
Science Progress and Humanity
   2025 Volume 1, Issue 1

-44-

Research on Rail Flaw Detection, Damage Causes, and Pre-
vention in Universal Speed Railway
Jiaqi Zhao*
Engineering Machinery Section, China Railway Xi’an Bureau Group Co., Ltd., Xi’an 710016, China

*Corresponding author: Jiaqi Zhao, jsk@nwu.edu.cn

Copyright: © 2025 Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 4.0), permitting distribution and reproduction in any medium, provided the original work is cited.

Abstract: The universal speed railway is a critical component of China’s railway network, carrying substantial passenger 
and freight transportation responsibilities. Steel rails, as the key elements of universal speed railway lines, directly influence 
the safety and efficiency of railway operations [1]. However, prolonged usage, environmental erosion, material fatigue, and 
other factors inevitably lead to various forms of rail damage. Consequently, research on rail flaw detection and the causes 
of rail damage is crucial for ensuring the safety and stability of railway transportation. This study aims to comprehensively 
examine the types, patterns, and characteristics of rail damage in universal speed railways and to identify effective measures 
for preventing rail breakage. By analyzing the flaw detection cycle, primary damage types, and rail breakage prevention 
strategies [2], this research seeks to offer valuable references and recommendations for the maintenance of railway lines, 
thereby contributing to the continued safety and stability of railway transportation.
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1. Rail inspection cycle
1.1. Specified inspection cycle
The specified inspection cycle is determined based on actual conditions and accumulated experience, with the primary 
goal of ensuring the safe operation of railway lines. The specific inspection frequency may depend on several factors [3], 
including industry standards and specifications, rail manufacturer requirements, and operational conditions. Generally, the 
specified inspection cycle is once every one to two years.

The determination of the inspection cycle typically considers the following factors:
(1) Operating mileage: The inspection frequency of rails is correlated with the mileage of trains. Prolonged train 

operations can cause rail fatigue and increase the likelihood of defects. Thus, railway lines with higher mileage 
usually require shorter inspection cycles.

(2) Rail life: Rails have a predefined service life, after which more frequent flaw detection is necessary. Typically, the 
service life of a rail is approximately 20 years, and rails exceeding this age require increased inspection frequency.

(3) Environmental factors: Specific environmental conditions can accelerate rail aging and damage, such as regions 
with high humidity, heavy rainfall, or proximity to coastlines. In such environments, the inspection cycle should 
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be shortened, and rail monitoring should be intensified.

1.2. Dynamic flaw detection cycle
The dynamic inspection cycle involves real-time monitoring and evaluation of rail conditions, with the inspection intervals 
adjusted based on actual circumstances and signals [4]. Advances in science and technology have made the dynamic flaw 
detection cycle a focal point in the field of rail inspection.

Key aspects of the dynamic flaw detection cycle include:
(1) Multi-parameter monitoring: By collecting data on multiple parameters, such as stress, temperature, and vibration, 

combined with relevant physical models and algorithms, real-time monitoring of rail conditions can be achieved. 
This data enables the evaluation of rail performance and helps determine the necessity of flaw detection inspections.

(2) Feature extraction and analysis: Rail data can be analyzed to extract features indicative of potential damage or 
defects, such as vibration spectra, stress distribution, and temperature variations [5]. This analysis provides a 
comprehensive assessment of rail health and informs decisions regarding the need for inspections.

(3) Adaptive inspection cycle: The dynamic inspection cycle can be automatically adjusted based on real-time data 
and signals, ensuring that inspections are conducted as needed.

2. The main damage types of universal speed railways
2.1. Rail head wear and crushing
During train operations, continuous pressure and friction between the wheel and rail result in wear and crushing of the 
rail head. Rail head wear typically occurs in two forms: tangential wear and radial wear [6]. Tangential wear refers to the 
abrasion caused by the wheel rolling over and cutting the metal surface of the rail head. Radial wear, on the other hand, 
arises from the radial force exerted by the rim on the rail head surface. Crushing occurs due to factors such as the vehicle’s 
load, wheel rolling, and the geometry of the track. It is primarily manifested as depressions, deformations, and indentations 
on the track surface.

The main causes of rail head wear and crushing include:
(1) Running speed: The speed of the train significantly affects the degree of wear. High-speed trains experience 

increased friction between wheels and tracks, leading to more severe wear.
(2) Material and quality: The hardness and strength of the rail material directly influence its wear resistance and 

compressive strength. Defects such as impurities, inclusions, and pinholes reduce the quality of the rail, increasing 
susceptibility to wear and crushing.

(3) Track geometry: Geometric parameters, such as levelness and verticality, also impact wear and crushing. Tracks 
that do not meet regulatory requirements are more likely to experience damage [7].

2.2. Stripping and loss of material blocks
Stripping refers to the separation of metal material from the rail’s surface, while the loss of material blocks describes the 
advanced stage of stripping, where localized shedding or material loss occurs. Stripping is typically characterized by the 
loosening, bulging, or detachment of metal material from the rail surface. This phenomenon progressively worsens during 
operation, eventually causing noticeable unevenness on the rail surface.

The occurrence of stripping and material block loss is influenced by several factors, including rail material and 
quality, installation conditions, operating speed, and track gauge [8]. Key causes include:

(1) Material quality and structure: Internal defects and an uneven organizational structure in the rail affect its hardness 
and strength, increasing the likelihood of stripping.

(2) Installation conditions: Improper rail installation, such as inadequate pressure or temperature control, weakens the 
bond between the rail surface and its base, thereby promoting stripping.
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(3) Operating speed and gauge: High-speed trains impose greater dynamic stress on the rail surface, elevating the risk 
of stripping. Similarly, an improper gauge size contributes to the likelihood of material loss.

2.3. Rail cracks
A rail crack refers to the occurrence of linear or point-like fractures in the rail. Rail cracks primarily include stress cracks, 
fatigue cracks, and fracture cracks. The formation of cracks is influenced by several factors, including the material 
properties of the rail, the stress state, and environmental conditions. The material and quality of the rail play a significant 
role in crack formation [9]. Defects in the rail material, such as inclusions, abnormal hardening layers, or uneven grain 
fineness, can predispose the rail to cracking. Additionally, substandard rail quality, characterized by uneven surface 
hardness or inadequate welding joint strength, increases the likelihood of crack development.

Furthermore, the service life of the rail indirectly affects crack formation. Prolonged use results in wear, indentation, 
and stripping on the rail surface, which weakens the rail’s resistance to cracking, thereby heightening the risk of crack 
occurrence. The stress state of the rail also significantly impacts crack formation. Excessive or insufficient stress can 
easily lead to cracks. Regular train operations impose continuous loads and stresses on the rail; excessive stress diminishes 
the rail’s crack resistance, increasing crack generation, while insufficient stress can cause rail loosening and relative 
movement, exacerbating crack formation and propagation.

Environmental factors are another crucial aspect influencing crack formation. For instance, steel rails are susceptible 
to corrosion and hydrogen embrittlement in wet environments, accelerating crack development. Additionally, temperature 
fluctuations can affect crack formation. Thermal shocks from rapid temperature changes can induce hot cracks in rails, and 
thermal expansion under high-temperature conditions may also promote crack formation [10].

3. Rail break prevention measures
3.1. Improve the system, consolidate the foundation, and enhance operating standards
Rail inspection plays a critical role in ensuring the safe and stable operation of railway lines. A comprehensive system 
and well-defined operating standards form the foundation of effective rail inspection. Therefore, attention must be given 
to system development and the improvement of operational protocols to provide a strong guarantee for rail flaw detection 
activities.

Firstly, establishing a robust rail inspection management system is essential for the smooth execution of rail 
inspection tasks. The system should clearly define the objectives, responsibilities, tasks, and requirements associated with 
rail inspection. It should standardize the processes and methods employed during inspections to ensure their quality and 
effectiveness. Additionally, a detailed rail flaw detection file management system should be implemented to document 
each inspection, facilitating subsequent data analysis and research into potential issues.

Secondly, consolidating the foundation of rail inspection is vital for improving the quality of the work. Rail flaw 
detection involves various aspects, including equipment, personnel, and technology, all of which must be solid and reliable 
[11]. For instance, advanced rail flaw detection equipment should be utilized, and regular maintenance should be conducted 
to ensure its stability and accuracy. In terms of personnel, it is necessary to enhance the training and management of 
inspection staff to improve their professional expertise and sense of responsibility. Regarding technology, research and 
development of rail flaw detection techniques should be intensified to continuously enhance the precision and efficiency of 
inspections.

Lastly, refining operating standards is crucial for standardizing rail flaw detection activities. These standards should 
specify the detailed operational requirements and quality benchmarks for every stage of the inspection process, ensuring 
consistency and adherence to established guidelines. Furthermore, operating standards should be regularly reviewed and 
updated to align with advancements in rail materials and process technologies, enabling the rail flaw detection process to 
meet evolving industry demands.
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3.2. Reinforcing weaknesses and utilizing scientific playback
In rail flaw detection, it is essential not only to establish a comprehensive system and improve operating standards but 
also to address weaknesses in the process and employ scientific methods for playback analysis to enhance the quality and 
effectiveness of inspections.

Firstly, addressing weaknesses in rail flaw detection is a critical step in improving its quality. The deficiencies in 
rail flaw detection may include aspects such as equipment, personnel, and technology. Specific measures should be 
implemented to address these issues. For instance, in terms of equipment, more advanced rail flaw detection tools can 
be adopted to enhance the precision and efficiency of inspections. Regarding personnel, the training and management of 
inspection staff should be reinforced to improve their professional skills and sense of responsibility. From a technological 
perspective, the research and application of innovative rail flaw detection methods should be intensified to further enhance 
accuracy and efficiency [12].

Secondly, employing scientific methods for playback analysis is a crucial aspect of improving the outcomes of rail 
flaw detection. Playback analysis involves detailed examination and research of rail flaw detection data to identify patterns 
and characteristics of rail damage, providing an important basis for implementing effective prevention and repair measures. 
Various methods, including data analysis, image recognition, and pattern recognition, can be used to process and analyze 
rail flaw detection data. Moreover, advanced technologies such as artificial intelligence can be utilized to automate and 
intelligently process playback data, thereby improving both the accuracy and efficiency of the analysis.

 Finally, it is important to emphasize that the principles of scientific rigor and objectivity must be upheld 
throughout the process of addressing weaknesses and conducting playback analysis. Rail flaw detection is a highly 
specialized task that relies on scientific methods and techniques for effective analysis and resolution. Furthermore, the 
results of playback analysis must remain objective and impartial, free from subjective influences. Adhering to these 
principles ensures that the quality and effectiveness of rail flaw detection are genuinely improved, thereby providing 
stronger support for the safe and stable operation of railway lines [13].

3.3. Improving testing equipment and enhancing work quality
Rail inspection is a critical process for ensuring the safe and stable operation of railway lines, and the availability of 
advanced inspection equipment is pivotal to improving the quality and effectiveness of rail flaw detection. Emphasis must 
be placed on the enhancement and promotion of testing equipment to provide strong support for rail inspection work.

Firstly, the selection of advanced rail inspection equipment is fundamental to improving the quality and effectiveness 
of inspections. With the continuous advancement of science and technology, innovative rail flaw detection equipment, 
such as ultrasonic phased array technology and electromagnetic ultrasonic technology, has emerged. These technologies 
offer higher detection accuracy and efficiency, enabling better identification and resolution of rail damage. It is essential to 
strengthen the research and application of such new technologies to continually enhance the precision and efficiency of rail 
flaw detection.

Secondly, regular maintenance of rail flaw detection equipment is vital to ensuring its stability and accuracy. The 
performance of such equipment can be affected by various factors during use, including environmental conditions, 
temperature, and humidity, which may lead to a decline in stability and accuracy [14]. Therefore, it is necessary to perform 
routine maintenance checks, verify that all performance indicators are within acceptable ranges, and promptly identify and 
address potential issues to maintain optimal functionality.

Finally, reinforcing the detection and management of rail inspection equipment is essential for ensuring high-quality 
and effective operations. Rail flaw detection equipment generates extensive data and information during use, which must 
be meticulously monitored and managed to ensure data accuracy and reliability. Additionally, establishing a comprehensive 
equipment management system is crucial to standardizing the processes for using, maintaining, and servicing the 
equipment. This ensures its long-term stability and precision, thereby contributing to the overall improvement of rail 
inspection work quality.
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3.4. Tackling key issues and ensuring continuous improvement
In rail inspection work, alongside enhancing inspection equipment and strengthening operational management, it is 
essential to conduct in-depth research and implement continuous improvements based on the laws and characteristics of 
rail damage. These efforts aim to enhance the quality and effectiveness of rail inspection activities.

Firstly, conducting in-depth research on the laws and characteristics of rail damage represents a crucial approach 
to improving the quality and effectiveness of rail inspection work. The occurrence and progression of rail damage are 
influenced by various factors, including material properties, environmental conditions, and applied loads. Therefore, it is 
necessary to perform thorough research and analysis to understand these influences and to identify effective prevention 
and repair measures. A variety of methods, such as experimental research, numerical simulations, and field observations, 
can be employed to study the mechanisms and development of rail damage. Furthermore, advanced testing technologies 
and methods, such as non-destructive testing and microstructural analysis, can be utilized to detect and analyze rail damage 
with greater precision.

Secondly, the application of the Plan, Do, Check, Act (PDCA) cycle method provides an effective framework 
for continuous improvement in rail inspection work [15]. This method, commonly used in quality management, offers a 
systematic approach to enhancing the accuracy and efficiency of rail flaw detection. In practice, it involves formulating 
detailed plans and objectives to clarify tasks and requirements for each stage; executing tasks according to the established 
plan; inspecting and evaluating implementation results; and analyzing outcomes to identify existing problems and 
deficiencies. Subsequently, based on these insights, new plans and objectives can be formulated to initiate the next cycle of 
improvement.

Finally, adherence to the principles of innovation and practicality is essential in the process of tackling key issues 
and implementing continuous improvements. Addressing and refining key aspects of rail inspection work is a long-term 
and challenging endeavor that requires persistent exploration and innovation. Simultaneously, the improvement measures 
and methods adopted must be both practical and actionable to ensure their applicability and effectiveness in real-world 
operations. This approach not only enhances the quality and outcomes of rail flaw detection but also provides a stronger 
guarantee for the safe and stable operation of railway lines.

4. Conclusion
The research on railway rail flaw detection and the causes of damage is a long-term and challenging task, requiring 
continuous exploration and innovation. Valuable results and insights have been gained through the detailed examination 
of the rail flaw detection cycle, the main types of damage, and the prevention measures for rail breakage. Future research 
will focus on enhancing collaboration and exchanges with related fields, introducing advanced detection technologies 
and methods, and improving the accuracy and efficiency of rail flaw detection. Additionally, attention will be given to the 
development and application of new materials and processes to enhance rail quality and performance. It is expected that, 
with continued efforts, research on railway rail flaw detection and damage causes will yield even more significant results 
and contribute further to the safety and stability of railway transportation.
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