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ABSTRACT 

	Concrete structures such as bridges, pavements, and railway infrastructures are often subjected to long-term cyclic loading, making fatigue failure a critical factor affecting structural safety and service life. This paper systematically reviews recent research on the fatigue performance of concrete and summarizes the fatigue characteristics of conventional modified concrete, recycled aggregate concrete, rubber-modified concrete, and fiber-reinforced concrete. The influence of key factors, including material composition, environmental conditions, and loading parameters, is also discussed. Existing studies show that optimizing mix proportions and incorporating modified materials or fibers can significantly enhance the fatigue resistance of concrete. In particular, hybrid fiber reinforcement exhibits a stronger improvement effect than single-fiber systems, while recycled aggregate concrete and rubber-modified concrete can meet engineering requirements after appropriate modification. Finally, future research directions are proposed, including the development of green and low-carbon materials, the application of innovative fibers, and the integration of intelligent testing and fatigue life prediction methods.
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1. INTRODUCTION

Concrete has become the most widely used man-made building material in the world due to its excellent mechanical properties, good durability, wide availability of raw materials and low cost, and is widely used in building structures bearing repeated loads such as bridges, highway pavements and sleepers. However, ordinary concrete has inherent shortcomings such as easy cracking, low tensile strength and poor toughness, and is prone to fatigue failure below the static load strength under the action of cyclic loads such as vehicles and trains, which seriously affects the structural safety and service life.​

The fatigue performance of concrete refers to its fatigue resistance under repeated loads. The fatigue life is the number of load cycles that concrete can bear without damage under specific load conditions, and the core of fatigue failure is the initiation and propagation of microcracks. The factors affecting its fatigue performance include the material itself, the external environment, the load application method and cyclic parameters. Optimizing the mix ratio and adding modified materials or fibers are effective ways to improve its fatigue resistance.​

The fatigue performance of concrete is directly related to the service safety of engineering structures. Systematically summarizing its research status, optimization methods and future directions is of great theoretical and engineering value.Based on relevant research at home and abroad, this paper reviews the current research status of concrete fatigue performance and discusses future research directions [1–4].

2. RESEARCH STATUS AT HOME AND ABROAD​

2.1 Research Status on Fatigue Performance of Different Types of Concrete​

As one of the main materials used in pavement engineering, concrete is frequently subjected to repeated traffic loads, making fatigue performance an important issue affecting the durability and service life of pavement structures. Many studies have investigated the fatigue behavior of concrete through experimental approaches. In general, the fatigue performance of concrete is commonly evaluated from several aspects, including splitting tensile fatigue, fatigue damage evolution, and bond–slip constitutive relationships between materials [11].

Regarding conventional and modified concrete, numerous studies have explored the influence of material composition and environmental conditions on fatigue behavior. The fatigue performance of high-strength concrete under different moisture conditions has been investigated, showing that water content and environmental humidity can significantly influence fatigue life and failure cycles under cyclic loading [12]. Comparative studies between high-flexural S-CSA concrete and ordinary Portland cement concrete have shown that S-CSA concrete exhibits higher fatigue life under the same loading conditions, with the improvement becoming more significant as the strength grade increases, reaching up to about 7.2 times that of OPC concrete in some cases [13]. Experimental research on different types of high-flexural strength pavement concrete has also indicated that their fatigue performance is significantly better than that of ordinary pavement concrete and conventional high-performance concrete, and the addition of mineral admixtures can further enhance fatigue resistance and extend service life [14]. Furthermore, fatigue tests conducted at stress levels of 0.70–0.85 have demonstrated that silica-fume-modified pavement concrete shows significantly improved fatigue performance, with fatigue life reported to be three to six times higher than that of ordinary concrete under similar loading conditions [15].

In recent years, considerable attention has also been given to the fatigue performance of recycled aggregate concrete (RAC). Studies have shown that recycled cement concrete produced from waste materials obtained during pavement maintenance exhibits fatigue characteristics similar to those of conventional concrete and can satisfy the mechanical requirements of pavement slabs under high stress levels [16]. Comparative bending fatigue tests on concretes with different recycled coarse aggregate replacement ratios (RAC-0, RAC-50, and RAC-100) have revealed that increasing the replacement ratio generally leads to a reduction in flexural strength and fatigue resistance, although RAC-50 can still achieve performance comparable to natural aggregate concrete [17]. Further investigations have indicated that RAC usually possesses a thicker interfacial transition zone and lower indentation modulus, which may accelerate crack initiation and propagation under cyclic loading. However, the incorporation of supplementary materials such as silica fume can refine the microstructure and improve fatigue resistance [18]. In addition, digital image correlation (DIC) technology has been used to study the fatigue behavior of RAC modified with nano-SiO₂ and steel fibers. The results demonstrate that nano-SiO₂ can significantly enhance bending fatigue life and reduce interfacial debonding damage, while the fatigue life increases with the volume fraction of steel fibers, with the most significant improvement observed at a fiber content of approximately 1.5% [19]. Research on nano-silica modified RAC has further shown that fatigue life decreases with increasing recycled aggregate replacement ratio, and fatigue life prediction equations based on the Weibull distribution have been proposed to describe the influence of different parameters on fatigue behavior [20].

Rubber-modified concrete has also attracted attention due to its potential advantages in improving fatigue performance. Experimental studies have shown that the incorporation of waste rubber powder into concrete reduces density and compressive strength but significantly improves toughness and deformation capacity, thereby reducing brittleness and enhancing fatigue resistance [21]. Investigations on rubber concrete prepared by replacing natural sand with rubber particles have indicated that fatigue life increases with rubber content under the same stress level, and the fatigue strain evolution generally follows the typical three-stage development law of concrete fatigue damage. In addition, fatigue life has been reported to follow a log-normal distribution, and corresponding fatigue equations can be established through regression analysis [22]. Research on rubber concrete under low-temperature conditions has shown that although compressive strength and elastic modulus decrease at normal temperature, improvements can be observed under extremely low temperatures. Moreover, the fatigue life of rubber concrete can increase significantly under different stress levels [23]. Studies on rubber recycled aggregate concrete have further demonstrated that although the addition of rubber particles reduces certain mechanical properties, it significantly enhances ductility, ultimate strain, and fatigue life within an appropriate content range [24].

Overall, existing studies indicate that the fatigue performance of concrete is strongly influenced by material composition, aggregate characteristics, and modification methods. Conventional modified concrete mainly improves fatigue resistance through optimized mix proportions and mineral admixtures. Recycled aggregate concrete generally shows lower fatigue life due to weaker interfacial transition zones, although the incorporation of supplementary cementitious materials or nano-materials can significantly enhance its microstructure and fatigue durability. Rubber-modified concrete improves fatigue resistance primarily by increasing toughness and deformation capacity, which helps delay crack initiation and propagation under cyclic loading. These findings suggest that appropriate material modification plays a key role in improving the fatigue durability of concrete structures in engineering applications.

2.2 Research Status on the Influence of Fibers on the Fatigue Performance of Concrete​

Previous studies have shown that the incorporation of fibers can significantly enhance the fatigue performance of concrete. Fibers improve crack resistance and delay crack propagation under cyclic loading, thereby increasing the fatigue life of concrete structures. However, the strengthening effect varies depending on the type, length, and volume fraction of fibers used.

Steel fiber reinforcement has been widely investigated due to its significant improvement in crack resistance and load-bearing capacity. Experimental studies on 3D-printed concrete specimens have shown that the addition of steel fibers can effectively inhibit the initiation and propagation of transverse cracks, thereby improving the flexural tensile strength and bending fatigue performance of concrete components. Moreover, the fatigue performance of steel fiber reinforced concrete is more sensitive to the volume fraction of fibers than to fiber length [25]. Further experimental studies using electro-hydraulic servo testing systems have demonstrated that the fatigue strength of steel fiber reinforced concrete (SFRC) increases with fiber content within a certain range. Regression analysis of fatigue test data has been used to establish S–N curves and fatigue life prediction models for SFRC. When the steel fiber volume fraction reaches approximately 1.0%, the fatigue strength of SFRC can increase by about 19.6% compared with ordinary concrete, indicating that this content is both practical and effective for engineering applications subjected to cyclic loading [26].

Basalt fiber has also attracted considerable attention as a reinforcing material for improving the fatigue resistance of concrete. Experimental investigations on basalt fiber reinforced concrete (BFRC) under cyclic loading have shown that the addition of basalt fibers can improve the internal pore structure of concrete and reduce the proportion of harmful pores during service. As a result, the durability and fatigue resistance of concrete are significantly enhanced [27]. Three-point bending fatigue tests on basalt fiber concrete have further demonstrated that the fatigue life follows a two-parameter Weibull distribution. Statistical analysis indicates that increasing fiber content generally improves fatigue life and reduces the dispersion of fatigue results, making the fatigue behavior of concrete more stable [28]. Additional studies considering different fiber lengths and contents have shown that fatigue life decreases with increasing stress level, while optimal fatigue performance can be achieved at appropriate fiber content. In some cases, basalt fibers with a length of 6 mm and a volume content of approximately 0.2% can increase the fatigue life of concrete by more than an order of magnitude under high stress levels, demonstrating their significant reinforcement effect [29].

Recent studies have also explored the combined use of fibers in recycled aggregate concrete. Experimental results indicate that the addition of basalt fibers and polyacrylonitrile fibers can significantly enhance the flexural strength and fatigue life of recycled aggregate concrete. Hybrid fiber systems have shown good agreement with Weibull statistical models, and fatigue life prediction equations based on double-logarithmic relationships have demonstrated improved prediction accuracy compared with single-logarithmic models [30].

In addition to single-fiber reinforcement, hybrid fiber systems have been widely studied due to their potential synergistic effects. Experimental investigations comparing plain concrete, polypropylene fiber concrete, steel fiber concrete, and steel–polypropylene hybrid fiber concrete have shown that all fatigue test data generally follow a two-parameter Weibull distribution. The addition of fibers can significantly improve fatigue resistance, and hybrid fiber reinforcement often provides greater enhancement than single-fiber systems [31]. Further research on fiber-reinforced lightweight aggregate concrete containing high volumes of mineral admixtures has shown that different fiber types lead to different fatigue damage characteristics. Under cyclic loading, steel fiber reinforced concrete tends to exhibit more macrocracks and higher fatigue strain, whereas hybrid fiber systems generally show lower residual strain and longer fatigue life under the same stress level [32].

Polyester fiber has also been applied in asphalt concrete to improve fatigue resistance. Experimental beam fatigue tests have shown that the fatigue life of asphalt concrete initially increases and then decreases with increasing polyester fiber content. The optimal fiber content is approximately 0.2%, while the fatigue life decreases with increasing stress ratio under constant fiber content conditions. These results demonstrate that polyester fibers can significantly improve the fatigue resistance of asphalt concrete pavements [33].

Overall, fiber reinforcement is an effective method for improving the fatigue performance of concrete. Fibers enhance the fatigue resistance of concrete mainly by bridging cracks, delaying crack initiation and propagation, and improving the toughness of the cement matrix. Different fibers contribute to fatigue improvement through different mechanisms. Steel fibers mainly enhance load-bearing capacity and crack resistance, while basalt fibers can improve the pore structure and durability of concrete. Hybrid fiber systems often exhibit a synergistic strengthening effect, providing better fatigue resistance than single-fiber reinforcement. Therefore, optimizing fiber type, length, and volume fraction is essential for achieving improved fatigue performance in concrete structures subjected to cyclic loading.

3. FUTURE OUTLOOK​

Combined with the current research status of concrete fatigue performance and the actual engineering needs, the future research on concrete fatigue performance may focus on the following aspects.: first, deepen the research on the fatigue performance of green and low-carbon modified concrete, and promote the collaborative application of green materials such as recycled aggregates and waste rubber; second, strengthen the innovative application of new fibers and hybrid fibers to optimize the enhancement effect; third, improve the fatigue testing and life prediction model combined with intelligent technology to improve accuracy; fourth, promote the engineering transformation of research results and improve relevant standards and specifications to provide support for engineering applications.

4. CONCLUSIONS

This paper systematically reviews the relevant research on concrete fatigue performance at home and abroad, and draws the following conclusions: the fatigue performance of concrete is affected by many factors such as materials, environment and load. The core of fatigue failure is the initiation and propagation of microcracks under cyclic load. Optimizing the mix ratio and adding modified materials or fibers can effectively improve its fatigue resistance. The fatigue performance of different types of concrete is significantly different. Recycled aggregate concrete and rubber-modified concrete can meet engineering needs after reasonable modification; fiber reinforcement is an effective way to improve the fatigue performance of concrete, and the optimal content and enhancement effect of different fibers are different. At present, there are still problems such as insufficient collaborative modification of green materials and insufficient engineering transformation of results. In the future, it is necessary to focus on the green and intelligent direction to deepen the research, providing support for the design and application of high-performance concrete structures.
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