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Abstract 

The assessment of digital maturity in rail transportation, a crucial infrastructure for sustainable development, has 

gained increasing importance. This research employs text mining to systematically analyze scientific literature 

exploring digital maturity components in the rail industry. 87 scientific articles published between 2016 and 2025 

from reputable international databases were analyzed using advanced text mining techniques, including sentiment 

analysis, K-means clustering, LDA topic modeling, and n-gram algorithm in Python. Results identify five key 

areas: emerging technologies, digitalization challenges, cybersecurity, practical applications, and environmental 

sustainability as main transformation axes. Sentiment analysis reveals predominantly positive attitudes (65%) 

towards this transformation, with 15% negative and 20% neutral responses. The findings recommend rail industry 

leaders adopt an integrated approach to digital transformation management, emphasizing cybersecurity 

infrastructure, environmental sustainability, and digital skills development. 
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1. Introduction 

The rail transportation industry, as one of the 

main pillars of countries' economic and social 

development, has faced extensive 

transformations in recent decades. This 

strategic industry, which plays a vital role in 

passenger and cargo transportation, is now at 

the threshold of a fundamental paradigm shift 

(Ale F). The fourth industrial revolution and the 

emergence of new digital technologies have 

influenced all aspects of this industry, doubling 

the necessity to revise traditional models of 

management and operation of rail systems 

(Zunder Th, 2023). 

The need for new technologies is essential as 

one of the factors for achieving innovation and 

its benefits (Khamseh, A. and Sadeghi, Y. 

2018).Digital transformation in the rail 

industry, known as "Railway 4.0," extends 

beyond mere technological change. This 

transformation has created a profound shift in 

the design, construction, operation, and 

maintenance of rail systems, opening new 

horizons in safety, efficiency, and 

sustainability. Studies show that implementing 

smart solutions in the rail industry can lead to 

significant reductions in operational costs, 

increased reliability, and improved service 

quality (Awodele Ia). 

Competitive pressures, changing customer 

expectations, and environmental requirements 

have driven the rail industry toward adopting 

new technologies. In this context, the concept of 

smart railway has emerged as a response to 

these challenges (Kumar S, 2025). According to 

recent studies, integrating digital technologies 

into rail infrastructure can achieve up to 35 

percent energy savings and reduce travel delays 

by up to 45 percent (Kljaić Z, 2023).  

However, the path of digital transformation in 

the rail industry faces multiple challenges. 

Technical barriers, infrastructure limitations, 

resistance to change, and management 

complexities are among the most significant 

challenges. Studies by Carranza et al. (Carranza 

G) indicate that over 60 percent of digital 

transformation projects in the rail industry face 

delays or failure, highlighting the necessity for 

a more precise understanding of success 

patterns and trends. 

A review of the literature shows that numerous 

studies have been conducted on various aspects 

of digital transformation in the rail industry. For 

example, López-Aguilar et al. (López-Aguilar 

P, 2022) have examined information security 

and privacy challenges in railways. Bianchi et 

al. (Bianchi G) have studied new techniques for 

monitoring rail infrastructure. Additionally, 

Siddiqui et al. (Siddiqui A, 2024) have 

investigated the impact of fourth-generation 

technologies on transportation industry 

sustainability. 

However, there remains a significant gap in the 

comprehensive understanding of digital 

maturity components in this industry. Existing 

studies have largely focused on specific aspects 

of digital maturity and have not provided a 

holistic and integrated picture of its 

components. This is while a deep understanding 

of transformation trends and patterns is 

essential for successful implementation of 

digital solutions. 

The present research aims to fill this scientific 

gap by analyzing digital maturity components 

in the rail industry. The contribution of this 

research can be considered in several 

dimensions. First, this study takes a 

comprehensive and systematic approach to 

identifying and analyzing emerging trends in 

digital transformation of the rail industry for the 

first time. Second, the use of novel text mining 

methodology in analyzing the scientific 

literature in this field enables the discovery of 

hidden patterns and meaningful relationships. 

Third, this research helps bridge the gap 

between theory and practice by providing an 

integrated conceptual framework for 

understanding various dimensions of digital 

transformation in the rail industry. Fourth, 

identifying key challenges and opportunities in 

the path of digital transformation can serve as a 
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practical guide for policymakers and managers 

in the rail industry. 

Given the importance of the topic and the 

existing research gap, this study seeks to answer 

the main question of what are the main 

components of digital maturity in the rail 

industry and what meaningful patterns can be 

identified in relation to these components? 

Answering this question can significantly help 

in better understanding the path of digital 

transformation and improving the decision-

making process in this strategic industry. Next, 

after reviewing the research literature, the 

research method is introduced, and then the 

findings, conclusions, and discussion are 

presented. 

2. Literature Review 

2.1. Industry 4.0 and Digital 

Transformation 

Industry 4.0 or the fourth industrial revolution, 

first introduced at the Hannover Fair in 

Germany in 2011, represents a profound 

transformation in production and service 

methods through the integration of digital and 

physical technologies (K. A. Zamany A, 2022). 

This concept aims to create intelligent systems 

where machines, products, and systems can 

autonomously exchange information with each 

other (Duan L, 2024). Kljaić et al. (Kljaić Z, 

2023) in their research demonstrated that 

Industry 4.0 is characterized by key features 

such as vertical and horizontal system 

integration, advanced and intelligent 

automation, and real-time data-based decision 

making. 

The core technologies forming the foundation 

of this transformation encompass a broad 

spectrum (K. A. I. S. Zamany A, 2024). Singh 

et al. (Singh P, 2022) identify the Internet of 

Things as one of the most important of these 

technologies, enabling the creation of a network 

of connected devices and data exchange. Tang 

et al. (Tang R & et al., 2022) emphasize the key 

role of artificial intelligence and machine 

learning in analyzing complex data and 

automated decision-making. Additionally, Li et 

al. (Li J, 2023) highlight the importance of 

cloud computing in storing and processing 

massive amounts of data. 

Digital transformation extends beyond merely 

implementing new technologies. Babaei et al. 

(Babaei M) demonstrated in their research that 

this transformation requires fundamental 

changes in organizational culture, business 

models, and operational processes. Similarly, 

Asri et al. (Asri A) have emphasized the 

importance of integrated strategies in managing 

this transformation. Zunder et al. (Zunder Th, 

2023) have also shown in their studies that 

success in digital transformation requires 

simultaneous attention to technical and 

technological infrastructure, development of 

organizational capabilities, and change 

management and culture building. 

2.2. Smart Railway 

The concept of smart railway or Railway 4.0, as 

the manifestation of Industry 4.0 in the rail 

transport sector, represents a fundamental 

transformation in this industry (Dalewska M, 

2025). Laiton-Bonadiez et al. (Laiton-Bonadiez 

C, 2022) define smart railway as an integrated 

ecosystem where all components of the rail 

transportation system, from infrastructure to 

fleet and control systems, interact through 

digital technologies. 

Modern technologies play a key role in realizing 

the smart railway concept. Singh et al. (Singh P, 

2022) in their comprehensive study have shown 

that the Internet of Things enables real-time 

monitoring of tracks, wagons, and signaling 

systems. Carranza et al. (Carranza G) have 

examined the application of artificial 

intelligence in optimizing train movement 

planning and predicting maintenance needs. 

Additionally, Uhlenkamp et al. (Uhlenkamp Jf, 

2022) have emphasized the importance of 

digital twins in simulating and optimizing 

railway operations. 

Taraz Monfared et al. (Taraz Monfared N, 

2023) in their research on implementing IoT in 

the rail freight transportation industry have 
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identified multiple challenges, including 

infrastructure issues, cybersecurity, and the 

need for workforce skill development. 

Similarly, López-Aguilar et al. (López-Aguilar 

P, 2022) have emphasized the importance of 

information security and privacy in smart 

railways. 

However, the opportunities created by railway 

digitalization are significant. Tshabalala and 

Mpofu (Tshabalala S, 2023) have enumerated 

multiple benefits for smart railways, including 

increased safety, improved operational 

efficiency, cost reduction, and enhanced 

passenger services. Bohlooli et al. (Bohlooli N) 

have also shown in their study that intelligent 

customer knowledge management can lead to 

significant improvements in customer 

satisfaction and productivity in the rail 

transportation industry. 

2.3. Digital Maturity Assessment 

Models in Rail Industry 

Digital maturity assessment models are 

systematic frameworks for measuring 

organizations' progress in their digital 

transformation journey. Brezavšček and Baggia 

(Brezavšček A, 2025) in their recent research 

introduce these models as strategic tools that 

enable assessment of current status, 

identification of gaps, and planning for digital 

transformation. Harrod (Harrod, 2025) also 

emphasizes the importance of these models in 

assessing rail organizations' readiness for 

adopting new technologies and managing 

digital transformation. 

In the transportation industry, digital maturity 

models have been developed considering the 

specific characteristics of this domain. Taifa 

and Twaha (Taifa Iw, 2025) in their study have 

presented a comprehensive framework for 

evaluating logistics service quality in rail 

transportation that encompasses various 

dimensions of digital maturity. Ogunmodede 

and Zincume (Ogunmodede O, 2024) have also 

emphasized the importance of developing 

digital skills alongside technological maturity 

assessment. 

Research background shows that digital 

maturity assessment in the rail industry is of 

particular importance. Schumacher et al. 

(Schumacher A, 2016) presented a model for 

assessing Industry 4.0 readiness that included 9 

dimensions for evaluating fourth industry 

maturity. Similarly, Comuzzi and Patel 

(Comuzzi M, 2016) proposed a framework for 

comprehensive maturity assessment that 

considers various dimensions such as 

technology, safety, sustainability, and customer 

satisfaction. 

Chen et al. (Chen Zs) presented a stakeholder-

based maturity assessment model that considers 

the perspectives and expectations of various 

stakeholders. Additionally, Kim et al. (Kim S, 

2022) focused on the challenges facing the 

implementation of maturity assessment models 

and identified key barriers such as lack of data 

standardization, resistance to change, and 

limited stakeholder participation. 

Fathi et al. (Fathi Mr) have examined key 

factors influencing investment and financing in 

the rail transportation industry. Nazari & 

Rostamkhani (Nazari M, 2023) have also 

developed and prioritized freight transportation 

pricing strategies using the SWOT technique, 

demonstrating the importance of a systematic 

approach to assessment and development in the 

rail industry. 

3. Materials and Methods 

This research employs a qualitative approach 

using text mining methods to analyze digital 

maturity components in the rail industry. This 

section describes the research implementation 

stages, population and sample, data collection 

and analysis methods, and validation methods. 

3.1. Research Population 

The research population consists of all scientific 

articles published in the field of digital 

transformation and Industry 4.0 in rail 

transportation. To obtain an appropriate sample, 

an extensive search was conducted in reputable 

international scientific databases. These 

databases included Scopus as the most 
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comprehensive citation database, Web of 

Science as the oldest scientific database, IEEE 

Xplore focusing on technical and engineering 

articles, and ScienceDirect as one of the most 

credible scientific publishers. The search 

timeframe was limited to 2016-2025 to cover 

the latest trends and developments in this field. 

To ensure search comprehensiveness, multiple 

specialized keywords were used, including "rail 

transportation," "digital transformation," 

"Industry 4.0," "smart railway," "digital 

maturity," "IoT in railway," and "digital 

technologies." 

3.2. Article Screening and Selection 

Process 

The article screening process was conducted 

based on precise scientific criteria. Selected 

articles had to be in English and published 

between 2016 and 2025. Additionally, their 

primary focus had to be on digital 

transformation and emerging technologies in 

the rail industry, and they had to be research 

articles, review papers, or case studies. After 

applying these criteria and removing duplicate 

articles, 87 articles with appropriate quality and 

topical relevance were ultimately selected for 

final analysis. 

3.3. Data Preprocessing Process 

For data preprocessing, Python programming 

infrastructure was used along with specialized 

natural language processing libraries NLTK 

and SpaCy. In the first stage, texts were cleaned 

of extraneous elements such as punctuation 

marks, numbers, and special characters. Then 

all letters were standardized to lowercase, and 

stop words and irrelevant vocabulary were 

removed. Finally, word spellings were 

standardized and potential spelling errors were 

corrected to prepare the text for analysis. 

3.4. Data Analysis Methods 

Data analysis was conducted with a multi-

faceted approach using various text mining 

methods. In the first stage, the LDA model was 

used for keyword extraction, which identifies 

hidden topics and key concepts by analyzing the 

probabilistic structure of texts. Subsequently, n-

gram analysis was employed to discover 

meaningful patterns in texts, providing better 

understanding of concept context and 

background. Text sentiment analysis was 

performed using TextBlob to identify attitudes 

and approaches in scientific texts. For concept 

organization, the K-Means clustering algorithm 

was used, and finally, concept network analysis 

was conducted to understand relationships and 

semantic connections between key concepts. 

3.5. Results Validation 

Multiple measures were taken to ensure the 

validity and reliability of results. Content 

validity was ensured through evaluation and 

confirmation by rail industry experts. For 

convergent validity, results were compared with 

credible industry reports and recent review 

articles. The reliability of results was also 

examined through the use of various analysis 

methods and comparison of obtained results. 

Clustering quality was measured using the 

silhouette coefficient, and for ensuring research 

reproducibility, all analysis stages were 

carefully documented. This comprehensive 

approach to validation ensures the accuracy and 

precision of research findings. 

4. Research Findings 

Text mining analysis of articles in the field of 

digital maturity in the rail transportation 

industry has led to the identification of 

significant components and patterns. In this 

section, research findings are organized into 

several parts including descriptive analysis of 

articles, thematic content analysis, concept 

clustering, and conceptual network analysis. 

4.1. Data Preprocessing Results 

The data preprocessing was conducted in three 

main stages. In the first stage (text refinement), 

the data volume was reduced from 1,250,000 

words to 1,200,000 words, indicating successful 

removal of extraneous elements such as 

numbers, excess punctuation marks, and 

irrelevant characters. In the text standardization 

stage, the data volume remained constant, but 
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text quality and consistency improved through 

converting all text to lowercase. Finally, with 

the removal of high-frequency words, the final 

data volume reached 980,000 words. This 21.6 

percent reduction in data volume significantly 

helped improve the quality of subsequent 

analyses. Error! Reference source not found. 

shows the results of this stage.

Table 1. Results of Article Text Preprocessing and Refinement 

Stage Number of Words Before Processing Number of Words After Processing 

Text Refinement 1,250,000 1,200,000 

Text Standardization 1,200,000 1,200,000 

High-frequency Word Removal 1,200,000 980,000 

4.2. Analysis of Key Word Frequency 

The frequency distribution chart of 20 key and 

significant words in scientific texts can be seen 

in Error! Reference source not found.. 

 

 
Figure 1. Frequency Distribution of 20 Most Recurring Words in Article Texts

Word frequency analysis shows the focus of 

studies on key concepts related to maturity 

models and innovation in the rail industry. 

Terms like "Maturity Model", "Railway 

Innovation", and "Cybersecurity" top the list of 

frequent words. The strong presence of terms 

such as "Smart Infrastructure" and "Sensor 

Technology" indicates special attention to smart 

infrastructure and emerging technologies in the 

rail industry. Additionally, the high frequency 

of words like "Energy Efficiency" and "Asset 

Management" indicates the importance of 

energy consumption optimization and asset 

management in the digital transformation of the 

rail industry. 

The word cloud analysis presented in Error! 

Reference source not found. demonstrates that 

concepts related to smartification and 

digitalization of the rail industry have particular 

prominence. The size and position of words in 

this diagram indicate their relative importance 

in the literature. Interestingly, concepts related 

to cybersecurity and smart management also 

have a significant presence in the texts, 
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indicating a trend toward integrating new 

technologies with security considerations in the 

rail industry. 

 
Figure 2. Word Cloud of High-Frequency and Important Terms in Article Texts

Thematic analysis using the LDA model led to 

the identification of top 30 keywords shown in 

Error! Reference source not found.. These 

words, which had the highest frequency and 

topical relevance in the texts, represent the main 

focus areas of the studies. 
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Figure 3. Top 30 Keywords and Their Frequencies 

 

Analysis of LDA results shows that among the 

top 30 keywords, concepts related to maturity 

models and innovation in the rail industry have 

the highest frequency. "Maturity Model" with 

49,732 occurrences, "Railway Innovation" with 

49,131 occurrences, and "Cybersecurity" with 

46,090 occurrences top this list, indicating the 

main focus of studies on maturity assessment 

and innovation in the rail industry with a 

security-oriented approach. Additionally, the 

strong presence of "Energy Efficiency" with 

46,434 occurrences demonstrates researchers' 

special attention to energy consumption 

optimization in this industry. 

Deeper examination of keywords reveals that 

concepts related to smartification and 

digitalization are of significant importance. The 

strong presence of concepts like "Smart 

Infrastructure", "Sensor Technology", and 

"Asset Management" with frequencies over 

40,000 occurrences indicates a strong trend 

toward digitalization and smartification of rail 

infrastructure. Furthermore, the presence of 

concepts like "Autonomous Trains" and 

"Digital Twin" shows the industry's direction 

toward automation and digital simulation, 

which fully aligns with Industry 4.0 principles. 

4.3. Identification of Textual 

Patterns 

Using the n-gram technique, ten key patterns 

were identified in the texts, which are presented 

in Error! Reference source not found.. These 

patterns represent the dominant approach in 

studies that focus on digital transformation in 

the rail transportation industry. 

Table 2. List of 10 High-frequency Phrases or Word Sequences with Their Frequencies and Analysis 

Analysis Frequency High-frequency Phrase No. 

Indicates the importance of digital 

transformation in modern rail industry 
3,845 Digital transformation in railway industry 1 

Emphasizes smart management of rail 

infrastructure 
3,562 Smart railway infrastructure management 2 

Importance of maturity level assessment in 

rail industry 
3,241 Railway industry maturity assessment 3 

Application of IoT in predictive 

maintenance 
2,987 IoT-based predictive maintenance systems 4 

Necessity of real-time monitoring and 

control of rail systems 
2,856 Real-time monitoring and control 5 

Role of big data analytics in performance 

improvement 
2,734 Big data analytics in railways 6 

Importance of cybersecurity in smart rail 2,645 Cybersecurity for smart railways 7 

Trend toward train operation automation 2,532 Autonomous train operation system 8 

Focus on energy consumption optimization 2,423 Energy efficient railway systems 9 

Importance of implementing digital twin 

technology 
2,318 Digital twin technology implementation 10 

Analysis of high-frequency textual patterns 

indicates that research primarily focuses on four 

key areas: digital transformation, smart 

infrastructure management, organizational 

maturity assessment, and predictive 

maintenance systems. These patterns indicate 

the rail industry's movement toward integrating 

new technologies with existing infrastructure. 

In particular, the high repetition of phrases 

related to digital transformation and smart 

management demonstrates the high priority of 

these topics in the development path of Industry 

4.0 railways. 
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Furthermore, the strong presence of concepts 

such as cybersecurity, operation automation, 

and digital twin among frequent patterns 

indicates the increasing importance of safety 

and efficiency-related topics in the digital 

environment. Special attention to energy 

consumption optimization and real-time system 

monitoring also suggests that the rail industry, 

in its transformation path, is seeking greater 

sustainability and efficiency beyond 

smartification. The relationship graph presented 

in Error! Reference source not found. shows 

how different concepts are interconnected and 

form a coherent semantic network.

 
Figure 4. Connection Graph Between High-frequency Phrases 

4.4. Text Sentiment Analysis 

At this stage, using the TextBlob library, we 

performed content analysis and sentiment 

analysis of scientific texts. The main approach 

was to gain a deep understanding of researchers' 

attitudes and approaches in the field of Industry 

4.0 implementation in rail transportation. 

Error! Reference source not found. shows the 

distribution of emotional content in texts related 

to fourth-generation rail industry. 



Samaneh Moradi, Mehrdad Hosseini Shakib, Ali Badizadeh 

International Journal of Transportation Engineering, 

Vol. 13/ No. 2/ (50) Autumn 2025 
2242 

 
Figure 4. Distribution of Sentiment Content in Related Texts 

Text sentiment analysis shows that 65 percent 

of texts have positive sentiment, 15 percent 

have negative sentiment, and 20 percent are 

neutral in terms of emotional approach. Error! 

Reference source not found. shows examples 

of sentences with the highest positive and 

negative sentiment content.

Table 3. Examples of Sentences with Highest Positive and Negative Sentiment

Score Sentiment Sentence 

0.85 Positive 
Integration of Industry 4.0 technologies has revolutionized railway 

operations with remarkable improvements in efficiency and safety 

0.78 Positive 
Smart railway systems demonstrate exceptional potential for sustainable 

transportation solutions 

-0.72 Negative 
Cybersecurity threats pose significant risks to digitalized railway 

infrastructure 

-0.65 

 
Negative 

Legacy system integration challenges create substantial barriers to digital 

transformation 

Analyzing the probable reasons for positive or 

negative sentiment, it can be said that positive 

attitudes are mainly related to the potential of 

new technologies, efficiency improvement, and 

increased safety. In contrast, negative attitudes 

are more related to cybersecurity challenges, 

implementation costs, and legacy system 

integration issues. 

From the analysis conducted, it becomes clear 

that there are several key topics in attitudes 

toward the research subject, which are briefly 

mentioned in Error! Reference source not 

found..  

Table 4. Analysis of Attitudes Toward Digital Transformation in Rail Industry 

Analysis Attitude No. 

Positive view toward the potential of new technologies in performance 

enhancement 
Innovation Opportunities 1 
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Analysis Attitude No. 

Concern about cyber threats and protection of critical infrastructure Security Challenges 2 

Duality between high initial costs and long-term benefits Economic Issues 3 

Very positive attitude toward pollution reduction and energy consumption 

optimization 
Environmental Impacts 4 

Challenges related to workforce training and organizational culture change Change Management 5 

Sentiment analysis showed that despite 

significant challenges in the path of digital 

transformation in the rail industry, the dominant 

attitude in the scientific community toward this 

transformation is positive and encouraging. 

This indicates researchers' confidence in the 

potential of Industry 4.0 in enhancing the rail 

transportation industry. 

4.5. Concept Clustering 

Using the Scikit-learn library and implementing 

the K-Means clustering algorithm, we 

proceeded to categorize the extracted concepts. 

The main approach was to achieve meaningful 

groupings of concepts related to rail industry 

maturity based on Industry 4.0. Error! 

Reference source not found. presents the 

results of concept clustering. 

Table 5. Clustering of Concepts Related to Digital Maturity in Rail Transportation Industry Based on 

Industry 4.0 

Concepts Clusters 

IoT 

Railway Industry 4.0 Technologies 

AI & ML 

Big Data Analytics 

Cloud Computing 

Digital Twin 

Smart Automation 

Cyber-Physical Systems 

Advanced Robotics 

AR/VR 

Legacy System Integration 

Digitalization Challenges 

Implementation Costs 

Change Resistance 

Digital Skills Gap 

Technical Complexity 

Organizational Change Management 

Standardization Challenges 

Maintenance Costs 

System Scalability 

Legal and Regulatory Challenges 

Infrastructure Limitations 

Investment Risks 

Critical Infrastructure Protection 

Cybersecurity & Digital Risks 

Network Security 

Threat Management 

Data Protection 

IoT Security 

Cryptography 

Incident Response 

Business Continuity 



Samaneh Moradi, Mehrdad Hosseini Shakib, Ali Badizadeh 

International Journal of Transportation Engineering, 

Vol. 13/ No. 2/ (50) Autumn 2025 
2244 

Concepts Clusters 

Predictive Maintenance 

Practical Applications & Performance Improvement 

Route Optimization 

Smart Fleet Management 

Condition Monitoring 

Smart Traffic Management 

Automated Control Systems 

Passenger Experience Enhancement 

Fault Detection Systems 

Smart Asset Management 

Fuel Optimization 

Advanced Speed Control Systems 

Carbon Reduction 

Sustainability & Environment 

Renewable Energy 

Waste Management 

Green Transportation 

Infrastructure Sustainability 

Environmental Reporting 

Energy Optimization 

Green Design 

Material Recycling 

Noise Pollution Reduction 

Life Cycle Assessment 

Environmental Management Systems 

Error! Reference source not found. shows the 

distribution of concepts in each cluster. The 

dimensions of each section of the diagram are 

designed proportionally to the number of 

concepts in that cluster. 

  
Figure 5. Distribution of Key Concepts in Five Clusters

Analysis of concept distribution in the five 

clusters shows that the highest conceptual focus 

is shared equally between two areas: 

digitalization challenges and environmental 

sustainability (each 23.1%). This indicates the 

high importance of implementation barriers and 
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environmental considerations in the fourth-

generation rail transportation industry. 

Practical applications and performance 

improvement with 21.2% ranks next, indicating 

special attention to practical and operational 

aspects. Industry 4.0 technologies and 

cybersecurity follow with 17.3% and 15.4% 

respectively. This balanced distribution shows 

that alongside attention to new technologies, 

security issues and implementation challenges 

are also of high importance. 

The dispersion of concepts in the feature space, 

presented in Error! Reference source not 

found., shows appropriate separation of 

clusters and meaningful relationships within 

each cluster. 

 
Figure 6. Dispersion of Concepts in Feature Space Based on Score and Weight 

4.6. Thematic Analysis of Clusters 

After clustering the concepts and identifying 

related groups, content analysis of the clusters 

was performed, and the results of this analysis 

are presented in Error! Reference source not 

found.. 

Table 6. Content and Thematic Analysis of Five Clusters 
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Emerging Trends Key Sub-topics Main Axes Cluster 

 Combination of New 

Technologies 

 Integrated Platforms 

 Innovative Solutions 

 Big Data Processing 

 Self-learning Systems 

 Digital Simulation 

 Process 

Smartification 

 Digital 

Integration 

 Operation 

Automation 

Industry 4.0 

Technologies 
1 

 New Management 

Solutions 

 Gradual Approaches 

 New Financing Models 

 Change Management 

 Infrastructure 

Development 

 Cost Management 

 Technical 

Barriers 

 Organizational 

Limitations 

 Economic 

Challenges 

Digitalization 

Challenges 
2 

 Proactive Security 

 Threat Intelligence 

 Integrated Security 

 Security Protocols 

 Monitoring Systems 

 Crisis Management 

 Infrastructure 

Protection 

 Risk Management 

 Service 

Continuity 

Cybersecurity 

& Digital Risks 
3 

 Innovative Solutions 

 Advanced Systems 

 Smart Services 

 Smart Maintenance 

 Energy Management 

 Automated Control 

 Operation 

Optimization 

 Asset 

Management 

 Service 

Enhancement 

Practical 

Applications 
4 

 Clean Technologies 

 Circular Economy 

 Sustainable Innovations 

 Clean Energy 

 Material Recycling 

 Green Transportation 

 Pollution 

Reduction 

 Consumption 

Optimization 

 Resource 

Management 

Sustainability 

& Environment 
5 

Analysis of cluster contents shows significant 

convergence between new technologies and 

operational needs. For example, while the 

Industry 4.0 technologies cluster focuses on 

integrated platforms, the practical applications 

cluster implements these technologies in the 

form of advanced systems and smart services. 

Additionally, a meaningful connection is 

observed between challenges and new 

solutions, such that for each identified 

challenge, one or more innovative solutions 

have been proposed. 

Another notable point is the strong presence of 

concepts related to sustainability and security 

across all clusters. This indicates that the rail 

industry, in its digital transformation journey, 

pays special attention to environmental and 

security issues. Specifically, the presence of 

concepts such as "circular economy" in the 

environmental sustainability cluster and 

"proactive security" in the cybersecurity cluster 

demonstrates the industry's preventive and 

forward-looking approach. 

4.7. Evaluation of Clustering Quality 

To assess the validity and efficiency of created 

clusters, the silhouette technique was 

employed. The results of this evaluation, 

presented in Error! Reference source not 

found., with a score above 0.7 for all clusters, 

indicates strong separation and appropriate 

concept categorization.



Analysis of Digital Maturity Components in Rail Transportation Industry: A Text Mining 

Approach 

International Journal of Transportation Engineering, 

Vol. 13/ No. 2/ (50) Autumn 2025 
2247 

 
Figure 7. Results of Clustering Quality Assessment Using Silhouette Coefficient 

The scientific validity of research results was 

also ensured through implementing the 

following steps: 

 Content Review: A group of smart rail 

transportation industry experts reviewed and 

confirmed the concepts and classification 

logic. These experts, with practical 

experience in fourth-generation railways, 

evaluated the accuracy and relevance of the 

findings.  

 Convergence Assessment: Results were 

compared with the latest specialized studies 

and reports in the field of smart rail 

transportation. This comparative analysis 

showed alignment of findings with global 

trends.  

 Reliability Assurance: The stability of 

results was tested through applying various 

clustering and text analysis methods. 

Additionally, all analysis stages, from data 

preparation to algorithm implementation, 

were carefully documented to enable result 

reproduction in future research. 

5. Discussion  

The present research aimed to analyze digital 

maturity components in the rail transportation 

industry by using a text mining approach to 

analyze 87 scientific articles in this field. The 

results of the conducted analyses revealed 

significant findings about various dimensions 

of digital maturity in the rail industry, which are 

discussed below. 

Text mining analysis showed that digital 

maturity components in the rail transportation 

industry can be categorized into five main 

clusters. The balanced distribution of concepts 

across these clusters, with similar percentages 

(23.1% for digitalization challenges and 

environmental sustainability, 21.2% for 

practical applications, 17.3% for Industry 4.0 

technologies, and 15.4% for cybersecurity) 

indicates the equal importance of these 

dimensions in achieving digital maturity. This 

finding differs from previous studies that 

mainly focused on technical aspects and shows 

that digital maturity is a multifaceted concept 

that cannot be considered solely from a 

technological perspective. 

A deeper analysis of clusters shows significant 

overlap between different components. For 

example, cybersecurity-related concepts are 

present in all clusters, but the intensity and 

nature of this presence varies. In the Industry 

4.0 technologies cluster, cybersecurity is 

presented as a technical capability, while in the 

digitalization challenges cluster, its managerial 

and organizational aspects are more prominent. 
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This finding indicates that developing digital 

maturity requires a systemic and integrated 

approach. 

The results of text sentiment analysis also 

revealed noteworthy findings. The dominance 

of positive attitudes (65%) toward digital 

transformation indicates the scientific 

community's optimism about the potential in 

this field. However, the presence of 15% 

negative attitudes, mainly related to security 

challenges and implementation costs, shows 

that the path to achieving digital maturity faces 

serious obstacles. This finding aligns with the 

results of Carranza et al. (Carranza G) study, 

which reported a 60 percent failure rate in 

digital transformation projects. 

One of the important findings of this research is 

identifying the strong connection between 

environmental sustainability and digital 

maturity. The strong presence of concepts like 

"Energy Efficiency" among keywords (with 

46,434 occurrences) and the allocation of 

23.1% of concepts to the sustainability and 

environment cluster shows that the rail industry 

pays special attention to environmental 

considerations in its digital transformation 

journey. This finding can be considered as a key 

indicator in evaluating digital maturity. 

Analysis of technological components in this 

research showed that the rail industry is 

transitioning from traditional approaches 

toward smart and integrated systems. The 

presence of concepts like "Smart Infrastructure" 

and "Digital Twin" among frequent words, and 

the high frequency of phrases like "IoT-based 

predictive maintenance systems" (with 2,987 

occurrences) and "Real-time monitoring and 

control" (with 2,856 occurrences) demonstrates 

this reality. However, the notable point is that 

success in this transition is not limited to 

implementing new technologies. Deeper 

analysis of the challenges and barriers to 

digitalization cluster shows that issues such as 

organizational change management, developing 

digital skills, and legacy system integration play 

a key role in the success or failure of digital 

transformation projects. 

Another important finding of this research is 

identifying the high importance of 

cybersecurity in the rail industry's digital 

maturity. The presence of the word 

"Cybersecurity" with 46,090 occurrences 

among top keywords and the allocation of an 

independent cluster to security issues shows 

that cybersecurity is not just a technical 

requirement but a strategic component in digital 

maturity. This finding gains special importance 

considering the critical nature of rail 

infrastructure and the increase in cyber threats 

in recent years, and aligns with the findings of 

López-Aguilar et al. (López-Aguilar P, 2022) 

regarding the importance of information 

security in smart railways. 

The results of this research also showed that 

digital maturity in the rail industry is linked 

with a customer-centric approach. The presence 

of concepts such as "passenger experience 

enhancement" and "smart fleet management" in 

the practical applications cluster shows that the 

rail industry pays special attention to service 

quality improvement and customer satisfaction 

in its digital transformation journey. This 

finding aligns with the results of Bianchi et al. 

(Bianchi G) study, which emphasized the 

importance of a customer-centric approach in 

smart railway development. 

Based on the research findings, it can be said 

that achieving digital maturity in the rail 

industry requires a balanced and comprehensive 

approach where simultaneous attention to 

technological, organizational, security, 

operational, and environmental dimensions is 

essential. This conclusion aligns with Zunder et 

al. (Zunder Th, 2023) study, which emphasized 

the necessity of an integrated approach in digital 

transformation. 

Based on the findings of this research, practical 

recommendations can be presented for various 

stakeholders in the rail industry. Cluster 

analysis results show that rail industry 

managers and policymakers should adopt a 
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balanced approach in developing digital 

capabilities. For example, findings related to the 

challenges cluster show that investing solely in 

new technologies, without attention to 

developing employees' digital skills and 

organizational change management, will have a 

low probability of success. Additionally, the 

strong presence of sustainability-related 

concepts in the findings shows that decision-

makers should consider environmental 

considerations as one of the main criteria in 

evaluating digital transformation projects. 

From an operational perspective, research 

findings indicate that implementing IoT-based 

predictive maintenance systems and real-time 

data analysis should be prioritized. The high 

frequency of concepts related to this area 

indicates its key role in enhancing digital 

maturity. However, text sentiment analysis 

results warn that this implementation should be 

done with special attention to cybersecurity 

issues and integration with existing systems. 

One of the limitations of this research was its 

focus on scientific texts published in academic 

databases. Although this approach enabled 

systematic literature analysis, it might not have 

covered some practical experiences and tacit 

knowledge existing in the industry. 

Additionally, limiting the study timeframe to 

2016-2025, while enabling focus on recent 

trends, might have overlooked some 

fundamental concepts that were introduced in 

earlier periods. 

For future research, comparative analysis of 

digital maturity components in rail industries of 

different countries could provide valuable 

insights. Additionally, case studies of 

successful rail organizations in digital 

transformation could help better understand the 

practical implementation of identified 

components. Furthermore, future research 

could contribute to completing the digital 

maturity assessment framework in the rail 

industry by focusing on developing quantitative 

indicators for measuring each identified 

component. 

The results of this research can be applicable to 

a wide range of stakeholders in the rail industry. 

Policymakers can utilize the findings of this 

study in developing digital transformation 

strategies. Operational managers and specialists 

can gain a better understanding of future trends 

and upcoming challenges. Additionally, 

technology and innovation companies can 

identify new business opportunities. 

Overall, this research has provided a 

comprehensive picture of digital maturity 

components in the rail industry, establishing a 

theoretical framework for better understanding 

this concept. The research findings can serve as 

a guide for rail industry policymakers and 

managers in designing and implementing 

digital transformation programs. Additionally, 

identifying key components and their 

relationships can provide a basis for developing 

digital maturity assessment models in future 

studies. 
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