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Abstract. 
According to the climatic characteristics of seasonal frozen area in northeast China, the concrete strength tests, surface resistivity, rapid chloride permeability, and freeze-thaw test under salt solution were carried out to study the influences of mineral admixtures and air content on the conventional properties and salt freeze-thaw resistance of concretes. Then, the correlation analysis of surface resistivity with strength and rapid chloride permeability were further investigated. Subsequently, the changes of cumulative mass loss and relative dynamic elastic modulus varying with salt freeze-thaw cycles were analyzed to study the influences of mineral admixtures and air content on salt freeze-thaw resistance of concrete. The test results showed that fly ash (FA) was not conducive to improve the strength and salt freeze-thaw resistance of concrete. However, blast furnace slag (BFS) and silica fume (SF) could improve the compressive and flexural strength of concrete, in which SF can improve its strength more significantly. Increasing the air content of concrete will lead to the reduction of its compressive strength, and the flexural strength first increased and then decreased. Nevertheless, the addition of air-entrainment agent (AEA) has the best effect on improving the salt freeze-thaw resistance of concrete. Moreover, surface resistivity of concrete has a good exponential function relationship with strength and a good power function relationship with rapid chloride permeability. Therefore, it is of great significance for engineering quality control and quickly and nondestructive testing.

1. Introduction
Due to the high strength, considerable durability, and promising economy, concrete has been one of the most widely used building materials in civil engineering since the 20th century [1–6]. When optimizing mix proportion of concrete in many, if not most engineering construction of China, the trial mix with highest strength is the chosen mix proportion [7–12]. Actually, the durability indexes of concrete deserve the same attention as the strength index, especially when the concrete is working in harsh environment [13–17]. In northeast China, as an example, deicing salt has been invariably used to melt ice and snow on roads for decades [18–20]. Consequently, concrete pavements and bridges suffer from freezing and thawing environment strengthened by salt solution. A large number of cases have shown that the durability of concrete with rosy frost resistance will be greatly reduced when serving in this salt freeze-thaw condition. The presence of salt solutions eventually results in premature spalling of the concrete surface [21, 22], which gives rise to additional maintenance costs every year [23, 24].
In general, air entraining agent (AEA) is undoubtedly the most critical admixture in order to improve the frost resistance of concrete [25, 26]. The addition of air entraining agent brings a large number of tiny, enclosed bubbles inside the concrete. The work of Wellman et al. indicated that these bubbles block the growth of the bodies of ice and the generation of hydraulic pressure as water freezes in capillary cavities, effectively improving the frost resistance of concrete [27]. There are quite a few influential factors impacting air entrainment, in which bubble size and bubble distribution are decisive factors [28–30]. However, it is extremely difficult to obtain the bubble size and distribution in fresh concrete for engineering builders. As a rule, measuring the total air content as a quality control measure of air entrainment is practical [30]. Subsequently, much of research has suggested that the optimal air contents are invariably below 7% when giving consideration to concrete strength, frost resistance, and workability [31]. Recently, super air meter becomes a popular tool for assessing the air void system of fresh concrete. Not only does the total air void content matter, but also the distance between different air bubbles plays an important role in controlling freeze-thaw damage in concrete. Powers indicated that ice growth is restricted and the pore pressure can be readily accommodated by a closely spaced air void system [32]. Yuan et al. used CT to obtain the bubble structure distribution information and proposed the void-to-void distance as a factor to evaluate the freezing-thawing resistance with deicing salt performance of cement concrete [33].
Some environment-friendly mineral admixtures for concrete such as fly ash (FA), blast furnace slag (BFS), and silica fume (SF) are strongly recommended to improve salt freeze-thaw resistance because of their contributions to microstructure of concrete [34, 35]. Studies on mechanism for salt freeze-thaw have suggested that the invasion of chlorides is responsible for damages from salt crystals, high degree of saturation, and additional hydraulic pressure [36, 37]. These damages can be alleviated by rational addition of mineral admixtures, which are pozzolanic and finer than cement, filling pore structure and interfacial transition zone of concrete. Consequently, the chloride penetration coefficient would be reduced significantly [38]. Moreover, the reasonable combination of multimineral admixtures would enable concrete to show better performance than that of single-mineral admixture [39, 40]. For instance, silica fume is better than blast furnace slag in changing the pore structure, and multimineral admixtures would improve the chloride penetration and electrical resistance of concretes [41]. In the case of addition of SF, BFS, and FA at the same time, Sun et al. believed that SF provides main prophase strength amongst these three types of mineral admixtures due to its highly early pozzolanic reaction [42]. Then, BFS begins to develop its pozzolanic effect during transitional period. After 28 days, FA also gradually exhibits its own properties and provides its contributions to the strength of concrete. In terms of improvement of resistance to concrete deteriorating factors, Bapat emphasized that the use of mineral admixtures in concrete is the cheapest alternative [43].
The design strength grade of C40 is sufficient for construction concrete of northeast China in many cases. By contrast, the durability of concrete served in salt-frost environment has been more emphasized heavily recently. When taking the concrete technical factors such as design requirements, construction methods, times, and strength grade into consideration, the high-performance concrete might not be suitable for adoption. Accordingly, the air-entrained concrete with multimineral admixtures would be an overwhelmingly feasible and economical choice to improve the resistance of concrete to salt-frost erosion. However, when using the conventional method to design the mix proportion of air-entrained concrete with multimineral admixtures, a large number of trial mixes are required to select the desired combination of materials that meets special performance, which would be costly, time-consuming, and sometimes uneconomical and wasteful [44, 45]. From these considerations, a simple genetic algorithm was applied to optimize the mix proportion design of this multiconstituent concrete in this paper. The genetic algorithm is a global optimizing method which imitates biological evolution and has an advantage over many other methods on handling multiple objectives [46]. Actually, the fitness functions of different indices such as strength, slump, and material price or else have been adopted by researchers in order to obtain optimum mix proportions for target concrete properties through the genetic algorithm [47, 48]. In this paper, aiming at improving the resistance of concrete to salt-frost erosion, the mix proportion of air-entrained concrete with multimineral admixtures was designed based on the genetic algorithm, in which the fitness functions of salt freeze-thaw resistance indices were adopted.
This paper studied the influences of different mineral admixtures and air contents on the performances of concrete. At the same time, the correlation analysis between mechanical properties and durability of concrete was studied. Several groups of concrete specimens with different mineral admixtures (FA, BFS, and SF) and air contents were designed after determining the water binder ratio, cement dosage, sand ratio, and aggregate dosage. Then, the mechanical properties, physical properties, and salt freeze-thaw resistance of concrete specimens were tested. Subsequently, the influences of mineral admixtures on the mechanical and physical properties as well as surface resistivity of concrete were studied, and the quantitative relationship between strength as well as rapid chloride permeability and surface resistivity of concrete were established.
2. Materials and Methods
2.1. Mixture Materials
The ordinary Portland cement (OPC) was procured from Jilin Yatai Dinglu Cement Ltd., and the corresponding grade is P.O. 42.5. To achieve the reasonable application of mineral admixtures and AEA in concrete, FA, BFS, SF, and AEA were introduced into cement concrete for a better salt freeze-thaw resistance [49–52]. The main chemical compositions of OPC, FA, BFS, and SF are shown in Figure 1. In this study, AEA was triterpenoid saponin AEA with the type of SJ-2 to achieve different air contents in cement concrete. And naphthalene superplasticizer was also introduced into trial concrete mixes to keep consistent workability, of which the pH value is in the range of 7–9. Following the existing study [53], natural sand with a maximum size of 9.5 mm was used as coarse aggregate and well-graded river sand with a fineness modulus of 2.0 was used as fine aggregates, which were obtained from Jilin Province, China. The specific gravities for natural gravel and river sand are 2.76 and 2.64, respectively.
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Figure 1: Chemical composition results of binders: (a) OPC. (b) FA. (c) BFS. (d) SF.


2.2. Mixture Proportion and Specimen Preparation
In order to analyse the influences of FA, BFS, SF, and AEA on the salt freeze-thaw resistance of cement concretes, different dosages of AEA and several mineral admixtures were studied. The dosage of FA or BFS should be controlled within 30% by the total mass of cementitious materials, respectively [54–56]. Meanwhile, the total dosage of FA and BFS was limited to less than 40% by the total mass of cementitious materials. By contrast, the dosage of SF was controlled not to exceed 10% due to its high activity and cost. Besides, considering that the influence of AEA on the frost resistance of concrete is higher than that of multimineral admixtures [31], the AEA content was designed and divided into three feasible range levels of air content, i.e., (2.5 ± 0.5)%, (4.5 ± 0.5)%, and (6.5 ± 0.5)%.
Following the above mixture proportion ranges, a total of 15 groups of concrete proportions with various dosages and combinations of FA, BFS, SF, and AEA were prepared for the concretes used in this study. In the mixture design, OPC, FA, BFS, and SF were used as the main components of binders and the total binder content in all concrete specimens was kept constant at 423 kg/m3. A target concrete strength grade of C40 was selected for pavement concrete mixtures, and the water-to-binder ratio of all these cement concretes was also kept constant at 0.40. After that, a concrete mixer was applied to mix all the raw materials, and naphthalene superplasticizer was carefully added to the mixture to maintain a slump range of (45 ± 5) mm. The air content range levels in concrete specimens were controlled by AEA with the type of SJ-2 in accordance with the Chinese specification JTG E30-2005. These 15 groups of mixture proportions with various dosages of FA, BFS, SF, and AEA, including single admixture, double admixtures, and triple admixtures, are shown in Table 1. The dosage of AEA is characterized by the air content. Three dosage levels of FA, BFS, SF, and AEA of concrete specimens were determined and applied, for example, FA-10 means replacing 10% of OPC with FA and AEA-2 means air content of (2.5 ± 0.5)%.
Table 1: Mix proportions of concretes with multiadmixtures (kg/m3).
	

	No.	OPC	FA	BFS	SF	Air content (%)	Fine aggregate	Coarse aggregate	Slump (mm)
	

	Control	423	—	—	—	1	584	1240	45 ± 5
	FA-10	381	42	—	—	1	584	1240	45 ± 5
	FA-20	338	85	—	—	1	584	1240	45 ± 5
	FA-30	296	127	—	—	1	584	1240	45 ± 5
	BFS-10	381	—	42	—	1	584	1240	45 ± 5
	BFS-20	338	—	85	—	1	584	1240	45 ± 5
	BFS-30	296	—	127	—	1	584	1240	45 ± 5
	SF-3	410	—	—	13	1	584	1240	45 ± 5
	SF-6	398	—	—	25	1	584	1240	45 ± 5
	SF-9	385	—	—	38	1	584	1240	45 ± 5
	FA-BFS	296	63.5	63.5	—	1	584	1240	45 ± 5
	FA-BF-BFS	271	63.5	63.5	25	1	584	1240	45 ± 5
	AEA-2	423	—	—	—	2.5	584	1240	45 ± 5
	AEA-4	423	—	—	—	4.5	584	1240	45 ± 5
	AEA-6	423	—	—	—	6.5	584	1240	45 ± 5
	



Referring to the Chinese specification JTG E30-2005 and existing literature [1, 57, 58], three types of cement concretes were selected and prepared in this paper, in which specimens with 100 mm × 100 mm × 100 mm were used for the 28-day compression test, specimens with 100 mm × 100 mm × 400 mm were used for the 28-day flexural test, and specimens with 40 mm × 40 mm × 160 mm were used for the surface resistivity test and salt freeze-thaw cycle test. For each type of geometric dimensions, the number of each mixture proportion for these 15 groups of cement concretes was determined as three, i.e., three replicate specimens. In accordance with the related specification, after the preparation was completed, all the concrete specimens were firstly placed in the standard curing room with a temperature of 20°C and relative humidity of 95% for 24 h of sealed curing and then demoulded. These concrete specimens will continue to be placed in the standard curing room for 27 days.
2.3. Experimental Methods
2.3.1. Compressive Strength Test and Flexural Strength Test
The compressive strength and flexural strength at the age of 28 days were tested according to ASTM C39/C39M-18. The specimen sizes of compressive strength test and flexural strength test were described in the above section, and the universal testing machine was performed on three replicate specimens for the mechanical tests, as shown in Figure 2. For the compressive strength test, the loading rate was set as 0.5 MPa/s. For the flexural strength test, the loading rate was set as 0.05 MPa/s. During the whole process of test loading, the load and deflection of the specimens were recorded in real time. Then, the corresponding compressive strength (Sc) and flexural strength (Sf) could be calculated.
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Figure 2: Mechanical performance tests of cement concretes used in this paper. (a) Compressive strength test. (b) Flexural strength test.


2.3.2. Surface Resistivity Test and Rapid Chloride Permeability Test
The four-probe method is used to determine the surface resistivity of concrete specimens. In this paper, the Resitest-400 instrument was adopted to measure the surface resistivity of concrete specimens after 28 days of curing. Before testing, the saturated sponge was put into the sensors, which were connected to the host through a cable. The surface resistivity test is shown in Figure 3(a).
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Figure 3: Surface resistivity test and rapid chloride permeability test of cement concretes. (a) Surface resistivity test. (b) Rapid chloride permeability test.


The rapid chloride permeability test of cement concrete was carried out to evaluate the resistance to chloride ion penetration of concrete according to ASTM C1202. These specimens of rapid chloride permeability test were 100 mm in diameter and 50 mm in height. The side surfaces of all specimens were firstly coated with rapid setting epoxy. These specimens were placed inside an automatic vacuum water-soaking machine to saturate for 18 hours, and then the electrical fluxes of concrete specimens were determined. The setups of the surface resistivity test and rapid chloride permeability test are illustrated in Figure 3(b).
2.3.3. Salt Freeze-Thaw Cycle Test
In the salt freeze-thaw cycles, the concrete specimens with size of 40 mm × 40 mm × 160 mm were immersed in 3% concentration salt solution and exposed to freeze-thaw condition at the same time. A special freeze-thaw machine was adopted to create temperature conditions, as shown in Figure 4. The duration of one freeze-thaw cycle was 12 hours, in which the lowest and highest temperatures were −18°C and 18°C, respectively. The freeze-thaw test was terminated when any specimen showed considerable surface damage or reduction in relative dynamic modulus of elasticity value of more than 80% of the initial value [23]. After multiple salt freeze-thaw cycles, the mass of concrete specimens and ultrasonic propagation speeds in specimens were also measured, as shown in Figure 4. Then, the mass loss (Mn) and variation of relative dynamic elasticity modulus (Rn) of specimens can be calculated by using equations (1) and (2), respectively:where m0 is the initial mass of concrete specimens before exposed to salt freeze-thaw condition and mn is the mass of concrete specimens after n salt freeze-thaw cycles:where  is the ultrasonic propagation speed in specimens before exposed to salt freeze-thaw condition and  is the ultrasonic propagation speed in specimens after n salt freeze-thaw cycles.


	
		
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	













Figure 4: Salt freeze-thaw cycle test of cement concretes.


3. Results and Discussion
3.1. Influence Analysis of Mineral Admixtures and Air Content on Physical and Mechanical Performances of Concretes
3.1.1. Influence of Single-Mineral Admixture-FA
The 28-day compressive strength, flexural strength, surface resistivity, and rapid chloride permeability of concretes with FA are shown in Figure 5. It can be seen from Figure 5(a) that the 28-day compressive strength of control cement concrete is 42.9 MPa. With the increase of FA content, the compressive strength of cement concrete decreases, and FA has a great influence on the compressive strength of concrete, as concluded by Mardani-Aghabaglou et al. [51]. When the FA content is 30%, the strength decreases to 34.69 MPa. From Figure 5(b), it can be seen that the 28-day flexural strength of control cement concrete is 4.95 MPa, and the flexural strength of cement concrete is 4.48 MPa, 4.25 MPa, and 3.92 MPa when the FA contents are 10%, 20%, and 30%, which indicates that the flexural strength of cement concrete decreases with the increase of FA content, which is line with the findings of Mardani-Aghabaglou et al. [51]. It can be seen from Figure 5(c) that the surface resistivity increases with the increase of FA content, and the surface resistivity changes slightly with the increase of FA content in the range of 10%∼20%, as previously described in [59]. In Figure 5(d), the rapid chloride permeability of control cement concrete in 28 days is 1951.5 C. With the increase of FA content, the rapid chloride permeability decreases. When the FA content is 10%, 20%, and 30%, the rapid chloride permeability of concrete is 1297.5 C, 1192.5 C, and 972.5 C, respectively. When the FA content is within 0%∼10%, the rapid chloride permeability decreases the most. When the FA content is higher than 10%, the reduction range of rapid chloride permeability becomes smaller, which indicates that the appropriate content of FA can effectively reduce the rapid chloride permeability of concrete [59].
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(d)
Figure 5: Influence of single-mineral admixture-FA on the performances of concrete. (a) Compressive strength. (b) Flexural strength. (c) Surface resistivity. (d) Rapid chloride permeability.


The mechanical properties of concrete with FA decrease with the increase of FA content, and the decrease range increases with the increase of FA content, which indicates that the secondary hydration degree of FA is low in the 28-day strength formation process, which is not enough to improve the strength of concrete [35]. The surface resistivity of concrete increases with the increase of FA content. The electric flux of concrete decreases with the increase of fly ash content. The rapid chloride permeability reflects the chloride penetration resistance of concrete. The higher the rapid chloride permeability, the stronger the chloride ion resistance of concrete. From the surface resistivity and rapid chloride permeability of concrete added with FA, the compactness of concrete has been improved, mainly because FA plays the role of microaggregate filling, which can fill the internal defects of concrete [49]. Therefore, the surface resistivity and rapid chloride permeability of concrete are improved.
3.1.2. Influence of Single-Mineral Admixture-BFS
The influences of BFS contents on 28-day compressive strength, flexural strength, surface resistivity, and rapid chloride permeability of concrete are shown in Figure 6.
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(d)
Figure 6: Influence of single-mineral admixture-BFS on the performances of concrete. (a) Compressive strength. (b) Flexural strength. (c) Surface resistivity. (d) Rapid chloride permeability.


It can be seen from Figure 6(a) that the compressive strength of cement concrete increases with the increase of BFS content in the range of 0%∼30%, the compressive strength of concrete increases slowly in the range of 0%∼20%, and the compressive strength of concrete increases faster in the range of 20%∼30%. When the BFS content is 30%, the compressive strength of concrete is 47.26 MPa. It can be seen from Figure 6(b) that with the increase of BFS content, the flexural strength of concrete increases, and the flexural strength of concrete increases linearly with BFS content. When BFS content is 30%, the flexural strength is 6.05 MPa. The test results indicate that compressive strength and flexural strength are consistent with previous study [43, 59, 60]. From Figure 6(c), it can be seen that the surface resistivity of concrete increases fastest when the BFS content is 0%∼10% and slows down when the BFS content is 10%∼30%, which indicates that adding a small amount of BFS can improve the surface resistivity of concrete [59]. It can be seen from Figure 6(d) that the rapid chloride permeability of cement concrete decreases linearly with the increase of BFS content in the content range of 0%∼30%. When the BFS content is 30%, the rapid chloride permeability is 950.5 C.
In the case of single-mineral admixture-BFS, the mechanical properties of concrete increase with the increase of BFS content, the surface resistivity increases with the increase of BFS content, and the rapid chloride permeability decreases with the increase of BFS content. BFS contains a lot of oxides (such as Al2O3 and CaO), which has high activity in hydration [60]. It can be hydrated more in 28 days to improve the strength of concrete. At the same time, the physical properties of concrete are improved due to the filling effect of microaggregate and secondary hydration.
3.1.3. Influence of Single-Mineral Admixture-SF
The influences of SF content on 28-day compressive strength, flexural strength, surface resistivity, and rapid chloride permeability of concrete are shown in Figure 7.
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(d)
Figure 7: Influence of single-mineral admixture-SF on the performances of concrete. (a) Compressive strength. (b) Flexural strength. (c) Surface resistivity. (d) Rapid chloride permeability.


It can be seen from Figure 7(a) that when the SF content is in the range of 0∼9%, the concrete strength increases with the increase of SF content, and the concrete strength increases linearly with the SF content. When the SF content is 9%, the concrete strength can reach 56.47 MPa. It can be seen from Figure 7(b) that the flexural strength of concrete increases with the increase of SF content. When the SF content is 6%, the flexural strength of concrete has a maximum value. The strength results are consistent with the analysis results [50, 51, 59]. It can be seen from Figure 7(c) that with the increase of SF content, the surface resistivity of concrete increases. When the SF content is 9%, the resistivity of concrete can reach 137.3 kΩ/cm. It can be seen from Figure 7(d) that the rapid chloride permeability of concrete decreases exponentially with the addition of SF, which indicates that the rapid chloride permeability of concrete can be greatly reduced by adding a small amount of SF.
SF contains more than 90% of silica. In the alkaline environment formed after cement hydration, the secondary hydration degree of SF is larger [50]. In addition, the fineness of SF is larger and the microaggregate is filled more fully, which improves the mechanical and physical properties of concrete.
3.1.4. Influence of Multimineral Admixtures
The influences of multimineral admixtures on 28-day compressive strength, flexural strength, surface resistivity, and rapid chloride permeability of concrete are shown in Figure 8.
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(d)
Figure 8: Influence of multimineral admixtures on the performances of concrete. (a) Compressive strength. (b) Flexural strength. (c) Surface resistivity. (d) Rapid chloride permeability.


It can be seen from Figure 8(a) that when the content of FA and BFS is 15%, respectively, the compressive strength of concrete is 45.83 MPa. Under the same proportion of FA and BFS, adding 6% SF, the strength can reach 48.02 MPa. It can be seen from Figure 8(b) that when the content of FA and BFS is 15% respectively, the flexural strength of concrete is 5.46 MPa. Under the same proportion of FA and BFS, adding 6% SF, the strength can reach 5.86 MPa. It can be seen from Figure 8(c) that the surface resistivity of double admixtures is 86.05 kΩ/cm, while that of triple admixtures is 119.35 kΩ/cm, which indicates that SF can effectively improve the resistivity of concrete. It can be seen from Figure 8(d) that the rapid chloride permeability of concrete can be effectively reduced in the case of double mixing, but when 6% SF is added, the rapid chloride permeability is only 287.5 C, which indicates that SF can effectively reduce the rapid chloride permeability of concrete. This is similar to the previous research results [39, 43, 59].
The results showed that the mechanical properties of the concrete are better than that of the control cement concrete, which indicates that the hydration and secondary hydration of mineral admixtures are sufficient in the process of strength formation, which can provide strength for the concrete [1, 34, 58].
3.1.5. Influence of Air Contents by AEA
The influences of air contents on 28-day compressive strength, flexural strength, surface resistivity, and rapid chloride permeability of concrete are shown in Figure 9.
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(d)
Figure 9: Influence of air contents on the performances of concrete. (a) Compressive strength. (b) Flexural strength. (c) Surface resistivity. (d) Rapid chloride permeability.


It can be seen from Figure 9(a) that the compressive strength of concrete decreases with the increase of air content. When the air content is 2.5%, the compressive strength of concrete is 37.88 MPa. When the air content is 6.5%, the compressive strength of concrete is only 30.6 MPa. It can be seen from Figure 9(b) that with the increase of air content in the range of 1%∼6.5%, the flexural strength first increases and then decreases, and there is a maximum value of flexural strength, that is, when the air content is 2.5%, the maximum flexural strength of cement concrete is 5.38 MPa, as previously described in [25]. It can be seen from Figure 9(c) that the surface resistivity of concrete increases with the increase of air content. When the air content is 6.5%, the maximum value of concrete resistivity is 79.35 kΩ/cm. It can be seen from Figure 9(d) that the rapid chloride permeability of concrete decreases with the increase of air content in the air content range of 1%∼2.5% and increases with the increase of air content in the air content range of 2.5%∼6.5%. When the air content is 2.5%, the minimum rapid chloride permeability of concrete is 1596 C, which is line with the findings of Li et al. [59].
With the increase of air content, the air in concrete increases, and the compressive strength of concrete decreases. The rapid chloride permeability of concrete first decreases and then increases with the increase of air content. This is because with the increase of air content, tiny closed bubbles are formed in concrete, and the capillary channels in concrete are destroyed [2, 31].
3.2. Correlation Analysis between Surface Resistivity and Mechanical and Rapid Chloride Permeability Properties
3.2.1. Correlation Analysis between Surface Resistivity and Compressive and Flexural Strength
Concrete strength is a comprehensive index to measure the quality of concrete [4]. Concrete resistivity is an important electrochemical parameter of concrete, which can be used to characterize the internal microstructure of concrete and evaluate the permeability of concrete [50]. If the quantitative relationship between concrete compressive strength and resistivity can be established, the development trend of concrete compressive strength can be inferred by concrete resistivity, and vice versa. The relation curves between surface resistivity and strength of concrete (i.e., compressive and flexural strength) are shown in Figure 10.
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(e)
Figure 10: Correlation analysis between surface resistivity and mechanical properties. (a) FA. (b) BFS. (c) SF. (d) Multimineral admixtures. (e) Air contents.


For single-mineral admixture-FA, the surface resistivity of concrete is negatively correlated with compressive strength and flexural strength [59]. With the increase of strength (compressive and flexural), the surface resistivity decreases gradually. The parameter relationships have good nonlinear correlations, and the correlation coefficients are greater than 0.94. For single-mineral admixture-BFS or SF, the surface resistivity of concrete is positively correlated with compressive strength and flexural strength [49]. With the increase of strength (compressive and flexural), the surface resistivity increases gradually. The parameter relationships have good nonlinear correlations, and the correlation coefficients are greater than 0.93. While in the case of multiple admixtures, the surface resistivity of concrete is still positively correlated with the compressive strength and flexural strength. With the increase of strength, the resistivity increases gradually. The parameter relationship has a good nonlinear correlation, and the correlation coefficients are greater than 0.98. The compressive and flexural strength of concrete with FA would decrease with the increase of surface resistivity; however, the compressive and flexural strength of concrete with BFS, SF, or multimineral admixture would increase with the increase of surface resistivity, i.e., strength = a × ebx. At the same time, it also shows that adding FA instead of cement, the early strength of concrete gradually decreases, and BFS and SF are conducive to the improvement of the early strength of concrete [50, 60]. For the air content, the compressive and flexural strength of concrete change with the increase of surface resistivity in a polynomial power function.
According to the test results, the development trend of concrete strength can be predicted. The surface resistivity of concrete can not only reflect the density and pore structure of concrete statically but also indirectly reflect the correlation between strength and density.
3.2.2. Correlation Analysis between Surface Resistivity and Rapid Chloride Permeability
The four-probe method used to test the surface resistivity of concrete and the rapid chloride permeability method used to test the chloride ion penetration resistance of concrete are both electrical test methods [59]. Both methods could reflect the compactness of concrete, so these two test results can be fitted and analyzed. The results are shown in Figure 11. It can be seen from Figure 11 that when power function regression is adopted, the correlation coefficient between rapid chloride permeability and surface resistivity reaches around 0.9, which shows that they have a good correlation.


	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	

(a)


	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	













(b)


	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
		
	
	
		
	
		
	
	
		
	
	
	
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	













(c)


	
	
		
	
		
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
				
				
				
				
				
				
				
				
			
		
	













(d)


	
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
	
	
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
			
			
			
			
			
		
	













(e)
Figure 11: Correlation analysis between surface resistivity and rapid chloride permeability. (a) FA. (b) BFS. (c) SF. (d) Multimineral admixtures. (e) Air contents.


Concrete is a kind of porous medium [33, 41]. There are many kinds of conductive ions in its pore solution, which have great influence on the conductivity of concrete. No matter the rapid chloride permeability method or the four-probe method, it is necessary to apply voltage on the specimen to measure the electric quantity of the corresponding part. The difference is that the rapid chloride permeability method tests the total electric quantity passing through the axial direction of the cylinder specimen, while the four-probe method tests the surface resistivity of the cylinder specimen with a depth of about 30 mm [59]. The two methods are similar but different, and the conversion relationship between them can be obtained by regression analysis. Compared with the rapid chloride permeability method, the surface resistivity test method does not need to cut and keep water, which has the advantages of saving time and labor, and has the potential of popularization and application.
3.3. Evaluation of Salt Freeze-Thaw Resistance of Concretes with Mineral Admixtures
Compared with the control group, the cumulative mass loss, and relative dynamic modulus of elasticity of concrete with different single, multiple and air content under salt freeze-thaw cycles are shown in Figure 12.
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(e)
Figure 12: The salt freeze-thaw resistance of concretes with mineral admixtures. (a) FA. (b) BFS. (c) SF. (d) Multimineral admixtures. (e) Air contents.


From Figure 12(a), it can be seen that in the first five salt freeze-thaw cycles, the mass loss of concrete with FA showed negative numbers. After that, the mass loss of the four concretes increased with the increase of salt freeze-thaw cycles. This shows that in the early stage of salt freeze-thaw, because the pores in the concrete were not completely saturated during the immersion period, the ice crystal pressure forced the intrusion of salt water during the freeze-thaw process [22, 57, 58]. At this time, the mass loss of concrete during the salt freeze-thaw process was less than the mass of the invading salt water. When the intruding salt water reaches a state of equilibrium and the mass of the intruding salt water reaches relative saturation, the concrete will experience mass loss, and the situation will occur after 5 salt freeze-thaw cycles. In addition, with the increase of FA content, the mass loss of concrete is greater. With respect to relative dynamic modulus, as the salt freeze-thaw cycle increases, the relative dynamic modulus of concrete decreases. In the first 15 salt freeze-thaw cycles, the relative dynamic modulus of concrete has a small decrease, and the freeze-thaw effects are consistent. The variation of mass loss and relative dynamic modulus with FA has been described in previous publications [50, 51]. When there are more than 15 salt freeze-thaw cycles, the relative dynamic modulus of concretes decreased greatly. With the increase of FA content, the relative dynamic modulus of concrete decreases more greatly. Therefore, with the increase of FA content, the salt freeze-thaw resistance of concrete decreases, as reported by Liu et al. [35].
It can be seen from Figure 12(b) that the mass loss of concrete with BFS increases with the increase of salt freeze-thaw cycles, but in the first 5 salt freeze-thaw processes, the mass loss of concrete decreases with the increase of salt freeze-thaw cycles, and the principle is described above. In the process of the salt freeze-thaw cycle, the mass loss of concrete decreases with the increase of BFS content. In addition, with the increase of salt freeze-thaw cycles, the relative dynamic modulus of concrete decreases. In the BFS content range of 0%∼30%, the greater the BFS content, the better the salt freeze-thaw resistance of concrete. This may be due to the high activity of BFS, which contains more oxides, hydration in water, and secondary hydration in alkaline environment will form cementitious substances. At the same time, due to the filling effect of microaggregate, the salt freeze-thaw resistance of concrete is improved [60].
In Figure 12(c), it can be seen that the mass loss of concrete increases with the increase of salt freeze-thaw cycles. When the SF content is in the range of 3%∼6%, the mass loss trend is the same, which indicates that a small amount of SF can reduce the mass loss of concrete. At the same time, with the increase of salt freeze-thaw cycles, the relative dynamic modulus of concrete decreases. The reason may be that SF contains a lot of silica, in the secondary hydration, there is more silica hydration, and at the same time, due to the filling effect of microaggregate [61], the salt freeze-thaw resistance of concrete is improved.
It can be seen from Figure 12(d) that the mass loss of FA and BFS compound concrete under salt freeze-thaw cycles is not improved compared with that of control concrete, but the spalling resistance is decreased. However, when 6% SF was added, that is, in the case of three mineral admixtures, the mass loss of concrete under salt freeze-thaw cycles is slightly increased. At the same time, with regard to the relative dynamic modulus, the relative dynamic modulus of concrete with FA and BFS decreases more than that of the control concrete in the process of salt freeze-thaw cycles, while the three-mineral admixture concrete shows better salt freeze-thaw resistance than that of the control concrete.
The cumulative mass loss and the relative dynamic modulus with different air contents vary with salt freeze-thaw cycles show that the mass loss of concrete increases with the increase of salt freeze-thaw cycles, and the mass loss of concrete treated by AEA is significantly lower than that of control concrete. When the air content is in the range of 1%∼6.5%, the mass loss of concrete will decrease with the increase of air content. When the air content of concrete is 2.5%, 4.5%, and 6.5%, with the increase of salt freeze-thaw cycles, the relative dynamic modulus of concrete is basically stable at 90%, while for the concrete without AEA, at 30 salt freeze-thaw cycles, the relative dynamic modulus has been reduced to 60%. It can be seen that in the appropriate range of air content, with the increase of air content, the number of tiny airtight bubbles in hardened concrete increases, which will greatly improve the salt freeze-thaw resistance of concrete [25, 31].
4. Conclusions
The mechanical properties, physical properties, and salt freeze-thaw resistance of concrete specimens were tested in this study. Based on the test results, the influences of mineral admixtures and different air contents on the mechanical properties, physical properties, and salt freeze-thaw resistance of concrete were analyzed. The following conclusions could be reached:(1)The mechanical properties of concrete decreased with the increase of FA content, while the mechanical properties tended to increase with the increase of BFS or SF content. The surface resistivity of concrete showed an increasing trend with the increase of FA, BFS, and SF content. The rapid chloride permeability gradually decreased with the increase of mineral admixture content.(2)The salt freeze-thaw resistance of concrete decreased with the increase of FA content. However, the salt freeze-thaw resistance of concrete increased with the increase of BFS or SF. Especially, adding an appropriate amount of SF can significantly improve the salt freeze-thaw resistance of concrete.(3)When adding 15% FA and 15% BFS, the mechanical properties, surface resistivity, and rapid chloride permeability of concrete will be improved, but the salt freeze-thaw resistance of concrete will decrease. When adding 15% FA, 15% BFS, and 6% SF, the mechanical properties, resistivity, and rapid chloride permeability of concrete will be greatly improved, and the salt freeze-thaw resistance of concrete will be slightly improved.(4)Within the air content range of 1%∼6.5%, as the air content increased, the compressive strength of concrete decreased, and the flexural strength first increased and then decreased. The surface resistivity of concrete increased with the increase of air content, and the rapid chloride permeability of concrete first decreased and then increased. The air content plays a major role in the salt freeze-thaw resistance of concrete, and the salt freeze-thaw resistance of concrete increased with the increase of air content.(5)Surface resistivity of concrete has a good exponential function relationship with strength and a good power function relationship with rapid chloride permeability. Therefore, it is of great significance for engineering quality control to use the four-probe method to test surface resistivity. The strength and durability of concrete can be quickly and nondestructively estimated according to the regression equation.
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