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Abstract: 10 

Durability of concrete containing fly ash (FA) and silica fume (SF) against combined 11 

freezing-thawing and sulfate attack was studied in this paper. Concretes with w/b of 12 

0.38 and 0.33 containing FA (i.e. of 10%, 15% and 25% by weight) and SF (i.e. of 5%, 13 

8% and 11% also by weight) as partial replacement of Portland cement (PC) were 14 

exposed to 5% and 10% sodium sulfate solution under freezing–thawing cycles. The 15 

performance, including deterioration resistant coefficient of compressive strength, 16 

relative dynamic elastic modulus (RDEM) and microstructure, of concretes were 17 

evaluated after being subjected to certain freezing-thawing cycles in sodium sulfate 18 

solution. It was found that when exposed to 5% sodium sulfate solution, both FA and 19 

SF can improve concrete’s resistance to sulfate attack and in comparison SF 20 

performed better than FA. Concrete deterioration was attributed to the interaction 21 
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between freezing-thawing and sulfate attack. As for concrete without any admixture, 22 

its resistance against combined freezing-thawing and sulfate attack increased up to 23 

125 freezing-thawing cycles and then decreased. The replacement level of 25% FA 24 

and 5-8% SF both by weight led to significant improvements in the resistance of 25 

concrete against combined freezing-thawing and sulfate attack. 10% sodium sulfate 26 

solutions more obviously improved freezing-thawing resistance of concrete with 25% 27 

by weight FA replacing OPC than 5% sodium sulfate solutions, while 5% and 10% 28 

sodium sulfate solution had the similar improvements in freezing-thawing resistance 29 

of concrete with 8% by weight SF replacing OPC. 30 

 31 

Keywords: concrete durability; deterioration resistance coefficient; fly ash; 32 

freezing-thawing; relative dynamic elastic modulus; silica fume; sulfate attack; 33 

interaction between freezing-thawing and sulfate attack; sodium sulfate concentration; 34 

microstructure 35 

1. Introduction 36 

Durability and service life of concrete mainly depends on many environmental factors, 37 

such as carbonation, sulfate attack, alkali-aggregate expansion [1-5], heating-cooling 38 

cycles, freezing-thawing cycles, wetting-drying cycles, reinforcement corrosion etc. 39 

[6]. Sulfate attack is one of the most common and severe factors to concrete in service, 40 

which can be found at various regions throughout the world such as Northwest China, 41 

southern California in the USA, Arabian Gulf region, Japan, Australia and Alpine area 42 

[7-14]. Sulfate attack to concrete is a complicated physical and chemical process, 43 



which includes physical salt attack due to salt crystallization and chemical sulfate 44 

attack by sulfate from certain sources external to concrete [15]. 45 

In the case of chemical sulfate attack, sulfates of sodium, potassium, calcium, or 46 

magnesium in soil or dissolved in groundwater or seawater in the vicinity of concrete 47 

structures enter concrete, attack the hardened cement paste and increase the potential 48 

of deterioration. Free lime (Ca(OH)2), calcium aluminate (C3A) and ferroaluminate 49 

phases in cement are the main determining compositions influencing sulfate resistance 50 

of concrete [16, 17]. As it is well known, the two recognized chemical reaction 51 

products of cement hydration are ettringite and gypsum. The formation of ettringite 52 

results in an increase in solid volume, leading to expansion and cracking if expansion 53 

is restrained. The formation of gypsum can lead to softening and loss of concrete 54 

mass and strength [15, 16, 18, 19].  55 

The mechanism of physical salt attack is not fully understood and some discussions 56 

on it are presented in literature [20-22]. The ACI [15] considers that sodium sulfate, 57 

sodium carbonate and sodium chloride dissolved in groundwater transport through the 58 

moist concrete and then concentrate and precipitate at the exposed surface. Only salt 59 

crystallization such as thenardite and mirabilite rather than the chemical sulfate 60 

products such as ettringite and gypsum are identified in physical salt attack, which 61 

differs from the scenario of chemical sulfate attack. Cases of concrete damaged by 62 

physical sulfate attack are sometimes misinterpreted as by chemical sulfate attack [23]. 63 

As reported by Skalny [24], complete separation of physical and chemical sulfate 64 

attack is probably technically impossible and may cause more confusion. However, in 65 



real environments, concrete durability is influenced by factors acting in a combined 66 

and possibly synergistic physical and chemical manner. Therefore, it is significant to 67 

study concrete performance under combined deteriorating factors to obtain sufficient 68 

information on concrete durability. 69 

Yu et al. [25] investigated freezing-thawing durability of concretes under the attacks 70 

of a combination of external flexural stress and chemical solution. Their experimental 71 

results indicated that the freezing-thawing resistance of concrete was visibly reduced 72 

at the presence of flexural stress. Ganjian [26] revealed that different deterioration 73 

mechanisms make SF or GGBS cement to be more vulnerable in the magnesium 74 

sulfate bearing seawater particularly within tidal zone under wetting and drying cycles. 75 

Zivica [3] studied the influence of compression stress on sulfate corrosion rate of 76 

cement mortar and confirmed that the applied compression stress up to 60% of 77 

ultimate strength of mortar significantly slowed down this rate and the inhibition 78 

effect by decreasing bound SO3 content and the destructive phases, as ettringite and 79 

gypsum generated in concrete/cement paste attacked was connected. Mathias [27] 80 

pointed out that chloride penetration increased when the sulfate content increased at 81 

short immersion periods for OPC concrete and the presence of chlorides had a 82 

mitigating effect on the sulfate attack. According to Jiang [28], freezing-thawing 83 

cycles and sulfate attack affected each other and the deterioration of concrete with 84 

20% by weight FA replacing OPC attacked by magnesium sulfate led to the most 85 

aggressive deterioration subjected to freezing-thawing cycles. The shotcrete durability 86 

under combined frost and sulfate attack was investigated [29] and the results revealed 87 



that ordinary shotcrete was more durable under the combined action of 88 

freezing-thawing cycles and sulfate ion attack than that of the ordinary concrete with 89 

the same mixture. Steel fiber reinforced shotcrete had the best durability performance 90 

in frost and sulfate resistance. 91 

Investigations on frost and sulfate resistance of concrete had also been conducted in 92 

concrete science and engineering community, but the effects of sodium sulfate on the 93 

deterioration of concrete with FA and SF under combined freezing-thawing and 94 

sulfate attack was limited in literature. In this research, deterioration resistant 95 

coefficient of compressive strength, relative dynamic elastic modulus (RDEM) and 96 

Scanning Electron Microscopy analysis (SEM) of concrete subjected to sulfate attack 97 

and freezing-thawing cycles in water and in the sulfate solutions were conducted. The 98 

influence of FA and SF replacement level and sodium sulfate concentration under the 99 

combined action of freezing-thawing and sulfate attack was also analyzed. 100 

 101 

2. Experimental program 102 

2.1 Materials 103 

P.O.42.5R OPC conforming to Chinese standard GB175-2007 and similar to the 42.5 104 

R Portland cement conforming to EN197-1:2009, was used for preparing concrete in 105 

this research. The physical and mechanical properties of the cement are listed in Table 106 

1. Table 2 presents the chemical composition of FA and Table 3 the performance index 107 

of SF used in this study as partial replacement of OPC. Crushed limestone aggregates 108 

were used as coarse aggregates and washed mountain sand as fine aggregates. The 109 



fineness modulus of fine aggregates was tested according to Chinese standard 110 

JGJ52-2006 (similar to ASTM C136-01) and the results are tabulated in Table 4. Tap 111 

water was used for mixing concrete. A commercially available water reducer (i.e. SM) 112 

was used to keep concrete slump between 80 and 100 mm. Sodium sulfate anhydrous 113 

with 99% purity were used for making sulfate solutions as the sulfate attack source. 114 

Table 1  115 

Physical and mechanical properties of OPC used for this research 116 

 

80μm 

sieving 

residue 

(%) 

Water 

requirement 

of normal 

consistency 

(%) 

Initial 

setting 

time 

(min) 

Final 

setting 

time 

(min) 

Compressive 

strength 

(MPa) 

Flexural 

strength 

(MPa) soundness 

3 

days 

28 

days 

3 

days 

28 

days 

Experimental  

result 
1.50 27.5 96 146 36.8 48.9 5.3 8.9 qualified 

 117 

Table 2 118 

Chemical composition of fly ash (FA) 119 

 120 

 121 

 122 

Table 3  123 

Performance index of silica fume (SF) 124 

Performance 

index 

Loss on 

ignition(%) 

Moisture 

content(%) 

Water Requirement 

Ratio(%) 

Specific surface 

area(m2/kg) 

measured result 2.4 1.0 110 18000 

 125 

Table 4 126 

Physical characteristics of aggregates 127 

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O+K2O 

Weight percent/% 31.93 8.98 5.2 43.87 2.14 0.2 1.95 



  

Apparent 

density 

(kg/m3)  

Bulk 

density 

(kg/m3) 

Crushing value 

index (%) 

Maximum 

size(mm) 

Fineness 

modulus 

Dust 

content (%) 

Fine 

aggregates 
2735 1566 -- 5 2.78 0.85 

Coarse 

aggregates 
2684 1470 7.8 25 -- 0.12 

 128 

2.2 Mix proportion and specimen preparation 129 

The actual mix proportions in terms of 1 m3 concrete for the mixtures investigated in 130 

this study are given in Table 5. In order to investigate the effect of FA and SF on the 131 

resistance of concrete to sulfate and freezing-thawing attack, two groups of concrete 132 

mixtures were prepared with w/b ratios of 0.38 and 0.33, respectively. In each group, 133 

concrete mixtures with three different FA contents (i.e. of 10%, 15% and 25% by 134 

weight of cementitious materials (i.e. OPC + FA + SF)), three different silica fume 135 

contents (i.e. of 5%, 8% and 11% also by weight of cementitious materials) as partial 136 

replacement of OPC were prepared and tested. 137 

Concrete mixtures were prepared by a single horizontal-axis forced mixer. After 138 

moulded, concrete specimens were placed in the curing room with temperature of 139 

(20±5)°C for 24 hours. Then they were demoulded and immersed in limewater with 140 

temperature of (20±2)°C for another 27 days. For each mix, a total of 24 specimens 141 

were prepared, among which 15 specimens had the dimensions of 100 ×100 ×100 142 

mm3 for measuring compressive strength and resistance to sulfate attack, while the 143 

remaining 9 specimens with the dimensions of 100 ×100 ×400 mm3 were prepared for 144 

assessing freezing-thawing resistance. For each test, the results presented were the 145 

average of the values obtained from three specimens under identical conditions. 146 



 147 

Table 5 148 

Mix proportions in kg/m3 (except w/b) of concretes investigated in this study 149 

  w/b Fly ash Silica fume  OPC Coarse aggregates Fine aggregates Water 
C C-8 0.38 0 0 500 1094 616 190 

FA 

FA10-8 0.38 50 0 450 1094 616 190 

FA15-8 0.38 75 0 425 1094 616 190 

FA25-8 0.38 125 0 375 1094 616 190 

SF 

SF5-8 0.38 0 25 475 1094 616 190 

SF8-8 0.38 0 40 460 1094 616 190 

SF11-8 0.38 0 55 445 1094 616 190 

C C-3 0.33 0 0 500 1145 590 165 

FA 

FA10-3 0.33 50 0 450 1145 590 165 

FA15-3 0.33 75 0 425 1145 590 165 

FA25-3 0.33 125 0 375 1145 590 165 

SF 

SF5-3 0.33 0 25 475 1145 590 165 

SF8-3 0.33 0 40 460 1145 590 165 

SF11-3 0.33 0 55 445 1145 590 165 

 150 

2.3 Sulfate resistance assessment 151 

For assessing sulfate resistance of concrete, cubic specimens with the dimensions of 152 

100×100 ×100 mm3 cured standardly for 28 days were immersed in designated 153 

solution (i.e. 5% sodium sulfate by wt.%). Conforming to Chinese standard GB/T 154 

50082-2009, which is similar to ASTM C1012-04 but it should be noted here that 155 

ASTM C1012-04 protocol only includes immersion but does not have 156 

drying-immersion cycle, a standard drying-immersion cycle lasted for 24 hours and 157 

was proceeded as following: first the cubic specimens were immersed in the 158 

designated sodium sulfate solution for 15 hours at (25~30)°C; then they were taken 159 

out from the solution and dried in air for 1 hour; subsequently the cubic samples were 160 

heated up to (80±5)°C to dry for 6 hours and followed by cooling down in air at 161 



(25~30)°C for another 2 hours. PH value of the solution was measured once every 15 162 

cycles and it was found it remained stable at the level of 6-8 as designed. 163 

Deterioration resistant coefficient of compressive strength (DRCCS) was measured 164 

and calculated via Equation (1) after 30 and 60 drying-immersion cycles. 165 

100
0

×=
c

cn
f f

fK                                      (1) 166 

where Kf in % is the deterioration resistant coefficient of compressive strength; fcn in 167 

MPa compressive strength after n drying-immersion cycles; fc0 in MPa the (n+28) 168 

days compressive strength of concrete subjected to standard curing without subjected 169 

to drying-immersion cycles. 170 

 171 

2.4 Freezing-thawing resistance assessment 172 

Rapid freezing-thawing test was conducted on the 100×100×400 mm3 prismatic 173 

specimens cured standardly for 28 days. To do so, the prismatic specimens were 174 

immersed in clean water, 5% sodium sulfate solution and 10% sodium sulfate solution 175 

(by wt.%) respectively to investigate their resistance to the combined 176 

freezing-thawing and sulfate attack. Conforming to Chinese standard GB/T 177 

50082-2009 (similar to ASTM C666/C666M–03), a standard freezing-thawing cycle 178 

lasted for 6 hours and was proceeded as following: first the prismatic specimens were 179 

froze in the designated sodium sulfate solution for 3 hours at (-18±2)°C, and 180 

subsequently they were thawed for 3 hours in water at (5±2)°C. All prismatic 181 

specimens were subjected to 175 freezing-thawing cycles. Frequency and mass of the 182 

prismatic specimens after every 25 freezing-thawing cycles were measured using a 183 



dynamic elastic modulus tester and a scale, respectively. The relative dynamic elastic 184 

modulus (RDEM) and the deterioration resistant coefficient of dynamic elastic 185 

modulus (λ) were calculated via Equation (2) and Equation (3). 186 

100RDEM 2
0

2
N ×=

f
f

                                             (2) 187 

ds

d

RDEM

RDEM c=λ                                                   (3) 188 

Where RDEM in % is the relative dynamic elastic modulus of concrete; λ in % the 189 

deterioration resistant coefficient of dynamic elastic modulus; f0 the initial transverse 190 

frequency in Hz; fN the transverse frequency in Hz of a concrete prismatic specimen 191 

after subjected to N freezing-thawing cycles; RDEMdc and RDEMds in % the relative 192 

dynamic elastic modulus of a concrete prismatic specimen after subjected to 193 

combined freezing-thawing and sulfate attack and to solely freezing-thawing attack in 194 

clean water, respectively. 195 

To determine the elastic modulus of the specimens, the transverse frequency test 196 

method adapted from ASTM C215-02, was employed. First, the mass and the average 197 

length of the specimens were measured. The specimens were then placed on a 20mm 198 

thickness Polystyrene board. A driving unit was attached at the middle of the 199 

specimen’s lateral surface, followed by a pickup unit 5mm away from the end of the 200 

specimen on the midline of the lateral surface. The transverse frequency was recorded 201 

by means of a concrete dynamic elastic modulus testing apparatus. The complete 202 

experimental set up is shown in Fig.1.  203 



1-driving unit
2- pickup unit
3-concrete dynamic elastic modulus testing
apparatus
4- Polystyrene board

 204 

Fig.1 Equipment set up for the determination of the transverse frequency of a concrete 205 

specimen  206 

 207 

3. Results and discussion 208 

3.1. Deterioration resistant coefficient of compressive strength 209 

（DRCCS） 210 

 211 
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Figs.2 Compressive strength changes of concrete with FA and SF 215 

 216 

Compressive strength of the concrete specimens containing FA or SF after 60 217 

drying-immersion cycles in 5.0% by wt. Na2SO4 solution is given in Fig.2(a) and (b) 218 

which demonstrated similar varying features for both FA and SF series concretes, i.e.  219 

both series of concrete specimens actually gained strength during the 60 220 

drying-immersion cycles in the 5.0% by wt. Na2SO4 solution. In the FA and SF series, 221 

strength gains were steadily after 60 drying-immersion cycles and were 15%-18% and 222 

7%-17% respectively relative to their strengths prior to drying-immersion test. The 223 



results were consistent with Bakharev’s findings[30] on compressive strength 224 

variation subjected to sulfate attack and strength of specimens exposed to sulfate 225 

solution increased in the first month of the test, and then had a steady decline. 226 

Dulaijan [31] indicated that 20% FA and 7% SF by weight replacement level of OPC 227 

could improve the resistance of OPC concrete to sulfate attack. 228 

Fig.2(c) shows the results of DRCCS. The DRCCS of concretes without any 229 

admixture (C-8) were 95.5% and 102.4% after 30 and 60 drying-immersion cycles, 230 

respectively. The results suggested that FA and SF were effective to increase DRCCS 231 

and the resistance to sulfate attack in 5% Na2SO4 solution and by comparison SF 232 

performed better than FA. 233 

 234 

3.2 Relative dynamic elastic modulus (RDEM) 235 

3.2.1 RDEM and sodium sulfate content 236 

Fig.3 presents the RDEM of the series C concrete up to 175 freezing-thawing cycles 237 

in sodium sulfate solutions in which the C-3-0, C-3-5 and C-3-10 series represents 238 

concrete specimens subjected to freezing-thawing cycles in sodium sulfate solutions 239 

of the concentration of 0%, 5% and 10% by weight respectively. 240 
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Fig.3 RDEM of series C concrete in clean water and sodium sulfate solution under 242 

freezing-thawing cycles 243 

 244 

The average initial frequencies of C-3 series concrete prior to immersion in sodium 245 

sulfate solution were 2335, 2373 and 2385 Hz, respectively and RDEM up to 175 246 

freezing-thawing cycles is presented in Fig.3. According to the figure, RDEM of 247 

concrete decreased after freezing-thawing cycles in clean water (C-3-0) and the 248 

concrete had the minimum RDEM value of 92.7% up to 175 freezing-thawing cycles 249 

in clean water. There were 2 different stages during deterioration process immersed in 250 

10% (93.3%) and 5% (95.8%) sodium sulfate solution. Up to 125 freezing-thawing 251 

cycles, the RDEM increased slightly compared to that of the corresponding concrete 252 

prior to immersion and decreased after that. The RDEM decreased more in 10% 253 

sodium sulfate solution (i.e. down to 93.3% of original value) than in 5% solution 254 

which (i.e. only down to 95.8% of original value). The results also indicated that 255 

concrete was more vulnerable to clean water than to sodium sulfate solution under 256 

freezing-thawing cycles. Besides, 5% and 10% sodium sulfate solution had the similar 257 



improvement effects on REDM.  258 
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Figs.4 RDEM of FA series concrete in sodium sulfate solution subjected to 261 

freezing-thawing cycles 262 

 263 

Fig.4 (a), (b) and (c) presents the evolution of the RDEM of concrete containing FA 264 

(i.e. FA series concrete) exposed to sodium sulfate solutions with various 265 

concentrations up to 175 freezing-thawing cycles. Similar trend was observed in 266 

concrete with different FA contents. It is clear that clean water was more aggressive 267 

and caused larger fall of RDEM under freezing-thawing cycles while the concrete 268 

immersed in 5% and 10% sodium sulfate solutions had the similar overall 269 

performance over the time of experiment indicating less deterioration. 270 
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Figs.5 RDEM of SF series concrete in sodium sulfate solution subjected to 273 

freezing-thawing cycles 274 

 275 

Fig.5 (a), (b) and (c) illustrates the evolution of RDEM of concrete containing SF (i.e. 276 

SF series concrete) exposed to sodium sulfate solutions with different concentrations 277 

up to 175 freezing-thawing cycles. For concretes with different SF contents, it was 278 

observed that 10% sodium sulfate solution had the most aggressive influence on the 279 

RDEM under freezing-thawing cycles (i.e. down to 91.2%, 86.3% and 84.6% of 280 

original value in Fig.5 (a), (b) and (c) after 175 freezing-thawing cycles), while 5% 281 

sodium sulfate solution had the minimal impact on RDEM. In fact, 5% sodium sulfate 282 

solution even led to an increase in dynamic elastic modulus when the SF replacement 283 

level was 5%. 284 



 285 

3.2.2 RDEM and FA content 286 
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Figs.6 RDEM of concrete with FA exposed to clean water and sodium sulfate solutions under 289 

freezing-thawing cycles 290 

 291 

The deterioration in RDEM of plain and blended cement concrete (i.e. with FA) 292 

exposed to clean water under freezing-thawing cycles is depicted in Fig.6 (a). There 293 

was a relatively larger decrease in RDEM associated with FA15-3, and the RDEM 294 

decreased gradually and had a reduction ranged from 1.4% to 9.1% over the test 295 

period. Then C-3 and FA-10 followed. Their RDEM was comparable up to 125 296 

freezing-thawing cycles. It can be seen that C-3 decreased at a faster rate and had the 297 

total 6.7% RDEM reduction at the end of test. As is evident in Fig6.(a)，RDEM of 298 

FA25-3 was greater than 100% up to 150 cycles and then reduced to 98.8% at the end 299 



of the test (i.e. at 175 cycles). Therefore it can be concluded that 25% by weight FA 300 

replacement level was effective to enhance the resistance of concrete to 301 

freezing-thawing attack in sodium sulfate solutions. 302 

Fig.6 (b) and (c) presented the deterioration in RDEM when concrete was exposed to 303 

5% and 10% sodium sulfate solution, respectively. In the sodium sulfate solution, the 304 

RDEM change affected by FA was as approximately in a same manner as in clean 305 

water. The RDEM of FA15-3 had the minimum value, followed by FA10-3 and C-3. 306 

FA25-3 containing 25% FA by weight of cementitious materials performed the best 307 

and had significantly larger RDEM increase over the time of experiment. 308 

 309 

3.2.3 RDEM and SF content 310 
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Figs.7 RDEM of concrete with SF exposed to clean water and sodium sulfate solutions under 313 

freezing-thawing cycles 314 



 315 

The RDEM of concrete with SF was higher than that of concrete without SF when 316 

exposed to clean water up to 75 freezing-thawing cycles (i.e. Fig.7 (a)). It was evident 317 

that SF could increase the resistance of concrete to freezing-thawing cycles in clean 318 

water. Exposed to 5% sodium sulfate solution, concrete with 5% SF had a higher 319 

RDEM than concrete without SF and concrete with 8% SF had about the same RDEM 320 

with concrete without SF, but there is a relatively larger decrease in RDEM associated 321 

with SF11-3. Fig.7 (c) showed that in 10% sodium sulfate solution, RDEM of 322 

concrete with SF (i.e. 5%, 8% and 11% by weight of cementitious materials) was 323 

lower than that of concrete without SF, suggesting that concrete with SF is more 324 

vulnerable to freezing-thawing attack. Therefore it can be concluded that 5% and 8% 325 

SF by weight of cementitious materials contributed to enhance the resistance of 326 

concrete to freezing-thawing attack in clean water as well as in 5% sodium sulfate 327 

solutions, while SF seemed not working in 10% sodium sulfate solutions. Namely for 328 

SF concretes up to 175 cycles, it showed that the 5% sodium sulfate solutions had 329 

restrained the damage of concrete, while 10% sodium sulfate solutions had 330 

accelerated the damage. 331 

 332 

3.3 Interaction between freezing-thawing and sulfate attack 333 
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Fig.8  λ of concrete with 25% FA, 8% SF and without any admixture exposed to 5% 335 

and 10% sodium sulfate solutions up to 175 freezing-thawing cycles 336 

 337 

Concrete deterioration was associated with the interaction between freezing-thawing 338 

and sulfate attack. Via Equation (3), if λ>1, it means the sulfate solution has a 339 

negative positive effect on concrete’s resistance to freezing-thawing attack. If λ<1, the 340 

sulfate solution has a negative effect on concrete’s resistance to freezing-thawing. 341 

When the λ value is larger or smaller, the positive or negative effect becomes more 342 

obvious. In Fig.8 as for concrete without any admixture (i.e. C-3) exposed to 5% and 343 

10% sodium sulfate solutions, λ increased (i.e. λ>1) and positive effect was the 344 

determining factor up to 125 freezing-thawing cycles and 10% sodium sulfate 345 

solutions demonstrated less deterioration effect than 5% solution, while the λ 346 

decreased and negative effect was dominant after 125 freezing-thawing cycles and in 347 

this case 10% sodium sulfate solutions demonstrated similar deterioration effect with 348 

5% solution. As for concretes with 25% FA replacing OPC, positive effect was the 349 

determining factor up to 175 freezing-thawing cycles. 10% sodium sulfate solution 350 



had a highly positive effect and caused a higher degree of λ increment up to 175 351 

freezing-thawing cycles. As for concretes with 8% SF, it demonstrated similar 352 

performance trends in 5% and in 10% sodium sulfate solution. 5% and 10% sodium 353 

sulfate solution increased the resistance to freezing-thawing up to 175 354 

freezing-thawing cycles and retarded the concrete deterioration. 355 

 356 

3.4. SEM 357 

     358 

(a) C-3                     (b) FA25-3                 (c) SF8-3 359 

      360 

(d) C-3-0                   (e) FA25-3-0               (f) SF8-3-0 361 

     362 

(g) C3-3-10                 (h) FA25-3-10               (i) SF8-3-10 363 

Figs.9 SEM images of concrete with 25% FA, 8% SF and without any admixture 364 

exposed to 5% sodium sulfate solutions up to 60 drying-immersion cycles ((b),(c) and 365 

(a) x1K), to clean water ((e),(f) and (d) x2K) and to 10% sodium sulfate solutions ((h), 366 

20µm 20µm 20µm 

20µm 20µm 20µm 

20µm 20µm 20µm 



(i) and (j) x2K) after 175 freezing-thawing cycles 367 

 368 

Figs.9 present SEM images of concrete specimens at a depth of 5mm exposed to 5% 369 

sodium sulfate solutions up to 60 drying-immersion cycles, to clean water and to 10% 370 

sodium sulfate solutions at 175 freezing-thawing cycles respectively. 371 

Gypsum and ettringite are the main hydration products generated during sulfate attack. 372 

Up to 60 drying-immersion cycles in 5% sodium sulfate solutions (i.e. Fig.9(a), (b) 373 

and (c)), it was obvious that there were a number of needle crystals (ettringite) formed. 374 

Among the three types of specimens, the one with 25% by weight FA replacing OPC 375 

generated the most ettringite (i.e. Fig.9(b)), while the second was the concrete without 376 

any admixture (i.e. Fig.9(a)) and the least the concrete with 8% by weight SF 377 

replacing OPC (i.e. Fig.9(c)). Up to 60 drying-immersion cycles, sodium sulfate 378 

diffused into concrete along micropores and microcracks, where some ettringite 379 

crystals produced and filled the micropores and microcracks. Consequently, the 380 

reaction products increased the density and the strength. 381 

When concretes were exposed to clean water, there were no clear microcracks 382 

resulting in a very compact microstructure, and this was the result of the pozzolanic 383 

reaction (i.e. Fig.9(d), (e) and (f)). With further freezing-thawing cycles, crack would 384 

be generated and the microstructure of the concrete samples would be very loose. 385 

When concrete specimens were exposed to 10% sodium sulfate solutions up to 175 386 

freezing-thawing cycles (i.e. Fig.9 (h), (h) and (i)), ettringite and gypsum crystals 387 

could scarcely be seen in all concrete specimens and these specimens possessed fine 388 



pore structures. During freezing, low temperature slows down the diffusion of sulfate 389 

ions. Therefore, no gypsum is found in concrete. So low temperature somehow 390 

reduced the severity of sulfate attack at certain initial stage. Similar findings[32] have 391 

been reported that a small amount of ettringite crystals can be seen in concrete after 392 

subjected to 100 freezing-thawing cycles and the amount of ettringite crystals and 393 

gypsum crystals continuously increased with freezing-thawing period, especially after 394 

300 cycles.  395 

 396 

4. Conclusions 397 

Durability of concretes with w/b of 0.38 and 0.33 containing FA and/or SF against 398 

combined freezing-thawing and sulfate attack was investigated in this study. The 399 

following conclusions can be drawn based on the experimental results. 400 

(1) Exposed to 5% sodium sulfate solutions, concrete containing FA and SF both 401 

gained compressive strength and DRCCS during the period of 60 402 

drying-immersion cycles. Both FA and SF can improve the resistance of 403 

concrete to sulfate attack with SF performing better than FA. 404 

(2) Sulfate solution has a combined positive and negative effect on concrete 405 

subjected to freezing-thawing cycle. As for concrete without any admixture, 406 

5% and 10% sodium sulfate solutions could enhance concrete’s resistance to 407 

freezing-thawing cycle up to 125 while decrease after 125 cycles. 10% sodium 408 

sulfate solutions more obviously restricted the deterioration of concrete with 409 

25% by weight FA replacing OPC than 5% sodium sulfate solutions up to 175 410 



freezing-thawing cycles. As for concretes with 8% by weight SF replacing 411 

OPC, 5% and 10% sodium sulfate solution retarded concrete deterioration and 412 

the effect was similar. 413 

(3) In general, FA and SF as the concrete admixture improved concrete’s 414 

resistance against the combined freezing-thawing and sulfate attack with 25% 415 

FA and 5-8% SF by weight replacement level of cementitious materials 416 

leading to significant improvement in concrete durability. 417 
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