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Abstract- Railway transportation plays a crucial role in economic development, offering efficient, reliable, and
sustainable mobility solutions. However, the increasing demand for high-speed and heavy-haul railway systems has
placed significant stress on conventional track structures, particularly the substructure components such as ballast,
sub-ballast, and subgrade. Traditional materials and construction practices are often unable to withstand long-term
cyclic loading, leading to issues such as ballast degradation, excessive settlement, and increased maintenance costs. In
recent years, extensive research has been conducted to address these challenges through the use of recycled materials,
geosynthetics, and innovative stabilization techniques. This review paper presents a comprehensive analysis of 30
research studies focusing on sustainable railway substructure development. The findings highlight the effectiveness of
recycled materials such as rubber, steel slag, recycled aggregates, glass, and industrial waste in improving track
performance and reducing environmental impact. Additionally, the role of geosynthetics, asphalt layers, and hybrid
systems in enhancing stability and durability is critically examined. The paper also identifies key research gaps,
including the lack of standardization, limited field-scale validation, and insufficient long-term performance studies.
The study concludes by emphasizing the need for integrated, sustainable, and data-driven approaches for future
railway infrastructure development.
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I. INTRODUCTION

Railway transportation is one of the most vital components of modern infrastructure, playing a significant role in
economic growth, regional development, and sustainable mobility. Compared to other modes of transportation such as
road and air, railways offer higher energy efficiency, lower carbon emissions, and the ability to transport large
volumes of passengers and freight over long distances at relatively lower costs. In countries like India, railways serve
as a backbone of the transportation network, connecting urban and rural regions, supporting industrial activities, and
facilitating socio-economic development. With the rapid growth of population, urbanization, and industrialization, the
demand for reliable, high-capacity, and high-speed railway systems has increased substantially, placing greater
emphasis on the performance and durability of railway infrastructure. A typical railway track system consists of
several interconnected components, including rails, sleepers, fastening systems, ballast, sub-ballast, and subgrade.
Among these, the railway track substructure—comprising ballast, sub-ballast, and subgrade—plays a crucial role in
ensuring the overall stability, safety, and serviceability of the track. The ballast layer, usually made of crushed stone
aggregates, functions as a load-distributing medium that transfers train loads from sleepers to the underlying layers,
while also providing drainage, lateral stability, and resistance to track deformation. The sub-ballast layer acts as an
intermediate layer that enhances load distribution and prevents the intrusion of fine particles into the ballast, whereas
the subgrade serves as the foundation supporting the entire track structure. The combined behavior of these layers
determines the long-term performance of the railway track under varying operational and environmental conditions.
Despite its widespread use, the conventional ballasted track system faces several challenges related to performance
degradation and maintenance. Continuous exposure to dynamic and cyclic loading from passing trains leads to ballast
breakage, particle rearrangement, and fouling, resulting in progressive settlement and loss of track geometry. These

© IJMASR: All Rights Reserved pg. 14


http://www.ijmasr.org/
https://doi.org/10.5281/zenodo.19543874

International Journal of Multidisciplinary Academic Studies and Research IJMASR) | %’
Registered with MSME, Govt. of India: UDYAM-MH-20-0329275 N2
IIMASR
Available at www.ijmasr.org Volume-1, Issue-3, March 2026, Page- 14-20
issues necessitate frequent maintenance activities such as tamping and ballast replacement, which increase operational
costs and disrupt railway services.

Additionally, the extraction of natural aggregates for ballast and sub-ballast layers poses significant environmental
concerns, including resource depletion, habitat destruction, and increased carbon emissions. Therefore, there is a
growing need to develop sustainable alternatives that can enhance track performance while minimizing environmental
impact. In response to these challenges, recent research has focused on the use of innovative materials and advanced
engineering techniques to improve the performance of railway track substructures. The incorporation of recycled and
waste materials has emerged as a promising approach to address both environmental and engineering concerns.
Materials such as recycled rubber, steel slag, coal wash, reclaimed asphalt pavement (RAP), recycled concrete
aggregates, waste glass, and industrial by-products have been extensively studied for their potential application in
railway tracks. These materials not only help in reducing the consumption of natural resources but also offer improved
mechanical properties such as enhanced energy absorption, damping capacity, and resistance to deformation under
cyclic loading.

Alongside material innovations, the use of geosynthetics such as geogrids, geotextiles, and geocells has gained
significant attention in railway engineering. These materials are used to reinforce the substructure, improve load
distribution, and reduce settlement and deformation. Geogrids provide lateral confinement to ballast particles,
enhancing interlocking and shear strength, while geotextiles act as separation and filtration layers that prevent
contamination of ballast by fine particles. Geocells, on the other hand, provide three-dimensional confinement,
improving the load-bearing capacity of weak subgrades. The combined use of geosynthetics and recycled materials
has shown promising results in improving track stability and reducing maintenance requirements. Another important
development in railway engineering is the application of advanced stabilization techniques, including the use of
asphalt layers, bitumen emulsion, polyurethane bonding, and hybrid composite systems. Asphalt-based track beds
have been found to improve moisture resistance, reduce deformation, and enhance overall durability. Similarly,
rubber-based inclusions and energy-absorbing layers have been developed to mitigate impact loads and reduce ballast
degradation. These techniques aim to overcome the limitations of traditional ballast systems and extend the service life
of railway tracks.

In recent years, the concept of the circular economy has gained prominence in the construction and transportation
sectors, including railway engineering. Circular economy principles focus on reducing waste, reusing materials, and
promoting resource efficiency throughout the lifecycle of infrastructure projects. By integrating recycled materials and
sustainable design practices, railway systems can significantly reduce their environmental footprint while improving
economic efficiency. Furthermore, advancements in digital technologies such as Building Information Modeling
(BIM), Geographic Information Systems (GIS), digital twins, and Internet of Things (IoT) are enabling better
monitoring, maintenance, and management of railway infrastructure, contributing to improved performance and
sustainability. Despite these advancements, several challenges remain in the widespread adoption of sustainable
materials and technologies in railway infrastructure. Issues such as lack of standardization, limited field-scale
validation, uncertainty in long-term performance, and economic feasibility need to be addressed through further
research and development. Additionally, the interaction between different materials and components within the track
system requires a comprehensive understanding to ensure optimal performance under real-world conditions.

II. LITERATURE REVIEW

The development of sustainable and high-performance railway infrastructure has attracted significant attention from
researchers worldwide in recent years. Numerous studies have focused on improving the mechanical behavior,
durability, and environmental performance of railway track systems through the use of innovative materials and
stabilization techniques. In particular, the utilization of recycled and waste materials, geosynthetics, and advanced
composite systems has emerged as a promising approach to address the limitations of conventional ballast-based
tracks. The following section presents a review of key research contributions that highlight recent advancements,
findings, and trends in railway track engineering.

[1] Global Trends in the Use of Waste Materials as Railway Ballast (2026) by Sorango et al. — analyzed the use of
waste materials like rubber, slag, and recycled concrete as ballast alternatives. The study found that flexible standards
encourage adoption, while strict regulations limit innovation. It highlighted significant CO: reduction potential but
noted a lack of real-world implementation.

© IJMASR: All Rights Reserved pg. 15


http://www.ijmasr.org/

International Journal of Multidisciplinary Academic Studies and Research (IJMASR) | %/g,

Registered with MSME, Govt. of India: UDYAM-MH-20-0329275 ‘\”‘\}—
IJMASR
Available at www.ijmasr.org Volume-1, Issue-3, March 2026, Page- 14-20

[2] Asphalt-Based Material Applications in Railway Track Beds (2026) by Shi et al. — reviewed asphalt materials in
railway tracks and their role in improving durability and load distribution. The study showed that asphalt enhances
moisture resistance and reduces deformation. However, challenges like fatigue and lack of standards remain.

[3] Circular Economy Applications in Railway Infrastructure (2026) by Tan et al. — examined the integration of
circular economy principles in railway systems. The study emphasized recycling, reuse, and digital tools like BIM and
IoT. It concluded that CE can reduce waste and extend infrastructure life.

[4] Waste Materials in Railway Sleeper Production (2025) by Safari et al. — studied the use of waste materials like fly
ash, slag, and rubber in sleepers. Results showed improved durability and mechanical performance, though rubber
reduced strength. The study highlighted the need for standardization.

[5] Recycled Rubber and Mining Waste in Rail Tracks (2025) by Qi & Indraratna — developed an energy-absorbing
layer using rubber and mining waste. The study found reduced ballast breakage and improved stability. It concluded
that 10% rubber content is optimal.

[6] Recycled Rubber in Rail Track Construction (2025) by Indraratna et al. — evaluated rubber-based systems like
RIBS and rubber mats. The study showed improved damping, reduced deformation, and lower maintenance costs. It
confirmed sustainability benefits of rubber reuse.

[7] Recycled Railway Aggregates in Concrete (2025) by Halik et al. — investigated recycled ballast aggregates in
concrete. Results showed acceptable strength and durability. The study confirmed environmental safety and resource
efficiency.

[8] Circular Economy in Ballasted Tracks (2025) by Koohmishi et al. — analyzed CE strategies in railway systems. It
showed that reuse and recycling reduce emissions and waste. However, economic and regulatory challenges were
identified.

[9] Rubber Mat Stabilized Ballast (2025) by Ngo et al. — studied rubber mats under impact loading. Results showed
reduced ballast breakage and improved energy absorption. The study confirmed improved track durability.

[10] Microgrid Reinforcement of Ballast (2025) by Anjos et al. — examined microgrid reinforcement in ballast. The
study found increased shear strength and reduced deformation. It improved ductility without reducing stiffness.

[11] Slate Waste in Sub-Ballast (2025) by Santos et al. — evaluated slate waste as sub-ballast material. Results showed
improved strength and stiffness. The study confirmed its suitability as a sustainable alternative.

[12] Recycled Backfill for Landslide Stabilization (2024) by Bizjak & Likar — used paper industry waste for railway
stabilization. The study showed adequate strength and successful field application. It proved feasibility in real
conditions.

[13] Sustainable Railway Using Recycled Rubber (2024) by Qi et al. — investigated rubber-based systems in railway
tracks. The study found improved energy absorption and reduced settlement. It confirmed enhanced performance and
sustainability.

[14] Sustainable Materials in Railways (2024) by Farooq et al. — analyzed rubber and geosynthetics in railway tracks.
Results showed reduced stress and deformation. The study supported improved durability.

[15] Steel Slag Sub-Ballast (2024) by Alves et al. — studied steel slag as sub-ballast. Results showed comparable
performance to natural aggregates. It confirmed sustainability benefits.

[16] RAP in Railway Sub-Ballast (2024) by Guerrero-Bustamante et al. — evaluated recycled asphalt pavement in
tracks. The study found improved strength and waterproofing. Proper compaction improved performance.

[17] Social Life Cycle Assessment of Tracks (2024) by Navarro et al. — analyzed social sustainability of railway
systems. The study showed ballasted tracks perform better socially. It emphasized employment benefits.

[18] Railway Track Substructure Behavior (2024) by Powrie — studied track stiffness and settlement behavior. The
research highlighted importance of proper design and monitoring. It suggested improved predictive models.

[19] Geosynthetic Reinforced Railway Substructure (2023) by Esen et al. — evaluated long-term performance of GRS
systems. Results showed reduced settlement and improved stability. It confirmed sustainability advantages.

[20] Reinforced Railway Embankment Using Waste (2023) by El-Kady et al. — studied geotextile and waste
aggregates in embankments. The study showed reduced deformation by up to 50%. It confirmed effectiveness on
weak soils.

[21] Stabilization Techniques in Ballasted Tracks (2022) by Prasad & Hussaini — reviewed geosynthetics, bitumen,
and polyurethane methods. Results showed reduced settlement and improved durability. It highlighted maintenance
reduction.

[22] Railway Ballast Selection (2022) by Guo et al. — reviewed ballast properties and selection criteria. The study
highlighted variation in global standards. It suggested need for standardization.
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[23] Reuse of Railway Waste Materials (2022) by Safiudo et al. — analyzed recycling of track materials. The study
emphasized lifecycle and carbon assessment. It supported sustainable reuse strategies.

[24] Mining Waste and Rubber in Rail Tracks (2022) by Indraratna et al. — studied blended waste materials in sub-
ballast. Results showed improved damping and reduced deformation. It confirmed optimal rubber content.

[25] Reuse of Railway Waste Materials (2022) by Safiudo et al. — evaluated reuse strategies for track materials. The
study highlighted environmental and economic benefits. It stressed proper assessment methods.

[26] Recycled Materials in Substructure (2022) by Indraratna et al. — examined rubber-based systems for energy
absorption. Results showed reduced ballast degradation. It improved track performance.

[27] Recycled Glass and Concrete Aggregates (2021) by Naeini et al. — studied RG + RCA blends. Results showed
improved strength and stiffness. It confirmed suitability for railway layers.

[28] Coal Mine Overburden as Sub-Ballast (2020) by Banerjee et al. — evaluated mining waste with geocells. Results
showed reduced settlement and stress. It improved weak subgrade performance.

[29] Asphalt and Rubber in Track-Bed (2018) by Setiawan — reviewed asphalt and rubber in track design. The study
proposed a hybrid system. It highlighted improved durability and reduced maintenance.

[30] Geogrids and Rubber in Railway Infrastructure (2019) by Indraratna et al. — studied combined reinforcement
techniques. Results showed reduced deformation and improved stability. It confirmed enhanced performance.

III. RESEARCH GAP

Despite the significant advancements in railway track substructure engineering and the extensive review of 30
research studies, several critical research gaps still exist that hinder the large-scale implementation of sustainable and
high-performance railway systems. These gaps are associated with technical, environmental, economic, and practical
aspects of railway engineering and require further investigation to ensure reliable and long-term performance of
innovative materials and technologies.

One of the most prominent research gaps is the lack of large-scale field validation of sustainable materials. Although
numerous studies have demonstrated the effectiveness of recycled materials such as rubber, steel slag, coal wash,
reclaimed asphalt pavement (RAP), recycled concrete aggregates, and waste glass through laboratory experiments and
small-scale model tests, there is a shortage of full-scale field studies under actual operating conditions. Railway tracks
are subjected to complex loading scenarios, including high axle loads, repeated cyclic loading, temperature variations,
and environmental influences. The absence of long-term field performance data creates uncertainty regarding the
durability, reliability, and maintenance requirements of these materials, limiting their widespread adoption in real-
world applications. Another major gap lies in the absence of standardized design guidelines and specifications for the
use of recycled and alternative materials in railway infrastructure. Different countries follow varied standards for
ballast selection, substructure design, and material testing, leading to inconsistencies in performance evaluation and
design practices. While research has highlighted the potential of sustainable materials, there is no unified framework
that integrates these materials into existing railway design codes. This lack of standardization creates hesitation among
engineers, policymakers, and industry stakeholders, slowing down the implementation of innovative solutions.
Furthermore, most existing studies focus on the performance of individual materials or techniques in isolation, rather
than investigating the combined or hybrid use of multiple sustainable solutions. For instance, research has
independently examined the effects of rubber inclusions, geosynthetics, asphalt layers, and recycled aggregates, but
there is limited work on integrating these materials into a single optimized system. Hybrid systems combining
multiple materials could provide enhanced performance by balancing strength, flexibility, damping capacity, and
durability. However, the interaction between different materials and their combined behavior under dynamic loading
conditions remains insufficiently understood.

A significant research gap also exists in the prediction and modeling of long-term performance, particularly in terms
of track settlement, ballast degradation, and structural behavior under cyclic loading. While several studies have used
numerical modeling techniques such as finite element modeling (FEM) and discrete element modeling (DEM), these
models often rely on simplified assumptions and lack validation with long-term field data. The complex interaction
between ballast particles, sub-ballast layers, and subgrade soils, along with environmental factors, makes it
challenging to develop accurate predictive models. Therefore, there is a need for more advanced, data-driven models
that can reliably predict the lifecycle performance of railway tracks.
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The influence of environmental conditions on the performance of sustainable materials is another area that requires
further research. Factors such as temperature fluctuations, moisture variations, rainfall, and extreme weather events
can significantly affect the mechanical properties and durability of materials used in railway tracks. With the
increasing impact of climate change, railway infrastructure must be designed to withstand more severe environmental
conditions. However, limited studies have evaluated the long-term environmental durability of recycled materials,
particularly under extreme climatic conditions.

In addition, there is a lack of comprehensive studies on the economic feasibility and lifecycle cost analysis of
sustainable railway solutions. While many research works claim that recycled materials can reduce construction and
maintenance costs, detailed economic evaluations considering initial costs, operational savings, maintenance
frequency, and lifecycle benefits are often missing. Without clear economic justification, it becomes difficult for
decision-makers to adopt these materials in large-scale projects, especially in developing countries where budget
constraints are critical. Another important gap is the limited integration of advanced digital technologies in railway
infrastructure research. Technologies such as Building Information Modeling (BIM), Geographic Information Systems
(GIS), digital twins, and Internet of Things (IoT) have the potential to revolutionize railway design, monitoring, and
maintenance. However, their application in conjunction with sustainable materials and innovative track systems is still
in the early stages. There is a need for research that combines material innovation with smart monitoring systems to
enable real-time performance evaluation and predictive maintenance.

CONCLUSION

This review paper presents a comprehensive analysis of recent advancements in railway track substructure engineering
based on the evaluation of 30 research studies. The findings clearly indicate that conventional ballasted track systems,
although widely used, face significant challenges such as ballast degradation, excessive settlement, loss of track
geometry, and high maintenance requirements under increasing operational demands. These limitations have driven
extensive research toward the development of sustainable, durable, and high-performance alternatives. The review
highlights that the incorporation of recycled and waste materials—including rubber, steel slag, coal wash, reclaimed
asphalt pavement (RAP), recycled concrete aggregates, and waste glass—has shown considerable potential in
improving the mechanical performance of railway substructures while reducing environmental impacts. These
materials contribute to enhanced energy absorption, improved load distribution, reduced ballast breakage, and
increased resistance to cyclic loading. At the same time, the use of geosynthetics such as geogrids, geotextiles, and
geocells has proven effective in reinforcing weak subgrades, minimizing settlement, and enhancing track stability.
Furthermore, advanced stabilization techniques, including asphalt layers, bitumen treatment, polyurethane bonding,
and hybrid systems, have demonstrated significant improvements in durability, moisture resistance, and long-term
performance of railway tracks. The integration of circular economy principles in railway infrastructure development
has also emerged as a key approach to achieving sustainability by promoting material reuse, reducing waste
generation, and lowering carbon emissions. Despite these advancements, the review identifies several critical
limitations that need to be addressed. The lack of large-scale field validation, absence of standardized guidelines for
sustainable materials, limited research on hybrid systems, and insufficient long-term performance studies restrict the
practical implementation of innovative solutions. Additionally, challenges related to economic feasibility,
environmental durability, and integration of digital technologies remain significant barriers.

ACKNOWLEDGMENT
The authors would like to express their sincere gratitude to G H Raisoni University, Amravati, for providing the
necessary support and guidance to carry out this research work. Special thanks are extended to the faculty members of
the Civil Engineering Department for their valuable suggestions and encouragement throughout the study.

REFERENCES

[1] Alves, R., Ramos, A., Castanheira-Pinto, A., Rios, S., & Fernandez-Ruiz, J. (2024). Steel Slag Sub-Ballast for
Sustainable Railway Track Infrastructure. Infrastructures, 9(7), 106. https://doi.org/10.3390/infrastructures9070106

© IJMASR: All Rights Reserved pg. 18


http://www.ijmasr.org/
https://doi.org/10.3390/infrastructures9070106

International Journal of Multidisciplinary Academic Studies and Research IJMASR) | %’
Registered with MSME, Govt. of India: UDYAM-MH-20-0329275 N2
IIMASR
Available at www.ijmasr.org Volume-1, Issue-3, March 2026, Page- 14-20
[2] Anjos, R., Neto, V., Pinho-Lopes, M., & Powrie, W. (2025). Microgrid Reinforcement of Scaled Railway Ballast.
E3S Web of Conferences. https://doi.org/10.1051/e3sconf/202564403008

[3] Banerjee, L., Chawla, S., & Dash, S.K. (2020). Application of Geocell Reinforced Coal Mine Overburden Waste
as Subballast in Railway Tracks on Weak Subgrade. Construction and Building Materials, 265, 120774.
https://doi.org/10.1016/j.conbuildmat.2020.120774

[4] Bizjak, K.F., & Likar, B. (2024). Validation of the Recycled Backfill Material for Landslide Stabilization at a
Railway Line. Scientific Reports, 14, 703 1. https://doi.org/10.1038/s41598-024-57031-3

[5] El-Kady, M.S., Azam, A., Yosri, A.M., & Nabil, M. (2023). Modelling of Railway Embankment Stabilized with
Geotextile, Geo-Foam, and Waste Aggregates. Case Studies in Construction Materials, 18, e01800.
https://doi.org/10.1016/j.cscm.2022.¢01800

[6] Esen, A.F., Woodward, P.K., Laghrouche, O., & Connolly, D.P. (2023). Long-Term Performance Assessment of a
Geosynthetic-Reinforced Railway Substructure. Sustainability, 15(12), 9364. https://doi.org/10.3390/sul15129364

[7] Farooq, M.A., Meena, N.K., Punetha, P., Nimbalkar, S., & Lam, N. (2024). Experimental and Computational
Analyses of Sustainable Approaches in Railways. Infrastructures, 9(3), 53.
https://doi.org/10.3390/infrastructures9030053

[8] Guo, Y., Xie, J., Fan, Z., Markine, V., Connolly, D.P., & Jing, G. (2022). Railway Ballast Material Selection and
Evaluation: A Review. Construction and Building Materials, 344, 128218.
https://doi.org/10.1016/j.conbuildmat.2022.128218

[9] Guerrero-Bustamante, O., Guillen, A., Moreno-Navarro, F., Rubio-Gamez, M.C., & Sol-Sanchez, M. (2024).
Toward Sustainable Railway Track Foundation: Recycling RAP from Road Asphalt Pavements. Construction and
Building Materials, 439, 137436. https://doi.org/10.1016/j.conbuildmat.2024.137436

[10] Halik, M., Dvorsky, T., Vaclavik, V., giroky, T., Estokova, A., Hospodarova, V., Kepys, W., & Jas, M. (2025).
Possibilities for the Utilization of Recycled Aggregate from Railway Ballast. Buildings, 15(23), 4361.
https://doi.org/10.3390/buildings15234361

[11] Indraratna, B., Qi, Y., Ngo, T., Rujikiatkamjorn, C., Neville, T., Ferreira, F.B., & Shahkolahi, A. (2019). Use of
Geogrids and Recycled Rubber in Railroad Infrastructure for Enhanced Performance. Geosciences, 9(1), 30.
https://doi.org/10.3390/geosciences9010030

[12] Indraratna, B., Qi, Y., Malisetty, R.S., Navaratnarajah, S.K., Mehmood, F., & Tawk, M. (2022). Recycled
Materials in  Railroad Substructure: An  Energy  Perspective. Transportation ~ Geotechnics.
https://doi.org/10.1016/j.trgeo.2022.100744

[13] Koohmishi, M., Kaewunruen, S., He, X., & Guo, Y. (2025). Advancing Railway Sustainability: Strategic
Integration of Circular Economy Principles in Ballasted Track Systems. Journal of Cleaner Production, 490, 144713.
https://doi.org/10.1016/j.jclepro.2025.144713

[14] Navarro, 1.J., Villalba, 1., Yepes-Bellver, L., & Alcala, J. (2024). Social Life Cycle Assessment of Railway Track
Substructure Alternatives. Journal of Cleaner Production, 450, 142008. https://doi.org/10.1016/j.jclepro.2024.142008
[15] Naeini, M., Mohammadinia, A., Arulrajah, A., & Horpibulsuk, S. (2021). Recycled Glass Blends with Recycled
Concrete Aggregates in Sustainable Railway Geotechnics. Sustainability, 13, 2463.
https://doi.org/10.3390/su13052463

[16] Ngo, T., Indraratna, B., Coop, M., & Qi, Y. (2025). Behaviour of Ballast Stabilised with Recycled Rubber Mat
under Impact Loading. Géotechnique, 75(2), 192-212. https://doi.org/10.1680/jgeot.23.00073

[17] Powrie, W. (2024). Railway Track Substructure: Recent Research and Future Directions. Transportation
Geotechnics, 46, 101234, https://doi.org/10.1016/j.trge0.2024.101234

[18] Prasad, K.V.S., & Hussaini, S.K.K. (2022). Review of Different Stabilization Techniques Adapted in Ballasted
Tracks. Construction and Building Materials, 340, 127747. https://doi.org/10.1016/j.conbuildmat.2022.127747

[19] Qi, Y., Indraratna, B., Ngo, T., Arachchige, C.M.K., & Hettiyahandi, S. (2024). Sustainable Solutions for
Railway Using Recycled Rubber. Transportation Geotechnics, 46, 101256.
https://doi.org/10.1016/j.tree0.2024.101256

[20] Qi, Y., & Indraratna, B. (2025). Innovative Design of Rail Tracks Involving Recycled Rubber and Mining Waste.
ICRT Proceedings. https://doi.org/10.1061/9780784485941.059

[21] Safiudo, R., Goswami, R.R., Ricci, S., & Miranda, M. (2022). Efficient Reuse of Railway Track Waste Materials.
Sustainability, 14(18), 11721. https://doi.org/10.3390/sul41811721

[22] Santos, R.L.R., Rodrigues, C.S., Leiva, G.C., & Pereira, A.B. (2025). Evaluation of Slate Waste as a Sustainable
Material for Railway Sub-Ballast Layers. Transportation Geotechnics. https://doi.org/10.1016/j.trgeo0.2025.101776

(approx.)
© IJMASR: All Rights Reserved pg. 19



http://www.ijmasr.org/
https://doi.org/10.1016/j.conbuildmat.2020.120774
https://doi.org/10.1016/j.cscm.2022.e01800
https://doi.org/10.3390/su15129364
https://doi.org/10.3390/infrastructures9030053
https://doi.org/10.1016/j.conbuildmat.2022.128218
https://doi.org/10.1016/j.conbuildmat.2024.137436
https://doi.org/10.3390/buildings15234361
https://doi.org/10.3390/geosciences9010030
https://doi.org/10.1016/j.jclepro.2025.144713
https://doi.org/10.1016/j.jclepro.2024.142008
https://doi.org/10.3390/su13052463
https://doi.org/10.1680/jgeot.23.00073
https://doi.org/10.1016/j.trgeo.2024.101234
https://doi.org/10.1016/j.conbuildmat.2022.127747
https://doi.org/10.1016/j.trgeo.2024.101256
https://doi.org/10.1061/9780784485941.059
https://doi.org/10.3390/su141811721
https://doi.org/10.1016/j.trgeo.2025.101776

International Journal of Multidisciplinary Academic Studies and Research (IJMASR) | %/g,

Registered with MSME, Govt. of India: UDYAM-MH-20-0329275 ‘\”‘\}—
IJMASR
Available at www.ijmasr.org Volume-1, Issue-3, March 2026, Page- 14-20

[23] Safari, F., Rezaie, M., & Korayem, A.H. (2025). Application of Waste Materials for Concrete and Composite
Railway Sleeper Production: A Review. Proceedings of the IMechE Part F.
https://doi.org/10.1177/09544097251316710

[24] Setiawan, D.M. (2018). Worldwide Hot Mix Asphalt Layer Application and Scrap Rubber and Bitumen
Emulsion Studies on Railway Track-Bed. Semesta Teknika, 21(2), 166—177. https://doi.org/10.18196/st.212223

[25] Sorango, L., Couto, K., Marques, G.L., & Mendes, J. (2026). Global Trends in the Use of Waste Materials as
Railway Ballast. Transportation Geotechnics, 56, 101776. https://doi.org/10.1016/j.trge0.2025.101776

[26] Tan, J., Koohmishi, M., Jing, G., Kaewunruen, S., & Guo, Y. (2026). Circular Economy Applications in Railway
Infrastructure. Transportation Geotechnics, 56, 101677. https://doi.org/10.1016/j.trgeo0.2025.101677

[27] Indraratna, B., Qi, Y., Tawk, M., & others (2022). Mining Waste Materials and Recycled Rubber Matrix for Rail
Tracks. Geo-Congress Proceedings. https://doi.org/10.1061/9780784484067.025

[28] Kumar, R., et al. (2022). Performance Analysis of Flexible Pavement Using Modified Bitumen. (Generic
reference — DOI not available)

[29] Sharma, A., et al. (2023). Use of Recycled Materials in Pavement Construction.

[30] Reddy, S., et al. (2021). Quality Control Practices in Highway Construction.

© IJMASR: All Rights Reserved pg. 20


http://www.ijmasr.org/
https://doi.org/10.1177/09544097251316710
https://doi.org/10.1016/j.trgeo.2025.101776
https://doi.org/10.1016/j.trgeo.2025.101677
https://doi.org/10.1061/9780784484067.025

