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Abstract
With India having the second-largest road network globally (5,603,293 km), following the United States, the country is positioned to lead in transforming smart roads. The rapid advancement of Internet of Things (IoT) technology has garnered significant attention for its applications in road infrastructure monitoringhttps://dummy-citation.com/citation?d=. This study systematically examines the challenges in adopting smart road sensing technology for infrastructure monitoring and maintenance in Bilaspur city of Chhattisgarh. The study used a mixed-methods approach, combining both primary data collection through survey/interviews and secondary data collection through a deep literature survey. Currently, in Bilaspur city the monitoring and maintenance of road infrastructure is done through traditional methods which include; visual distress survey, manual pothole patching, crack sealing, cleaning drainage system, and periodic resurfacing. The traditional system of monitoring and maintenance of road infrastructure in Bilaspur city is associated with limitations. The limitations of traditional methods for monitoring and maintenance of road infrastructure in Bilaspur city can be significantly mitigated through the integration of smart road sensing technologies, which shift maintenance paradigms from reactive to proactive strategies by enabling early detection and quantification of pavement distress. While interviewing the related authorities and through previous literature survey the author found that the adoption of smart road sensing technologies for monitoring and maintenance of road infrastructure in Bilaspur city faces number of challenges. The results reveal that the key challenges faced in Bilaspur city for the adopting smart road sensing technology include; a).Technical challenges (sensor accuracy and reliability, sensor failure under prolonged use, data fusion and interpretation, real-time processing and latency, power consumption and durability, and environmental and weather challenges), b). Economic challenges (high initial costs, return on investment concerns, ongoing maintenance and upgrade costs, infrastructure damage during installation), and c). Regulatory and standardization challenges (lack of standardization, privacy and security concerns, and regulatory approval and compliance). There is a need to address these challenges before implementation of smart road sensing system in Bilaspur city of Chhattisgarh. Future studies should focus on the development of more durable and energy-efficient sensor technologies, integration of 5G and edge computing for improved real-time processing.
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Introduction
Approximately 33.4 million kilometers of roads cover the earth’s surface, emphasizing that road construction alone is insufficient—their maintenance and repair must also involve smart systems (Venkataraman et al., n.d.)https://dummy-citation.com/citation?d=%3D%3D. Transportation forms the arteries for modern society and economy, serving essential functions for business success and urban development (Oliveira et al., 2024). Road networks are one of the most prominent means of transport in many countries around the globe and display complex topological properties (Mukherjee, 2012; Sharma & Ram, 2023). With India having the second-largest road network globally (5,603,293 km), following the United States, the country is positioned to lead in transforming smart roads (Toh et al., 2020)https://dummy-citation.com/citation?d=%3D%3D. Smart roads represent a paradigm shift from traditional infrastructure maintenance practices, which have historically relied on passive condition-based approaches lacking proactive and long-term focused decision support (Ghavidel et al., 2025)https://dummy-citation.com/citation?d=%3D%3D. The integration of IoT, MEMS sensor networks, wireless communication, and data analysis has transformed road infrastructure, offering data support for road construction, maintenance, and traffic management (Raslan et al., 2023; Sheela et al., 2023; Ye et al., 2024). IoT concepts applied to road transportation infrastructure can create a part of an intelligent transportation system (Micko et al., 2023; Parmar & Suryavanshi, 2025).
India is having more than 8000 cities and towns which necessitates a robust and scalable infrastructure management strategy to support the country’s rapid urbanization and economic growth (Gallegos et al., 2024)https://dummy-citation.com/citation?d=%3D%3D. Each city of India has adopted a specific technology for the management and maintenance of its road infrastructure. However, in the majority of Indian cities the management and monitoring of road infrastructure is done through traditional systems. Bilaspur city of Chhattisgarh is known as the commercial capital.The district has a good network of road infrastructure from national highways to state highways to local roads. The National Highways (NH) passing through Bilaspur district include; NH-45 (Bhopal-Jabalpur-Amarkantak-Bilaspur), NH-49 (Bilaspur-Raigarh-Jarshuguda-Kharagpur), NH-130 (Raipur-Simgha-Bilaspur-Kathgora-Ambikapur), and NH-130A (Pondi Mungeli-Bilaspur-Sipat-Dharamjayagarh-Pathalgaon). The State Highways (SH) passing through Bilaspur district include; SH-2, SH-7, SH-8 and SH-10.  In addition to these roads every Tehsil, Block and Village is connected with local roads. This road infrastructure of Bilaspur district remains the main route of its economic activity. The strategic location of Bilaspur city for the economic activity of the state necessitates a smart road sensing technology system for the monitoring and maintenance of its road infrastructure. But the adoption of smart road sensing technology system in Bilaspur city of Chhattisgarh is associated with different challenges. Its essential to examine and analyze these barriers to understand how they impede the effective deployment of intelligent monitoring systems in developing urban centers of Chhattisgarh. The present study aims to address this gap by systematically identifying and analyzing the multifaceted challenges ranging from technical limitations to economic constraints that hinder the effective deployment of smart road sensing system for the monitoring and maintenance road infrastructure of Bilaspur city. 
Objectives of Study
The primary objectives of this study include;
· To identify and categorize the technical, economic, and regulatory barriers hindering the adoption of smart road sensing technologies in the Bilaspur city of Chhattisgarh.
· To evaluate the impact of these barriers on the operational efficiency and sustainability of current infrastructure maintenance practices in the region.
· To propose strategic recommendations and mitigation frameworks those local governing bodies can implement to overcome identified barriers and facilitate the successful integration of intelligent monitoring systems in the region.
Research Methodology
The current research study focus on identifying the challenges which hinder the effective deployment of smart road sensing system for the  monitoring and maintenance road infrastructure of Bilaspur city of Chhattisgarh. The study used a mixed-methods approach, combining both primary data collection through survey/interviews and secondary data collection through deep literature survey (Forkan et al., 2023)https://dummy-citation.com/citation?d=%3D. Secondary data was collected through a comprehensive review of literature on smart infrastructure implementation in developing economies, supplemented by case studies of similar urban centers in India to benchmark performance metrics and identify contextual barriers specific to the Bilaspur city of Chhattisgarh. Further the study also collected the perceptions of municipal engineers and infrastructure planners through structured surveys and semi-structured interviews to understand the practical constraints and readiness for technological adoption in Bilaspur city of Chhattisgarh. The methodological framework integrates these primary data sources with secondary data on regional road usage patterns and budget allocations to construct a holistic model of the systemic constraints affecting technological adoption in Bilaspur city of Chhattisgarh.
Results and Discussion
The study was conducted in context of Bilaspur city of Chhattisgarh. The adoption of smart road sensing technology system for the monitoring and maintenance of Road infrastructure is associated with a complex of challenges, which depend on the location, geography, economy, climate, demography, physiography and administration of the region. The roads of Bilaspur city face severe pavement distress due to number of factors. Thus the regular monitoring and maintenance of road infrastructure of Bilaspur city is a key necessity of administration.
4.1. Monitoring and Maintenance of Road Infrastructure in Bilaspur City.
Currently, in Bilaspur city the monitoring and maintenance of road infrastructure is done through traditional methods. Traditional road infrastructure monitoring and maintenance rely heavily on manual, human-intensive inspections and routine, scheduled repairs to manage degradation. The major traditional methods for monitoring and maintenance of road infrastructure in Bilaspur city include;
4.1.1. Visual Distress Survey: This method involves on-site inspections where engineers manually identify and record pavement distress indicators such as cracks, potholes, and surface deformations, which often results in subjective assessments and delays in data processing (Forkan et al., 2023)https://dummy-citation.com/citation?d=. 
4.1.2. Manual Pothole Patching: This labor-intensive process involves the manual application of asphalt mixtures to fill surface depressions, a method that is often reactive rather than preventive and typically provides only a temporary fix without addressing underlying structural causes (Best, 2024)https://dummy-citation.com/citation?d=%3D%3D.
4.1.3. Crack Sealing: This preventive maintenance technique involves filling cracks with sealant materials to prevent water infiltration and further pavement deterioration, yet it is often limited by the quality of materials and the precision of manual application (Gallegos et al., 2024)https://dummy-citation.com/citation?d=%2FIiwiZXh0ZXJuYWxDYWNoZUlkIjoiNDEwYmNkNmUtZTA3Yi0zYzc2LWI0NzgtM2IzYjBlMWNmMDk5In1d.
4.1.3. Cleaning Drainage System: This essential maintenance task involves the manual removal of debris and sediment from roadside drains to prevent water logging and structural damage, yet it is frequently constrained by labor availability and the lack of mechanized equipment (Ranyal et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
4.1.4. Periodic resurfacing:  This process involves the application of a new asphalt layer over the existing pavement to restore surface quality and ride comfort, though it is often executed as a scheduled activity rather than based on precise condition data (Gallegos et al., 2024)https://dummy-citation.com/citation?d=%%3D.
The traditional system for monitoring and maintenance of road infrastructure is associated with number of limitations like;
i. Subjectivity and inconsistency in data collection, as manual inspections are prone to human error and often yield varying results between different evaluators.
ii. Limited scalability and coverage, as manual inspections are time-consuming, labor-intensive, and restricted to point observations, making it difficult to scale to large cities or geographical areas.
iii. Inefficient data management and lack of digital storage, as acquisitions made by traditional inspections are not digitally archived, preventing government bodies from leveraging the power of the digital revolution to address infrastructure challenges in a more informed and efficient manner.
iv. High operational costs and safety risks associated with manual inspections further exacerbate these inefficiencies, particularly when managing extensive road networks.
v. Reactive maintenance strategies, where repairs are initiated only after visible failure occurs, often lead to accelerated road deterioration and suboptimal allocation of limited preservation budgets.
4.2. Smart Road Sensing System
The limitations of traditional methods for monitoring and maintenance of road infrastructure can be significantly mitigated through the integration of smart road sensing technologies, which shift maintenance paradigms from reactive to proactive strategies by enabling early detection and quantification of pavement distress (Kyem et al., 2024)https://dummy-citation.com/citation?d=%%3D%3D. Smart road sensing technology system include smart sensors and data acquisition platforms, such as smartphones, drones, and vehicles integrated with non-intrusive sensors like RGB and thermal cameras, lasers, and GPR sensors (Ranyal et al., 2022)https://dummy-citation.com/citation?d=. These systems facilitate the digitization and intelligence of road infrastructure by enabling continuous monitoring of service conditions, which is crucial for identifying the appropriate time for maintenance and formulating scientific strategies to prolong road lifespan (Ye et al., 2024)https://dummy-citation.com/citation?d=%3D. In Chhattisgarh there are Intelligent Traffic Management System (ITMS), City Surveillance System (CSS) and Integrated Command and Control Center (ICCC) for the monitoring and maintenance of traffic on the roads. But till date there s a lack of smart road sensing technological system which can comprehensively monitor the physical condition and structural health of the pavement network to facilitate data-driven maintenance decisions. Bilaspur city presents a unique case where the implementation of such advanced sensing systems could bridge the gap between existing traffic management solutions and the critical need for structural pavement monitoring. The deployment and adoption of smart road sensing technological system in Bilaspur city of Chhattisgarh is associated with a complex of challenges. 
4.3. Key Challenges in Adoption of adopting smart road sensing technology 
In this study we have collected the information regarding the key challenges faced in the adoption of smart road sensing technological system for monitoring and maintenance of road infrastructure in Bilaspur City of Chhattisgarh. The results reveal that the key challenges faced in Bilaspur city for the adopting smart road sensing technology include;
4.3.1 Technical Challenges
4.3.1.1 Sensor Accuracy and Reliability
Ensuring sensor accuracy and reliability in pavement monitoring remains a significant challenge, with issues including thermal stress and sensor degradation over time . In practical engineering applications, road structures are exposed to continuous traffic loads and external conditions, resulting in monitoring system life spans that are much shorter than the pavement’s service life.
4.3.1.2 Sensor Failure under Prolonged Use
Embedded sensors are prone to failure under prolonged traffic loads and dynamic water pressure. Traditional embedded sensors such as strain gauges, thermocouples, pressure transducers, and IEPE accelerometers are primarily designed for sensing without data storage, processing, or communication capabilities, requiring additional adapters and data acquisition devices that make conventional pavement monitoring systems energy-intensive, less integrated, and cost-ineffective (Ye et al., 2024)https://dummy-citation.com/citation?d=%3D%3D.
4.3.1.3 Data Fusion and Interpretation
The complex integration of diverse data from multiple sensors presents difficulties due to varying data formats and resolutions (Khanmohamadi & Guerrieri, 2024)https://dummy-citation.com/citation?d=. Existing systems typically monitor single parameters such as temperature, humidity, vibration, or imagery, and various data types cannot be synchronized in real-time, with subsystems often being incompatible, posing challenges for backend data integration.
4.3.1.4 Real-Time Processing and Latency
Stringent requirements exist for real-time data transmission, processing, and response times, necessitating a balance between computational demands and real-time responsiveness. Communication technologies with limited range and data rates may cause difficulties and result in congestion during data processing (Rafiq et al., 2023)https://dummy-citation.com/citation?d=.
4.3.1.5 Power Consumption and Durability
High power consumption of advanced sensors requires durability and calibration in harsh conditions. If front-end sensors use wireless communication, they cannot operate for extended periods due to the limited energy supply of the node itself . Hardware-based inference acceleration techniques increase power consumption and make systems less compact (Ientile et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
4.3.1.6 Environmental and Weather Challenges
Extreme weather conditions pose significant challenges to sensor operations and accuracy. Laser sensors, for example, can measure water film thickness, ambient temperature, pavement temperature, dew point temperature, humidity road condition, and friction of the road pavement surface, but require protection from turbulences and dirt. Improvement of machine-learning models for extreme weather conditions requires extensive data collection from various locations worldwide (Ientile et al., 2022)https://dummy-citation.com/citation?d=%3D%3D.
4.3.2. Economic Challenges
4.3.2.1 High Initial Costs
Significant initial costs for deploying advanced sensor technologies include acquisition, integration, and calibration. Financing is cited as one of the greatest obstacles for smart city implementation, with state-sponsored enterprises having limited effect (Ghazi et al., 2024)https://dummy-citation.com/citation?d=%3D%3D. The costs include device procurement, network deployment, data management systems, and ongoing maintenance.
4.3.2.2 Return on Investment Concerns
A comprehensive understanding of return on investment is needed, including improved road safety, traffic management, reduced maintenance costs, and environmental impacts . Securing funding and developing sustainable business models are crucial challenges in implementing IoT in smart city initiatives (Ishaq & Farooq, 2023)https://dummy-citation.com/citation?d=%%3D%3D.
4.3.2.3 Ongoing Maintenance and Upgrade Costs
Ongoing costs of maintaining and upgrading sensor systems include periodic maintenance, replacement, and technology upgrades . For developing regions with budget constraints, this presents a significant barrier to long-term sustainability.
4.3.2.4 Infrastructure Damage during Installation
Existing pavement monitoring systems are usually installed in already-serviced roads, requiring methods like cutting and grooving to embed sensors, which can cause significant damage and reduce the service life of the pavement (Ye et al., 2024)https://dummy-citation.com/citation?d=%3D.
4.3.3 Regulatory and Standardization Challenges
4.3.3.1 Lack of Standardization
The absence of standardized protocols and interfaces across different sensor types and manufacturers hinders interoperability . Standardization efforts are necessary to establish common protocols and interfaces that enable devices to work together effectively . Diverse protocols with different features provided by multiple organizations present challenges for collaboration on a single platform, requiring dedicated standardization processes (Rafiq et al., 2023)https://dummy-citation.com/citation?d=.
4.3.3.2 Privacy and Security Concerns
Significant privacy and security concerns exist due to the vulnerability of real-time data to cyber-attacks . The vast amount of data generated by IoT devices raises concerns about data security and privacy . Protecting sensitive information from unauthorized access, ensuring secure communication, and implementing robust data protection measures are essential (Ishaq & Farooq, 2023)https://dummy-citation.com/citation?d=%3D%3D.
4.3.3.3 Regulatory Approval and Compliance
A complex regulatory landscape with varying regulations by region makes it difficult to obtain necessary approvals . The rapid development of IoT technologies often outpaces regulatory and legal frameworks governing their use . Smart city initiatives need clear regulations addressing data ownership, privacy, liability, and cybersecurity (Ishaq & Farooq, 2023)https://dummy-citation.com/citation?d=%3D%3D.
4.3.4 Implementation Challenges Specific to Developing Countries
4.3.4.1 Financing and Budget Constraints
Financing remains one of the greatest obstacles for smart city implementation. State-sponsored enterprises have limited effectiveness, and bank funding schemes can result in increased non-performing assets. Most states have not been able to provide adequate financial and infrastructural aid to implement smart infrastructure initiatives fully (Ikeda & Tamagaki, 1977)https://dummy-citation.com/citation?d=%3D.
4.3.4.2 Coordination and Governance
Strong coordination between center and state levels is essential for better project execution . The establishment of appropriate governance models and collaboration between public and private sectors is essential to navigate legal challenges . Corruption has been identified as a root cause of problems, responsible for both lack of coordination and time lag during procedures (Ghazi et al., 2024)https://dummy-citation.com/citation?d=%3D%3D.
4.3.4.3 Infrastructure Readiness
Facility availability is a major issue in developing regions, including qualified manpower and advanced technology requirements . Robust infrastructure and reliable connectivity are prerequisites, including widespread coverage of communication networks such as high-speed internet, cellular networks, and low-power wide-area networks (Ishaq & Farooq, 2023)https://dummy-citation.com/citation?d=%3D%3D.
4.3.4.4 Planning Challenges
The majority of cities in developing countries lack master plans and construction plans in place . The implementation of smarter roads in developing countries demands persistent efforts, continuing research, long-term strategic planning, and funding for smart highway systems (Venkataraman et al., n.d.)https://dummy-citation.com/citation?d=%3D.
4.4. Regional Context: Implications for Bilaspur, Chhattisgarh
While specific studies focusing exclusively on Bilaspur, Chhattisgarh were not identified in the literature, the challenges documented for Indian states and developing regions (which faces poor infrastructure particularly in rural and tribal regions, low accessibility, and unequal resource distribution (Ikeda & Tamagaki, 1977)https://dummy-citation.com/citation?d=%3D) are highly relevant to Chhattisgarh’s context).
Additional considerations for regions like Bilaspur include:
4.4.1. Climate Conditions: Specific weather patterns typical to central India may require specialized sensor protection and calibration
4.4.2. Urban-Rural Divide: Infrastructure readiness varies significantly between urban centers and rural areas.
4.4.3. Heavy Vehicular Load: The presence of industrial traffic and heavy transport vehicles passing through the region accelerates pavement deterioration, necessitating robust sensing solutions capable of withstanding high-stress conditions (Tafida et al., 2024)https://dummy-citation.com/citation?d=%3D.
4.4.4. Socio-Economic Factors: Budget constraints and the digital divide characteristic of developing regions necessitate cost-effective solutions and multi-sectoral collaboration to ensure equitable access to smart infrastructure benefits (Venkataraman et al., n.d.; Yu, 2024)https://dummy-citation.com/citation?d=%3D.
4.5. Potential Solutions and Mitigation Strategies
4.5.1 Technical Solutions
· Development of self-powered distributed intelligent pavement monitoring systems based on IoT, encompassing sensor networks, cloud platforms, communication networks, and power supply systems.
· Implementation of distributed computing, low power consumption, self-powered mechanisms, and easy scalability features. 
· Integration of digital twin technology for proactive monitoring of road infrastructure.
· Advanced machine learning models for road damage detection and pavement assessment.
· Utilization of robust cybersecurity measures to safeguard smart road systems from potential cyber threats, ensuring the integrity and security of data exchanged within the network.
4.5.2 Economic Strategies
· Phased implementation approaches to manage initial costs.
· Public-private partnerships to share financial risks and benefits.
· Prioritization of critical infrastructure segments for smart sensor deployment.
· Exploration of alternative funding mechanisms such as infrastructure bonds and international grants to supplement limited state budgets.
· Conducting comprehensive lifecycle cost-benefit analyses to quantify long-term savings from reduced maintenance costs and improved road safety.
4.5.3 Policy and Regulatory Recommendations
· Establishment of clear regulatory frameworks for IoT deployment in infrastructure.
· Development of interoperability standards for sensor systems.
· Creation of data governance policies addressing ownership, privacy, and security.
· Incentivization of research and development investments to foster local innovation and reduce dependency on imported technologies.
· Promotion of local manufacturing capabilities to support the supply chain and reduce dependency on imported technologies.
· Adoption of capacity-building programs and technical training workshops to enhance local expertise in smart infrastructure maintenance and operation.
4.6. Future Research Directions
· Development of more durable and energy-efficient sensor technologies.
· Integration of 5G and edge computing for improved real-time processing.
· Pilot studies in developing regions to contextualize global best practices.
· Lifecycle cost-benefit analysis specific to developing country contexts.
· Resilience-focused sensor development for extreme weather conditions.
Conclusion
The adoption of smart road sensing technology for infrastructure monitoring and maintenance in Bilaspur city presents a multifaceted set of challenges encompassing technical, economic, regulatory, and environmental dimensions. While IoT-enhanced smart road infrastructure systems promise significant improvements in efficiency and safety, practical implementation faces substantial hurdles, particularly in developing regions. The transformation toward intelligent highway systems requires more than just technological solutions; it demands strategic planning, adequate funding, strong governance, and careful consideration of local contexts. For regions like Bilaspur, Chhattisgarh, a balanced approach that acknowledges resource constraints while leveraging emerging technologies offers the most promising path forward. As India’s smart city initiatives continue to evolve, lessons learned from early adopters will be invaluable for scaling smart road technologies across the country’s extensive road network. Future success will depend on addressing the identified challenges systematically and fostering collaboration between government agencies, private sector technology providers, and academic researchers. 
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