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The long-term durability performance of ballastless track systems exhibits significant dependence on their in-service environmental conditions. In addition to cyclic fatigue loading from train operations, critical durability challenges arise from the coupled effects of freeze-thaw cycling and chloride ion penetration, particularly in coastal regions or cold climate zones. Conventional experimental studies predominantly focus on single or dual-factor acceleration tests and confined to macroscopic performance characterization. In this study, the coupling effect of freeze-thaw, chloride salt and loading on the microstructure evolution was systematically and quantitively investigated, with the role of each kind of environmental action analyzed, experimentally and quantitively evaluating the significantly greater damage by freeze-thaw and chloride salt erosion to concrete than that of fatigue load.
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1 INTRODUCTION
Ballastless tracks are preferred in high-speed rail systems for their minimized maintenance requirements and durability [1]. Concrete serves as the primary material for their construction [2], which must endure repeated train loads and harsh environmental conditions [3], including subzero temperatures [4] and saline soils that accelerate degradation [5, 6]. In permafrost regions, subzero winter temperatures induce critical durability challenges such as surface scaling, internal freeze-thaw-induced expansion cracking, and strength reduction in track concrete. Ballastless tracks in saline soil environments face accelerated degradation from combined freeze-thaw conditions and chloride salt erosion. During practical service, concrete suffers combined damage from load and environmental stress, necessitating research into how fatigue and environmental factors affect its performance over time [7].
To date, the deterioration mechanisms of concrete under the freeze-thaw single factor condition have been systematically investigated. Xiong et al. [8] found that the extent of freeze-thaw damage in concrete was intrinsically linked to the physicochemical characteristics of hydration products and pore structure. The impact of load under the combined effects of freeze-thaw and chloride have also been examined. Extending to the coupled conditions of freeze-thaw cycles and chloride attack, some scholars have analyzed the internal and external factors affecting the degree of concrete damage [9]. Internal factors primarily encompass pre-existing microcracks, hydration phase compositions, and pore network architecture, while external variables are quantified through freeze-thaw cycles and chloride concentration [10]. Guo et al. [4] found the coupled effect of freeze-thaw cycles and chloride attack causes more severe concrete deterioration than freeze-thaw action alone. Furthermore, the damage and deterioration mechanisms of concrete under coupled freeze-thaw cycles and fatigue loads were investigated [11]. Liu [12] and Zhang et al. [13] revealed the damage of prestressed concrete was initially caused by freeze-thaw cycles and then by fatigue with a life prediction model developed [14]. Macroscopically, concrete permeability and chloride ion transport behavior based on pore structure under the coupling action of load and chloride salt was surveyed [15–17], establishing quantitative relationships between pore structure characteristics and ionic diffusion/water transport. However, current research on this topic mainly just focuses on the coupled effect of two factors, limiting the precision of durability prediction. Research on the coupling effect of the freeze-thaw cycle, chloride erosion, and fatigue load is still lacking, so are the understanding of microstructural mechanism behind [18]. The common methods for evaluating the freeze-thaw durability of concrete are the mass loss rate and the modulus of the relative dynamic model [19]. These commonly used evaluation indicators have very limited reflections on the damage and durability of concrete. In addition, under the coupled effect of multiple factors, the durability of concrete will exhibit a more complex degradation mechanism than the effect of a single factor. It is difficult to correctly explain the mechanism of the decline in the durability of concrete only from the changes in mass and dynamic elastic modulus [20]. Therefore, in order to evaluate the durability performance of concrete more scientifically and comprehensively, it is necessary to combine microscopic testing techniques to characterize key indicators such as hydration products, pore structure and crack morphology inside the concrete [21]. Experimental studies on the durability and microscopic mechanism of concrete under the coupling action of multi-stage repeated freeze-thaw and chlorides are relatively lacking, and the damage mechanism of concrete under the coupling action of freeze-thaw, chlorides and fatigue has not yet formed a system. To better understand the performance evolution and damage state of concrete under real environment, such knowledge gap was filled in this study. The coupling study of freeze-thaw, chloride salt and fatigue load were divided into three stages: freeze-thaw and chloride salt erosion, fatigue load and subsequent freeze-thaw and chloride salt erosion, and the evolution of mechanical properties and durability of concrete was studied in each stage. Complementary microstructure characterization techniques, e.g., X-ray diffraction (XRD), scanning electron microscopy (SEM), and mercury intrusion porosimeter (MIP) are used to detect composition changes, morphological changes, and pore structure changes. This study comprehensively combines macro and microscale observation, analyzing the damage mechanism of concrete by relating the micropore parameters to mechanical properties parameters. This study provides new insights for the damage mechanism, performance prediction and material optimization design of ballastless track concrete system under complex coupling actions.
2 METHOD
In this study, C60-grade concrete specimens measuring 100 mm × 100 mm × 400 mm were prepared (detailed preparation procedure and recipe shown in Supplementary Material, Supplementary Table S1). Following 28 days of standard curing, the specimens underwent coupled freeze-thaw cycling and chloride attack testing through immersion in sodium chloride solutions at mass concentrations of 0%, 5%, and 10%. The freeze-thaw cycling was conducted following GB/T 50082-2009. The highest temperature in the center of the test piece was 6°C, and the lowest was −17°C. Each freezing-thawing cycle involved 2.5 h of the freezing process and 1.4 h of the thawing process. Thus, each cycle took 3.9 h. [22]. Mass change and relative dynamic elastic modulus [23] were monitored at 25-cycle intervals using precision weighing and ultrasonic pulse velocity measurements, respectively. After each testing phase, specimens were systematically reoriented within their containers, and fresh solutions were replenished to maintain consistent exposure conditions until the target number of cycles was achieved. Post-testing chloride profiling was performed on specimens exposed to 5% and 10% NaCl solutions, with chloride content analyzed at incremental depths [24] (0–5 mm, 5–10 mm, and 10–15 mm) following JTS/T 236-2009. The fatigue loading performances of the concrete was evaluated by performing four-point bending fatigue tests. The fatigue loading parameters were chosen based on the on-site service monitoring and experimental research of ballastless track concrete in the literature [23, 25]. The long-term cyclic and reciprocating train load was approximately regarded as sinusoidal fatigue loading with constant amplitude. The maximum stress level of fatigue loads was selected as 0.6, the action frequency was 20 Hz with a stress ratio of 0.5. Non-destructive evaluation of relative dynamic modulus was systematically performed at 5 × 104-cycle intervals using resonant frequency measurements.
In this experiment, two parallel control tests were established. The first group (FT-C-F1) underwent 50 freeze-thaw cycles with chloride attack tests, followed by 105 fatigue load cycles, and concluded with another 50 freeze-thaw cycles and chloride coupling tests. The second group (FT-C-F2) was subjected to 100 freeze-thaw cycles and chloride coupling tests, then 5 × 104 fatigue load cycles, and finally another 50 freeze-thaw cycles and chloride coupling tests. Multi-phase microstructural characterization was implemented using XRD, SEM, and MIP at four critical states [1]: initial state [2], post coupled effects freeze-thaw cycling and chloride attack [3], post-fatigue loading, and [4] post-coupled deterioration.
3 RESULTS
3.1 Mechanical properties and durability of concrete
3.1.1 Effect of coupling action on the mass of concrete
Before the freeze-thaw test begins, the concrete samples with a curing age of 28 days are immersed in pure water for 4 days to reach saturation under room temperature based on GB/T 50082-2009 [26]. The rate of mass change refers to the ratio of the difference between the test mass and the mass of the concrete after soaking to the mass of the concrete after soaking. Figure 1a illustrates the mass changes of concrete specimens in group FT-C-F1 immersed in pure water, 5% and 10% sodium chloride solution during the first and third stage. After the first 50 freeze-thaw cycles, the mass of all specimens increased slightly. This should be because that after freeze-thaw treatment, additional pores and micro-cracks have formed inside the concrete [27], promoting the transfer of water to the deeper layers of the concrete, thereby increasing the mass of the concrete. During the fatigue loading stage, the free water in the concrete continuously dries and evaporates. The quality of concrete in each group decreased significantly, among which the mass of concrete in the 5% sodium chloride solution decreased the most [28]. After the last 50 freeze-thaw cycles, the defects in the concrete in the 5% sodium chloride solution were the greatest, and the degree of surface spalling was the highest. Therefore, its mass loss rate was also the highest. This indicates that throughout the entire experiment, the concrete in the 5% sodium chloride solution suffered the most severe damage [29].
[image: Figure 1]FIGURE 1 | The rate of mass change in (a) FT-C-F1 and (b) FT-C-F2; Change trend of dynamic elastic modulus in (c) FT-C-F1 and (d) FT-C-F2; The relationship between chloride ion content and depth of concrete in the (e) first coupling tests and (f) subsequent coupling tests.
Figure 1b presents the mass changes of concrete specimens in group FT-C-F2. In the first stage, all specimens exhibited mass similar increases within the 50th freeze-thaw cycle, particularly, from the 75th cycle, only specimens in pure water continued to gain mass, while those in 5% and 10% sodium chloride solutions experiences mass loss, with the 5% solution causing more decrease. [28]. In the third stage, specimens in pure water had a significant mass reduction, whereas those in sodium chloride solutions displayed minimal changes [29].
Overall, the mass loss of concrete in FT-C-F2 is greater than that in FT-C-F1 due to higher cycles of freeze-thaw. Particularly, the fatigue in stage II resulted in evident deviation of the mass behavior of specimens in pure water during the afterwards freeze-thaw cycles. With the total 75th and 100th freeze-thaw cycles, with fatigue coupling, the damage of specimen in water evidently resulted in mass loss. Contrastingly, without the fatigue loss, the mass of specimen in water still increased, which started to drop after the fatigue coupling and total 125th freeze-thaw cycles. In addition, for group FT-C-F1, the mass loss of concrete in 5% sodium chloride solution is the largest, while that in pure water is the largest for group FT-C-F2.
3.1.2 Effect of coupling action on dynamic elastic modulus of concrete
Figure 1c illustrates the variations in dynamic elastic modulus for the FT-C-F1 group. In the initial stage, all samples experienced a slight decrease in modulus, with the largest reduction in pure water (4.97%), followed by 5% sodium chloride (3.87%), and the smallest in 10% sodium chloride (2.10%). In the second stage, the modulus constantly decreased in a trend 10% sodium chloride solution (0.25%) < pure water (3.23%) < and 5% sodium chloride (4.68%). Such results suggested that the damage already occurred during the first 50th freeze-thaw for specimens, especially that in 5% chloride solution, which could not be differentiated by mass measurement due to the simultaneous water absorption. In the third stage, the modulus dropped significantly for pure water (29.62%) and 5% sodium chloride (37.15%) due to cumulative damage, whereas 10% sodium chloride had a smaller reduction (8.70%), which were consistent with mass change results, suggesting that a higher mass loss should arise from more severe internal damage.
Figure 1d illustrates the dynamic elastic modulus variations of FT-C-F2 group, of which the trend is similar to the mass change results except that the mass increased while the modulus decreased during the first stage [30]. Such phenomenon further confirmed that during the freeze-thaw, the damage and water absorption occurred concomitantly, a higher mass gain did not suggest fewer damage, but the higher absorbed amount of water may induce more damage during freezing. As such, the specimen absorbed highest amount of water, i.e., specimen in water, were of lowest modulus after the third stage. The rate of dynamic elastic modulus loss of concrete in group FT-C-F2 was notably higher than in group FT-C-F1, indicating that freeze-thaw cycles had a more pronounced effect on the dynamic elastic modulus of concrete compared to fatigue loading. The rate of decline in dynamic elastic modulus increased with the number of freeze-thaw cycles, especially when the number of freeze-thaw cycles exceeds 50, the decline rate of dynamic elastic modulus of concrete increases sharply.
3.1.3 Chloride ion content in concrete under coupling action
Chloride ion content in FT-C-F1 concrete specimens was measured at depths of 0–5 mm, 5–10 mm, and 10–15 mm following the first and third stages of exposure to 5% and 10% sodium chloride solutions. After the first stage, chloride levels were 0.253%, 0.099%, and 0.022% for 5% sodium chloride solution, and 0.385%, 0.184%, and 0.039% for 10% sodium chloride solution, respectively, as shown in Figure 1e. Following the third stage, these values increased to 0.359%, 0.136%, and 0.030% for 5% sodium chloride solution, and 0.591%, 0.292%, and 0.069% for 10% sodium chloride solution, as depicted in Figure 1f.
The results indicate that the chloride ion content in each depth interval of the concrete exposed to 10% sodium chloride solution is not simply double that of the concrete exposed to 5% sodium chloride solution. This discrepancy can be attributed to differences in cumulative damage and pore structure between the two groups under coupled conditions. The porosity and damage within the concrete influence the transport of chloride ions [31]. The chloride ion content generally decreases with increasing concrete depth, with a faster initial rate followed by a slower decrease.
3.2 Morphology and microscopic characterization of concrete
3.2.1 Morphology of concrete
The morphology and microstructure changes after each stage were further surveyed by using FT-C-F1 group as an example. Following the first stage, visible pores emerged on the surface of the concrete in pure water (Figures 2a–c). The specimens exposed to a 5% sodium chloride solution exhibited the highest degree of damage, characterized by not only numerous pores but also slight spalling (Figures 2d–f). In contrast, while the 10% sodium chloride solution induced the formation of many pores on the surface, the overall structural integrity remained intact (Figures 2g–i). By the third stage, degradation intensified across all groups with trend: 5% sodium chloride solution < pure water <10% sodium chloride solution. Specimens in the 5% sodium chloride solution experienced pronounced spalling with substantial aggregate exposure and the greatest mass loss. Specimens in pure water showed substantial spalling without evident exposure of aggregate, forming large pores on the surface. The 10% sodium chloride solute group suffer only minor and localized delamination, representing the least severe deterioration.
[image: Figure 2]FIGURE 2 | Concrete morphology under different conditions: (a) soaked in pure water, (b) after the first stage, (c) after third stage; (d) soaked in 5% sodium chloride, (e) after the first stage, (f) after the third stage; (g) soaked in 10% sodium chloride, (h) after the first stage, (i) after the third stage.
3.2.2 Composition analysis
Concrete typically comprises river sand, stone, and cementitious materials, of which the hydration product contents and types in concrete under different corrosive environments may be distinct. To investigate the effect of water chemistry on the concrete composition, samples are taken from concrete at three different locations which are treated in pure water, 5% and 10% sodium chloride solutions after the first and third stages, respectively. In pure water (Figure 3a), initial C2S (dicalcium silicate) and C3S (tricalcium silicate) phases progressively convert to C-S-H (calcium silicate hydrate), while reactive Al2O3 from fly ash facilitates the transformation of alkaline C-H (calcium hydroxide) into C-A-H (calcium aluminate hydrate) or C-A-S-H (calcium aluminate silicate hydrate), with its primary diffraction peak at 21.76° exhibiting decreasing intensity from surface to core, consistent with water transport dynamics. Under 5% sodium chloride immersion, SiO2 and C-A-S-H dominate, whose peaks are at 21.76° and 37.42°, featuring trace ettringite (AFt) and residual CaSiO3, reflecting incomplete hydration, as shown in Figure 3b). In a 10% sodium chloride solution, the main components of concrete are also SiO2 and C-A-S-H. As depicted in Figure 3c, small amounts of C-S-H and Friedel’s salt are present within 0–5 mm. Due to the large pores in the interfacial transition zone, chloride ions react with calcium aluminate hydrate (CaO·Al2O3·10H2O) at the interface to form Friedel’s salt. This compound continues to react with the hydration product C-H crystals to form water-soluble CaCl2 and small amounts of CaSiO3 are also detected.
[image: Figure 3]FIGURE 3 | XRD pattern of concrete after the first stage in (a) pure water, (b) 5% sodium chloride, and (c) 10% sodium chloride; after the third stage in (d) pure water, (e) 5% sodium chloride, and (f) 10% sodium chloride.
After the third stage, the main components of each group of samples are SiO2, C-A-S-H, and C-S-H, as shown in Figures 3d–f. Compared to the first stage, the contents of C-A-S-H and C-S-H at each depth significantly decreased, while the diffraction peak intensity of hydration products increased with depth. Such phenomenon suggests that the exposure of concrete in aqueous media results in Ca2+ and Al3+ leaching [32]. A small amount of Friedel’s salt was detected in the concrete exposed to a 10% sodium chloride solution within 0–5 mm, which demonstrated that the formation of Friedel’s salt was slow and occurred under high chloride concentration.
3.2.3 Micromorphology
To analyze the damage and deterioration mechanism of concrete more intuitively, SEM tests were conducted on concrete samples after the first and third stage. Even for concrete in the 10% sodium chloride solution, only trace amounts of Friedel’s salt were detected after the third stage [33], thus the reaction effect on the chloride was not further discussed and the detailed results are shown in the Supplementary Material, Supplementary Figures S1, S2.
MIPS was utilized to examine the pore size distribution characteristics and evolution patterns of concrete [34]. Pore structure analysis of FT-C-F1 group concrete across three exposure stages revealed distinct evolutionary patterns (Figures 4a–i). The pore size distribution of concrete can be categorized into four types: gel pores (<10 nm), small capillary pores (10–100 nm), large capillary pores (100–1,000 nm), and macropores (>1,000 nm), which are closely related to the concrete performance [35]. The initial porosity for all the samples before treatments were similar. After the first stage, the porosity for all samples significantly increased with the extent follow the trend: 5% NaCl > pure water>10% NaCl. Such observation suggested that the freeze-thaw cycles profoundly affected the pore structures and porosity, which should be due to the internal stress induced by the ice crystal expansion [36]. After the second stage, the porosity did not change evidently, while some of them even decreased, indicating the pores might be compacted by the fatigue actions [37]. After the third step, the porosity further dramatically elevated, confirming the severe damage caused by freeze-thaw actions. The 5% sodium chloride solution environment exhibited a pronounced increase in both pore size and number, indicating severe deterioration, whereas pore development in 10% sodium chloride solution surpassed that in pure water, highlighting accelerated degradation. Such observation is consistent with the mass and modulus change results.
[image: Figure 4]FIGURE 4 | Concrete properties under different conditions: porosity in (a) pure water, (b) 5% sodium chloride, and (c) 10% sodium chloride; median aperture in (d) pure water, (e) 5% sodium chloride, and (f) 10% sodium chloride; average aperture in (g) pure water, (h) 5% sodium chloride and (i) 10% sodium chloride. Pore distribution of (j) pure water, (k) 5% sodium chloride solution and (l) 10% sodium chloride solution.
As to the median pore diameter, after first step, it decreased by 3.78% and 4.03% in pure water and 5% sodium chloride solution respectively, but increased 17.76% in 10% sodium chloride solution. After the second step, median pore sizes in pure water, 5% sodium chloride solution and 10% sodium chloride solution decreased by 9.82%, 15.62% and 13.26%, respectively. After the third stage, median pore sizes showed divergence, decreasing by 3.85% in pure water and 3.39% in 10% sodium chloride solution, but increasing by 7.08% in 5% sodium chloride solution. Therefore, there are no explicit trends for median pore diameter for each sample, which are possibly due to the numbers of pores with different sizes are all increased during the damage. During the environmental actions, gel pores or small capillary pores in concrete gradually expanded and evolved into larger capillary pores or macropores, while new pores continued to grow as gel pores and the number could be high. Therefore, comprehensively the median aperture that was statistically calculated based on counts may randomly change and did not show evident trend.
For the average pore diameter, after the first step, it showed 8.13% and 14.93% growth in pure water and 10% sodium chloride solution groups, contrasting with a 9.45% reduction in 5% sodium chloride solution, which, after the second step, declined by 7.67%, 4.00%, and 11.65%, respectively. After the third stage, average pore size of concrete in pure water, 5% sodium chloride solution and 10% sodium chloride solution increased by 18.47%, 67.52% and 25.31%. The evolution trending of average aperture was observed to similar to that of porosity, while distinctive with median aperture. This should be attributed to that the porosity and average aperture are both significantly affected by the pore volume, and for the macro size pore. The number increase of macropores would affect the average aperture much more than that of gel pores, which are attributed to that its size increase extent should be much higher than that of gel pores.
As illustrated in Figures 4j–l, approximately 50% of the total pore volume is composed of small capillary pores, while macropores constitute around 30%. Gel pores and large capillary pores each account for less than 10% of the total pore volume. After the first and second stage, the content of gel pores and small capillary pores are basically increased while the content of large capillary pores and macropores, suggesting that at these stages, the production of new pores surpass the growth of pore size. Such phenomenon could be used to explain the median aperture for samples in pure water and 5% sodium chloride solution decreased in these stages. As to the third stage, the content of gel pores and especially small capillary pores decreased, while the content of macropores dramatically increased [38]. Such observation demonstrated that at the third stage, the inner structures of concrete were severely damaged, and the extent of the transition of small pores to macropores significantly exceeded the growth of small pores. And the macropores trending are consistent with the modulus change trending, explaining the macroscopic mechanical property revolution from the quantitively microstructure evolution. As to the large capillary pores, their number did not change evidently, indicating that once the small pores expanded, they would mostly evolve into macropores. It should be noted that, under fatigue loading, though the proportion of large capillary pores or macropores decreased due to compactness, gel pores and small capillary pores still grew, which may cause more severe damage in the third stage when the freeze-thaw action was applied. Therefore, in the practical applications, when the fatigue loading and freeze-thaw action in presence of chloride ions are simultaneously applied on concretes, the concretes would show more severe damage compared with the concrete under freeze-thaw action with chloride ions.
4 DISCUSSION
This study implemented three-stage coupling procedures for investigating concrete under controlled exposure conditions. The critical performance indicators including mass variation, dynamic elastic modulus, and chloride ion content were systematically monitored, the degradation of mechanical properties and durability was also surveyed. In the first stage, for concrete in pure water, the maximum mass increase rate was <0.2% with 50 freeze-thaw cycles and remained consistent until 100 cycles. In the third stage, the increase rate reached up to 1.2%. For concrete in chloride solution, after more than 50 freeze-thaw cycles, the mass loss rate for concrete in a 5% chloride solution reached 1%. In the third stage, both FT-C-F1 and FT-C-F2 showed significant mass loss rates in the 5% chloride solution, at 0.8% and 1.2%, respectively. The impact of freeze-thaw cycles on concrete mass is notably greater than that of fatigue loading.
As to the dynamic elastic modulus, for FT-C-F1 after the first stage in pure water, it decreased by up to 4.97%. However, the dynamic elastic modulus of concrete in a 5% sodium chloride solution after the first stage decreased more significantly compared to that in pure water, resulting in a final loss of 64.61%. For FT-C-F2, the decrease in dynamic elastic modulus in pure water during the first stage was the most substantial, at 36.02%. In the third stage, the rate of decrease in dynamic elastic modulus for concrete in a 5% chloride solution was faster than that in pure water. However, the dynamic elastic modulus decreased by 10.4% and 12.3% for concrete in pure water and 5% sodium chloride solution respectively after the second stage, which means a more limited additional degradation even after numerous cycles. Overall, the effect of freeze-thaw cycles on the dynamic elastic modulus of concrete is more pronounced than that of fatigue loading. However, the fatigue loading was revealed to initiate the production of small pores, resulting in the dramatical transition from small pores to macropores. Hence, the coupling of fatigue with freeze-thaw in presence of chloride ions deteriorate the concrete not by the fatigue load itself but through elevating the damage of freeze-thaw action.
Besides, freeze-thaw cycles promote the development of concrete pores, particularly impacting larger pores. Within a certain number of cycles, fatigue loading promotes a reduction in concrete porosity, which leads to 0.1386% and 0.1176% for pure water and 5% sodium chloride solution respectively, mainly affecting smaller pores. The increase in pore number and volume has a significant effect on the dynamic elastic modulus of concrete, while the transport of chloride ions is influenced by the number of detrimental pores.
In this study, the coupling effects of fatigue with freeze-thaw in saline solution were systematically studied, and it was revealed that the mechanical properties distinctively deviated from coupling effect of two environmental factors. Further, the correlation between the microstructure of concrete pores and its mechanical properties was investigated, which provided microscale insights into the evolution of macroscopic mechanical properties and the unveiled damage mechanisms can facilitate better prediction the performance of ballastless track.
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