.87  2,210 381 

GGBFS 34.3 14.2 0.47 43.0 2.71 0.50 0.20 3.64 0.01  2,890 428 
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 75 

Figure 1. X-ray diffraction patterns of FA and GGBFS 76 

2.2. Mix proportions 77 
In mortar mixture design, the mass ratio of binder to fine aggregate was 1: 3 and the water/binder ratio was 78 

0.5.  The procedures for obtaining amount of activator and extra water are as follows. i) Determine Na2O 79 
content and SiO2/Na2O molar ratios (Ms). ii) Calculate the amount of sodium silicate solution to be added from 80 
the determined Ms value. iii) Calculate the amount of Na2O by converting the required Na2O to NaOH 81 
excluding the amount of Na2O in the sodium silicate solution. iv) Add water to make water/binder ratio 0.5 82 
including the amount of H2O in the sodium silicate solution. The overall mixture design used in this study is 83 
summarized in Table 2. The activator concentration was 8% of Na2O and 1.4 of Ms in FA based geopolymer 84 
and 4% of Na2O and 1.0, 1.5, 2.0 of Ms in GGBFS blended mortars. For each case, GGBFS was replaced with 85 
30 wt.% or 50 wt.% of the FA amount, respectively. The mortar specimen preparation method given in ISO 679 86 
was followed for mixing and placement [14]. After mixing, the FA based geopolymer specimens were cured at 87 
70 °C, and GGBFS blended specimens were cured at 23 °C or 70 °C. After 24 hours curing, they have been 88 
kept until test periods in the constant temperature and relative humidity conditions (23℃ of temperature and 89 
60% of R.H.). The size of the specimen for measuring the compressive strength and mass change was 40 × 40 × 90 
160 mm and the specimen for length change was 25.4 × 25.4 × 295 mm. 91 

 92 
Table 2. Mixture proportions of mortars 93 

Mix 

 Factors   Mass proportions (g) 

FA 
(%) 

GGBFS 
(%) 

Na2O 
(%) 

Msa  Cement FA GGBFS NaOH 
Sodium 
silicate 

solution 
Water Sand 

FA100-1.4 100 - 8 1.4  - 450 - 25.4 175.8 114.4 1350 

S30-2.0 70 30 4 2.0  - 315 135 8.2 125.6 146.0 1350 

S50-1.0 50 50 4 1.0  - 225 225 15.7 62.8 185.5 1350 

S50-1.5 50 50 4 1.5  - 225 225 11.9 94.2 165.8 1350 

S50-2.0 50 50 4 2.0  - 225 225 8.2 125.6 146.0 1350 

OPC - -    450 - - - - 225 1350 
a (SiO2/Na2O) molar ratio 94 

2.3. Test methods 95 
The mass change was measured by removing the water on the surface of the test specimen immersed in the 96 

sulfate solution with regarding to each age. The length change was measured by inserting studs at both ends of 97 
the specimen and using the length of the specimen cured for 28 days as a reference length. The length of the 98 
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specimen immersed in the sulfate solution was measured according to KS F 2424 with regarding to each age and 99 
calculated by the Equation (4).  100 𝐿𝑒𝑛𝑔𝑡ℎ 𝑐ℎ𝑎𝑔𝑛𝑒(%)                               (4) 101 

Where, Lt : Length(mm) at the immersion day (t), Li : length(mm) before immersion (28 days) 102 
 103 
The compressive strength of specimen was measured according to ISO 679, and the loading rate of the 104 

compressive strength test was 2,400 N/s ± 200 N/s. XRD was analyzed using a Rigaku MiniFlex 600 105 
diffractometer (40 kV and 20 mA). The scans ranged from 2θ angle equal to 5 degree to 65 with a step size 0.02 106 
2θ. 107 

3. Test results and discussion 108 

3.1. Mass change 109 
In order to evaluate the sulfate resistance according to the amount of GGBFS in the alkali activated binder, 110 

the amounts of GGBFS were adjusted to 0%, 30% and 50% as shown in Table 2. The initial curing conditions of 111 
FA100 were 24 hours at 70 ℃, and S30 and S50 were 24 hours at 23 ℃ and 70 ℃, respectively. After initial 112 
curing, all specimens were cured in a chamber at 23 °C and 60% relative humidity for 28 days, and then 113 
immersed in 10% sodium sulfate (Na2SO4) and 10% magnesium sulfate (MgSO4) solution. After that, the mass 114 
change of the specimen was measured by each age. 115 

As shown in Figure 2, the difference in mass change with immersion time is significant depending on the 116 
type of sulfate solution. In case of immersion in 10% Na2SO4 solution, FA100 showed the largest mass increase 117 
of 1.8% at 181 immersion days, and the mass change tends to decrease as the amount of GGBFS increases. 118 

 119 

   120 

(a) 10% Na2SO4 solution                            (b) 10% MgSO4 solution 121 

Figure 2. Mass change by sulfate solution type and GGBFS content 122 

In case of immersion in a 10% MgSO4 solution, the mass increase of FA100 at 181 days of immersion was 123 
2.3%, which is similar to that of 10% Na2SO4 solution. However, in case of S30 and S50, the mass increased 124 
continuously as the immersion age was increased in a 10% MgSO4 solution, and mass increase at 181 days was 125 
6.3% for S30 and 6.25% for S50, respectively. Therefore, it was confirmed that the sulfate resistance of the 126 
alkaline activated GGBFS blended mortar showed excellent performance to the sodium sulfate solution but the 127 
sulfate resistance to the magnesium sulfate solution was poor. 128 

As is well known, Ms in alkali activated mortars has a great influence on the microstructure and 129 
compressive strength [15-17]. In this study, the mass change was measured with the duration of immersion by 130 
changing Ms (1.0, 1.5, and 2.0) and curing temperature (23 ℃ and 70 ℃) for S50. As shown in Figure 3, even 131 
if the immersion period is increased, the mass change is very small within 0.4% regardless of the initial curing 132 
temperature and Ms change when immersed in 10% Na2SO4 solution. In case of immersion in 10% MgSO4 133 
solution, the initial curing temperature of both 23 °C and 70 °C showed a large mass increase according to the 134 
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immersion age. At an initial curing temperature of 23 °C, the mass increase of S50-1.0-23_Mg was 6.37%, 135 
S50-1.5-23_Mg was 6.33% and S50-2.0-23_Mg was 7.14% at 182 days. However, there is no difference in the 136 
mass change due to the initial curing temperature condition. 137 

In summary, the sulfate resistance of alkali activated FA based geopolymer mortar shows good 138 
performance regardless of sulfate types, but the sulfate resistance of alkali activated GGBFS blended mortar has 139 
a greater influence on the sulfate types than Ms and curing temperature. 140 

 141 

   142 

(a) GGBFS 50%, curing temperature 23℃       (b) GGBFS 50%, curing temperature 70℃ 143 

Figure 3. Mass change by sulfate solution type, Ms and curing temperature 144 

3.2. Compressive strength change 145 
Figure 4 shows the change in compressive strength with the amount of GGBFS mixture (0%, 30% and 146 

50%) and immersion of sulfate solutions (10% Na2SO4 and 10% MgSO4). When the specimens cured up to 28 147 
days were immersed in 10% Na2SO4 solution for one year, the compressive strength of the mortar was found to 148 
be higher than the strength before immersion in all specimens. Similar to the results of the mass change 149 
experiment, it was confirmed that the deterioration of the sulfate does not occur in the 10% Na2SO4 solution 150 
regardless of whether the GGBFS is mixed or not. 151 

In the case of immersion in 10% MgSO4 solution, the FA100 exhibited enhanced compressive strength of 152 
36.3 MPa after one year immersion compared to before immersion (26.8 MPa). However, when S30 and S50 153 
mixed with GGBFS were immersed in 10% MgSO4 solution for one year, the compressive strength was greatly 154 
reduced to 12.3% (4.7 MPa) and 35.4% (20.2 MPa) of the strength before immersion.  155 

As a result of the mass and the compressive strength change experiment, FA based geopolymer mortars 156 
were not affected by the types of sulfate solution. However, when GGBFS is blended, deterioration occurs 157 
only in immersion of 10% MgSO4 solution. This is because Mg(OH)2 and CaSO4 are formed by the penetration 158 
of magnesium ion and sulfate ion as shown in Equation (2), thus the mass increased and the compressive 159 
strength is decreased. 160 

 161 

 162 
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(a) fly ash 100% 163 

 164 

(b) GGBFS 30% 165 

 166 

(c) GGBFS 50% 167 

Figure 4. Compressive strength change by GGBFS contents and sulfate solution types 168 

 169 
Ismail et al. have shown that the response of alkali activated GGBFS-FA blends to sulfate attack is 170 

strongly dependent on the nature of the cation accompanying the sulfate; Na2SO4 immersion caused little 171 
damage, while MgSO4 caused loss of structural and dimensional integrity [18]. Figure 5 shows the compressive 172 
strength change of GGBFS blended mortars with respect to Ms and initial curing temperature. In case of 173 
immersion in 10% Na2SO4 solution, compressive strength was increased in all specimens irrespective of the 174 
change of Ms. The strength enhancement rate of the initial curing specimen at 23℃ was higher than that of the 175 
initial curing specimen at 70℃. Similar to the results of the mass change experiment, there was no decrease in 176 
compressive strength when immersed in 10% Na2SO4 solution regardless of initial curing temperature and Ms 177 
change. In case of immersion in 10% MgSO4 solution, the compressive strength decreases consistently with the 178 
immersion period. 179 
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   180 

(a) GGBFS 50%, curing temperature 23℃            (b) GGBFS 50%, curing temperature 70℃ 181 

Figure 5. Compressive strength change by Ms, sulfate solution type and curing temperature 182 

3.3. Length change 183 
Experimental results on the length change of alkali activated mortar depending on the amount of GGBFS 184 

and sulfate solution types were shown in Figure 6. As shown in Figure 6 (a), the OPC mortar expands by 0.04% 185 
or more when immersed in 10% Na2SO4 solution, whereas the alkali activated mortars exhibit a smaller length 186 
change rate than OPC even after one year of immersion. This means that sulfate deterioration does not occur 187 
even when alkali activated mortars are immersed in a sodium sulfate solution, similar to the results of 188 
measurement of mass and compressive strength change. Although FA100 exhibits a similar rate of length 189 
change regardless of the sulfate types, the rate of length change is very large when S30 and S50 are immersed in 190 
10% MgSO4 solution. Specifically, S30 showed 0.31% expansion rate at 300 days of immersion and S50 191 
showed 0.09% expansion rate at 300 days of immersion.  192 

   193 

(a) 10% Na2SO4 solution                     (b) 10% MgSO4 solution 194 

Figure 6. Length change by sulfate solution type and binder types 195 

Alkali activated mortar (S30-2.0-23) was adjusted to 2.5%, 5% and 10% of MgSO4 concentration in order 196 
to measure the rate of length change with regarding to the immersion time. As shown in Figure 7, it can be seen 197 
that the rate of length change varies according to MgSO4 concentrations. The maximum length change rate was 198 
0.21% at MgSO4 concentration of 10% at 180 days of immersion, and almost no expansion occurred at MgSO4 199 
concentration of 2.5%. Therefore, it can be seen that the deterioration due to the sulfate is greatly reduced in 200 
the low concentration MgSO4 solution. 201 
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 202 

Figure 7. Length change by magnesium sulfate solution concentrations 203 

As shown in Figure 8, it can be seen that the specimen collapsed due to the expansion of the mortar 204 
immersed in the 10% MgSO4 solution. This is because the gypsum is formed by equation (2) when alkali 205 
activated mortar is immersed in a 10 % MgSO4 solution, and the generation of such gypsum results in an 206 
increase in mass, expansion and compression strength reduction. 207 

Figure 8 shows the specimens of alkali activated mortars immersed in the sulfate solutions. As shown in 208 
Figure 8(c), the specimen collapsed due to the expansion of the mortar immersed in the 10% MgSO4 solution. 209 
This is because the gypsum is formed by equation (2) when alkali activated mortar is immersed in a 10 % 210 
MgSO4 solution, and the formation of gypsum leads to increase in mass, increase in length and decrease in 211 
compressive strength. 212 

 213 
 214 

 215 

(a) FA100 - 10% MgSO4 solution 216 

 217 

(b) S30 – 10% Na2SO4 solution 218 

 219 
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(c) S30 - 10% MgSO4 solution 220 

Figure 8. Mortar specimens according to sulfate solution types 221 

3.4. Mineral composition change 222 
It was confirmed in the previous experiments that the sulfate resistance of the alkali activated mortar 223 

varies depending on the types of sulfate solution. In this experiment, the change of mineral composition of 224 
alkali activated mortar immersed in sulfate solutions was confirmed by X-ray diffraction analysis. Figure 9(a) 225 
shows the results of X-ray diffraction analysis of specimens immersed in 10% Na2SO4 solution. No change in 226 
mineral composition was observed until the one year of immersion. Quartz (SiO2), mullite (3Al2O3.2SiO2) and 227 
C-S-H were observed as main crystalline components of alkali activated GGBFS blended binder. 228 

However, a very large difference can be seen from the results of x-ray diffraction patterns in the immersion 229 
of 10% MgSO4 solution as shown in Figure 9(b). Peaks of gypsum (CaSO4.2H2O) and brucite (Mg(OH)2) were 230 
observed from one month after immersion in 10% MgSO4 solution, which is confirmed by the reaction of 231 
Equation (2). It is considered that the peaks of gypsum and brucite become higher as the immersion time is 232 
elongated because of the increase in the amount of their production. According to Ismail et al, Mg2+ ions 233 
promote the decomposition of calcium compounds (Ca-rich gels)[18]. 234 

 235 3𝑀𝑔𝑆𝑂 +  3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂 ∙ 3𝐻 𝑂 +  8𝐻 𝑂 236 

→  3(𝐶𝑎𝑆𝑂 ∙ 2𝐻 𝑂) + 3𝑀𝑔(𝑂𝐻) + 2𝑆𝑖𝑂 ∙ 𝐻 𝑂                 (5) 237 

When alkali activated mortars were immersed in 10% MgSO4 solution, the increase in mass, increase in 238 
length and decrease in compressive strength of alkali activated mortars were caused by the formation of 239 
gypsum and brucite due to the reaction of magnesium ion as shown in Equation (5) [12]. From the experimental 240 
results, it can be concluded that the alkali activated GGBFS blended mortar does not deteriorate in the presence 241 
of sulfate only, but deteriorates by the formation of gypsum and brucite when magnesium and sulfate ions are 242 
present together. In addition, FA based geopolymers that produce aluminosilicates gels that are not C-S-H as 243 
reaction products show excellent sulfate resistance regardless of the sulfate solution types. 244 

 245 

    246 
(a) S30 - 10% Na2SO4 solution               (b) S30 - 10% MgSO4 solution 247 

Figure 9. XRD patterns of sulfate solution types for GGBFS(S30) 248 

 249 

4. Conclusions 250 
The following results were obtained from the evaluation of sulfate resistance of alkali activated FA based 251 

geopolymer and GGBFS blended mortars according to the types of sulfate solution.  252 
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 253 
(1) Alkali activated GGBFS blended mortars, unlike FA based geopolymer mortars, cause a significant 254 

mass increase immersed in 10% MgSO4 solution. 255 
(2) The compressive strength of alkaline activated mortars showed a great variation according to the cation 256 

accompanying sulfate. In 10% Na2SO4 solution immersion, the compressive strength does not decrease in all 257 
alkali activated mortars. However, in the immersion of 10% MgSO4 solution, the alkali activated GGBFS 258 
blended mortars show a significant decrease in compressive strength.  259 

(3) Alkali activated mortars were less expandable than OPC mortar immersed in 10% Na2SO4 solution, but 260 
alkali activated GGBFS blended mortars show a remarkable expansion immersed in 10% MgSO4 solution.  261 

(4) Ms plays an important role in the compressive strength of alkali activated mortars, but does not affect 262 
the sulfate resistance of alkali activated GGBFS blended mortars. 263 

(5) XRD results showed that the deterioration of sulfate in the alkali activated GGBFS blended mortar was 264 
due to the decomposition of C-S-H by magnesium ion and the formation of gypsum and brucite. In addition, 265 
alkali activated FA based geopolymer mortar exhibits excellent sulfate resistance regardless of the sulfate 266 
solution types since there is no reaction product such as Ca(OH)2 and C-S-H.  267 
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