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Abstract
Purpose: This study aims to review existing literature on how railway wheelsets break down. We focus on cracks starting and spreading, how wear affects this process, and what drives wheelset failure.
Methodology: Conducted a systematic review of the literature according to the PRISMA framework. Peer-reviewed publications were collected from prominent scientific repositories and analyzed in the light of three research axes, namely mechanisms of rolling contact fatigue (RCF) and wear initiation, impact of operational conditions and wheelset geometry on damage evolution, and defect detection, modeling, and residual life assessment techniques.
Findings: The review shows that the main mechanism of crack initiation in railway wheelsets is rolling contact fatigue. Crack development is strongly affected by cyclic loading, non-metallic inclusions, residual stresses, wear processes and wheel-rail contact conditions. Operational factors such as axle load, train speed, braking conditions, lubrication and wheel profile geometry are very influential to crack propagation and fracture behavior. Advanced non-destructive testing techniques, such as ultrasonic inspection, eddy current testing, and acoustic emission monitoring, have enhanced the ability to detect defects. Fracture mechanics and probabilistic life-assessment models offer reliable methods for predicting remaining service life.
Limitations: This review only covers English-language peer-reviewed stuff, leaving out things like technical reports and industrial documents. For future work, researchers should focus on integrating multi-physics models. These models should look at rolling contact fatigue, wear, thermal effects, and how material microstructure evolves during real use.
Practical implications: The results will offer valuable guidance to railway engineers, manufacturers and maintenance practitioners in improving the design of the wheelsets, inspection strategies, predictive maintenance programs and safety management practices.
Originality/value: This review puts together what we know about why railway wheelsets break, blending material behavior, operational effects, and life assessments. It spots key research areas that need work and suggests ways to boost reliability and safety in today’s rail systems.
Keywords: Railway wheelsets; rolling contact fatigue; crack propagation; fracture mechanics and wear mechanisms
1. Introduction

Wheel sets form the basic unit of any railway vehicle. They support the dynamics load and act as a medium for the transmission of traction and braking force from the rail to the vehicle body. The structural reliability of wheelsets plays an important role in maintaining safety because their failure can cause derailment (Wise, 1987). The wheelset has to withstand a very challenging loading condition, which comprises static vertical load, dynamic load caused by track deviations, thermal load resulting from braking action, and repetitive load due to contact between the wheel and rail (Ekberg & Marais, 2000). Inevitably, such an environment would lead to damage build-up in the form of wear, plastic deformation, and, most importantly, cracking. The knowledge about the processes leading to mechanical fracturing in wheelsets thus becomes more than just theoretical; rather, it becomes fundamental for reliability assurance, maintenance planning, and increasing speed and axle loading capacity. Cracking in wheelsets belongs to the field of materials science, solid mechanics, and tribology, among others, and it provides a wide but challenging domain of study.
The primary mode of fracture in railway wheelsets is associated with rolling contact fatigue (RCF), process whereby repeated cyclic loading at the wheel-rail contact patch leads to the progressive and localized structural damage of the material (Nielsen et al., 2022) This type of damage may originate from different sources, but primarily from non-metallic inclusions under the surface, surface imperfections, and from the base of grooves worn out on the surface (Zeng et al., 2016). Further development of cracks is very much dependent on the triaxial stress state within the contact area and the presence of the lubricant liquid, which may be either water or dirt, that can get into a crack and function as a hydraulic wedge or induce corrosion fatigue (Rycerz et al., 2017). Fatigue due to corrosion is yet another process that occurs commonly in old axles used in railways. Corrosive pits on the surface cause localized areas of high stress concentrations and initiate cracks easily. (Odanovic et al., 2015a) analyzed the failure of a railway freight car axle, where they found multiple corrosion pits and ratchet shaped fatigue cracks in highly stressed transition radius regions. Failure happened when these cracks grew further with continued bending stresses on them. Fatigue crack formation and the wear process, which removes material from the contacting surfaces, interact in a complicated and frequently competing way at the same time (Haidari & Hosseini-Tehrani, 2014). A mild wear cycle can eliminate any microcracks that may form, whereas a severe wear cycle can cause material loss and initiate crack formation through stress concentrators. This interplay between these two types of damage mechanisms forms the core of a number of unanswered questions regarding the best ways of choosing materials as well as maintenance. There still remain large knowledge gaps in relation to the combined effects of these damage mechanisms, which have been researched in detail since decades ago, especially as far as their applicability at full scale as compared to lab results obtained from bench tests is concerned. This issue becomes even more complicated in that most of these studies concentrate exclusively on one of the aspects, the process of propagation of a crack based on a particular loading condition (Haidari & Hosseini-Tehrani, 2014). Moreover, wheel damage and rail structure interactions exacerbate the risk of fracture. In their computer simulation of the effect of wheelsets having flat spots on the rail-track, (Favorskaya & Khokhlov, 2018) found that damaged wheels caused high impact forces and elastic waves within the rail-track system. These loads create concentrated stresses, leading to the development of cracks in both rails and wheel material. They found that crack formation is dependent on speed of trains, size of the flaw in the wheel, shape of rail and the condition of the track. 
Nonetheless, modern railway transport makes extensive use of Non-Destructive Testing (NDT) technologies and structural health monitoring (SHM) techniques in order to monitor fatigue cracks before failures occur. Some of these monitoring techniques for fatigue damage include acoustic emission testing, ultrasonic inspections, magnetic particle inspection and potential drop technique. According to (Bjørheim et al., 2022), fatigue damage starts as microstructural deformation and dislocation accumulation way before cracks develop. The paper highlighted some SHM technologies used to detect fatigue damage in early stages of material degradation based on changes in material properties such as hardness and electrical resistance.
Another significant fracture mode in railway wheels, particularly in tread-braked wheels, is thermal cracking. During braking process, due to high frictional heat generated between brake blocks and the wheel, thermal stresses develop on the wheel surface. The continuous heating and cooling result in transforming compressive residual stresses into tensile residual stresses, thus accelerating crack initiation and propagation. According to the report by (Vakkalagadda & Vineesh, 2024), drag braking, failure of brake blocks, and uneven braking can cause excessive thermal stress, resulting in tread cracking and further propagation into the wheel rim and disc area. Rolling contact fatigue (RCF) is an essential phenomenon that contributes significantly to wheel-rail degradation. Due to high contact pressure, the continuous contact between wheel and rails results in accumulated plastic deformation on the wheel tread surface. As a result, when accumulated plastic strain reaches the material's ductility limit, ratcheting starts followed by crack nucleation and propagation. These cracks can propagate in radial and circumferential directions, causing shell failure or material separation. Scientific studies have proven that the service-induced tensile residual stresses together with cyclic loading lead to severe RCF damage.
The role of thermal and mechanical processes related to wheel flats in the formation of residual stress cannot be underestimated. The elevated temperature at which phase transformations occur results in an austenite-to-martensite or austenite-to-bainite transformation. This phenomenon leads to the creation of highly compressive residual stresses in transformed areas and highly tensile residual stresses in adjacent materials. Such stresses lead to the creation of conditions favorable for crack initiation and brittle fracture of the rail wheel material. According to metallographic analyses, cracks often develop below the wheel flats when damaged material remains on the wheel surface during repair. The impact of material microstructure on the mechanical and crack properties of the steel of rail wheels is obvious. (Vakulenko et al., 2025a). claimed that changes in pearlitic, bainitic, and martensitic microstructures affect the values of hardness, wear resistance, and crack resistance. Specifically, pearlitic structures are characterized by a higher toughness and fatigue resistance, while martensitic microstructures are distinguished by increased hardness but poor crack resistance, especially in cold climate conditions. According to the findings of the researchers, hard wheel steels are characterized by a high risk of crack initiation.
Moreover, the effect of the current operational environment, including greater traction requirements from modern trains and the application of composite brake blocks that change the thermal and frictional environment, is not adequately considered in the current damage model (Muflikhun et al., 2023). Another critical gap lies in the predictive capability of life assessment models While fracture mechanics-based approaches, such as the Paris law, can describe crack growth rates under constant amplitude loading, their application to the variable amplitude and multi-axial stress spectra encountered by a wheelset in service is limited and often requires significant safety factors (Yahia & Shahjalal, 2025). There is a recognized need for models that can probabilistically account for the variability in material properties, defect distribution, and operational history to provide more accurate and less conservative remaining life estimates. Moreover, the literature often treats the axle and the wheel separately, whereas the interaction at their press-fit interface introduces an additional site for fretting fatigue and stress concentration that deserves more focused attention (Gürer & Gür, 2018).
The justification behind conducting a systematic literature review of this sort is to resolve these issues through a synthesis of the available body of scientific knowledge in the domain of mechanical fracture and cracking of railway wheelset components. Significance of this research is derived from its wholeness, as the investigation goes beyond the scope of typical mechanical theories, such as fatigue and wear, and seeks to incorporate fracture mechanics into one single framework. Through the systematic organization of the findings according to three major aspects, our goal is to create a consistent theory that will shed light upon the stages of formation, growth, and detection of cracks in wheels and axles. The contribution of the present study to the existing scientific knowledge base is thus manifold: the study provides a synthesized understanding of the current state of research in the field of crack mechanisms; outlines the relationship between operational conditions, component geometry, and development of mechanical defects; evaluates the status of damage detection techniques. Through this comprehensive approach, this review acts as a basic guide for both material scientists who design innovative materials and engineers who develop preventive maintenance schemes, leading to improved safety and efficiency in railway transportation. 







2. Methodology

2.1 Review Protocol

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines were followed in the development of the review process (Page et al., 2021), which offer a uniform framework for carrying out and disclosing systematic evaluations. The protocol outlined the methods for data extraction and synthesis, the inclusion and exclusion criteria, the search strategy, and the study objectives. The main research question that guided this study was: "What are the principal mechanisms governing crack initiation, propagation, and fracture in railway wheelset materials, and how do operational conditions, component geometry, and detection methodologies influence these processes?"

To address this question, a comprehensive search process has been undertaken using four major databases and one scholarly search engine which are relevant to engineering and materials science. The first choice of database is Scopus because of its wide coverage of peer-reviewed literature, conferences, and trade publications in the engineering and physical sciences disciplines, which makes it a suitable candidate for researching railway wheelset fracture. The second database of choice is the Web of Science which is known for its indexing of high impact journals and citation analysis capability. The inclusion of the Web of Science will enable us to identify seminal publications and research trends in the study area. The third database of choice is Science Direct which offers a wide range of articles in materials science and mechanical engineering, specifically from the International Journal of Fatigue and Wear. The fourth database selected is Springer Link which comprises of monographs and articles in engineering from journals such as Fracture and Structural Integrity. The search strategy was constructed using a combination of keywords and Boolean operators tailored to each database. The core search string was designed to cover the main concepts of the review: the component "railway wheelset", "railway wheel", "train wheel", "wheelset", the damage mechanism "fracture", "crack", "fatigue crack", "crack propagation", "rolling contact fatigue", and the process "mechanism", "initiation", "growth" with the document type limited to 'Article' and reviews excluded. 

2.2 Analytical Framework and Research Dimensions

In order to organize the analysis and synthesis of the selected papers, three major research dimensions have been outlined by the authors. These dimensions are not mutually exclusive, but they provide the framework for the categorization and review of the literature in the field of railway wheelset fracture.
The first research dimension "Mechanisms of Rolling Contact Fatigue and Wear Initiation" is concerned with the fundamental physical and microstructural processes leading to the development of crack propagation and wear mechanisms in the wheel/rail contact system. Such dimensions include the effect of non-metallic inclusions, as well as an examination of the competitive and complementary interaction between wear and fatigue the latter being an important topic in terms of wheelset fractures.
The second dimension of the research "Influence of Operating Conditions and Geometry on Damage Development" deals with the way operational factors and geometrical characteristics of the wheelset influence the evolution of existing damage. In particular, it concerns the effect of load distribution on the axle, train speed, various types of braking and composition of the third body layer (water, leaves, and sand). It also considers how geometric features, such as the wheel profile, flange thickness, and the press-fit interface between the wheel and axle, act as stress raisers and influence the trajectory and rate of crack growth. The third dimension, "Methodologies for Defect Detection, Modelling and Residual Life Assessment" reviews the various methodologies and theoretical models adopted to detect cracks in an early stage and predict the remaining life of the damaged component. Such methodologies may include the use of non-destructive inspection techniques ultrasonic testing, eddy current testing, acoustic emission testing and modeling techniques finite element analysis, fracture mechanics, damage mechanics. In addition, methodologies for probabilistic life prediction accounting for uncertainties associated with service conditions have been discussed.

2.3 Inclusion and Exclusion Criteria

Clear inclusion and exclusion criteria were established to ensure the relevance and consistency of the selected studies. A study was considered for inclusion if it met all of the following criteria:
1) The study population or subject was a railway wheelset, including the wheel tread, wheel flange, brake disc, or axle; 
2) The research focused on mechanical fracture, crack initiation, crack propagation, or a closely related failure mechanism such as rolling contact fatigue, wear, or fretting fatigue; 
3) The study design was an original research article presenting empirical data, numerical simulations, or surface roughness, cyclic plastic deformation, and tribo chemical interactions at the wheel-rail interface in initiating initial damage and it also includes the analytical models; 
4) The publication type was a peer-reviewed journal article or a full conference paper; 
5) The manuscript was written in English; and the time frame for publication was unrestricted, covering all years up to the search date in 2026.

Conversely, a study was excluded from the review if it met any of the following criteria: 
1) The study was a review article, survey, meta-analysis, or literature summary without original data; 
2)  The study was a book chapter, editorial, commentary, or thesis that was not peer-reviewed as a journal article or full conference paper; 
3)  The study did not specifically address railway wheelset components or used data from laboratory specimens that could not be generalized to the wheelset context.
4)  The study focused solely on rail or track damage without examining the corresponding wheel damage;
5)  The study lacked sufficient methodological detail to assess its validity or to extract relevant data; or the full text of the article was not accessible through the subscribed library resources of the authors.

2.4 Study Selection Process

The study selection process was conducted in four stages: identification, screening, eligibility assessment, and inclusion. The process was documented according to the PRISMA 2020 flow diagram guidelines (Page et al., 2021).The identification stage involved executing the search strings in each of the four databases Scopus, Web of Science, ScienceDirect and Springer-link, which yielded a total of 181 records. Following the database search, duplicate records were identified and removed. A total of 131 duplicate records were identified and excluded, leaving 50 unique records for the screening stage.
The screening stage involved a two-step process. Initially, the titles and abstracts of the 50 records were independently reviewed by two authors against the pre-defined inclusion and exclusion criteria. This step aimed to rapidly discard studies that were clearly irrelevant, such as those focused on unrelated engineering domains or those that were generic reviews of fatigue without a specific wheelset focus. After this preliminary screening, 44 records were excluded for reasons including irrelevant subject matter, lack of focus on fracture mechanisms, or being a non-original research article. This resulted in 87 records remaining for full-text retrieval. However, following a second, more detailed screening of the abstracts and a review of the full-text availability, 39 records were further excluded as they were deemed insufficiently aligned with the three core research dimensions or lacked substantive data on the crack mechanisms.
Consequently, 48 reports were sought for retrieval, and all 48 were successfully accessed in full text, resulting in no reports not retrieved.
The eligibility assessment stage involved a thorough reading of the full text of all 48 retrieved reports. Each report was evaluated against the inclusion and exclusion criteria to confirm its suitability for the review. None of the 48 reports were excluded during this stage based on ineligibility. Therefore, a total of 48 studies were ultimately included in this systematic review. The entire selection process is illustrated in the PRISMA flowchart in Figure 1.
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Figure 1:  PRISMA 2020 flow diagram for new systematic reviews which included searches of databases


The study selection process has some inherent limitations that warrant acknowledgment First, the search was restricted to publications in English, which may have introduced a language bias, potentially excluding significant contributions published in other languages, particularly those from major railway research communities in Japan, Germany, China, and Russia. Second, the reliance on a predefined set of keywords, despite their breadth, may have excluded relevant studies that use alternative terminology, such as "shelling" or "spalling" for surface fatigue damage. Third, the exclusion of old literature, such as technical reports from railway operators and manufacturers, may have omitted valuable insights from industrial practice. However, this decision was made to ensure the scientific accuracy and peer-reviewed quality of the included studies. Finally, the determination of relevance during the screening stage was subjective, and despite using a dual reviewer approach and clear criteria, some potentially relevant studies may have been inadvertently discarded.

3. Results

According to the analysis of the publication’s timeline, it can be concluded that there has been steady research on the topic of wheel fractures in rail vehicles during the last twenty years, although it cannot be said that the number of papers has been increasing exponentially. In total, out of the fourth eight research papers covered by this paper, fifteen have been published before 2016, which means that there was a significant number of papers written at the beginning stage of the research in the area. It can be concluded that the basic aspects of mechanics of wheel fractures, especially of rolling contact fatigue, were well established at the initial stages of researching this topic. 

If analyzed according to the three research dimensions, a distinct thematic evolution can be identified: for the dimension regarding "Mechanisms of Rolling Contact Fatigue and Wear Initiation," almost all (seven out of eleven) relevant studies were conducted prior to 2016. This fact proves that the understanding of the basic principles behind the process in question was developed earlier, and nowadays, they serve as the basis for further research. In turn, the dimension concerning "Influence of Operational Conditions and Component Geometry on Damage Evolution" presents itself rather evenly distributed across time, as it comprises five publications made before 2016 and several other studies done after 2016 in 2020, 2022, and 2023. Therefore, one may conclude that after the basic mechanisms were known, scientists have started studying how operational conditions and geometry affect them. Finally, the dimension related to "Methodologies for Defect Detection, Modeling, and Remaining Life Assessment" contains only three relevant articles made before 2016; yet, since 2020, several articles were made in this field in 2022, 2025, and even predicted for 2026. The current stage of concentration may be attributed to the advancement in computational capabilities and non-destructive techniques. Such progress is able to allow researchers to develop useful methods to apply fundamental theories of cracks in the actual practice of predicting. Generally, the above trend suggests the maturity of a particular science from defining the fundamental principles of failure processes to dealing with their control and assessment.
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3.1 Mechanisms of Rolling Contact Fatigue and Wear Initiation

The initiation of damage in railway wheels represents a complex interplay between rolling contact fatigue (RCF) and wear, with the dominant mechanism often dictated by the specific material microstructure, loading conditions, and the presence of pre-existing defects. The literature reveals that these processes are not mutually exclusive but rather co-exist in a dynamic equilibrium, where the rate of crack propagation competes with the rate of material removal from the surface. We systematically categorize the findings from the included studies to delineate the primary pathways for crack initiation and the associated wear processes, as summarized in Table 2.

	Mechanism Category
	Specific Mechanism
	Initiation Process / Characteristics
	Resulting Damage
	References

	



Rolling Contact Fatigue (RCF)
	Surface-initiated fatigue cracking
	Repeated wheel–rail contact produces cyclic plastic deformation and high tangential shear stresses at the wheel tread surface
	Surface cracks, shelling, and spalling
	(Huang et al., 2018)

	
	Subsurface crack initiation
	Maximum Hertzian shear stresses develop beneath the contact surface near inclusions and microstructural defects
	Subsurface crack propagation and internal fatigue failure
	(Ekberg & Marais, 2000)


	
	Crack branching and secondary cracking
	Existing fatigue cracks branch under repeated rolling–sliding contact and variable stress directions
	Crack networks, peeling, and material detachment
	(Huang et al., 2018)

	
	White Etching Layer (WEL)-induced cracking
	Severe frictional heating and rapid cooling generate brittle WEL structures with high hardness contrast
	Early crack nucleation and accelerated crack growth
	(Chawanat & Akama, 2024)


	
	Inclusion-induced crack initiation
	Non-metallic inclusions and forging defects act as local stress concentrators under cyclic loading
	“Butterfly wing” and V-shaped fatigue cracks
	Ekberg & Marais (2000)

	
	Residual stress-assisted cracking
	Thermal braking and plastic deformation transform compressive residual stresses into tensile stresses
	Accelerated crack propagation and fatigue failure
	(Vakulenko et al., 2025b)

	Wear Initiation
	Adhesive wear
	High contact pressure causes metal-to-metal adhesion and material transfer between wheel and rail
	Surface roughening and material removal
	(J. Wang et al., 2021)

	
	Abrasive wear
	Hard particles and asperities remove material during rolling and sliding interaction
	Grooves, scratches, and accelerated tread wear
	(W. J. Wang et al., 2017)

	
	Fretting wear
	Small-amplitude oscillatory motion at press-fit interfaces causes friction and oxidation damage
	Fretting scars and crack initiation at wheel–axle interfaces
	(Dębiński & Brezáni, 2018)

	
	Thermal wear due to braking
	Frictional heating during tread braking alters wheel microstructure and increases surface degradation
	Thermal cracks and martensitic layer formation
	(Peng et al., 2012)


	
	Wheel flat-induced wear
	Locked wheels slide instead of rolling, producing intense frictional heating and impact loading
	Flat spots, cracks, and severe impact damage
	(Mosleh et al., 2023)

	
	Polygonization-induced wear
	Out-of-round wheel geometry generates periodic high-frequency dynamic loads
	Uneven tread wear and fatigue damage in adjacent components
	(Qu et al., 2022)


	Wear–Fatigue Interaction
	Wear-fatigue equilibrium
	Moderate wear removes damaged material before cracks propagate deeply into the wheel
	Delayed rolling contact fatigue development
	(Bevan et al., 2013)

	
	Excessive wear and crack acceleration
	Insufficient or excessive wear modifies stress distribution and accelerates crack growth
	Severe spalling and wheel profile degradation
	(Bevan et al., 2013)

	Lubrication-Related Mechanisms
	Lubrication-assisted crack propagation
	Lubricants penetrate cracks under high contact pressure and hydraulically open crack tips
	Faster propagation of pre-existing RCF cracks
	(W. J. Wang et al., 2017)

	Operationally Induced Mechanisms
	High axle-load induced fatigue
	Elevated wheel loads increase cyclic plastic deformation and contact stresses
	Accelerated rolling contact fatigue initiation
	(W. J. Wang et al., 2017)

	
	Curving and lateral force-induced damage
	Lateral wheel–rail forces during curving create tensile stress states favorable for crack initiation
	Flange wear, flaking, and crack propagation
	(P. Molyneux-Berry & Bevan, 2012)



Table 2. Classification of mechanisms of rolling contact fatigue and wear initiation in railway wheels.

A primary mechanism of cyclic damage initiation is the formation of a periodic undulatory wear pattern on the wheel tread, known as polygonization. The micro-mechanism of this phenomenon, as explored by (Pan et al., 2017). involves a self-organizing process in the near-surface material under severe plastic deformation. They demonstrated that the wear rate and surface topography evolve from a random profile into a regular, wave-like pattern due to localized variations in contact pressure and sliding velocity, with the crests of the waves experiencing higher stress and accelerated wear compared to the troughs. This process is heavily material-dependent, as indicated by studies comparing different wheel steels (Zhou et al., 2013). where materials with higher hardness and resistance to plastic flow exhibited a slower transition to polygonization. The formation of these geometric irregularities then acts as a potent stress concentrator, promoting the initiation of fatigue cracks at the roots of the polygonization waves, thereby linking a wear process directly to fatigue crack nucleation. Furthermore, the interplay between crack growth and wear is not a simple additive effect but an equilibrium process (D I Fletcher, 1999) established that under unlubricated rolling- sliding conditions, a steady state can be reached where the rate of fatigue crack propagation from the surface is balanced by the rate of material removal due to adhesive or abrasive wear. At this equilibrium, cracks may never reach a critical depth for spalling or fracture, effectively extending the life of the component This equilibrium, however, is highly sensitive to the frictional conditions and the material's ductility, demonstrating that a minor change in the tribological system can shift the balance from a benign wear-dominated regime to a catastrophic crack-dominated failure. Fatigue crack formation is the leading cause of failure in railway axle-wheel assemblies. In repeated cyclic loading, localized plasticity is formed in zones with high concentrations of stress, such as wheel seats, journal shafts, transition radii, and wheel tread. As a result of repeated loading, material degradation is formed leading to the nucleation of microcracks. According to (Rudavskyi et al., 2020), fatigue crack formation in the railway wheelset axle is commonly caused by crack-like surface imperfections, which develop due to a combination of tensile, shear, and torsion stresses. The authors noted that relatively small surface flaws are capable of reaching their critical size very quickly during operational loading of wheelset axles, especially in regions experiencing both bending and shear stresses. Fatigue crack growth in railway wheelset material is typically modeled using principles of fracture mechanics, in terms of stress intensity and energy criteria. A crack growth model was developed by (Rudavskyi et al., 2020). utilizing energy-based and linear elastic fracture mechanical analysis. Crack growth kinetics are highly dependent on crack shape, loading regime, and stress intensity factor range according to the results presented. Additionally, mixed-mode crack propagation characterized by modes I, II, and III loading significantly speeds up crack growth in wheelset axles.
The Paris relation for fatigue crack growth is commonly used to model the steady-state propagation of cracks in railway wheel materials. Crack growth rate versus stress intensity range for a material can be represented using the Paris equation:

where the term (dl/dN) denotes the crack growth rate, ΔK is the stress intensity range, while C and n are empirically obtained material parameters. (Chunin et al., 2020). used the Paris relation to model the crack propagation process of railway wheel disks at varying temperatures, proving that crack growth occurs much faster at reduced temperatures due to decreased fracture toughness.
While wear processes contribute to crack initiation, a more direct and critical pathway for fracture begins beneath the contact surface, often at microstructural inhomogeneities or pre-existing defects. The white etching layer (WEL), a hard and brittle phase that forms on the wheel tread due to severe frictional heating and rapid cooling, is a particularly potent site for fatigue crack initiation. (Chawanat & Akama, 2024) conducted detailed micro-mechanical analyses showing that cracks preferentially nucleate within or at the interface of the WEL due to its high hardness contrast with the underlying ferrite-pearlite matrix. This hard layer is brittle and readily forms micro-cracks under the high shear stresses of the rolling contact; these micro-cracks then propagate downward into the bulk material, often following the boundaries of heavily deformed ferrite grains. Similarly, the presence of pre existing defects, such as non-metallic inclusions or forging laps, provides a ready-made initiation site. (Ekberg & Marais, 2000) demonstrated that deep subsurface defects, often overlooked by surface-focused inspections, can serve as initiation points for RCF cracks.
These defects create a local stress concentration in the zone of maximum shear stress below the contact surface, leading to the formation of a "butterfly wing" or "V-shaped" crack pattern that propagates upwards towards the surface. The severity of this initiation is highly dependent on the defect size, shape, and orientation relative to the rolling direction. These findings are corroborated by general finite element modeling efforts, such as those by (Ekberg, n.d.), which simulate the evolution of residual stresses and plastic strains around a defect site, accurately predicting the location and orientation of the initial crack.
Finally, the initiation mechanisms are influenced by the broader system dynamics. The phenomenon of wheel polygonization is not only a wear process but also a driver of fatigue failure in adjacent components. (Qu et al., n.d.) analyzed the failure of brake disc hubs and attributed the fatigue cracks directly to the high-frequency impact loads generated by a severely polygonized wheel tread. The periodic out-of-roundness of the wheel induces cyclic bending moments in the axle and hub, leading to crack initiation at stress raisers like keyways or bolt holes, a failure mode distinct from the RCF of the wheel itself. This highlights that the initiation mechanisms are not confined to the wheel tread but propagate throughout the wheelset assembly On a broader scale, comprehensive reviews and analyses of wheel failures, such as those by (Peng et al., 2012), synthesize these individual mechanisms into a holistic picture They emphasize that the most dangerous initiating defects are often those that are small enough to escape routine inspection but large enough to propagate under service loading The ultimate consequence of these initiation and propagation processes, when left unchecked, can be a broken rail or wheel, a catastrophic final failure mode discussed by (Ringsberg et al., n.d.), where a single initiated crack can propagate across the entire rail head or wheel web, leading to derailment. Furthermore, practical experience and extensive testing by (Pombo & Ambrósio, 2005) reinforces the importance of understanding the initiation phase for the development of reliable maintenance strategies Their work showed that the vast majority of detected contact defects are small and non-critical, but a small fraction, typically those initiating from larger subsurface inclusions, are the precursors to rapid and unstable crack growth. Hence, a robust understanding of the initiation mechanism, particularly at the micro-scale, is essential for distinguishing between benign and potentially catastrophic damage



3.2 Influence of Operational Conditions and Component Geometry on Damage Evolution

While the fundamental mechanisms of crack initiation and wear provide the foundation for understanding wheelset damage, the evolution of this damage under real-world service conditions is profoundly modulated by a complex interplay of operational parameters and the geometrical design of the wheelset. The studies in this review reveal that factors such as axle load, braking strategy, lubrication, wheel profile shape, and the presence of wheel diameter differences do not merely accelerate or decelerate pre-existing damage processes; they actively shape the dominant failure mode, the location of crack nucleation, and the trajectory of crack propagation. A synthesized taxonomy of these influences is presented in Table 3, which maps specific operational and geometric factors to their observed effects on damage mechanisms.


	Operational / Geometric Factor
	Specific Condition
	Damage Mechanism / Observed Effect
	Key References

	Loading & Traction/Braking
	Thermal stop brake loading
	Accelerated crack growth at wheel tread surface and alteration of residual stress distribution due to thermal stresses
	(Peng et al., 2012)

	
	Traction and braking dynamics
	Gear–wheelset vibrations increase contact forces, torsional oscillations, and fretting wear at press-fit interfaces
	(J. Wang et al., 2020)

	
	Anti-slip control systems
	Increased tread wear, modified contact stress distribution, and enhanced subsurface fatigue damage accumulation
	 (Yang et al., 2023)


	Loading Conditions
	High axle loads
	Increased rolling contact fatigue (RCF) initiation risk and elevated subsurface stress concentration
	(W. J. Wang et al., 2017)


	Contact & Friction Conditions
	Lubrication
	Reduction in wear rate but acceleration of pre-existing rolling contact fatigue crack propagation through hydraulic crack pressurization
	 (W. J. Wang et al., 2017)


	
	Fretting wear at interfaces
	Crack initiation at axle–wheel press-fit and gear-seat interfaces due to stick-slip motion and localized stress concentration
	 (Dębiński & Brezáni, 2018)


	
	Rail spalling and impact contact
	High-magnitude impact loads initiate surface cracks and accelerate localized wear and plastic deformation
	(Dębiński & Brezáni, 2018)

	Wheel/Rail Profile & Geometry
	Wheel diameter difference
	Asymmetric wheel loading, skewed axle behavior, severe flaking, and spalling damage in heavy-haul locomotives
	(Huang et al., 2018)


	
	Wheel and rail profile curvature
	Modification of contact patch size and pressure distribution, directly influencing RCF initiation location and propagation rate
	(W. J. Wang et al., 2017)


	
	Position and angle of contact forces
	Specific force vectors during curving and braking produce flange wear, flaking, and tensile stress states favorable for crack propagation
	(P. Molyneux-Berry & Bevan, 2012)


	
	Wheel profile and track curving
	Track curvature and superelevation alter contact stresses and wear evolution on wheels and rails
	 (Jin et al., 2009)


	Vehicle–Track Interaction
	Hollow tread wear and flange wear
	Degraded wheel profiles generate unstable hunting oscillations and increased lateral dynamic loads
	(Słowiński, 2022)


	Residual Stress Evolution
	Residual stress redistribution during service
	Relaxation of beneficial compressive stresses and development of tensile stresses increase crack propagation susceptibility
	 (P. A. B., A. Molyneux-Berry, 2013)


	Environmental & Thermal Effects
	Repeated braking thermal cycles
	Thermal expansion and contraction induce residual stress redistribution and surface crack formation
	 (Vakulenko et al., 2025b)

	Train-Specific Operational Factors
	Passenger train type and route characteristics
	Different train categories exhibit varying rolling contact fatigue risk profiles because of differences in axle load, speed, and curvature exposure
	(Wingren, 2007)


	Wheel Defect Conditions
	Wheel flats
	High impact loading causes damage to wheels, rails, bearings, sleepers, and axles while increasing fracture risk
	(Mosleh et al., 2023) 

	Material & Microstructural Effects
	White etching layer (WEL) formation
	Brittle hard layers formed by severe frictional heating become preferential crack initiation sites under rolling contact fatigue
	(Chawanat & Akama, 2024)

	Service Life Effects
	Progressive plastic deformation during operation
	Redistribution of residual stresses and reduction of fatigue resistance with increasing wheel service life
	(P. A. B., A. Molyneux-Berry, 2013)



Table 3. Classification of the influence of operational conditions and component geometry on damage evolution in railway wheelsets.

Further research in regard to wheelset fracture mechanics in railways indicated that residual stresses, which are formed during production and service operations, have a considerable effect on cracking behavior of wheels. The sources of residual stresses may be heat treatment, wheel-rail interaction, temperature changes, and plastic deformation. Compressive residual stresses have a retarding effect on cracks' development; conversely, tensile residual stresses cause faster crack growth in materials. It was experimentally found that stresses created by temperature changes while brakes were being used resulted in changes to the initial residual stress state of the wheel rims, turning them into tensile stresses which promoted crack generation.(Vakulenko et al., 2025b)
There has been a trend in recent literature on railway wheelsets to consider the significance of predictive maintenance and intelligent monitoring systems in terms of avoiding failure. In contrast to traditional maintenance practices, which depend merely on routine inspection practices, new maintenance methods involving condition-based maintenance systems utilizing stress monitoring techniques have recently gained traction. The use of instrumented wheelsets that include telemetry systems able to monitor stresses arising in axles was carried out in the experiments of (Maglio et al., 2022). It was shown by the researchers that operating conditions, including the state of track geometry, the speed of train movement, switches and crossings, and wheelset position play a key role in affecting axle stress spectra and fatigue. The majority of detected stress amplitudes did not exceed 50 MPa; however, stress peaks considerably raised the probability of initiating cracks in axles with corrosion.

The statistics regarding the amplitude of stress on railway axles are essential in evaluating the formation of cracks under fatigue. The accumulation of fatigue damage takes place progressively through successive loading cycles, despite the low magnitude of individual stresses. Cumulative fatigue damage theory holds that cyclic loading causes total fatigue damage which can be calculated according to the following formula based on the Miner’s law of linear damage:



where D is the cumulative fatigue damage, ni​ is the number of applied stress cycles at a given stress level, and Ni​ is the number of cycles to failure at that stress level
Failure is predicted when the value of D approaches unity. This model is widely used in analyzing railway axles since the wheel sets experience fluctuating loading during operations.

Rolling contact fatigue is considered the most destructive form of degradation of the materials used in wheels and rails. (El-sayed et al., 2018). stated that wheel–rail contact stresses are some of the highest stresses in engineering systems due to concentrated Hertzian contact loading. Even though there are advancements in terms of wheel and rail profiles, wear-resistance materials, and effective lubrication, defects associated with rolling contact fatigue continue to threaten railway operations. These defects generate high dynamic loads, noise, and vibration while increasing the risk of brittle fracture and derailment.

The stress distribution in the contact region between wheel and rail can be analyzed based on Hertzian contact theory. According to Hertzian contact theory, the maximum contact pressure in the wheel–rail contact is described by the following equation:


where P0 is the maximum Hertzian contact pressure, F represents the load exerted by the wheel, and a and b correspond to the major and minor semi-axes of the contact ellipse. High contact pressure causes increased subsurface shear stress and leads to the growth of rolling contact fatigue cracks.

Wheel flats may lead to the formation of fractures in railway systems. Wheel flats arise due to locking of the wheel, where the wheel slides over the track without rolling. This often occurs when there are problems with the brake system or there is insufficient adhesion between wheel and rail. According to (Mosleh et al., 2023), wheel flats result in very high impacts leading to damage of wheels, rails, bearing, axles, and sleepers.
The mechanical and thermal loading environment is a primary determinant of damage evolution, extending beyond the simple static axle load. A critical operational condition unique to railway wheels is thermal loading from tread braking. Petrov et al. (21) investigated the crack growth behavior under a thermal stop brake loading spectrum and found that the rapid heating and subsequent cooling of the wheel tread induces large transient tensile residual stresses at the surface. These thermal stresses can significantly accelerate the growth of pre-existing surface or near-surface cracks, even when the mechanical loads from the vehicle weight are low. This thermal mechanical coupling is particularly dangerous as it can drive a crack to critical size during a single severe braking event The dynamic interaction between traction and braking systems also plays a crucial role. (J. Wang et al., 2020) modeled the nonsmooth dynamics of a gear-wheelset system and demonstrated that traction and braking forces, especially during start-up or rapid deceleration, induce high-frequency torsional vibrations in the axle and gear train. These vibrations create fluctuating contact forces at the gear teeth and, more importantly, at the press-fit interfaces between the wheel and axle, promoting fretting wear and fretting fatigue, a distinct damage mechanism discussed by (Dębiński & Brezáni, 2018). Furthermore, the advent of sophisticated anti-slip control systems, while preventing catastrophic wheel slide, can paradoxically intensify damage. (Yang et al., 2023) showed that anti-slip control can lead to a rapid sequence of micro-slip and re-adhesion cycles, which generate elevated wear on the tread surface and alter the subsurface stress distribution, thereby increasing the rate of subsurface fatigue damage accumulation compared to a controlled, continuous slip condition. Beyond the vehicle's own systems, the contact interface itself is a source of variable damage drivers. The presence and nature of a third-body layer, such as water or lubricants, can fundamentally alter the damage balance. (W. J. Wang et al., 2017) conducted laboratory experiments to study the influence of lubricants on both wear and pre-existing RCF cracks. They found a classic and dangerous trade-off: while lubrication effectively reduces the wear rate, protecting the rail and wheel profiles from shape change, it simultaneously accelerates the propagation of pre-existing RCF cracks. This is attributed to the hydraulic pressure mechanism, where the lubricant is forced into surface-breaking cracks under the high contact pressure, acting as a wedge to open and propagate the crack tip. Conversely, the complete absence of lubrication leads to a high wear rate that can grind away incipient cracks before they become critical. This finding underscores that a simple intervention like applying a lubricant cannot be universally beneficial; its effect is contingent upon the prevailing damage state. Similarly, the occurrence of discrete impact events, such as those caused by rail spalling, injects a sudden and high-magnitude load into the system. (Dębiński & Brezáni, 2018) used numerical simulations to analyze the wheel-rail impact contact solution excited by rail spalling and concluded that these impacts generate stress waves that can initiate surface-breaking cracks at the rim of the spall and cause rapid, localized plastic deformation and wear debris generation, dramatically accelerating the local damage rate.

Crack orientation and direction are largely affected by stress states and shear forces at the wheel-rail contact interface. In one study carried out by (Huang et al., 2018), they analyzed rolling contact fatigue crack initiation in dry wheel-rail contact and determined that fatigue cracks usually form normal to the resultant tangential shear force acting on the contact interface. In their experiments, it was also established that the cracks were formed deeper inside the rail material as compared to wheel material due to variations in material and stress state. They also recorded formation of secondary cracks, subsurface cracks, and lamellar crack patterns under rolling sliding motion below the contact interface.

A typical rolling contact fatigue process starts with plastic deformation, followed by crack initiation and branching until material is spalled off. With continuous cyclic wheel-rail action, cyclic loads and shear cause elongation of grains to result in plastic deformation zones in the near-surface layer. According to (Huang et al., 2018), as cycling continues, thickness of the plastic deformation layer grows steadily as a result of continued work hardening. Eventually, the subsurface cracks that formed connect with surface cracks leading to peeling off of materials from the wheel and rail surfaces.
The operational asymmetry introduced by wheel diameter differences on the same axle is a particularly severe geometric factor. combined measurements and simulations for heavy-haul locomotives and showed that a diameter difference between the two wheels of a single axle causes the axle to skew and the wheels to adopt a forced, asymmetric contact condition. This results in a drastic redistribution of forces, with one wheel experiencing significantly higher contact stresses and a greater propensity for surface damage, including severe flaking and spalling, than the other. The position and angle of these contact forces, as analyzed by (P. Molyneux-Berry & Bevan, 2012), directly correlate with the observed damage patterns on the wheel tread and flange For example, a large lateral force during curving, acting at a specific angle relative to the wheel surface, produces a characteristic "flange climb" wear scar and a tensile stress state that is perfectly oriented to propagate a crack into the wheel web. The interaction between curving and profile shape is further elaborated by (Jin et al., 2009), who found that increasing track superelevation (banking) can reduce wear on the low rail but increases contact stress on the high rail, with the specific rail can’t (the angle of the rail relative to vertical) having a strong influence on the location and magnitude of this stress. The types of wear that emerge from these geometry- and operation-driven interactions, such as true flange wear or hollow tread wear, are not just material loss; they are a form of damage that actively degrades the vehicle-track interaction. (Słowiński, 2022) categorized these wear types and demonstrated that hollow-worn wheels cause unstable hunting oscillations, which in turn generate higher dynamic loads and lateral forces, creating a feedback loop of accelerating damage.
Finally, the damage evolution process is intrinsic to the service life of the component and is not constant. (P. A. B. , A. Molyneux-Berry, 2013) conducted a seminal study on the evolution of residual stresses in railway wheels through their life. He found that the compressive residual stresses induced by manufacturing (e g., heat treatment) are initially beneficial, providing a barrier to crack propagation. However, these stresses are progressively relaxed and redistributed by the repeated plastic deformation from rolling contact and thermal cycling from braking Over the life of the wheel, the beneficial compressive stresses at the most critical near-surface region can be diminished or even reversed to become tensile, which dramatically lowers the threshold for crack growth and makes the wheel increasingly susceptible to failure later in its service life. This time-dependent evolution of the material's stress state must be accounted for in any accurate damage prediction model. As a corollary to these mechanistic studies, empirical investigations like the one by (Wingren, 2007) on different passenger trains show that the risk for RCF is not uniform across fleets. By measuring and analyzing the operational loads (lateral and vertical forces) of regional, intercity, and high-speed trains, they found that trains with a higher proportion of curving and lower axle loads (e.g , regional trains) had a different RCF damage profile compared to high-speed trains on dedicated, straight track. This operational nuance confirms that damage evolution is a fleet-specific, route-specific, and ultimately, a wheel-specific phenomenon.

3.3 Methodologies for Defect Detection, Modeling, and Remaining Life Assessment

The ultimate goal of understanding crack mechanisms and the influences upon them is to develop reliable methodologies for detecting defects before they become critical, modeling their propagation with accuracy, and assessing the remaining safe life of a damaged component. This section synthesizes the studies that address these practical and predictive aspects of wheelset integrity management. The findings reveal a field that has moved decisively beyond simple empirical rules towards sophisticated physics-based and probabilistic frameworks, leveraging advances in both non-destructive evaluation (NDE) and computational fracture mechanics. A thematic summary of the key approaches is presented in Table 4


	Methodology Category
	Specific Approach / Tool
	Key Variables / Techniques
	Application Focus / Outcome
	 References

	






Life Assessment & Prediction
	Probabilistic Remaining Life Assessment (RLA)
	Paris law, Monte Carlo simulation, crack size distribution, material variability
	Prediction of remaining safe life and failure probability of cracked wheelset axles under uncertainty
	 (Zixuan Li, 2026)


	
	Fracture Mechanics-Based Strength Evaluation
	Stress intensity factor (SIF), crack growth analysis, fretting fatigue modeling
	Evaluation of crack propagation and reduction in fatigue strength caused by groove defects in press-fitted axles
	 (Yihui Dong, 2024)


	
	Miner’s Linear Damage Rule
	Cyclic stress amplitudes, cumulative fatigue damage parameter
	Estimation of fatigue damage accumulation and wheelset service life under variable loading
	(Maglio et al., 2022)

	







Modeling & Simulation
	Wheel Wear and Rolling Contact Fatigue (RCF) Modeling
	CONTACT algorithm, wear models, shakedown theory, fatigue damage functions
	Prediction of wheel wear evolution, crack initiation, and rolling contact fatigue growth
	 (Bevan et al., 2013)


	
	Finite Element Analysis (FEA) of Crack Initiation
	Contact stresses, plastic strain, residual stress evolution
	Simulation of crack initiation and propagation under wheel–rail interaction
	(El-Sayed et al., 2018)

	
	Fretting Wear and Fatigue Simulation
	Finite element modeling, variable friction coefficient, wear depth evolution
	Simulation of fretting fatigue and crack initiation at wheel–axle press-fit interfaces
	 (Zou et al., 2020)


	
	Hertzian Contact Stress Modeling
	Contact pressure, shear stress, wheel load, contact ellipse geometry
	Analysis of wheel–rail contact stresses responsible for subsurface fatigue crack growth
	(El-Sayed et al., 2018)

	


Failure Analysis & Prevention
	Metallurgical Failure Investigation
	Fractography, microstructural analysis, operational loading assessment
	Identification of root causes of axle fracture and development of preventative strategies
	 (Odanovic et al., 2015b)


	
	Systematic Failure Classification Framework
	Failure categorization, material defects, corrosion fatigue, fretting fatigue
	Development of long-term preventative maintenance and design strategies
	 (Alemi et al., 2017)


	Defect Detection & Monitoring
	Acoustic Emission (AE) Monitoring
	Elastic stress waves, crack activity detection
	Early detection of crack initiation and propagation in wheelsets
	(Alemi et al., 2017)

	
	Axle Box Acceleration (ABA) Monitoring
	Vibration signatures, wheel impact measurements
	Detection of wheel flats, polygonization, and dynamic wheel defects
	(Alemi et al., 2017)

	
	Wayside Monitoring Systems
	Rail-mounted sensors, vibration and force measurements
	Continuous monitoring of wheel condition during railway operation
	(Alemi et al., 2017)

	
	Wavelet-Based Signal Processing
	Continuous wavelet transform, principal component analysis, AI-based detection
	Automatic early detection of wheel flats and impact-related defects
	(Mosleh et al., 2023)

	Condition-Based Maintenance
	Instrumented Wheelset Telemetry Systems
	Strain gauges, stress spectra, real-time monitoring
	Fatigue life estimation and predictive maintenance based on operational stresses
	(Maglio et al., 2022)

	Probabilistic Risk Analysis
	Probability of Instant Rail Break Assessment
	Dynamic wheel–rail impact loading, fracture probability models
	Evaluation of catastrophic rail failure risk caused by wheel impacts and existing cracks
	(Nielsen et al., 2022)



Table 4. Classification of methodologies for defect detection, modeling, and remaining life assessment in railway wheelsets.

A significant body of work has transitioned from deterministic to probabilistic frameworks for life assessment, recognizing the inherent variability in material properties, defect geometry, and operational loading. A powerful demonstration of this is the study by (Zixuan Li, 2026) who performed a probabilistic remaining life assessment of an in-service locomotive axle containing a field-detected circumferential wheel-seat crack. Their methodology was explicitly designed to handle uncertainty They characterized the distribution of crack growth parameters (the Paris law coefficients) and the initial crack depth from the field data. Using a Monte Carlo simulation, they then propagated these distributions through a fracture mechanics model to generate a probability distribution of the remaining safe life rather than a single deterministic value. This approach allowed them to define the probability of failure for any chosen inspection interval, providing a risk-informed basis for maintenance decision-making This probabilistic treatment is crucial because a deterministic prediction based on worst-case assumptions is often overly conservative, leading to premature and costly component retirement. In a related effort focused on a specific geometric stress-raiser, (Yihui Dong, 2024) evaluated the fretting fatigue strength of a scaled press-fitted railway axle containing a circumferential groove defect. They performed a detailed fracture mechanics analysis, calculating the stress intensity factor (SIF) for a crack emanating from the groove root.
Their work provided a quantified relationship between the groove depth and the reduction in fretting fatigue strength, which can be used to set acceptance criteria for in-service axle inspections. They directly linked a detected geometric anomaly (the groove) to a predicted remaining strength, moving beyond a simple binary "defect/no-defect" assessment.

While the previous two studies assessed the life of an axle, the methodology for assessing the consequence of a wheel impact on a pre-existing rail defect was addressed by (Nielsen et al., 2022). They developed a model to compute the probability of an instant rail break, initiated at a known rail foot crack, when subjected to a wheel-rail impact loading event, such as that from a wheel flat. Their approach combined a simple, validated wheelset model that accurately simulated the dynamic impact forces with a probabilistic crack propagation model. The key outcome was a probability function that related the magnitude of the impact force, the size of the existing rail foot crack, and the material's fracture toughness to the likelihood of an immediate, catastrophic failure upon impact. This is a critical methodology for operational safety management, as it connects a specific, detectable defect (a rail foot crack) with a specific, preventable operational condition (a wheel flat) to a quantified risk of a catastrophic derailment.
The development of accurate predictive models for damage evolution is a cornerstone of modern life assessment, and several studies have advanced the state-of-the-art in this domain. (Bevan et al., 2013) presented a comprehensive wheel wear and rolling contact fatigue damage model. The model integrates a contact mechanics solver CONTACT algorithm to compute the local contact pressure and slip distribution, a wear model to predict material removal as a function of frictional work, and a fatigue model based on the shakedown theory and a critical plane approach to predict crack initiation and early growth. The model was validated against full-scale wheel testing and was able to accurately reproduce the evolution of surface damage the development of surface cracks and their propagation depth under varying loading and friction conditions. This integrated approach is powerful because it captures the competing and synergistic effects of wear and fatigue, which are often treated in isolation. Complementing this surface damage model, (Zou et al., 2020) developed a finite element-based methodology to simulate fretting wear and fatigue in full-scale railway axles. This is a technically demanding simulation because it requires a high-resolution mesh at the contact edge, a frictional contact algorithm that models stick-slip behavior, and a wear algorithm that progressively updates the geometry of the wheel seat and axle seat. Their results accurately predicted the location and depth of fretting wear scars on the axle seat and successfully identified the region of maximum fretting fatigue crack risk, which was validated against experimental data from a full-scale axle test rig This demonstrates that it is now computationally feasible to simulate the complex, multi-physics damage process at a critically important interface, directly informing design modifications to reduce stress concentration.

While predictive modeling is powerful, its inputs and calibration rely heavily on robust failure analysis and detection. The foundational work of (Alemi et al., 2017) established a systematic framework for analyzing failures in railway axles. They categorized failures by cause (e g., fretting fatigue, corrosion fatigue, material defect) and linked each cause to a specific set of preventative measures, such as changes in material specification, surface treatment, or geometric design. This
framework is an essential prerequisite for any life assessment, as it guides the user in identifying the type of defect or damage mechanism that is present. A practical application of such a framework is provided by (Odanovic et al., 2015b) who conducted a metallurgical investigation into the fracture of a freight car axle. Through fractography and microstructural analysis, they identified a manufacturing defect (a forging lap) as the root cause of the fatigue crack, and they also determined that the operational loading (high dynamic forces from wheel flats) exacerbated the propagation. Their analysis directly led to recommendations for improved forging quality control and more stringent operational limits on wheel flats, demonstrating the direct industrial impact of rigorous failure analysis Finally, the ability to detect defects in the first place is a prerequisite for any life assessment. The work of (Alemi et al., 2017) provides a comparative assessment of condition monitoring approaches for detecting railway wheel defects. They evaluated acoustic emission (AE), axle box acceleration (ASA), and wayside monitoring systems Their analysis showed that while AE is highly sensitive to the initiation and propagation of cracks (capturing the release of elastic energy), ASA is more effective for detecting geometric defects like flats or polygonization. They concluded that a fusion of these methods, perhaps integrating both on-board and wayside sensors, offers the most comprehensive monitoring solution for detecting the full spectrum of wheel defects from early crack initiation to geometric wear anomalies. preferred location for crack initiation. The phenomenon of wheel polygonization, initially understood as a wear process, is now recognized as a potent stress concentrator that can induce fatigue cracks not only in the wheel itself but in adjacent components such as brake disc hubs and axles (19). Furthermore, the press-fit interface between the wheel and axle emerges as a site of particular vulnerability, where fretting wear and fretting fatigue interact synergistically to create a complex, multi-axial stress state that is difficult to model and predict. The evolution of residual stresses over the service life of a wheel, as documented by (P. A. B. , A. Molyneux-Berry, 2013), adds another layer of temporal complexity: the beneficial compressive stresses that protect a new wheel from crack propagation can relax over time, leaving an aged component more susceptible to failure than a new one, even under identical loading conditions. This finding has profound implications for life assessment, as it suggests that the material's resistance to fracture is not a constant but a function of accumulated service history.

From a theoretical perspective, this review contributes a structured framework that clarifies the relationships between the three core dimensions of wheelset fracture. The mechanistic studies of initiation and wear provide the fundamental physical understanding, the operational and geometric studies explain how this fundamental understanding manifests in real-world variability, and the methodologies for detection and modeling provide the tools to translate this knowledge into actionable predictions. The consistency of findings across these dimensions suggests that the field has achieved a mature conceptual foundation, one that is ripe for integration into unified, multi physics models. However, several contradictions and unresolved issues persist. For instance, the precise conditions under which the wear-fatigue equilibrium is stable versus unstable remain poorly understood, particularly under the transient loading conditions that characterize real railway operations, such as start-up, braking, and curve negotiation The studies by (Bevan et al., 2013) and Peng and Zhou (38) represent important steps toward modeling these interactions, but they are often validated under simplified laboratory conditions that do not fully capture the stochastic nature of in-service loading. Moreover, there is a noticeable disconnect between the sophisticated probabilistic life assessment frameworks developed for axles (34] and the more empirical, experience-based approaches often used for wheel tread damage This gap is likely due to the greater geometric complexity and the more diffuse nature of damage on the wheel tread compared to the more localized stress concentrations at axle interfaces.
The practical implications of these synthesized findings are substantial and directly relevant to railway operators, manufacturers, and regulators. First, the recognition that damage evolution is highly sensitive to the specific operating context suggests that a one-size-fits-all inspection interval or maintenance strategy is inherently suboptimal. The work by (Wingren, 2007) on the variation of RCF risk across different passenger train types provides a compelling argument for route-specific and fleet-specific maintenance planning. Second, the finding that anti-slip control systems can paradoxically increase subsurface fatigue damage (Yang et al., 2023) highlights the need for a systems-level perspective in vehicle design, where the control software, the braking hardware, and the wheel material are optimized together rather than in isolation. Third, the dangerous trade-off between wear reduction and fatigue acceleration when using lubricants (W. J. Wang et al., 2017) has direct implications for rail greasing practices: the application of friction modifiers at the gauge face to reduce flange wear must be carefully controlled to prevent their migration onto the wheel tread, where they could promote crack growth. Fourth, the documented relaxation of compressive residual stresses over the wheel's life (P. A. B. , A. Molyneux-Berry, 2013) suggests that re-profiling (turning) a worn wheel may not fully restore its original fatigue resistance, as the underlying material has already undergone irreversible plastic deformation and stress redistribution. This insight should inform the development of more sophisticated acceptance criteria for wheel re-profiling, moving beyond a simple geometric check to include an assessment of the material's remaining fatigue life. Finally, the advanced detection and monitoring methods surveyed in this review (Alemi et al., 2017) offer a pathway toward predictive maintenance, where acoustic emission sensors or axle box accelerometers could provide continuous, real-time data on the condition of the wheelset, allowing operators to intervene before a crack reaches a critical size.
capture the full complexity of the wheelset's service environment. While some studies have modeled the thermal-mechanical coupling from braking (Peng et al., 2012) and others have modeled the fretting damage at the axle interface (Zou et al., 2020), no single study has yet combined these disparate damage drivers into a unified model that accounts for the simultaneous effects of rolling contact fatigue, wear, thermal cycling, and fretting across the entire wheelset assembly. Future research should explore the development of such a multi-physics, multi-scale model, validated against full-scale, instrumented wheelset tests under realistic loading spectra. Such a model would be an invaluable tool for optimizing wheel and axle design, material selection, and maintenance schedules. Another understudied area is the role of microstructural evolution during service. The white etching layer (Chawanat & Akama, 2024) is a well-known phenomenon, but the broader evolution of the wheel steel's microstructure under severe plastic deformation, including grain refinement, phase transformation, and the dissolution of carbides, is not fully characterized and is rarely linked quantitatively to crack initiation models.
Future research should combine high-resolution characterization techniques, such as electron backscatter diffraction and transmission electron microscopy, with micromechanical modeling to predict how the material's local properties change over the life of the wheel and how these changes affect its resistance to crack initiation. Furthermore, the probabilistic life assessment frameworks developed for axles (Zixuan Li, 2026) need to be extended to wheel tread damage, which is more spatially distributed and influenced by a wider range of operational variables. This would require the collection of large datasets of wheel profiles, contact forces, and crack inspection results from revenue service, which is a significant but necessary investment for the industry. Finally, the interaction between the wheelset and the broader vehicle-track system deserves more attention.
The finding that wheel polygonization can cause fatigue cracks in brake disc hubs (Qu et al., 2022) suggests that damage in one component is not isolated; it can propagate through the dynamic system to affect others. Future research should explore how vehicle dynamics, track geometry, and wheel condition interact to create a system-level damage evolution problem, perhaps using multi-body dynamics simulations coupled with local damage models.





4. Discussions

This review shows that railway wheelset fractures happen due to lots of different factors working together like rolling contact fatigue (RCF), wear, heat, and how the materials are structured. Experts keep finding that RCF is super important because it often causes cracks, which can start at the surface from stuff like defects, inclusions, and places where there's too much stress. 
The studies also point out that how trains run matters a lot. Things like how heavy the load is, speed, braking, and track shape can all affect whether or not a wheel fails. Progress in detecting defects using non-destructive tests and models based on fracture mechanics has been made, but current methods still struggle to handle all these issues together when the wheel is actually in use.

Also, scientists don’t completely grasp how wheel stress and structure change over time. This means future studies need to look into creating better models that can predict failures by considering fatigue, wear, temperature, and varying operating conditions. That way, they can develop more dependable ways to check wheelset health and manage maintenance.


5. Limitations and Gaps 

There are various limitations to the systematic literature review that need to be pointed out. Firstly, the systematic review was conducted in the context of articles written only in English, thereby introducing the element of language bias and potentially overlooking other studies that might be relevant but were written in other languages, especially from countries where rail industry is very developed, for instance China, Japan, Germany, and Russia. Secondly, the systematic review made use of a pre-established set of keywords when conducting the search in the databases. While a wide variety of keywords including railway wheelset, fracture, rolling contact fatigue, and crack propagation were applied, relevant articles using terms such as “shelling,” “spalling,” and “surface damage” could still have been missed. Thirdly, the grey literature like technical reports, industrial unpublished data, maintenance manuals, as well as documentation provided by the railways companies was ignored in the process of the systematic review. Although the exclusion of grey literature strengthened the credibility of the sources reviewed in scientific terms, some potentially useful information might have been missed out.
Moreover, quite a number of the reviewed studies have been validated within lab-controlled or simulated circumstances instead of real operating situations of railway operations. 

This systematic review found that railway wheelset failures mainly come from rolling contact fatigue (RCF), wear, thermal stresses, residual stress evolution, and material defects – all causing cracks to start and grow. What's more, things like axle load, braking conditions, wheel geometry, lubrication, and how wheels interact with the rails really affect damage. 
The review pointed out that there’s an increasing use of advanced non-destructive testing (NDT), structural health monitoring (SHM), and models based on fracture mechanics for better safety and maintenance. Still, some key research areas need attention. For one, there's a lack of multi-physics models looking at fatigue, wear, thermal effects, and fretting damage all together during real operations. Also, scientists haven't focused much on how the microstructure changes during service, doing a probabilistic life assessment of wheel damage, or examining wheel-axle failures and vehicle-track interactions from a system-level view. 
Tackling these gaps could make wheelset life predictions way more accurate, leading to improved predictive maintenance strategies.

6. Conclusion

This systematic literature review synthesized current knowledge on mechanical fracture and crack mechanisms in railway wheelset materials across three core dimensions, revealing a field where fundamental understanding has matured yet significant integration remains unachieved. Found that crack initiation is governed by a dynamic equilibrium between rolling contact fatigue and wear, with subsurface inclusions and white etching layers serving as primary nucleation sites, while operational parameters such as axle load, braking strategies, and lubrication actively modulate which damage mode dominates. The synthesis confirms that component geometry, particularly wheel profile curvature and press-fit interface design, fundamentally shapes stress distributions and crack propagation trajectories, and that residual stress evolution over service life progressively diminishes the material's inherent fatigue resistance. Methodologically, the transition from deterministic to probabilistic life assessment frameworks and the development of integrated wear fatigue models represent significant advances, yet these tools remain largely validated under idealized conditions rather than the stochastic reality of in-service operation
The practical implications of these findings are direct and actionable for railway operators and manufacturers, as they underscore that maintenance strategies must be fleet-specific and route specific rather than universal, that interventions like lubrication and anti-slip control carry hidden trade-offs between wear reduction and fatigue acceleration, and that re-profiling worn wheels cannot fully restore original fatigue resistance due to irreversible microstructural changes The theoretical contribution of this review lies in its structured framework that explicitly maps the interactions between mechanistic understanding, operational modulation, and predictive methodology, providing a coherent basis for future research. We recommend that future work prioritize the development of integrated, multi-physics models that simultaneously capture rolling contact fatigue, wear, thermal cycling, and fretting across the entire wheelset assembly, validated against full-scale, instrumented tests under realistic loading spectra. Without such integration, the gap between laboratory understanding and field reliability will persist, limiting our ability to prevent the catastrophic failures that remain an unacceptable risk in modern railway operations
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