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The main purpose of this study is to determine the metakaolin (MK) impacts on the concrete durability when the concrete is subjected to joint corrosion of SO42−,Mg2+ and, Cl−. Four groups of concrete test samples, which contained different MK contents, were designed and tested in order to see their physical property changes and macro-morphology differences during the cyclic corrosion process. And a series of approaches, including XRD, FTIR, SEM, and EDS, were applied to study the concrete phase composition changes and the micro-morphology features of all groups. According to the test results, when reaching 20 cycles, the concrete sample with 10% MK showed the best concrete physical properties; when reaching 120 cycles, the concrete with 5% MK content showed the best durability, produced similar amount of corrosion products to ordinary concrete, and presented relatively compacted micro-structure and small internal porosity. Mg2+ actually has a great impact on metakaolin. The corrosion product quantity increased significantly when MK admixture reached 15%. Due to the great number of produced M-S-H, the corrosive ions damaged the concrete for a second time, leading to serious aggregate peeling-off, powder surface of test samples, and porous micro-structure.
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INTRODUCTION
With the rapid development of economy and continuous improvement of industrialization, large infrastructures, such as high-rise buildings, large bridges, and tunnels, have been constructed one after another. However, behind the huge economic benefits brought by the above-mentioned infrastructures, there is a great concern about the environmental pollution and energy consumption (Bildirici, 2019). The carbon dioxide (CO2) produced due to cement production accounts for 8% of total CO2 emission of the whole globe (Xi et al., 2016; Andrew, 2019). And for the reduction of greenhouse gas emission of the cement industry around the world, the most effective way is to minimize the cement use (Environment et al., 2018), which can be achieved by replacing certain proportion of cement by mineral admixture. Both the coal fly ash and blast furnace slag are the commonly used mineral admixtures (Supit and Shaikh, 2014; Juenger and Siddique, 2015; Hemalatha and Ramaswamy, 2017), but for common coal fly ash, though it can effectively reduce cement dosage and lower the economic cost, it has adverse effect on concrete performance at initial stage due to its low activity and large particle size (Jiang, 2005).
Metakaolin is a highly active pozzolanic material, which is produced by mineral resource of Kaolin burnt in 500–900°C temperature. Kaolin actually spreads widely with rich reserves around the world. Taking China for instance, Kaolin reserve reaches 3 billion tons, among which, 3/4 hasn’t been exploited and utilized. And this data only ranks fifth in the globe (Zhang et al., 2021a). The pozzolanic activity of metakaolin is even higher than silica fume (Wei et al., 2019), so that the metakaolin can engage in secondary reaction with Ca(OH)2 during hydration process to produce large amount of C-S-H, as well as hydrated calcium aluminate and calcium sulphoaluminate hydrate. The hydration products can reduce the porosity of the concrete (Jiang et al., 2015), and enhance the cementious capability of the aggregates and the slurry (Mo et al., 2020). Zeng et al.(2014) believed that the metakaolin can reduce the pores in mortar, thereby refining the pore diameter inside the mortar. Besides, the metakaolin can also improve the mechanical properties of the concrete at the initial stage (Chen et al., 2021a), which perfectly solve the adverse effects brought by traditional mineral admixture (ordinary coal fly ash and blast furnace slag) to the concrete.
Sulfate has always been a key environmental factor that can seriously damage the concrete from both chemical and salt crystallization aspects. The chemical corrosion is represented by the SO42− invasion into the concrete, which could result in micro structural damage and hydration product damage (Gu et al., 2019a). The salt crystallization corrosion is mainly represented by the gypsum crystal expansion and the mirabilite crystal separating-out, which produce crystal pressure inside the concrete (Feng et al., 2014). Many researchers have found that adding mineral admixture could help to improve the concrete performance in resisting sulfate corrosion (Huang et al., 2017; Nosouhian et al., 2019; Zhang et al., 2021b). Alapour et al. (Alapour and Hooton, 2017) determined from their study that, the application of certain amount of slag can delay the concrete deterioration caused by sulfate. Nabil M(Al-Akhras, 2006) believed that, replacing cement with 0–15% metakaolin can significantly enhance the concrete performance in resisting sulfate corrosion. However, in practical engineering, the concrete is usually subjected to corrosion brought by multiple types of ions, especially SO42−, Mg2+, and Cl−. These three types of ions, which are widely distributed in saline soil and ocean, have the most serious adverse impact on concrete (Gu et al., 2019b). For the studies on metakaolin concrete when suffering corrosion brought by multiple types of ions, the test of Mardani (Mardani-Aghabaglou et al., 2014) showed that, facing the joint corrosion of Mg2+ and SO42−, the adding of metakaolin would ease the damage brought by concrete expansion, but Lee et al. (2005) expressed the contrary opinion, believing that the adding of metakaolin could worsen the concrete damage when facing the joint corrosion of Mg2+ and SO42−.
The aforementioned studies demonstrate the advantages of mineral admixtures. However, most of these studies focus on the concrete corrosion caused by a single type of corrosive ion, lacking studies on metakaolin concrete corrosion caused by multiple types of ions. And even the existing researches obtained contradictory conclusions. As a matter of fact, the concrete could be affected by the coupling effects of dry-wet alternation and corrosive ion corrosion, such as the large temperature difference and large water evaporation phenomenon in salt lake areas of West China region, and the alternated flood and tide ebb tides in coastal environment regions. The dry-wet alternation can increase the concrete porosity and accelerate the corrosive ion filtration (Qi et al., 2017), but its physical corrosion effect is usually ignored. Moreover there are also problems to be solved, for example: do various metakaolin contents have different impacts on corrosion brought by multiple types of corrosive ions? Will different corrosion time result in different results?
To solve the above problems, the dry-wet alternation test was carried out, in which, the 5%MgSO4+3.5%NaCl solution was taken as the corrosion medium, the concretes were added with 5, 10, and 15% metakaolin respectively, and the ordinary concrete was taken as the control group, in order to study the influences of different metakaolin contents on the concrete performance in resisting corrosion brought by multiple types of corrosive ions. The compressive strength and mass of the concrete were measured for each cycle. And the comparison on differences among all groups of concretes was made as well. A series of micro analysis approaches, including the X-ray diffraction (XRD), Fourier transform infrared spectrum (FTIR), scanning electron microscope (SEM), and energy dispersive spectrum (EDS), were applied to explore the degradation mechanism of concretes with different metakaolin contents at the time of being eroded by multiple ions.
TEST PROCESS
Raw Material of Test
According to the industrial standards and the references of relevant literature (Peng et al., 2019; Zhou et al., 2021), the P.O. 42.5 ordinary Portland cement produced in Huainan City, and the white-color metakaolin with about 1.8 μm average particle size produced by Shanghai Lingdong Company were applied in this test. The chemical compositions of the metakaolin and the cement are as shown in Table 1. And for the aggregates, the gravels with 5–15 mm continuous gradation were used as the coarse aggregates, which are featured in 1,543 kg/m³ bulk density and 2,630 kg/m³ apparent density; and the medium sands coming from Huaihe River were used as the fine aggregates, which are with about 2.9 fineness modulus, 1,577 kg/m³ bulk density, and 2,621 kg/m³ apparent density. And the Polycarboxylate-based superplasticizer with about 37% water reduction rate was used as the water reducer in this test.
TABLE 1 | Cement and metakaolin chemical composition (%).
[image: Table 1]Mix Proportion and Preparation of Test Samples
Relative materials show (Abdul Razak and Wong, 2005; Pouhet and Cyr, 2016) that, the maximum content of metakaolin added into concrete shall be no more than 20%; and on the other hand, adding 5–15% metakaolin into the concrete could effectively improve the mechanical properties of the concrete. Therefore, the concrete proportioning was finally determined according to the JGJ55-2011 Specification for mix proportion design of ordinary concrete (as shown in Table 2). In this test, the metakaolin was used to equivalently replace 5, 10, and 15% Portland cements, based on which, the corresponding test samples were numbered as MK5, MK10, and MK15. Besides, the reference concrete was numbered as MK0 and taken as the control group. The concrete samples made for this test were non-standard blocks sized 100 × 100 × 100 mm. The process to make the concrete test samples is below: weigh and mix the sand and stone, and put the mixture into the mixer to mix for about 1 min, then weigh and mix the metakaolin and cement according to the ratio as shown in Table 2 and mix for 2 mins until the cementing material and the aggregates are evenly mixed; finally, mix the water reducer with the clean water, and put the mixture into the mixer to mix with other materials evenly; after finishing the mixing, put the mixture into molds, and then move the molds to the vibration table to vibrate and compact; then put the molds aside and wait for 24 h; after that, demold and put the concrete samples in the standard curing room with (20 ± 2)°C temperature and over 95% humidity for 28 days before carrying out dry-wet alternation test.
TABLE 2 | Mix proportion of concrete (kg/m³).
[image: Table 2]Test Method
To simulate the physical and chemical corrosion in certain salt lake areas and coastal areas, the 5%MgSO4+3.5%NaCl solution was taken as the corrosion medium, and the dry-wet alternation steps were determined according to the Standard for test methods of long-term performance and durability of ordinary concrete (GB/T50082-2009) (GB/T 50082-2009, 2009), the previous testing experience (Chen et al., 2021b), and the literature (Liu et al., 2020; Sun et al., 2021) for the test. The dry-wet alternation steps include: soak the test samples in the solution for 14 h → dry them in room temperature for 1 h → dry them in 60°C dryer for 8 h → cool them at room temperature for 1 h, totaling to 24 h per cycle. In order to maintain stable concentrations of all the solutions, we made new solutions and replaced every 10 days during the test. When the required cycles were reached, the tests on mechanical properties, mass, XRD, FTIR, macro, and micro performances were carried out on the test samples respectively. For specific flowchart of the test, please refer to Figure 1. Since the key study objects of this paper are the concretes that are added with different volumes of metakaolin, in order to show the differences among various groups of concrete samples obviously, the macro test, XRD test, and FTIR test were carried out when reaching the most representative “120 cycles”.
[image: Figure 1]FIGURE 1 | Flow chart of the test.
When 10, 20, 40, 80, and 120 cycles were reached, the compressive strength and the mass of various groups of metakaolin concrete were tested. And the compressive-strength operation was performed according to GB/T50081-2002 specifications (GB/T 50081-2002, 2002). Since the test samples adopted in this test are non-standard blocks sized 100 × 100 × 100 mm, the coefficient of 0.95 was multiplied. Meanwhile the relative compressive strength was calculated according to Eq. 1. And the mass was measured by electronic balance (accurate to 0.01). Each test sample was weighed for three times, based on which, the average value was taken finally. And the rate-of-change of the mass was calculated by Eq. 2.
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Where Fα is the relative compressive strength, FN is the compressive strength of concrete after N times of dry-wet alternation, F0 is the MK concrete compressive strength that hasn’t been eroded.
[image: image]
Where ∆M is the mass change rate of the test sample, MN is the test sample mass after N times of dry-wet alternations, and M0 is the test sample mass before corrosion.
When reaching 120 cycles, XRD and FTIR tests were carried out on the concretes with different metakaolin contents in order to analyze the phase composition of the corrosion products. The D/max-2550 XRD machine with 5°∼95°scanning range produced by Japan was used in this test. And the scanning step was set as 0.02 in the test; the NICOLET IS 50 infrared spectrometer with 350 cm−1∼7800 cm−1 wave number range produced by the USA was used for the FTIR test in this study.
When 20 and 120 cycles were reached, Hitachi S4800 cold field SEM produced by Japan and EDS machine were used to observe and analyze the micro morphology of each sample. The accelerating voltage is 5 KV. Adjust the magnification to 10,000 times when observing the samples with 20 cycles. For the samples with 120 cycles, set the magnification to 20,000 times or 50,000 times for observation. Before SEM observation, the mortar slices with 2–4 mm thickness were taken from the surface of the test samples and put into absolute ethyl alcohol to terminate hydration. After that, the slices were put into dryer with 60 ± 5°C temperature till reaching constant mass. The test samples were carried out with grinding and polishing treatment, as well as vacuuming and conductive coating treatment to improve the conductivity. Finally, the SEM test was carried out.
RESULTS
Changes of Physical Properties
Figure 2 shows the physical property changes of concretes added with 5, 10, and 15% metakaolin respectively. In general, the trend of relative compressive strength changes of the concrete added with metakaolin is: rising stage →flat stage→declining stage→rapid declining stage. And the trend of the mass changes is: rising stage →flat stage→declining stage.
[image: Figure 2]FIGURE 2 | Changes in physical properties of concrete: (A) Relative compressive strength; (B) Mass change rate.
For the corrosion time impact on concrete performance, at the initial stage (about 0–20 cycles), the corrosion products, such as ettringite and magnesium hydroxide, were produced firstly, which filled up the internal pores inside the concrete to some certain extent. This promoted the rising of the compressive strength and the mass of the concrete. Meanwhile due to the pozzolanic activity of the metakaolin, lots of hydration products were produced inside the concretes, so that the mass of the test samples increased slightly. However with the continuous increase of dry-wet alternation times, the corrosion products kept accumulating in quantity and volume, which resulted in cracking and mortar aggregates peeling-off on concrete surface. In this case, the compressive strength and the mass kept declining during this period.
For impacts of metakaolin contents on concrete performance, during 0–10 cycles, with the increase of metakaolin contents, the compressive strength improved gradually due to two reasons: first, the concrete during 0–10 cycles was still at hydration stage, and the large amount of Al2O3 contained in the metakaolin accelerated the hydration process (Coleman and Mcwhinnie, 2000); second, the small diameter of the metakaolin filled up the pores inside the cement, which resulted in particle gradation and improved the concrete compactness. However the metakaolin increase also brought with adverse effects. When the metakaolin content reached 10%, the relative compressive strength increased by 1.08% during the process of 0–10 cycles. But when the metakaolin content reached 15%, the increase of relative compressive strength still remained at 1.08%. That’s because the metakaolin has large specific surface area, and its particles are in flake shape. Excessive content of metakaolin would induce agglomeration. Therefore, too much metakaolin is non-conductive to the concrete performance development (Vance et al., 2013). With the increase of cycles, the physical property of each group of concrete samples are: MK5>MK0>MK10>MK15. The metakaolin contains a great number of SiO2, so it can promote the massive M-S-H generating. And the forming of M-S-H can soften the cement, inducing serious declining of the physical properties of the concrete. When reaching 120 cycles, the relative compressive strength of MK10 was only 0.85 while the mass changing rate was −0.12%. And the same two data of MK15 were 0.75% and −0.35% respectively. Compared with MK10 and MK15, MK5 physical properties always ranked at high position, reaching 0.96% relative compressive strength and 0.04% mass changing rate after 120 cycles. That’s mainly because the metakaolin makes MK5 compact during the concrete hydration process, and the relatively small metakaolin content prevents massive generating of M-S-H, which reduces the chemical corrosion brought to the concrete.
Phase Composition Analysis
X-Ray Diffraction Analysis
The X-ray diffraction was applied to analyze the corrosion products, in order to further study the concrete degradation mechanism under corrosion of multiple types of ions, and study the influences of metakaolin content changes on the concrete phase composition.
Figure 3 shows the XRD maps of concrete with different metakaolin contents. With the changes of metakaolin contents, the phase compositions vary, which is mainly manifested in the disappearing and occurrence of diffraction peaks and the intensity changes. The two highest diffraction peaks in the figure are quartz and calcite, which are both from the aggregates of the concrete. Besides, it can be seen that the diffraction peaks of Ca(OH)2 and Friedel salt of the four types of concretes are quite weak. That’s because at the later stage of corrosion, the Mg2+ and SO42− enter inside the concrete, consuming great number of Ca(OH)2 and generating corrosion products of ettringite, gypsum, and magnesium hydroxide. This leads to sharp drop of pH value inside the test samples. Meanwhile, Friedel salt can decompose gradually in low-pH environment (Cheng et al., 2019). By making comparison on the four groups of concretes, it can be found that the diffraction peaks of Ca(OH)2 and Friedel salt of MK5 were higher than those of MK0, MK10, and MK15, and on the other hand, the diffraction peaks of the its corrosion products, such as the ettringite, gypsum, and magnesium hydroxide, were lower than those of other groups. Based on the above, it can be deduced that, MK5 has better performance in resisting compound salts corrosion than the other two groups at this time. That is because in the early stage of corrosion, the concrete compactness is high due to the effect of metakaolin, and the corrosive ion diffusion speed is slowed down. After that, with the increase of corrosion time, it generated limited volume of M-S-H inside MK5 concrete, and the undecalcified C-S-H physically absorbed SO42− and Cl− (Yuan et al., 2009) to some extent, which reduced the generating of corrosion products, and improved the concrete durability. For MK0, MK10, and MK15, since these groups of samples had weaker performance in resisting corrosion and low pH than those of MK5 at this time, they experienced ettringite decomposition and weakened generating of secondary ettringite, but accelerated generating of gypsum. Besides, Mg2+ diffused faster in low pH environment (De Weerdt et al., 2019), which greatly increased the contents of M-S-H and magnesium hydroxide. And since the metakaolin contained massive active SiO2, the increase of metakaolin content accelerated the generating of M-S-H, and resulted in worse damage to the concrete. Therefore the diffraction peaks of ettringite, gypsum, and magnesium hydroxide of MK10 are higher than those of MK5 and MK0. And the diffraction peaks of corrosion products in MK15 reach the maximum.
[image: Figure 3]FIGURE 3 | XRD pattern of specimen when erosion days are 120 days: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
Fourier Transform Infrared Spectrum Analysis
It is hard to use X-ray diffraction to identify ettringite and thaumasite. Therefore the FTIR spectrum was applied for testing in this study, which can not only identify the ettringite and thaumasite, but also prove the existence of M-S-H.
Figure 4 shows the infrared spectrogram of the concretes with different metakaolin contents. It can be seen that stretching vibration peak of S-O(SO42−) exist at 1,162 cm−1. Besides, bending vibration peaks corresponding to Al-O bond also exist at wave numbers of 843.3 and 556.2 cm−1. That’s the evidence proving the existence of ettringite. The strong peaks at 877.1 and 1,413.7 cm−1 are induced by the bending and stretching vibrations of C-O bond (CO32−). This indicates the existence of massive calcite (Wang et al., 2019) coming from the concrete aggregates. The silicon in the thaumasite and the hydroxyl combined in hexacoordinated form, generating the octahedron group. In this figure, the bending vibration peak of Si-O bond (SiO6) appears at 503.2 cm−1. And the stretching vibration peak corresponding to Si-O bond exists at 715.1 cm−1. This indicates the existence of thaumasite in corrosion products (Deng et al., 2005).
[image: Figure 4]FIGURE 4 | FTIR diagram of concrete with different metakaolin content.
It can be known from relative articles (Bernard et al., 2017) that, the characteristic peak of M-S-H in the figure appears at 1005.4 cm−1. It can be seen that comparatively weak shoulder peaks of MK0 and MK5 appear at this position with similar peak sizes. This further indicates that, a few content of metakaolin added in concrete won’t produce excessive M-S-H. MK10 shows comparatively sharp characteristic absorption peak here, indicating the enlargement of peak value at this position. The characteristic absorption peak of MK15 gets broader and the peak value increase further. Besides, compared to samples MK0 and MK5, peaks of MK10 and MK15 at 556.2 cm−1 become stronger with the increase of metakaolin contents. This shows that the ettringite content also increases gradually. Therefore the ettringite contents of MK15 and MK10 are higher than those of MK0 and MK5. This confirms to the conclusions obtained by XRD test. The characteristic absorption peak of O-H is at 3643.1 cm−1, which is with small peak value. It means that the test samples contain Ca(OH)2 (Song et al., 20142014) at this time, which is in extremely small amount. Through the XRD test and FTIR test, it can be known that the complex salt corrosion to the concrete produces complicated corrosion products. The generating of ettringite, gypsum, Friedel salt, magnesium hydroxide, M-S-H, and thaumasite consumes great number of Ca(OH)2.
Macro Analysis
Figure 5 shows the macro-morphology images of the four types of concretes with different metakaolin contents that are subjected to corrosion of multiple types of ions after 120 cycles. Generally, three types of corrosive ions of Mg2+, SO42−, and Cl− mainly cause peeling-off of surface aggregates, and cracking and peeling-off of corners. With the increase of metakaolin contents, the peeling-off of the surface mortar and aggregates seems more obvious.
[image: Figure 5]FIGURE 5 | Macro-morphology characteristics of the specimen when it is corroded by corrosive ions:(A) MK0; (B) MK5;(C) MK10; (D) MK15.
MK0 is the ordinary concrete. It can be seen that significant deterioration appears on its edges. The edges are damaged and have small crack development. Holes can be seen on the bottom of the test samples. But the mortar particles peeling-off seems not serious on the surface of the concrete.
MK5 is the concrete with 5% metakaolin. Compared with MK0, MK5 is featured in better concrete integrity and less peeling-off of edges and corners, but significant surface aggregate peeling-off. Powders and slightly exposed coarse aggregates can be seen on the concrete surface. When the metakaolin content increases to 10%, large areas of aggregates peel off from the surface of MK10 concrete. Its exposed amount of coarse aggregates is significantly greater than that of the MK5, and is accompanied with big holes. When the metakaolin content reaches 15%, the damage to the concrete further gets worse. Compared with MK10, the surface mortar structure of MK 15 has been totally damaged by M-S-H. Edges of the test sample peel off. The concrete, as a whole, suffers serious damage.
Due to the high pozzolanic activity, the metakaolin could produce massive C-S-H in alkali environment. The two ions of calcium and magnesium are with similar radius of 4.1 and 4.3 radius respectively. So when the concrete is eroded by Mg2+, the C-S-H could be easily decalcified and decomposed, forming non-cementing M-S-H. Besides, the active SiO2 in metakaolin would also promote the generating of M-S-H. Therefore, excessive metakaolin content would result in massive generating of M-S-H, seriously reducing the concrete durability.
Micro Analysis
Figure 6 shows the micro-morphology of the four groups of contents with different metakaolin contents after 20 cycles of corrosive ion corrosion. It can be seen that, at the initial stage of corrosion, thereare little corrosion products but many hydration products. The increase of metakaolin contents has a great impact on the micro-structure compactness and the pore characteristics of the concrete.
[image: Figure 6]FIGURE 6 | Microscopic morphology of each group of concrete with 20 cycles: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
From Figure 6, it can be seen that, the MK0 micro-structure is compacted at this time. Besides the pores with different sizes on the surface, lots of needle-shaped ettringite inserted inside the pores can also be seen in this figure. Compared with MK0, the micro-structure of MK5 is more compacted. Though it has a small number of ettringite, the pores amount is comparatively reduced. Meanwhile at this time, most of the unhydrated particles and hydration products are closely connected. When the metakaolin content reaches 10%, the concrete surface is covered by massive C-S-H cementing materials in screen-shaped structure. Due to the high pozzolanic activity of the metakaolin, the cement and the metakaolin particles are covered by numerous hydration products, which further improves the compactness. However excessive metakaolin content would also result in agglomeration, reducing the concrete performance (Vance et al., 2013). That is also the reason causing the bad micro-structure connection, massive exposure of cement and metakaolin particles, and more significant pores and cracks of MK15 than the situations of MK10. Combining with the physical properties shown in Figure 2, it can be known that, concrete with proper metakaolin content has excellent durability at the early corrosion stage; when the metakaolin content reaches 10%, the concrete shows high compactness and most capable durability.
However when the corrosion time reaches 120 cycles, the micro-morphology of the four types of contents with different metakaolin contents are as shown in Figure 7. The EDS analysis was carried out in order to figure out the corrosion products, please see Figure 8.
[image: Figure 7]FIGURE 7 | Microscopic morphology of each group of concrete with 120 cycles: (A) MK0; (B) MK5; (C) MK10; (D) MK15.
[image: Figure 8]FIGURE 8 | EDS spectrum when the number of cycles is 120:(A) C-S-H; (B) AFt; (C) Gypsum; (D) M-S-H.
When the corrosion reaches 120 cycles, the MK0 shows massive pores and very bad overall integrity. A small part of screen-shaped materials attach on its surface. The EDS analysis indicates that, the material was mainly composed of O,Ca,Si, and S. Therefore it can be inferred that the material is the hydration product C-S-H. At this time, there’s only a little C-S-H, most of which have been converted into M-S-H. For MK5, it can be seen that many needle-shaped materials fill up the micro structure. And the EDS analysis results, as shown in Figure 8B, indicate that the material is mainly composed of Ca,S,Al, and O. According to the morphology features of this material (Sarkar et al., 2010; Nehdi et al., 2014), it can be inferred that the material is ettringite. These needle-shaped ettringite distribute randomly without any order, and are surrounded by a few pores and cracks. For MK10 with 10% metakaolin content, besides the needle-shaped ettringite, it also shows many plate-shaped corrosion products, which are proved to be composed of Ca,S, and O by EDS analysis. According to relative literature (Tan et al., 2017), it can be roughly judged that the material is gypsum. And at this time, the gypsum crystal has developed abnormally large and overlapped. They interact and exist in the pores of the concrete, with part of the crystals covered by the surrounded M-S-H. Since MK10 contains more metakaolin, with the increase of corrosion time, the M-S-H content gradually increases, which leads to the increase of aggregate peeling-off and pores on the concrete surface. This not only provides channels to the SO42− invasion, but also the space for corrosion product stacking. The SO42− invasion again brings the test samples with secondary corrosion damage. When the metakaolin content reaches 15%, the concrete shows very bad internal connection of its micro structure, significantly increased pores with large sizes, and loose and porous characteristics. Besides, massive needle-shaped ettringite can also be seen. Compared with the ettringite shape of MK5, the ettringite of MK15 is thin and compact, which might be the secondary ettringite caused by the secondary M-S-H damage to the test samples. Meanwhile a certain amount of flocculent material is found around the pores, please refer to EDS of Figure 8D. This material is mainly composed of Mg,Si,O, and S. According to the micro morphology features (Li et al., 2014), it can be judged that the material might be M-S-H. Combining with the macro-morphology figure, when the operation reached 120 cycles, the concrete turns to have increased internal pores and cracks (Figure 7) due to the joint effects of expansion stress of corrosion products, pressure of salt crystals, and surface tension formed by the solution in the capillary pores during the dry-wet alternation process. The increased internal pores and cracks connect with the surface cracks, which result in the peeling-off of concrete edges and corners (Figure 5), thereby causing rapid reduction of concrete mass and compressive strength.
The results of 120 cycles are quite different from the those of 20 cycles. This is the later stage of corrosion. According to the XRD analysis and the FTIR analysis, the MK10 and MK15 are featured in loose and porous micro structure due to the M-S-H impact at this time. But MK5 still has closely connected hydration products, comparative compact micro structure, relatively small amount of corrosion products (Figures 3, 4), and optimal durability.
DISCUSSIONS
Impacts of Single SO42− on Metakaolin Concrete
There are many studies carried out on single SO42− impacts on metakaolin concrete. NaBil M added 0∼15% metakaolin in the concrete. With the increase of metakaolin content, the concrete performance in resisting sulfate salt corrosion enhances accordingly (Al-Akhras, 2006). The sulfate salt corrosion to the metakaolin concrete mainly produces ettringite, gypsum, and mirabilite crystal (Hu and He, 2020). During the SO42− corrosion to the concrete, the tricalcium aluminate and Ca(OH)2 react with SO42− and produce excessive ettringite and gypsum, which can seriously damage the concrete performance. The reason why the metakaolin is conductive in improving concrete’s resistance to sulfate salt (Zheng et al., 2021) can be concluded into two points: first, the replacement of part of cement by metakaolin reduces the tricalcium aluminate content in the cement accordingly, thereby reducing the generated volume of corrosion products; second, due to the high pozzolanic activity, the metakaolin could react with Ca(OH)2 inside the concrete, and produce massive C-S-H and C-A-S-H, which narrow the pores inside the concrete and enhance the compactness of the concrete.
The key point of this paper is the impact of compound salts on metakaolin concrete. Being different from the single SO42− corrosion, with the increase of metakaolin content, the concrete’s resistance to compound salts corrosion increases first, and then reduces. The main reason explaining this phenomenon is the M-S-H impact. Single SO42− corrosion to metakaolin concrete only produces ettringite and gypsum. But the compound salts corrosion could produce complicated corrosion products, which includes M-S-H, magnesium hydroxide, thaumasite, and Friedel salt besides the ettringite and gypsum. Therefore under the joint effects of the corrosion products, the metakaolin concrete performance drops rapidly.
Joint Effects of Corrosive Ions
The mechanism of corrosive ions of SO42−,Mg2+, and Cl− on the concrete is complicated. The corrosion of multiple types of ions usually exist at the same time, and could promote or inhibit the corrosion effect of each other.
For Cl−, it has little corrosive effect inside the concrete, instead, it mainly erodes the rebars. However the chloride salt could affect the corrosion of O42- and Mg2+ to some certain extent during the corrosion process. At the early stage of corrosion, since Cl− could diffuse rapidly due to its small volume, it could combine with Al prior to SO42−, and generate Friedel salt (as shown in Eq. 3), thereby preventing the generating of ettringite (Deng et al., 2005). In this case, it can be said that Cl− and SO42−are mutually inhibited. But at the latter stage of the corrosion, with the reduction of the hydration products inside the test samples, the pH value of the corrosive layer of concrete reduces. As a matter of fact, Friedel salt is unstable in low pH environment, and could hydrolyze (as shown in Eq. 4) to release massive free Cl− inside the concrete. These free Cl− could diffuse to deeper position of the test samples (Cheng et al., 2019).
Mg2+ is one of the main reasons causing pH value reduction, because Mg2+ could combine with Ca(OH)2 inside the concrete to generate magnesium hydroxide with very-low solubility (Eq. 5). This could damage the alkali environment. Meanwhile, Ca2+ inside the hydration product C-S-H decalcifies and forms non-cementing M-S-H (Eq. 6), which could result in aggregate peeling-off from the surface of the concrete.
Iron synergy has great impact on concrete. With the increase of corrosion time, the pH value inside the test sample decreases further, Mg2+ diffusion accelerates, and the Friedel salt decomposes and generate a great number of Cl− inside the concrete. Meanwhile the accelerating of Mg2+ invasion results in more generated M-S-H inside the concrete, which leads to the aggregate peeling-off, and the increase of internal cracks and pores of the test samples. This promotes the secondary invasion of SO42− into the concrete, which produces more ettringite and gypsum, and results in secondary expansion damage to the concrete.
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CONCLUSION
In this paper, the impacts of different metakaolin contents on concrete durability under dry-wet alternation and joint corrosion of multiple types of ions were systematically analyzed. According to the results, conclusions as follows are obtained:
1) Under the corrosion of multiple types of corrosive ions, with the increase of the corrosion time, the physical properties of the test samples show tendency of rising first and then declining. At the early stage of corrosion (20 cycles), the concrete with 10% metakaolin content has the optimal physical properties. At the latter stage of the corrosion (120 cycles), concrete with 5% metakaolin content shows the optimal physical properties.
2) Main corrosion products generated by the joint corrosion of multiple types of corrosive ions on concrete under dry-wet alternation are: ettringite, gypsum, Friedel salt, magnesium hydroxide, M-S-H, and thaumasite. The corrosion product quantity of the concrete with 5% metakaolin is similar to that of the ornidary concrete. But with the increase of metakaolin, the quantity of corrosion products increase, especially the M-S-H shows the most significant increase in quantity.
3) When suffering joint corrosion of multiple types of corrosive ions, the metakaolin concrete, from the macro aspect, shows aggregate peeling-off and crack generating. The test sample represents powder-state surface. The increase of added metakaolin results in the increase of the surface aggregate peeling-off.
4) 10% metakaolin makes the micro structure of the concrete more compact at the early stage; then at the later stage, 5% metakaolin can improve the connection of the internal micro structure of the test sample, reducing pores. Since Mg2+ has very great impact on metakaolin concrete, excessive metakaolin leads to significant reduction of concrete durability, and loose and porous micro morphology.
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