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Abstract
An experimental study was conducted to evaluate the damage progress of concretes containing aerogel powders subjected

to sodium sulfate (Na2SO4) and combination of sodium sulfate and sodium chloride (NaClÞ attack under wetting–drying

cycles. The amount of aerogel was considered at levels of 0.0, 1.75, 3.5, 5.25, and 7.0% of the concrete volume. The

mechanical and physical properties of the concretes as well as the compressive strength and weight changes, and electrical

resistivity were measured under the corrosive environments up to 12 months of exposure. Results indicated that the use of

1.75% aerogel improves the mechanical and physical properties of the concrete. However, these properties declined by

further increase of aerogel percentage. Also, the aerogel usage up to 5.25% can increase the durability of concretes under

sulfate attack. Furthermore, the presence of chloride ions reduces the concrete deterioration under the sulfate attack, but it

increases the probability of steel corrosion in the sulfate environment.
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1 Introduction

Concrete is the most widely used material for the con-

struction of structures exposed to different types of envi-

ronments [1]. However, as the demands for the

construction in harsh environments are increased, the

concern towards long service life of reinforced concrete

structures is also increased [2]. Therefore, degradation of

concrete structures in harsh environments such as its

exposure to harmful chemicals, which are normally found

in groundwater, soil, and seawater is one of the major

problems in construction industry [3–5]. Among the

aggressive chemicals, sulfates and chlorides are reported to

be the most aggressive ions that influence the durability of

concrete structures [6].

Since seawater contains high concentrations of chlorides

and sulfates, marine environments are very aggressive to

concrete structures [7]. When concrete structures are exposed

to marine environments, those corrosive ions will heavily

devastate their durability and safety [8]. Furthermore, drying–

wetting cycles accelerate the sulfate and chloride attacks

against concrete caused by splash and tide [9]. Sulfate attack in

concrete leads to conversion of cement hydration products to

ettringite, gypsum, and other possible phases [10, 11]. Volume

increase of gypsum and ettringite within concrete cannot only

reduce the porosity of concrete but may also cause damage and

cracking of the concrete [12]. These cracks in the hardened

cement paste provide additional transport channels into the

concrete for penetration of aggressive ions [13]. The presence

of sulfate ion also affects the diffusivity of concrete by

changing the capillary microstructure of material [14]. Fur-

ther, chloride ions also exist concomitantly with sulfate ions in

marine environment. It has been a well-known fact that the

chloride-induced corrosion of steel rebars in concrete struc-

ture takes the first place of the severe durability problems,

affecting the lifecycle of concrete structures exposed to the

marine environment [15].

Extensive researches have been carried out on the

degradation of concretes induced by sulfate or sulfate–
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chloride combined attacks [16–19]. Generally, concretes

subjected to sulfate–chloride combined attack suffer less

damage than concrete that suffers only sulfate attack

[20, 21]. However, some reports claim that the concomitant

presence of chloride and sulfate ions considerably reduces

the chloride binding capacity of cements, thereby releasing

the chloride ions into the pore solution and cause depas-

sivation of steel rebars [22]. In this regard, Chen et al.

reported that mineral admixtures, such as fly ash and

ground granulated blast slag, can improve the resistance of

concrete under combined sulfate–chloride attack [9]. Xu

et al. found that the presence of sulfate ion decelerated the

chloride diffusion in cracked concrete with a lower con-

centration of both free and total chloride ions [15].

Research conducted by Maes and De Belie showed that

chloride penetration increases when the sulfate content

increases at short immersion periods [23]. Studies con-

ducted by Sotiriadis et al. indicated that chlorides inhibit

sulfate attack on concrete, thus the deterioration is delayed

[24]. Zhao et al. investigated the effects of sulfate–chloride

combined attack on degradation of cast in situ concrete

[25]. Their results indicated that cast in situ concrete suf-

fers more severe damage and greater strength loss when

subjected to sulfate–chloride combined attack than when

subjected to sulfate only. The diffusion and accumulation

of sulfates are accelerated by the coexisting chlorides,

especially in the early stages.

However, studies on the influence of combined chloride

and sulfate ions under drying–wetting cycles, which is

closer to actual marine environments, are limited in the

literature [26, 27]. Also, very limited researches have been

conducted on the addition of aerogel particles in the con-

crete mix designs [28, 29], but Gao et al. introduced the

aerogel particles as stable material during the hydration of

cementitious materials [30]. Aerogel as an extremely low-

density nanoporous material (density of 3–100 kg/m3

depending on the porosity) and typically made of silica,

containing 94–99% of air voids has a low thermal con-

ductivity (0.003–0.02 W/mK) and suitable fire and acoustic

resistance [31, 32]. These characteristics make aerogel as

one of the most remarkable super-insulative materials in

building applications [33, 34].

Therefore, the aim of this study is to investigate the

effect of aerogel powder on the reducing the invasion of

sulfate ions into the concrete under wetting–drying cycles

by evaluation of the compressive strength and weight

changes, and the electrical resistivity measurements during

the immersion of the specimens up to 12 months of

exposure. Also, the effect of chloride ions on the resistance

of aerogel-modified concretes under sulfate attack was

investigated. Moreover, compressive strength and water

absorption of the concretes were determined for evaluating

the mechanical and physical properties of the concrete

mixtures.

2 Experimental Program

2.1 Materials

The cement used in the mix was ordinary Portland cement

of 42.5 (CEM II 42.5R) grades produced by Abyek Cement

Co. in Iran. The coarse aggregates used were the crushed

limestone with maximum particle size of 12.5 and 19 mm

(CA-I and CA-II). The fine aggregate used was a mix of

natural and crushed limestone sand with a maximum par-

ticle size of 4.75 mm. Density and water absorption

capacity of the used aggregates were determined according

to ASTM specifications [35, 36] and the results are

described in Table 1. A liquid poly carboxylate-based

superplasticizer with a density of 1.12 g/cm3 and pH of 8

was also used to keep the slump of the mixtures constant.

Aerogel used in the mixtures was highly porous and

transparent powder with an average particle size of 150 lm

(see Fig. 1). Average mass density of used aerogel, which

is composed of pure silica and has a super-hydrophobic

property, was � 0.1 g/cm3.

2.2 Mixture Details

In this study, five types of concrete mixtures with constant

cement content of 400 kg/m3 and water to cement ratio (W/C)

of 0.50 were used where the slump of concretes was kept

constant (85–100 mm). The proportion of the aggregates was

selected as 58% FA, 20% CA-I, and 22% CA-II corresponding

to the composition of aggregates in the national method of

Iranian concrete mix design [37]. Proportions of the control

mixture together with superplasticizer demand to obtain the

required slump are given in Table 2. In other mixtures, aerogel

was used in the mixtures similar to the use of air entraining

agents. Since the total volume of air content in severe exposure

has been commonly proposed between 5 and 7.5% for freez-

ing–thawing cycles [38, 39], the maximum volume of the

aerogel was considered 7% of concrete volume and the interval

between 0 and 7% was divided into five considered mixtures in

which the values of 0%, 1.75%, 3.5%, 5.25% and 7% of aerogel

particles were used in the mixtures.

Table 1 Density and water absorption capacity of the aggregates

Properties Fine aggregate Coarse aggregate

CA-I CA-II

Density 2.667 2.596 2.607

Water absorption (%) 1.9 2.2 2.0
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As seen in Fig. 2, when the aerogel powder was used,

the slump of the mixtures was increased despite of the

decrease in the superplasticizer usage. Since aerogel par-

ticles act as a surfactant and have a ball-bearing effect, the

slump of the mixtures was remarkably increased by

increasing the aerogel content.

2.3 Casting and curing the specimens

All concrete mixtures were prepared by dry mixing of the

fine aggregates and cement in a pan mixer for 1 min. Then

aerogel powder and a part of the mixing water and super-

plasticizer were added and mixed for another 1.5 min.

Finally, the coarse aggregates and the rest of the mixing

water and superplasticizer were added to the mixture and

mixing was continued for another 2 min. Cubes having

dimensions of 100 9 100 9 100 mm were casted for the

compressive strength, water absorption, weight loss,

changes in the compressive strength and electrical resis-

tivity experiments. Following the casting and 24 h of

humid curing, the specimens were demolded and cured in a

water tank at the room temperature for 28 days. Then, the

specimens were placed in three different solutions (see

Table 3), where the first one was considered as a control

solution and the other solutions were aggressive solutions

containing different concentrations of sodium sulfate

(Na2SO4) and sodium chloride (NaCl). It should be noted

that two acceptable results were collected from the

experiments and their average was reported accordingly.

When the difference between the results was less than 10%,

they were considered as acceptable results. Therefore extra

specimens were made for each experiment.

Also wetting and drying cycles were applied for the

specimens immersed in the aggressive solutions at the

room temperature (23 ± 2 �C). The setup was pro-

grammed for applying 12 h of wetting and 12 h of drying

where the periods were controlled using two separate

timers in which the pumps started to drain the connected

container when the drying or wetting period was finished

(see Fig. 3). These wetting and drying cycles were con-

tinuously repeated for 12 months.

2.4 Experiments

2.4.1 Compressive Strength

The 100 mm concrete cubes were used to determine the

compressive strength after 7 and 28 days of initial curing

and after 3, 6 and 12 months of immersing in corrosive

solutions according to the recommendations of BS1881-

part118 [40].

Fig. 1 An image of aerogel used in the mixtures

Fig. 2 Relationship between the superplasticizer demand and the

aerogel consumption in the concretes

Table 3 Overview of the test solutions

Type NaCl Na2SO4

(g/l) % (g/l) %

Water – – – –

Sulfate solution (S) – – 50 5

Combination of chloride and sulfate

solutions (SC)

50 5 50 5

Table 2 Proportions of the control mixture

Constituents (kg/m3) Slump (mm)

W/C Cement Water Fine aggregate (FA) Coarse aggregates Superplasticizer

CA-I CA- II

0.5 400 200 1012 349 384 1.28 90
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2.4.2 Water Absorption

Specimens, after 28 and 120 days of moist curing, were

wiped out and were allowed to dry superficially for about

2 h in the laboratory. Then, the specimens were placed in a

well-ventilated drying oven at 105 ± 5 �C (for about

72 ± 2 h). At the end of this period, the specimens were

cooled at the laboratory condition for 24 ± 2 h and then 0.5

and 48 h water absorption of the specimens were measured

according to the recommendations of BS1881-part122 [41].

2.4.3 Electrical Resistivity

Electrical resistivity test, which indirectly measures the

interconnected porosity of concrete, is defined as the strength

of materials to the electrical current passage [42]. Since the

reinforcement corrosion is an electrochemical process, the

electrical resistivity has been used as a parameter providing

information about the reinforcement corrosion. The corrosion

rate is inversely proportional to the resistivity, although this

relationship may varies with concrete composition [43].

Alonso et al. classified the value of conventional concrete

resistivity in four broad categories:\10, 10–50, 50–100, and

[100 KX cm in which the risk of reinforcement corrosion

was high, moderate, low and negligible, respectively [44].

The electrical resistivity of 100 mm concrete cubes was

determined after 3, 6, and 12 months of immersion in water

and corrosive solutions. The specimens were removed from

the water or aggressive solutions and their electrical resistance

was measured in the SSD condition and then the specimens

were returned to the solutions. For this purpose, an electrical

resistivity meter was used, which produced 1 kHz AC. Two

copper plates (120 9 100 9 2 mm) with a thin layer of low

slump cement paste were laid on two opposite faces of each

specimen, and the resistance was measured (see Fig. 4). The

Fig. 3 Schematic setup to apply wetting and drying cycles

Fig. 4 Electrical resistivity measurement
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electrical resistivity was then obtained through the following

equation:

Electrical resistivity ¼ q � Að Þ=l, ð1Þ

where q is the electrical resistance (X), A is the cross-

sectional area of the specimen (mm2), and l is the length of

the specimen (mm).

2.4.4 Changes in compressive strength

To better analyze the effect of sodium and chloride ions on

the mechanical properties of the concretes, the relative

increase or decrease in the compressive strength of the

specimens were investigated. For this purpose, the relative

compressive strength of the specimens after 3, 6, and

12 months of immersion in the corrosive solutions to the

relevant 28-day compressive strength was evaluated using

the Eq. (2).

Changes in compressive strength ¼ F2=F1 � 100; ð2Þ

where F1 is the compressive strength after 28 days of

initial moist curing (MPa), and F2 is the compressive

strength of the immersed specimens in the corrosive solu-

tions (MPa).

2.4.5 Weight Change

The aim of this experiment is to determine the effect of

sulfate ions and the combination of sulfate and chloride

ions on the deterioration of concretes. For this purpose, the

weight of the specimens in SSD condition was measured

after 28 days of the initial curing (W1). The specimens

were then placed in the sodium sulfate and the combination

of sodium sulfate and sodium chloride solutions. They

were consecutively removed from the solutions every 2

weeks and their weights were determined in the SSD

condition (W2). Finally, the weight change of the speci-

mens was determined using Eq. (3).

Weight change ¼ W2 �W1ð Þ=W1 � 100; ð3Þ

where W1 is the weight of the specimen after 28 days of

initial moist curing (g), and W2 is the weight of the

immersed specimens in the corrosive solutions in SSD

condition (g).

Measurements of electrical resistivity, compressive

strength, and weight changes of the specimens immersed in

corrosive solutions were considered to investigate the

effect of sulfate and combined attacks on the concretes up

to 12 months of exposure. Therefore, the results of the

experiments can be assumed reliable if the results confirm

each other. Nevertheless, the determination of the sulfate

profile is proposed to make the results more reliable for the

next studied.

3 Results and Discussions

3.1 Compressive Strength

The results of moist cured samples in terms of compressive

strength versus aerogel content are shown in Fig. 5. No

obvious trend was identified in terms of the compressive

strength difference between control samples and samples

with 1.75% aerogel content, although, the compressive

strength was slightly increased in aerogel samples over

time which is almost contrary to the expectations. Similar

results were reported by Strzałkowski et al. [45] in the use

of aerogel in lightweight concretes. They attributed the

increase in the strength of the samples containing aerogel

to the partly filling of the pores of the cement matrix by

aerogel granules and stated that the structure of composites

with aerogel is more uniform in comparison with control

samples. It can also be seen in Fig. 5 that further use of the

aerogel clearly reduces the compressive strength where the

decrease in compressive strength increases over aerogel

content. Overall, these results are consistent with the

research results of Adhikary et al. [46], Ng et al. [29], and

Gao et al., [47]. It is mainly attributed to the increase in

porosity of concretes. The behavior of aerogel in this phase

is similar to the behavior of air entraining agent in con-

crete. This increase in porosity, which is undoubtedly the

most important factor in the properties of concrete, reduces

the compressive strength of concretes.

Fig. 5 Results of the compressive strength tests
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3.2 Water Absorption

The absorption capacity of the mixtures is illustrated in

Fig. 6 which indicates that the effect of aerogel on the

water absorption is different at the age of 28 and 120 days.

At the age of 28 days, the addition of aerogel significantly

reduces 0.5 h and 48 h water absorption because the

hydrophobic nature of aerogel is helpful for preventing

water absorption [47]. In other words, when the amount of

aerogel in the mixtures increases, the water absorption

decreases due to hydrophobicity of aerogel particles on the

interfacial substrate. Meanwhile, the aerogel concretes

exhibited water droplets remaining on their surface. This is

consistent with the results of Yoon et al. [48].

In contrast, at the age of 120 days, further use of aerogel

increases water absorption which is generally consistent

with the compressive strength test results. The reason for

the increase in water absorption by increasing the aerogel

content is attributed to the formation of macropores in the

aerogel cement composite [49]. The formation of pores that

increase the porosity of concrete has a major role in

facilitating the movement of water into the concrete both in

the initial (0.5 h) and final (48 h) water absorption. Also, it

should be noted that the water movement into concrete is

not a smile function of the porosity and depends on the

pore diameter and distribution, and the pore continuity and

tortuosity [50].

3.3 Electrical Resistivity

The data concerning the variation of electrical resistivity

versus aerogel content are plotted in Fig. 7. The higher

values were obtained from the specimens cured in water,

whereas the lower values were observed from the samples

immersed in sulfate–chloride solution. It can be seen that

the presence of soluble ions in pore solution and the

increase in their concentration significantly reduces the

electrical resistivity. It is evident that the presence of

chloride ions along with sulfate ions causes a sharp

decrease in electrical resistivity. As ionic conduction is the

main phenomenon of electricity transport in concrete

[51, 52] the presence of ions in the pore solutions changed

Fig. 6 The results of water absorption tests

Fig. 7 Effect of aerogel content on the electrical resistivity in different solutions: A 3 months, B 6 months and C 12 months after 28 days moist

curing
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the behavior of the electrical resistivity of the concrete

when compared to the reference condition. The electrical

resistivity of the concrete is characterized by the movement

of ions such as Cl� and SO2�
4 in the pore solution and,

therefore, the higher amount and movement of these ions

inside concrete results in the lower electrical resistivity.

Reductions in the electrical resistivity with the ingress of

chloride ions into concrete were previously reported

[52, 53], but, Medeiros-Junior et al. found that the con-

comitant action of chloride and sulfate ions is complex and

shows divergent results [26].

In addition, the aerogel particles, which are effective in

the concrete pore structure, also affect the electrical resis-

tivity. According to the compressive strength test results

and the hydrophobicity property of aerogel, the use of

1.75% aerogel increases the electrical resistivity while

more use of aerogel significantly reduces the electrical

resistivity because the porosity of concretes is increased by

increasing aerogel content. Moreover, electrical resistivity

increases over time because of the cement hydration and

concrete hardening, but the increase in electrical resistivity

is more significant for samples in water. Since the hydra-

tion process of the cement particles simply continues in

water saturated media, the electrical resistivity of the

concretes immersed in water is more increased in com-

parison to the concretes immersed in the other corrosive

solutions.

3.4 Changes in Compressive Strengths

3.4.1 Specimens Placed in Sodium Sulfate Solution

The results of the compressive strength of the retained

specimens in sodium sulfate solution are presented in

Table 4. Also, relative compressive strength (RCS) to the

28-day moist cured compressive strength is given in the

table to better comparison of the results.

As the results show, all concrete mixtures exhibited

relative increase in the compressive strength after 3 months

of immersion due to the formation of gypsum and ettringite

and consequently filling the pores. It is even inferred that

the specimens containing more aerogel, which contains

more macropores in the aerogel cement matrix [49],

showed further increase up to a point where the entire pores

volume were filled. As seen in the table, the compressive

strength of the sample containing 7% aerogel continuously

increased up to 6 months of exposure while the compres-

sive strength of the other mixes started to reduce after

3 months of exposure. Reduction in the compressive

strength started when the excessive volume of the ettringite

and gypsum crystals created micro cracks [54]. After

12 months of exposure, all samples exhibited lower com-

pressive strength than those of measured after 3 months of

exposure. Comparing the results between the control

sample and the samples containing aerogel at different

exposure time, it is concluded that the presence of aerogel

at early ages and up to a certain time (depending on the

amount of consumption) prevents a decrease in the con-

crete strength in sulfate environment, but in the long term,

it does not have an acceptable performance in preventing

further decrease in the concrete strength in sulfate envi-

ronment. Among the entire pool of the samples, the 3.5%

aerogel samples produced the best performance because of

the sulfate ions repulsion, on one hand, and showing the

lowest 28-day water absorption, on the other hand, con-

sequently led to limit the diffusion of sulfate ions. The

compressive strength of the samples containing 3.5%

aerogel was 10% more than its 28-day compressive

strength while the compressive strength of the sample

containing 7% aerogel was less than its 28-day compres-

sive strength which had the weakest performance.

A general comparison of the relative compressive

strength between the water-submerged and sulfate-sub-

merged samples (see Fig. 8) revealed that the increase in

the compressive strength was considerable for the sulfate-

submerged samples up to 3 months exposure. However, the

increase in the compressive strength of the sulfate-sub-

merged samples either terminated or even declined after a

particular time.

Table 4 Strength of concrete specimens after immersion in sodium sulfate solution

Aerogel content (%) 28-day compressive strength Compressive strength (CS) and relative compressive strength (RCS)

3 Months 6 Months 12 Months

CS (MPa) RCS (%) CS (MPa) RCS (%) CS (MPa) RCS (%)

0.0 46.2 55.2 119 52.1 113 49.4 107

1.75 48.2 56.6 117 52.0 108 49.8 103

3.5 42.0 51.3 122 47.0 112 46.4 110

5.25 40.4 46.2 114 45.3 112 43.0 106

7.0 38.7 40.3 104 44.0 114 38.0 98
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3.4.2 Specimens Placed in Sodium–Chloride Solution

The results of the compressive strength test performed on

the specimens placed in the combined sodium sulfate and

chloride solution are presented in Table 5. Also in this

table, the results of the relative compressive strength of the

specimens with respect to the relevant 28-day compressive

strengths are given.

Regarding to Tables 4 and 5, it seems that the process of

degradation after 3 months of exposure in both solutions is

almost the same while the degradation process declined for

the sulfate–chloride solution in comparison with the sulfate

solution. Figure 9 shows relative compressive strength to

the relevant 28-day compressive strength in the water and

aggressive solutions after 12 months of exposure. The

specimen containing 5.25% aerogel exhibited 6% growth

in the compressive strength after 12 months of exposure in

the sulfate solution, whereas this specimen exhibited 17%

growth in the compressive strength in the sulfate–chloride

solution. These values for the samples containing 7%

aerogel are - 2% and 8%, respectively. The difference is

due to the presence of chloride ions in the environment

which reduces the damage of the concretes under sulfate

attack. When chloride ions are combined with sulfate ions,

it is supposed that the penetration of sulfate ions will be

decreased in the depth of the concretes, and as a results,

ettringite and gypsum formations as expansive material

will be reduced. Therefore, concrete specimens immersed

in combined solutions suffered low deteriorations. Finally,

it can be concluded that the presence of 50 g/l Nacl in the

50 g/l Na2SO4 solution can significantly reduce the sulfate

attack in the concretes.

When the results of this section are compared with the

results of electrical resistivity, it is inferred that although

chloride ions can reduce the destructive effects of sulfate

ions, but it can significantly reduce the electrical resistivity

of concretes which is undesirable in terms of durability of

concrete structures against corrosion of steel rebars. This

can be clearly seen in Fig. 10 which shows the relative

decreases in the compressive strength and the electrical

resistivity of the concretes after 12 months of exposure to

the solutions in comparison to the relevant concretes

immersed in water. It can be seen that the presence of

chloride ions prevents further reduction of the compressive

strength of the concretes, while the presence of chloride

ions significantly reduces the electrical resistivity of the

Fig. 9 Relative compressive strength of the samples in water and

aggressive solutions after 12 months of exposure

Fig. 8 Relative compressive strength of the specimens in water and

sulfate solutions

Table 5 Strength of concrete specimens after immersion in combined sulfate and chloride solution

Aerogel content (%) 28-day compressive strength Compressive strength (CS) and relative compressive strength (RCS)

3 Months 6 Months 12 Months

CS (MPa) RCS (%) CS (MPa) CS (MPa) RCS (%) CS (MPa)

0.0 46.2 54.4 118 54.7 118 51.8 112

1.75 48.2 56.2 117 53.9 112 51.2 106

3.5 42.0 50.7 121 47.5 113 47.5 113

5.25 40.4 46.2 114 47.5 118 47.1 117

7.0 38.7 40.9 106 44.9 116 41.7 108
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concretes. For instance, the compressive strength of the

concrete containing 7% of aerogel decreased about 21.6%

after 12 months exposure to sulfate solution while, at the

same time, 14% decrease in the compressive strength was

observed in the combined solution. However, electrical

resistivity of 7% aerogel concrete decreased 10.8% and

55.6% in the sulfate and combined solutions, respectively,

after 12 months of exposure.

3.5 Weight Change

The weight change of the specimens immersed in the

sodium sulfate and the combined sodium sulfate and

sodium chloride solutions in comparison to the relevant

28-day initial weight is given in Tables 6 and 7,

respectively.

As seen in the tables, generally, the specimens exhibited

an initial increase in the weight and then the weight of the

specimens started to reduce after a while. Although the

effect of the used aerogel on the weight changes during the

test period was unclear and meaningless, what is clear is

that the samples in the combined solution generally had

less weight loss than the samples in the sulfate solution.

The reason is that the chloride ions act as a barrier against

the sulfate ions and prevent further diffuse of sulfate ions in

the concrete and consequently the attack is weakened.

As the results show since the weights of the specimens

are very close to each other, it could be stated that the

results of the changes in the compressive strength are more

Table 7 Weight change of the concrete specimens after immersion in sodium sulfate and chloride solution (%)

Aerogel content (%) Time (weeks)

2 4 6 8 10 12 24 36 48

0.0 0.17 0.11 0.09 0.21 0.15 0.17 0.15 0.13 0.13

1.75 0.25 0.21 0.21 0.27 0.21 0.15 0.21 0.20 0.15

3.5 0.28 0.21 0.13 0.15 0.09 0.06 0.02 0.09 0.04

5.25 0.30 0.35 0.26 0.43 0.39 0.35 0.43 0.42 0.22

7.0 0.39 0.43 0.35 0.43 0.35 0.35 0.52 0.50 0.37

Table 6 Weight change of the concrete specimens after immersion in sodium sulfate solution (%)

Aerogel content (%) Time (weeks)

2 4 6 8 10 12 24 36 48

0.0 0.17 0.13 0.04 0.11 0.06 0.11 0.11 0.06 - 0.04

1.75 0.24 0.19 0.17 0.15 0.06 0.06 0.17 0.17 0.12

3.5 0.28 0.02 0.04 - 0.02 - 0.11 - 0.13 - 0.09 - 0.03 - 0.08

5.25 0.36 0.28 0.28 0.26 0.28 0.26 0.30 0.29 0.10

7.0 0.30 0.21 0.02 0.11 0.13 0.15 0.27 0.14 0.09

Fig. 10 Relative decrease in the compressive strength (RDICS) and

in the electrical resistivity (RDIER) of the concretes in sulfate

solution (S) and the combination of sulfate and chloride solution (SC)

after 12 months of exposure to the relevant concretes immersed in

water.
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reliable. Figure 11 shows the damaged surface of the cube

specimens after 48 weeks exposure to the sodium sulfate

solution where the differences are negligible.

4 Conclusions

An experimental program on the resistance of concrete

specimens containing different percentages of aerogel

content (0.0, 1.75, 3.5, 5.25, and 7.0 volume percent) under

sulfate and combination of sulfate and chloride ions

including wetting and drying cycles were carried out in this

study. Also, additional concrete specimens were cured in

water as the control solution. The following conclusions

are drawn based on the results and discussions:

• Use of 1.75% aerogel caused a slight increase in the

compressive strength. In contrast, further use of the

aerogel clearly reduced the compressive strength. A

similar trend was observed in electrical resistivity as

well as water absorption at the later ages. However, at

the age of 28 days, the addition of aerogel reduced

water absorption due to its hydrophobic properties.

• The relative compressive strength of the concrete

samples in aggressive solutions increased after

3 months of exposure. However, porous samples

showed an increase at the longer age of exposure.

Also, when the aggressive solution was changed to the

combination of sulfate and chloride solution, an

increase in the compressive strength happened in a

longer age of exposure. The decreasing trend of relative

compressive strength of the samples in the combined

sulfate and chloride solution was less than the samples

in sulfate solution.

• Adding aerogel to the concrete mix design prevents a

decrease in the compressive strength against sulfate

invasion, but more aerogel consumption (more than

3.5%) does not prevent further decrease in the long term

exposure.

• Samples in both aggressive solutions were initially

associated with weight gain and then with weight loss.

Although the weight loss of the all samples was very

small (up to 0.08%), but the samples in the combined

solution had less weight loss than samples in the sulfate

solution.

• In terms of durability against sulfate diffusion, con-

cretes containing 3.5% aerogel showed the best perfor-

mance, but it can be generally said that the concretes

with 1.75% aerogel will have a better performance

particularly against corrosion of embedded rebars based

on the electrical resistivity results of the concretes

where 1.75% aerogel concretes showed about 3.5% and

19.6% more electrical resistivity than 3.5% aerogel

concretes after 12 months of exposure in sulfate and

combine solutions, respectively.

• The results showed that the presence of chloride ions in

the solution can significantly reduce destructive effects

of the sulfate ions on the concrete, while the presence of

these ions significantly reduces the electrical resistivity

of concretes. For instance, the compressive strength of

the concrete containing 7% of aerogel decreased about

21.6% after 12 months of exposure to the sulfate

solution while 14% decrease in the compressive

strength was observed after 12 months of exposure to

the combined solution. However, electrical resistivity of

7%-aerogel concrete decreased 10.8% and 55.6% in

sulfate and combined solutions, respectively, after

12 months of exposure.
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