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Abstract

:

To evaluate the chloride ion corrosion resistance of proposed innovative self-healing concrete based on shape memory alloys (SMA) and engineering cementitious composites (ECC), a total of 2 kinds of 22 specimens were prepared. Chloride ion corrosion tests of self-healing SMA-ECC concrete under dry-wet cycles were carried out. It was found that the chloride ion erosion depths of SMA-ECC were significantly smaller than that of MC, and the growth rate of erosion depth of SMA-ECC was obviously smaller than that of MC after 15 dry-wet (dry and wet) corrosion cycles. The chloride ion content of SMA-ECC vanished at the erosion depth more than 10 mm, which was consistent with the test result of AgNO3 solution color-rendering test. Test results indicate that, compared to marine concrete (MC), SMA-ECC has a better chloride ion corrosion resistance behavior. Moreover, the chloride ion concentration of SMA-ECC at a chloride ion erosion depth of less than 10 mm decreased more significantly than that of MC, indicating that almost all chloride salt solution reacted in the outer layer of SMA-ECC, which is consistent with the conclusions of 4.1 and 4.2. Finally, based on the erosion distribution of chloride ions and Fick’s second law, a calculation model describing the relationship between the apparent chloride ion diffusion coefficient and the boundary condition of the chloride ion content was proposed.
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1. Introduction


Concrete members generally undergo load and environment changes with cracks in the service-level stage. Concrete cracks provide a convenient path for the penetration of chloride ion, resulting in accelerating the corrosion of steel bars, consequently affecting the durability of the structure and causing huge economic loss [1]. Marine environments are very aggressive to concrete structures, and especially dry-wet cycle condition promotes the transmission of chloride ions in concrete, always identified as the most unfavorable environment condition for concrete deterioration processes [2,3].



Many researches show that it is an effective strategy to form a film on the concrete surface to protect concrete from corrosion [4]. There are several methods for preventing or delaying the penetration of chloride ion and the corrosion of steel bars in concrete, such as organic inhibitors and coatings [5,6,7]. A kind of silica-based hybrid nanocomposite was used for surface treatment of hardened cement-based materials, and this kind of material can significantly decrease water absorption rate and gas permeability coefficient [8]. Soluble sodium silicate as a surface treatment material could obviously improve the impermeability because soluble sodium silicate can react with portlandite and form C-S-H gel, which can refine the pore structure and densify the surface structure [9]. Cementitious composites prepared with different types of fly ash can also improve the resistance to chloride ion penetration of concrete [10]. Electrochemical methods leading to chloride extraction or cathodic protection have also been used to protect reinforced concrete structures [11,12]. However, the above measures can only reduce the permeability but cannot inhibit the development of cracks. In the long run, the problem of anti-chloride corrosion has not been fundamentally solved.



Shape memory alloy (SMA) is a type of intelligent material that “remembers” its original shape. Two major properties of SMA, the shape memory effect and super-elasticity, could be used for self-rehabilitation of concrete structures [13]. Engineered cementitious composite (ECC) [14] is a new type of fiber reinforced cementitious composite (FRCC) with extremely high tensile strain capacity of 3% or more, which provides favorable conditions for crack self-control and self-healing of small cracks and has the characteristics of multi-micro cracking. Based on the characteristics of SMA fiber’s superelasticity and ECC’s multi-micro cracks, Chen et al. [15] developed a smart self-healing composite material SMA-ECC in which shape memory alloy fibers were added into the engineered cementitious composite material to achieve good self-healing properties and better prevent the migration of chloride ions. The uni-axial tensile test was carried out on the SMA-ECC specimen. The stress-strain curves of SMA-ECC specimen under uni-axial tension are shown in Figure 1a. The SMA-ECC material can undergo large deformation under relative higher bearing loading. Moreover, the self-healing performance of the innovative material were experimentally studied. The influence of pre-loading level and SMA content on the self-healing behavior were considered. It was found that the bending strength and deflection of SMA-ECC increased with the increase of SMA fiber content, the cracks with width less than 50 μm were almost completely closed, and the cracks with a width of over 100 μm were able to recover 67% [16]. The contrast figures before and after recovery of cracks are shown in Figure 1b.



When the self-healing material is exposed to chloride solution, a chloride concentration gradient will occur between the surface of the self-healing material and the pore solution. In this case, diffusion will be the main driving mechanism of chloride transport. Since SMA fiber is not an economical material, considering that its mixture with mortar or ECC can be applied to the protective layer in marine concrete structures, it is necessary to research the chloride ion corrosion resistance of SMA-ECC, both its non-destructive state and cracked state were studied. This paper only showed that the chloride ion corrosion resistance of self-healing concrete in the non-destructive state under the combined action of chloride ion corrosion and repeated dry-wet cycles, which compared with that of MC.




2. Experimental Program


2.1. Specimen Design


According to the mixing ratio, dry materials, including cement, mineral powder, fly ash and quartz sand, were weighed, and then mixed for more than 1 min to ensure uniform mixing. Then water and water reducer were configured into a mixed solution, and slowly poured into the mixture during the stirring process. When the wet-mixed mixture had a certain fluidity, the polyvinyl alcohol (PVA) fibers and shape memory alloy (SMA) fibers were sprinkled into it, and wet-mixed mixture continued stirring for more than 3 min until the fibers were evenly dispersed. The SMA-ECC mixture was poured into an oil-coated mold, covered with plastic wrap, demolded after 24 h, and standardly cured for 28 days. MC specimens were also prepared for comparison. The mechanical properties of SMA-ECC and MC were measured after 28-day pouring and curing, as shown in Table 1. A total of 2 categories of 22 specimens were prepared.Among them, there were 11 SMA-ECC specimens and an equal number of MC specimens. According to the design of the material mix ratio, the cube specimens with a size of 100 mm × 100 mm × 100 mm were poured.




2.2. Material


The mix proportions of MC and SMA-ECC specimens are listed in Table 2 and Table 3, respectively. In the tables, the cement used is P. O42.5 ordinary silicate cement. The mineral powder used is 1000 mesh S95 slag powder. The particle size of quartz sand used ranged from 100 mesh to 325 mesh (i.e., 150 μm~45 μm). The fly ash used is 5000 mesh super high-quality fly ash with a density of 2.55 g/cm3. The natural river sand used has a fineness modulus of 2.39 with an apparent density of 2620 kg/m3 and a bulk density of 1895 kg/m3. Because the on-site sand is piled up in open air and has a high water content, it needs to be dried before using. The particle size of the gravel used is 5 mm~10 mm continuous gradation, and the apparent density is 2700 kg/m3. Polyvinyl alcohol (PVA) fiber and shape memory alloy (SMA) fiber were used, and the mechanical properties of the two kinds of fibers are shown in Table 4. PVA fibers and SMA fibers are shown in Figure 2, were used. Polycarboxylate superplasticizer is the water reducer with a water reduction rate of 38%. the dose of the water reducer is typically 0.15 percent to 0.3% of the mass of the entire cementitious material. The water used was ordinary tap water, and the chloride ion content was detected using distilled water.





3. Test and Measurement Methods


3.1. Dry-Wet Corrosion Cycle Test


The laitance on the eroding side surface of the cube specimens was first removed after conventional curing for 28 days, and it was then ground off before being placed in a 60 °C incubator to dry for 3 days. The other surfaces were coated with epoxy resin in addition to keeping the pouring surface as the erosion surface to assure the one-dimensional transmission of chloride ion erosion, and the smeared specimen is displayed in Figure 3. Finally, the content of NaCl analytical pure preparation was 5% (mass fraction) of chloride salt solution, as shown in Figure 4. The dry-wet system of the chloride salt dry-wet corrosion cycle test involved immersion in chloride salt solution for 3 days in a natural setting, followed by 1 day of drying at 60 °C and 4 days of dry-wet corrosion. Before drying, it is necessary to ensure that there is no obvious moisture residue on the surface of the specimens. If the specimens were cooled after drying, immersion corrosion can be performed [17,18]. The daily variations in ambient temperature were recorded during the soaking phase.




3.2. Chlorine Salt Solution Transmission Amount Detection


After immersion and drying in each dry-wet corrosion period, the corroded specimens (SMA-ECC and MC) were weighed using an electronic scale with a weighing accuracy of 0.1 g. The erosion of the solution during the soaking stage and the evaporation of the solution during the drying stage were recorded for various times of the dry-wet cycle. In order to ensure the measurement accuracy, the corroded specimens in soaking stage were wiped dry before weighing.



There was a close correlation between the transmission amount of chloride salt solution and the porosity of the specimen. For example, the capillary flowing in soaking stage during the dry-wet corrosion cycle process can accelerate the corrosion of chloride ions on the specimen. For the measurement method of porosity of the specimen, please refer to “GB/T 24586-2009 Determination of apparent density, true density and porosity of iron ore”. The calculation Formula (1) is as follows:


  ϕ = (  ρ r  − ρ ) /  ρ r   



(1)




where ϕ represents the porosity (%); ρ and ρr represent the apparent density and true density, respectively. Among them, the apparent density of the specimen can be calculated by Archimedes’ law and density formula; the true density is measured by the true density instrument −1340. In addition, before detecting the apparent density ρ and true density ρr of the specimen, the specimen needs to be dried in a constant temperature oven at 60 °C. When the mass difference of the specimen for 2 consecutive days is less than 0.1%, the specimen is considered to be completely dry [19]. To ensure the accuracy of the results, the number of the specimens in the same condition should not be less than 3.




3.3. Chloride Ion Erosion Depth Detection


At present, most scholars mainly used a cutting machine to cut the corroded specimen to obtain a section for the chloride ion erosion depth detection method of cement matrix materials, and then conducted a nitrate solution color-rendering test for the chloride ion erosion depth on the section. However, the frictional squeezing of the cutting process leads to powder residues in different positions, resulting in inaccurate color-rendering of the erosion depth. In order to assure the flatness of the split surface, this test first cut the opposite side and both sides of the eroded surface of the specimen to make a groove, as shown in Figure 5. A self-made splitting device was used to split the corroded specimen, as shown in Figure 6.



The AgNO3 solution with a content of 0.1 mol/L was sprayed on the split surface of the specimen to observe the corrosion depth of chloride ions. After about 15 min, white AgCl precipitates formed in the area eroded by chloride salt, and the AgNO3 solution in the uneroded area was decomposed by light to produce NO2, which was dissolved in nitric acid and turned yellow. According to the area of the observed color change, a waterproof pen was used to trace the erosion outline at the border of white and yellow, as shown in Figure 7a. The eroded surface of the specimen was divided into 10 equal parts in the direction perpendicular, as shown in Figure 7b. Finally, considering the uneven section of the pressure-splitting specimen, the depth of the chloride ion erosion was determined by measuring the distance between the specimen’s color-rendering boundary and erosion surface using a vernier caliper and a level ruler. This measurement was accurate to 0.1 mm.




3.4. Chloride Ion Content Detection


First, on the split surface along the erosion depth direction, multi-point sampling (impact drill or pulverizer) was carried out at intervals of 5 mm depth until 30 mm. The specimen of the mesh sieve was placed in a 60 ± 5 °C incubator and dried for 2 days. Finally, 2 g of the specimen was cooled to 20 °C and configured with distilled water as a solution of 40 mL, and a chloride ion content detection was used to measure chlorine ion content after standing for 1 day, as shown in Figure 8. The test results were taken as the average of the content of three specimens.





4. Test Results


4.1. Mass Change of Specimen during Corrosion


The specimen was corroded by a chloride salt solution, and physical and chemical reactions took place at the surface of the corroded specimen in contact with the solution. For example, unhydrated cement particles reacted by hydrating, mineral admixtures reacted by secondary hydrating, and chloride ions combined, causing the specimen’s surface pores to be densely filled [20,21,22,23,24]. If transport behavior of the chloride salt solution is changed, the corrosion behavior of chloride ions will be affected. The transmission characteristics of the chloride salt solution were analyzed with the increase in dry-wet cycle times by recording the mass of the specimens after immersion and drying under the process, and further calculating the capillary absorption and diffusion evaporation of the corrosion solution under each stage, which served as a reference for the subsequent variation rule of chloride ion erosion. By weighing the corroded specimens after drying and immersion in each chloride salt dry-wet corrosion cycle process, with the increase of times of dry-wet cycle, the average mass of the SMA-ECC and MC specimens under chloride salt dry-wet corrosion cycle changed, as shown in Figure 9.



As shown in Figure 9, the mass of the specimens of SMA-ECC and MC almost continuously increased in the whole process. For example, after 20 times of chloride salt dry-wet corrosion cycle, the mass changes of SMA-ECC and MC in drying stage were +17.70 g and +3.65 g, respectively, and the mass changes in soaking stage were +17.06 g and +2.95 g. This occurred because, as the specimens were being affected by the chloride salt solution, external substances such water, sodium chloride, and carbon dioxide underwent physical adsorption and chemical fusion with the material, increasing the bulk of the corroded specimens.



During corrosion process, the mass changes of SMA-ECC specimens mainly occurred in the first 15 dry-wet cycles, and there was almost no obvious change in the mass of the specimens after 15 dry-wet cycles. After 20 times of chloride salt dry-wet corrosion cycle, the mass increase of SMA-ECC in drying stage was about 4.8 times that of MC, and the mass increase of SMA-ECC in soaking stage was about 5.8 times that of MC, which indicated that compared with MC, SMA-ECC underwent more severe physical and chemical reactions at the erosion surface of the specimens during corrosion process.




4.2. Change Law of the Transmission Amount of Chloride Salt Solution


During dry-wet cycle, the chloride salt solution acted as corrosion carrier of chloride ion, and its transport behavior played a key role in the corrosion of chloride ion [25]. The transmission of chloride salt solution in dry-wet corrosion cycle was mainly divided into capillary absorption of liquid solution in soaking stage and diffusion evaporation of gaseous solution in drying stage. The erosion amount of the solution and calculation formula of that is shown in Formula (2); by comparing the quality of the immersed and dried corroded specimens in each dry-wet stage, the evaporation of the gaseous chloride salt solution was calculated, and the calculation formula is shown in Formula (3). The transmission amount changes of liquid and gaseous chloride salt solutions of SMA-ECC and MC specimens under the action of chloride salt dry-wet corrosion cycle are shown in Figure 10.


  Δ  m  l w   =  m w  i + 1   −  m d i   



(2)






  Δ  m  g w   =  m w  −  m d   



(3)




where Δmgw represents the evaporation of gaseous chloride salt solution (g); Δmlw represents the absorption of liquid chloride salt solution (g); mw and md represent the mass (g) of the corroded specimen after soaking and drying during each dry-wet corrosion cycle, respectively.



As shown in Figure 10, with the increase of the times of dry-wet corrosion cycle, the capillary absorption of the external chloride solution in soaking stage and the evaporation of pore chloride salt solution in drying stage of SMA-ECC and MC specimens during each dry-wet corrosion cycle all showed a trend of first decreasing and then stable fluctuation. For example, when the times of dry-wet corrosion cycle increased from 0 to 5, the capillary absorption of the chloride salt solution of SMA-ECC specimen in soaking stage decreased from 18.69 g to 18.14 g, and the evaporation of the pore solution in drying stage decreased from 17.56 g dropped to16.77 g; at the late period of the corrosion process, that is, after 15 dry-wet cycles, the transmission amount of chloride salt solution in soaking stage and drying stage fluctuated around 16.5 g (±0.5 g).



Comparing the transmission amount of chloride salt solution of SMA-ECC and MC specimens in each dry-wet corrosion stage, it was found that the solution transmission amount of SMA-ECC was significantly greater than that of MC, whether it was the evaporation amount of the solution in drying stage or the erosion amount of the solution in soaking stage.Based on the analysis and conclusion of Mass change of specimen during corrosion, compared with MC, due to the more violent chemical and physical reaction of SMA-ECC in the eroded outer layer, the reaction products of the outer layer of SMA-ECC caused expansion and microcracks, which eventually led to the increase of porosity of its outer layer, that is, the permeability became worse.




4.3. Change Law of Corrosion Depth of Chloride Ion


The chloride ion corrosion resistance of specimen is closely related to corrosion depth and corrosion content of chloride ion. The corrosion depth of chloride ion exceeds the thickness of the protective layer of concrete and reaches the surface of steel bar, which is very likely to cause corrosion and expansion of steel bar and peeling of the protective layer [26,27]. The AgNO3 solution was used to visualize the corroded specimens of SMA-ECC and MC under 0, 5, 10, 15 and 20 dry-wet cycles during corrosion process. The variation rule of chloride ion erosion depth under different times of dry-wet corrosion cycle is shown in Figure 11.



As shown in Figure 11, the increase of chloride ion erosion depth of SMA-ECC and MC gradually slowed down with the increase times of dry-wet corrosion cycle. Among them, with the times of dry-wet corrosion cycle increased from 0 to 5, 5 to 10, 10 to 15, and 15 to 20, the chloride ion erosion depth of SMA-ECC increased by 5.58 mm, 2.05 mm, 1.08 mm and 0.41 mm, respectively, while that of MC increased by 8.72 mm, 3.49 mm, 2.13 mm and 1.48 mm, respectively. In addition, the chloride ion erosion depth of SMA-ECC never exceed 10 mm during corrosion process. The actual chloride ion erosion depths of two kinds of specimen after dry-wet corrosion cycle are shown in Figure 12. It was found that the chloride ion erosion depths of SMA-ECC were significantly smaller than that of MC, and the growth rate of erosion depth of SMA-ECC was obviously smaller than that of MC after 5 dry-wet corrosion cycles. The erosion depths of SMA-ECC gradually flattened and stayed at 10 mm after 20 dry-wet corrosion cycles, which was consistent with the test result of AgNO3 solution color-rendering test.



From data mentioned above in the chloride ion erosion depth of SMA-ECC and MC under different times of dry-wet cycle, it can be concluded that: (1) The chloride ion depth corrosion efficiency of SMA-ECC in the first 5 dry-wet cycles accounted for 61.2% of corrosion process, which indicated that the chloride ion corrosion of SMA-ECC mainly occurs in the early stage of corrosion; (2) During dry-wet corrosion cycle, the increase of chloride ion erosion depth of MC specimens under the same times of dry-wet cycle was obviously larger than that of SMA-ECC; (3) After 15 times of dry-wet corrosion cycle, the increase of chloride ion erosion depth of SMA-ECC specimens under the same times of dry-wet cycle became more moderate than that of MC.




4.4. Change Law of Corrosion Content of Chloride Ion


The corrosion content of chloride ion at different erosion depths was detected on the specimens under 0, 5, 10, 15 and 20 times of dry-wet cycle during the corrosion process by using a chloride ion content detection. Considering that the matrix material, the transmission amount of chloride salt solution and the chloride ion erosion depths of SMA-ECC and ECC were basically the same, only the chloride ion content of SMA-ECC and MC specimens at different erosion depths was tested, the test results are shown in Figure 13.



As shown in Figure 13, the chloride ion content of SMA-ECC and MC specimens under dry-wet corrosion cycle were all generally on a downward trend with the increase of the erosion depth. Compared with MC, the chloride ion concentration of SMA-ECC at a chloride ion erosion depth of less than 10 mm decreased very significantly, indicating that almost all chloride salt solution reacted in the outer layer of SMA-ECC, which is consistent with the conclusions of 4.1 and 4.2. In addition, the chloride ion concentration of SMA-ECC almost vanished at an erosion depth of 10 mm, which also corresponded to the results of the AgNO3 solution color-rendering test of 4.3.




4.5. The Relationship between Apparent Chloride Ions Content and Time


Knowing the relationship between the chloride ion content and the erosion depth of SMA-ECC concrete under repeated dry-wet corrosion cycle, it can be found that the SMA-ECC specimen had the highest chloride ion content at the erosion depth of 0~5 mm, which can better characterize the relationship between the chloride ions content and corrosion age, and determine boundary conditions of the chloride ions content. A dry-wet cycle of four days was already mentioned. For more precise data, the corrosion age was converted to dry-wet cycle periods, e.g., 20 days were converted to 5 dry-wet cycles, and so on. Therefore, this paper performed linear regression on the chloride ion content and corrosion age at the surface of SMA-ECC specimen under dry-wet corrosion cycle. Using the Origin software, the relationship between the maximum chloride ion content on the surface of SMA-ECC specimen and corrosion age were fitted by exponential function, linear function, power function and logarithmic function, respectively [28,29]. The fitting curve of apparent chloride ion content of SMA-ECC specimens and time is shown in Figure 14.



It is clear from the above fitting curve that the exponential function, linear function, power function and logarithmic function correlation coefficient R2 of SMA-ECC in the dry-wet cycle corrosion environment were 0.925, 0.943, 0.971 and 0.998, respectively. The larger the correlation coefficient R2 were, the better the fitting effect of the function was, but the fitting situation of the function from the Origin needed to be considered [18]. Therefore, a power function model was used to characterize the law of surface chloride ion content and corrosion age of SMA-ECC in a dry-wet corrosion cycle environment, as shown in Formula (4), which showed that the power function can effectively fit the relationship between apparent chloride ion content and time [30]:


   C  max   ( t ) = 0.355  t  0.182   (  R 2  = 0.971 )  



(4)




where Cmax(t) represents the maximum chloride ion content (%) on the surface of the specimen; t represents the corrosion age (day).




4.6. Apparent Chloride Ion Diffusion Coefficient of Equivalent Chloride Ion


The chloride ion erosion direction of the corroded specimen in the chloride salt dry-wet corrosion cycle environment was one-dimensional, and the apparent chloride ion diffusion coefficient can be calculated by Fick’s second law [17]. The calculation Formula (5) is as follow:


  C   x , t   =  C s  ⋅   1 − e r f   x / 2   D t        



(5)




where C(0,t) = Cs represents the diffusion boundary condition of chloride ions (%), taking 5%; C(x,t) represents the chloride ion content (%); t represents the erosion time (s); x represents the erosion depth (m); D represents the chloride ion diffusion coefficient (m2/s); erf(x) represents the error function.



First, the implicit function solver of Fick’s second law was programmed through MATLAB; Then, according to the test results and that the chloride ion content of the uncorroded specimen was about 0.007%, only instantaneous chloride ion diffusion coefficient Dins of SMA-ECC within the erosion depth of 20 mm were calculated. The paper took the average value of Dins under the same corrosion age, and performed nonlinear curve fitting of the relationship between Dins and t, as shown in Figure 15.



The instantaneous apparent chloride ion diffusion coefficient of SMA-ECC was obtained by fitting the chloride ion distribution during the corrosion period. This coefficient cannot be regarded as the real diffusion coefficient at any time, but can be regarded as the integral value of the change of the diffusion coefficient during corrosion process [31]. The relationship between the apparent diffusion coefficient and the instantaneous diffusion coefficient of SMA-ECC is shown in Formula (6):


   D  a p p   ( t ) =      ∫   t 0   t    D  i n s   ( t ) d t      t −  t 0     



(6)




where Dapp(t) represents the average value of the instantaneous diffusion coefficient of SMA-ECC from t0 to t, namely the apparent diffusion coefficient of SMA-ECC (10−12 m2/s); Dins(t) represents the average value of the instantaneous diffusion coefficient at time t (10−12 m2/s).



From the relationship between the instantaneous chloride ion diffusion coefficient and time and the relationship between the apparent diffusion coefficient and the instantaneous chloride ion diffusion coefficient, the equivalent apparent chloride ion diffusion coefficient Dapp(t) in the dry-wet corrosion cycle, as shown in Formula (7):


   D  a p p   ( t ) =      ∫   t 0   t   52.956 ×      1 /  t     0.795   d t      / ( t −  t 0  )  



(7)




where Dapp(t) represents the equivalent apparent chloride ion diffusion coefficient of SMA-ECC (10−12 m2/s); t represents the corrosion age (day); t0 represents the reference time point (day).





5. Conclusions


The chloride ion corrosion of SMA-ECC specimens under different times of dry-wet cycle was studied, compared with MC and ECC specimens in the same state. The chloride ion corrosion resistance was analyzed by the change of the mass of the specimen, the chloride ion transmission amount, the erosion depth and the chloride ion content after different times of dry-wet corrosion cycle. The major conclusions are as follows:




	
Compared with MC specimens, the mass change and chloride ion transmission of SMA-ECC were significantly larger than those of MC under the same corrosion condition, but the chloride ion erosion depth of SMA-ECC was obviously smaller than that of MC. These results showed that SMA-ECC undergoes more severe physical and chemical reactions during corrosion process and can better prevent chloride ions from eroding deeper places.



	
Although the chloride ion content of SMA-ECC was larger than that of MC at the same depth less than about 5 mm, the chloride ion content of SMA-ECC became shorter than that of MC at the depth more than about 5 mm. In addition, the chloride ion content of SMA-ECC was almost close to 0 at the erosion depth more than 10 mm, which was consistent with the test result of AgNO3 solution color-rendering test and agreed with the analysis of results of Change law of corrosion depth of chloride ion.



	
Based on the erosion distribution of chloride ions and Fick’s second law, Origin and Matlab software were used to solve and fit the calculation model of the apparent chloride ion diffusion coefficient and the boundary condition of the chloride ion content on the surface of SMA-ECC under dry-wet corrosion cycles, it was found that the power function has a good fitting effect.
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Figure 1. The stress-strain curves and crack comparison of SMA-ECC. (a) The stress -strain curves of SMA-ECC specimen under uni-axial tension [13]. (b) Cracks comparison of SMA-ECC beam before and after self-healing [14]. 
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Figure 2. PVA fiber and SMA fiber pictures. (a) PVA fiber; (b) SMA fiber. 
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Figure 3. Specimen coated with epoxy resin. 
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Figure 4. Specimens being soaked. 
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Figure 5. Pretreatment of split specimen. 
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Figure 6. On-site splitting of corroded specimen. 
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Figure 7. AgNO3 solution color-rendering test. (a). Split surface of corroded specimen. (b). Schematic diagram of an equally divided splitting plane. 
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Figure 8. Chloride ion content detection. (a) Schematic diagram of split section (b) Chloride ion content detection. 
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Figure 9. Mass change of corroded specimens under dry-wet cycles. (a) SMA-ECC (b) MC. 
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Figure 10. Transport behavior of chloride salt solution of specimens under different times of dry-wet corrosion cycle. (a) SMA-ECC (b) MC. 
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Figure 11. Change law of chloride ion erosion depth of corroded specimens. 
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Figure 12. Erosive Chloride Ion image showing depth of specimen after 20 cycles of dry-wet corrosion. (a) SMA-ECC (b) MC. 
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Figure 13. Chloride ion erosion distribution of SMA-ECC and MC specimens. (a) SMA-ECC (b) MC. 
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Figure 14. Fitting curve of apparent chloride ion content of SMA-ECC specimensand time. 
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Figure 15. Instantaneous chloride ion diffusion coefficient Dins of SMA-ECC. 
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Table 1. Mechanical properties of material specimen after 28 -days of standard curing.
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	Material
	Compressive Strength (MPa)
	Tensile Strength

(MPa)
	Ultimate Tensile Strain (%)





	SMA-ECC
	39.8
	3.10
	3.45



	MC
	42.5
	/
	/
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Table 2. Mix proportion of MC.
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	Material
	Cement
	Fly Ash
	Gravel
	Sand
	Water





	MC
	1.0
	0.24
	3.26
	2.00
	0.47
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Table 3. Mix proportion of SMA-ECC.
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	Material
	Cement
	Mineral Powder
	Fly Ash
	Sand Binder Ratio
	Water-Binder Ratio
	PVA Fiber (V%)
	SMA Fiber

(V%)





	SMA-ECC
	0.15
	0.15
	0.70
	0.40
	0.25
	2.00
	0.70
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Table 4. Mechanical properties of PVA and SMA fiber.
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	Fiber Type
	Diameter (mm)
	Length (mm)
	Tensile Strength (MPa)
	Elongation at Break

(%)
	Elastic Modulus (GPa)
	Density (g/cm3)





	PVA
	0.04
	12
	1560
	6.5
	42
	1.30



	SMA
	0.6
	16
	895
	38
	41
	6.45
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