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The transport properties of moisture and ionic chelators in the concrete affect not only the durability of the concrete, but also the effectiveness of the repair material in repairing cracks in the concrete. The transport of water and ionic chelators in the concrete was investigated by capillary absorption tests and ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometer). It was found that the smaller the radius of the capillary pore within the concrete, the longer it takes to saturate it with water.The different pore sizes of capillaries take different times to reach saturation, which is one of the reasons for the “square root shift phenomenon” of capillary water absorption in concrete. The higher the initial concentration, the easier it is for the ion chelators to be transported inside the concrete within a certain transport depth range. However, after a certain range of transport depth, the initial concentration does not have a significant effect on the transport of the ion chelators. This is not the same as the transport pattern of nonchelated ions. Comparing the transport processes of chelated and non-chelated ions within the concrete, it was found that chelated ions form aggregation zones when transported within the concrete. The analysis suggests that the repair of pores and cracks within the concrete by the chelating agent promotes the creation of aggregation zones. Other factors such as the presence of chelated ions, the transport medium, changes in porosity, and wet and dry cycles can all influence the formation of chelated ion aggregates.
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1 INTRODUCTION
Concrete is a non-homogeneous porous and brittle material with a large number of internal pores and crevices (Huang et al., 2021). In addition, concrete structures are highly susceptible to cracks of different sizes during construction and service. (Safiuddin et al., 2018; Kishiki et al., 2021). These cracks not only directly affect the strength of concrete, but also accelerate the rate of diffusion of various types of aggressive ions to the interior of concrete, seriously affecting the durability of reinforced concrete. (Ws et al., 2020; Zhou et al., 2020; Basu et al., 2021). In order to extend the service life of concrete structures, modifiers are usually added to the concrete in appropriate amounts prior to construction to give the concrete some self-healing ability (Yang et al., 2019; Liu et al., 2020; Wang et al., 2022b; Wang et al., 2022c). For cracks generated in concrete already in service, they are repaired more often by manual repair (Kramar et al., 2016; Dh et al., 2021). Crack repair technology based on ionic chelators is to add ionic chelators to the repair material and use its chelating effect to promote the formation of secondary hydration products at the designated repair interface, thereby enhancing the repair effect of cracks (Wang et al., 2022a; Zhang et al., 2022). Ionic chelators can form water-soluble chelates with calcium, magnesium and other metal ions in concrete. These chelates use water as a carrier to transfer to the concrete and then undergoes a series of chain reactions with other ions to produce water-insoluble crystalline substances to fill the internal pores of the concrete, making it more compact. This repair technique not only repairs cracks in the concrete, but also adds a degree of self-healing capacity to the concrete structure being repaired (Wang et al., 2020a; Wang et al., 2020b).
The quality of the concrete repair depends on the quality of the interface between the repair material and the concrete being repaired (Courard et al., 2015). Which depends on the development of cement hydration and microstructure at the repair interface. The moisture transfer during the repair process plays a crucial role in both cement hydration and porosity of the cementitious repair material (Lan et al., 2022). On the other hand, water as a carrier of ion chelators plays a vital role in the penetration process of chelating ions to the interior of concrete. Moisture transport within the concrete can be said to be the basis for the process of ion chelators transport to within the concrete (Zhang and Ye, 2018; Liu et al., 2022). There are three general modes of transport of water and water-soluble ions within cementitious materials, namely, permeation, diffusion and capillary absorption (Pel, 1991; Saeidpour and Wads, 2015). Capillary absorption is primarily a process whereby liquid phase water is drawn into the pore interior by capillary forces when the capillary pore is in a non-saturated state.
As early as the 1970s, Hall C (Hall, 1977; Hall and Kalimeris, 1982) and others began to study the flow equations of water in unsaturated porous media and their solution. Subsequently, capillary absorption experiments were carried out on porous materials such as bricks and rocks, and the “square root of time” law for capillary water transport was established in the experimental results. Based on extensive experiments, Hall C et al. (Hall, 1981) proposed an empirical theory for the front end of moisture transport, stating that the “square root of time” law for capillary water transport only applies to one-dimensional transport of moisture. The capillary absorption coefficient was introduced directly into cementitious materials in the early 1990s (Hall, 1993). Subsequently many scholars (Jamal et al., 2004; Razak et al., 2004; Choucha et al., 2018) have also conducted numerous experimental studies on the capillary absorption coefficient as one of the important parameters for evaluating the durability of cementitious materials. As late as the last century, carried out continuous tests for very long periods of time beyond the standard test times (Martys and Ferraris, 1997). It was found that even under one-dimensional transport conditions, the capillary water absorption process of cementitious materials does not fully comply with the “square root of time” law of capillary water transport. They attribute this shift to rehydration during transport and to the non-miscible transport of gas-liquid water and air during transport. Since then, scholars have begun to experimentally study the effects of heating conditions, initial humidity, nanomaterials and other factors on the capillary absorption coefficient (Espinosa and Franke, 2006; Oltulu and Sahin, 2011; Schiller et al., 2015). These studies invariably confirm that the capillary absorption coefficient of cementitious materials is not fixed during the capillary absorption process and is influenced by a number of factors (Walid et al., 2017). But they almost always focus on the description of various phenomena, with less micro-analysis and derivation (Caggiano et al., 2018).
As with capillary absorption, the internal transport of the ionic chelators in the concrete plays a crucial role in the effectiveness of the repair material containing the chelators. When there is no external environmental influence, the concentration of the various substances in the solution inside the concrete is in a state of equilibrium. This equilibrium is disturbed as soon as moisture, gases, ions, or other media enter the concrete. The process of breaking the equilibrium in turn affects the transport of moisture and ions within the concrete (Hemstad et al., 2020). Due to the complexity of its own material composition and the service environment in which it is located, the pore solution within the concrete is generally a multi-ion coexistence solution state, and there is an electrochemical coupling effect between dissimilar ions within the solution. Many scholars (Qing-feng et al., 2012; Weerdt et al., 2014; Urokovi et al., 2019) have used various assumptions to consider the interaction between ions in concrete pore solutions, but these assumptions do not directly reflect the true electrochemical state present in the pore solution during ion transport. Most of the existing literature also analyses the transport properties of constructed moisture and multiple ions through numerical simulations. Due to the complexity of the internal environment of concrete, the results of multiple ion transport are not the same as considering only single ion transport, and the principles of chelated ion transport differ significantly from non-chelated ion transport. The ion chelators can form chelates with the calcium and magnesium plasma in the pores, and the pH value in the solution will be affected in this process, and the change in pH value will in turn affect the stability of the chelate, which in turn affects the secondary hydration process of the concrete (Chen et al., 2018). Therefore, it is necessary to experimentally investigate the transport properties of chelating agents within concrete.
In fact, the transport properties of water and ions within the concrete directly affect the durability of the concrete structure (Zhang et al., 2011; Liu et al., 2018; Bai et al., 2019). Therefore, the study of the transport of water and ionic chelators within concrete is of great importance for the durability of concrete and the repair of concrete structures. The studies on moisture and chelated ion transport within concrete can provide significant value for theoretical studies and practical applications of concrete crack repair.
2 EXPERIMENTS
2.1 Materials and methods
This experiment selected P.O 42.5 ordinary Portland cement produced by Jilin YaTai Cement. The selected cement performance meets the requirements of ASTM C1157-11. Its chemical composition is shown in Table 1 below.
TABLE 1 | Chemical composition of cement (%).
[image: Table 1]The role of fly ash in cement-based materials has three primary effects: Form effect, activity effect, and micro-aggregate effect. The fly ash used in this experiment is Class I, and its chemical composition and physical properties are shown in Table 2 below.
TABLE 2 | Chemical composition and physical properties of fly ash.
[image: Table 2]2.2 Capillary water absorption coefficient
This experiment is based on existing research and investigates the internal moisture transport in concrete with different mix ratios using the isometric weighing method. The specimens were made into cubes of 100 mm in length according to the proportions in Table 3. The specimens were removed after 28 days and cut into 40 × 40 × 80 mm rectangular specimens for better comparison with the mortar and net slurry specimens in the subsequent tests.
TABLE 3 | Concrete mix ratio (kg·m−3).
[image: Table 3]Measurement of the capillary water absorption process in concrete, drawing on the method specified in ASTM C1585-2004. The specimens are cleaned and dried to a constant weight in a drying oven before the formal water absorption test begins. When the weight of the specimen no longer changes, the specimen is cooled to room temperature in the desiccator and then the sides of the specimen are sealed with epoxy resin. The capillary water absorption process is shown in Figure 1. The specimen is weighed on an electronic scale with an accuracy of 0.01 g. The specimen is placed in an absorbent container and water is added to the marked height and the time of absorption is recorded. After the water absorption time is reached, the test piece is removed and weighed, and the data is processed to obtain the relationship between water absorption and time. To make the results more accurate, eight capillary water absorption specimens were set up for each set of tests.
[image: Figure 1]FIGURE 1 | Schematic diagram of the capillary water absorption process.
The actual measured water absorption of cementitious materials is influenced by a number of factors, in addition to the capillary water absorption of concrete, the humidity and temperature of the environment in which the cementitious material is located can affect its water absorption properties. The path of water loss and the rate of water loss in cementitious materials is also an important factor in their water absorption (A., 1985). In order to investigate the effect of the water loss process on the capillary water absorption process, this experiment was set up under the same conditions as the water loss test.
2.3 Experiments on the transport of ionic chelators inside concrete
Sodium hexametaphosphate (SHMP) was chosen to study the transport properties of ionic chelators in concrete. SHMP is a commonly used admixture in cementitious materials. SHMP acts as a retarder (Zhang et al., 2019), dispersant (Jia et al., 2016) and other agents in concrete (Bhattacherjee et al., 2022), and it is a chelating agent that forms chelates with cations in concrete. The chelating ions in EDTA-2Na were chosen as the influencing factor for the internal transport of SHMP in concrete. EDTA-2Na is a chemical often used in concrete to inhibit sulphate attack in cementitious materials, to enhance the strength of cementitious materials, and is also a frequently used chelating agent for calcium ions (Yan et al., 2020). As there were no other P-containing components in the concrete and additives, the P content was chosen to characterise the ion chelators transport process in the SHMP. The concrete specimens were soaked in different concentrations of SHMP and EDTA-2Na for 60 days before measurement. The concentrations of the ionic chelators immersion solutions are shown in Tables 4–6.
TABLE 4 | Concentration of SHMP solution (%).
[image: Table 4]TABLE 5 | Concentration of EDTA-2Na solution (%).
[image: Table 5]TABLE 6 | Concentration of mixed solution of SHMP and EDTA-2Na (%).
[image: Table 6]To investigate the difference in the transport properties of chelated and non-chelated ions in concrete, a set of NaCl solution immersion tests with the same molar concentration as the 5% single admixture SHMP solution were also set up.
After the specimen has been immersed for 60 d, the specimen is removed and the powder is drilled. Each specimen is drilled for powder at 10 selected locations (as shown in Figure 2).
[image: Figure 2]FIGURE 2 | Specimen after drilling for powder.
The powder is drilled from the top to the bottom at each selected location in a sequence of different depth intervals. Depth intervals are set to 0–2 mm, 2–4 mm, 4–6 mm, 6–8 mm, 8–10 mm, 10–12 mm, 12–14 mm, and 14–16 mm in order. The powder was collected at the same depth and the P-element and organic carbon content of the powder was measured. Collecting powders from the same depth interval of the same specimen and measuring the P-element and organic carbon content of them.
3 TEST RESULTS AND ANALYSIS
3.1 Capillary water absorption test results
The results of the capillary water absorption in concrete are shown in Figure 3. From the test results, it can be seen that the actual water absorption of concrete is not proportional to the open square of the water absorption time, and that the amount of water absorbed in the same time varies for different strengths of concrete. In contrast, the water loss during concrete water loss shows a relatively good linear correlation with the water loss time, as shown in Figure 4.
[image: Figure 3]FIGURE 3 | Capillary absorption processes in concrete.
[image: Figure 4]FIGURE 4 | Water loss processes in concrete.
C. Hall et al. (C et al., 1995; Lockington and Parlange, 2003) attribute this to the secondary hydration of the concrete during water transfer and water absorption. Taking the results of the C2 group test as an example, the changes in mass of the specimens before and after the capillary absorption test in this test are shown in Table 7. As can be seen from Table 7, the changes in specimen mass caused by secondary hydration during the experiment did not have a significant effect on the results of the capillary water absorption test.
TABLE 7 | Changes in weight of C2 specimens before and after capillary water absorption (g).
[image: Table 7]Normally, only capillaries with pore sizes in the range of 50 nm-1 um can affect the permeability of concrete (Yu and Ye, 2013). In contrast, Rong’s tests showed that the number of capillary pores above 50 nm pore size remained constant during the later hydration process for concrete cured to 28 days of age (Rong et al., 2014). This indicates that for mature age concrete, the secondary hydration of the concrete at a later stage does not change the water absorption of the capillaries in the concrete. It can be concluded from this that the results of Figures 3, 4 are not only due to secondary hydration during water transport, but also to other reasons.
Moisture in the capillary tube internal transmission, due to the direction of the liquid surface tension tangent to the surface, and there is always a tendency to contract the surface of the liquid, making the liquid surface to generate additional pressure ΔP, from the Laplace equation we know:
[image: image]
where: θ is the contact angle, can be expressed as the angle between the liquid surface tension and the liquid-solid surface tension at any point of the intersection, r is the radius of the capillary pore, σ is the surface tension of the liquid.
It is assumed that the capillary walls do not react with water. The relationship between the length of the water intrusion path x in the capillary pore and the time t of water absorption at this point is (Benavente et al., 2002; Benavente et al., 2015):
[image: image]
where: υ is viscosity coefficient of water in capillary pore.
As can be seen from Eq. 2, The capillary depth of water absorption in porous materials is related to the pore size of the capillaries and the properties of the pore wall material itself. The pore size distribution of the capillary pores in cementitious materials is complex and the capillary absorption coefficient is not the same for different pore sizes.
Capillary pores in concrete can be equated to both horizontal and vertical situations. In the case of horizontal capillary pores, the original gas within the pore is compressed due to the sealing effect of the water or the pore itself. At this point the capillary suction in concrete is powered by the combined force of the additional pressure generated by the surface tension of the liquid on the surface of the liquid and the pressure generated by the compression of the gas within the pore, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Internal forces on horizontal capillaries.
When the pressure generated by the compressed gas and liquid surface tension in the liquid surface to produce additional pressure equal, can be seen as concrete capillary water absorption reached saturation. At this point, the water within the concrete is no longer transmitted through the capillary absorption, and the concrete at this time through the volume of water absorbed by the capillary and the volume of gas compressed within the pore space is equal. Set the volume of ΔV, according to the gas pressure formula can be seen when the concrete capillary water absorption saturation, the gas is compressed to produce a force equal to the additional pressure generated by the surface tension of the liquid on the surface of the liquid, it can be obtained:
[image: image]
where: ΔV is the volume of water absorbed by the pores when the concrete is saturated with water. [image: image] is the volume of the pore space when the concrete is not absorbing water. [image: image] the surface tension of the liquid
Substituting the gas pressure equation [image: image] into Eq. 3 and simplifying to obtain:
[image: image]
where [image: image] is the initial gas pressure in the pore space before water absorption (no external pressure available when the concrete is in the environment of the atmospheric pressure).
Under the condition of constant pore cross-sectional area it can be introduced that:
[image: image]
where: [image: image] is the length of the water intrusion path at capillary water absorption saturation. [image: image] is the length of the water absorption pore in the horizontal direction.
Substitute Eqs 1, 2 into Eq. 5 can be obtained capillary pore level when the concrete capillary water absorption reached saturation time t_0 and capillary pore size of the relationship between the equation is:
[image: image]
When the capillary pores are in the vertical state, the different states of connectivity of the capillary pores will directly affect the time of saturation of its water absorption. For non-closed pores, as there is no air compression in the forward direction of its water absorption, the power of capillary water absorption of concrete is provided by the combination of liquid surface tension and the gravity of water, as shown in Figure 6A. When the concrete is saturated with capillary water absorption, the combined force of the two is zero, which gives:
[image: image]
[image: Figure 6]FIGURE 6 | Internal forces on vertical capillaries. (A). Unclosed vertical capillaries (B). Closed vertical capillaries.
Substitute Eqs 1, 2into Eq. 7, a non-closed capillary pore vertical when the concrete capillary water absorption reached saturation time [image: image] and capillary pore size of the relationship between the equation is:
[image: image]
When the pore is closed, the surface tension of the liquid, the pressure generated by the compression of the gas in the pore and the gravitational force of the water absorbed by the capillary pore provide the driving force for the capillary suction of concrete, as shown in Figure 6B.
When the combined force of these three forces is zero, the capillaries are saturated with water absorption that gives
[image: image]
Substituting Eqs 1, 2 into Eq. 9, we can obtain a non-closed capillary pore vertical when the concrete capillary water absorption reached saturation time t_0 and capillary pore size of the relationship between the equation is:
[image: image]
where: [image: image] is the density of the water. [image: image] is the length of the water absorption pore in the vertical direction.
Equations 6, 8, 10 all show that the capillary pores of different pore sizes not only differ in the amount of water they absorb, but also in the time it takes for the water to reach saturation. The larger the radius of the concrete capillary pore, the shorter the time it takes for the water to reach saturation, and the smaller its capillary absorption coefficient. This is in line with the test results in Figures 3, 4. This means that the rate of water absorption and the time to saturation vary depending on the pore size of the capillaries within the concrete.
The capillary absorption coefficient of the internal capillaries of cement-based materials is related to the pore size of the capillaries and the properties of the material itself. The internal capillary absorption coefficient of concrete can be seen as the superposition of the capillary absorption coefficients of all the capillaries involved in water absorption. At an early stage of the absorption process, almost all the capillaries are in a state of absorption. The capillary water absorption coefficient of concrete consists of the superposition of the capillary water absorption coefficients of all the individual capillaries. As all capillaries are not saturated with water, the water absorption coefficient is almost constant and the water absorption curve is approximately linear, with the amount of water absorbed being proportional to the square root of the water absorption time. When the capillary pores that have reached water absorption saturation are no longer involved in water absorption, the capillary absorption coefficient of this part of the capillary pore is no longer involved in the superposition of the capillary absorption coefficient of concrete. The number of capillary pores involved in capillary absorption gradually decreases in the order of pore size from large to small, resulting in a reduction in the capillary absorption coefficient of concrete. Macroscopically it shows a decrease in water absorption, a decrease in the rate of absorption, a decrease in the overall capillary absorption coefficient and a gradual smoothing of the absorption curve. During the process of water loss in concrete, the temperature, humidity, wind speed and kinematic viscosity of the air in the environment have a greater impact on the internal water transfer (Boukadida and Nasrallah, 2001). Compared to these factors, the influence of pore size on the process of water loss from capillaries is not significant, and the rate of water loss from capillaries with different pore sizes does not vary much (Yiotis et al., 2007; Qtp et al., 2019). As a result, the square root of water loss during the concrete water loss test shows a good linear correlation with the square root of water loss time.
3.2 Ionic chelators transport patterns
The effects of concentrations, other ionic chelating agents, transport media and wet and dry cycles on the internal transport of ionic chelating agents into concrete were investigated separately.
3.2.1 Concentrations
The concrete was immersed in different concentrations of chelating agent solutions and the experimental results of chelating agent transport within the concrete were as follows.
As can be seen from Figure 7, the concentration of ion chelators decreases broadly as the depth of penetration increases. The higher the concentration of the immersion solution over a range of depths, the higher the osmotic concentration at the same depth. This indicates that the concentration difference provides the impetus for the chelating agent to be transferred to the interior of the concrete. Unlike non-chelating ions, as the initial concentration of ion chelator increases, the concentration of ion chelator in the concrete decreases more rapidly with increasing depth. Once the chelator has been transported to a certain depth, the effect of the initial concentration on the transport of the ion chelator within the concrete gradually diminishes. This shows that the initial concentration can only influence the transport of ionic chelator in concrete within a certain depth range. Over a certain depth range, the initial concentration has almost no effect on the transport of the ion chelators. At the same molar concentration, the ionic chelating agent is weaker than the non-ionic chelating agent in terms of its ability to tran sport inside the concrete, as shown in Figure 8.
[image: Figure 7]FIGURE 7 | Chelating agent penetration processes at different concentrations.
[image: Figure 8]FIGURE 8 | Comparison of chelated and non-chelated ion permeation processes.
In addition, the ionic chelator “aggregates” in some areas during transport within the concrete. Intuitively, as the depth of penetration increases, the concentration of ion chelators increases and then decreases in some areas, forming a zone of ion chelators aggregation at different depths above both sides, as shown in Figure 9. Ionic chelating agents have a repairing effect on the internal pores of concrete (Wang et al.; Zhang et al., 2023) This repair ability allows the ion chelator to continuously reduce the porosity within the concrete during the transfer process. The decrease of concrete porosity will cause the ion chelator transport speed to decrease, which in turn will result in the build-up of ion chelator at a certain depth, forming an ion chelators aggregation zone. The experimental results in Figure 9 also shows that as the initial concentration of the immersion solution of the ion chelator increases, aggregates appear further in concrete. This means that the high concentration of ionic chelating agents may not be conducive to the repair of internal concrete damage. When the concentration of the ionic chelators solution in the soaked concrete was increased to 5%, the ionic chelators “aggregates” did not occur within the measurement range of the test. However, a comparison with the non-chelated ions transport process (Figure 8) shows that the degree of change in the transport rate of chelated ions is much less than that of non-chelated ions. As the initial concentration of ionic chelator is higher, the concentration of ionic chelator decreases faster with increasing depth within a certain depth range. This suggests that high concentrations of ionic chelator can still repair pores and microcracks within the concrete. However, the increase in ionic chelator concentration does not have a significant enhancement on its repairing ability.
[image: Figure 9]FIGURE 9 | Aggregation during chelators transport.
The experimental results show that the transport pattern of chelating agent ions inside concrete is not exactly the same as the transport pattern of non-chelating ions. The initial concentration difference of the ion chelator is the driving force for the transport of the ion chelator into the concrete interior. When the depth of transport exceeds a certain range, the influence of the initial concentration on the transport process of the ion chelator inside the concrete diminishes. The ion chelator will form an aggregation zone when it is transported inside the concrete. The reason for this is that the ionic chelator has a repairing effect on the internal pores and cracks of the concrete. The ionic chelator repairs pores and micro-cracks within the concrete as it transfers within the concrete. The smaller pores in the repaired concrete reduce the rate of chelated ion transport on the inside of the repaired concrete, while the rate of chelated ion transport on the outside of this part of the concrete changes even less. The different degree of reduction in chelating ion transport velocity between the two sides results in localised aggregation in the concrete being repaired by the chelating agent.
3.2.2 Influence of other ionic chelators
When other ionic chelators interfere, the transport of chelators ions within the concrete is shown in Figure 10:
[image: Figure 10]FIGURE 10 | Influence of other ion chelators on chelated ion transport processes.
The test results show that the rate of transport of chelated ions into the concrete is reduced in the presence of other chelating agents. However, the presence of the other chelating agent promotes the formation of “aggregation” zones. As shown in Figure 11, the presence of another chelating agent resulted in more chelating ion “aggregation” zones in the experimental specimens. This indicates that the effect of different chelating ions on concrete repair is superimposable and that the chelate’s ability to repair concrete is enhanced by the addition of different chelating agents.
[image: Figure 11]FIGURE 11 | Other chelating agents promote the formation of ion chelators “aggregation” zones.
3.3.3 Transport media and wet/dry cycles
The results of the effect of different transport media on the ion chelators transport process are shown in Figure 12. From the experimental results it can be seen that the order of the magnitude of the permeability of SHMP in the three media of concrete, mortar and net slurry is: mortar > concrete > net slurry. This corresponds to the porosity of the three measured by the mercury pressure test. It shows that porosity is an important factor affecting the transport performance of ion chelators, the larger the porosity, the better the permeability of ion chelators. As in the previous test, the phenomenon of complex aggregation was also observed for all three, and the aggregation was particularly evident when mortar was used as the transport medium. This once again shows that the complex ion chelators penetrates into the cementitious material and repairs it, and the greater the porosity the more pronounced the repair process. As the ion chelators is transported into the concrete it repairs micro-damage within the concrete, the repair process changes the porosity of the concrete and causes areas of ion chelators “aggregation” within the concrete. The higher the porosity of the cementitious material, the more adequately the ionic chelators will repair the internal damage and the more obvious this “aggregation” phenomenon will be.
[image: Figure 12]FIGURE 12 | Influence of different transport media on the permeation process of ionic chelators.
The experimental results of the effect of wet and dry cycles on the internal transport of ionic chelators in concrete are shown in Figure 13. As can be seen from Figure 13, when the penetration depth was less than 12 mm, the concentration in the wet/dry cycle group was greater than that in the comparison group at the same depth. At the same initial concentration, the wet/dry cycle increases the rate of transport of the ion chelators within the concrete, which is the same as the transport pattern of non-chelated ions. The aggregation of the ion chelators under dry/wet cycling conditions was not significant, indicating that the repairing effect of the ion chelators in the dry/wet cycling group of tests was not significant. Which means that the wet/dry cycle promotes the rate of ion chelators transport, but is not conducive to the repair of internal concrete pores and cracks by chelated ions.
[image: Figure 13]FIGURE 13 | The effect of wet/dry cycles on the permeation process of ionic complexes.
4 CONCLUSION
Ionic chelating agents are one of the additives commonly used in cementitious materials. In this paper, the transport process of ion chelators inside concrete is experimentally investigated, taking into account that water is the carrier for the transport of chelated ions to the inside of concrete, and also exploring the process of capillary water absorption inside concrete. The following conclusions were drawn from the experiments .
1) The time for capillary pores of different pore sizes to reach water absorption saturation is not the same, the larger the pore size, the shorter the time required for capillary pores to reach water absorption saturation. The capillary absorption coefficient of concrete can be regarded as the superposition of the capillary absorption coefficients of all the capillary pores involved in capillary absorption within it. The large pore size capillaries are the first to reach water absorption saturation and then no longer participate in capillary absorption. Resulting in a gradual decrease in the capillary absorption coefficient of concrete. Macroscopically, the relationship between the capillary water absorption of concrete and the square root of time is no longer linear. The time taken for the different pore sizes within the concrete to reach water saturation is not synchronised, which is one of the reasons for the “square root shift” in the one-dimensional capillary water absorption of concrete.
2) The initial concentration difference is one of the driving forces behind the transport of chelated ions within the concrete. In the range of certain transport depths, the higher the initial concentration, the greater the rate of transport of chelated ions within the concrete. Outside of a certain depth of transport, the initial concentration of the ion chelators has a reduced effect on its transport within the concrete.
3) The transport patterns of chelated and non-chelated ions within concrete are not identical. When transported within concrete, chelated ions repair pores and micro-cracks within the concrete and reduce the local porosity of the concrete. Which can result in areas of chelated ion aggregation within the concrete. The increase in the initial concentration of the ion chelator does not have a significant effect on its ability to repair and therefore delays the appearance of the chelated ion aggregation zone. The porosity of the transport medium can also influence the transport of chelated ions within the concrete. The higher the porosity, the greater the rate of transport of the ion chelators within the concrete and the more obvious the repair of internal pores and microcracks in the concrete.
4) The addition of other ionic chelating agents reduces the rate of transport of chelated ions within the concrete, resulting in a lower concentration of specific chelated ions at the same depth. However, the addition of other chelating agents enhances the repair effect of the chelated ions on the concrete, resulting in more zones of ion chelating agent aggregation within the concrete.
5) The wet/dry cycle increased the concentration of chelated ions at the same depth, but reduced the number of ion chelator aggregation zones. It suggests that the wet and dry cycle increases the rate of ion chelator transport within the concrete, but is not conducive to the repair of internal concrete damage by chelating ions.
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