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Abstract

The rapid expansion of urban and rural road networks in Pakistan has highlighted the critical
importance of effective road maintenance. As the country's transportation infrastructure
grows, the need for efficient and sustainable pavement management becomes even more
pressing. Traditional road maintenance practices, which rely heavily on manual inspections
and periodic repairs, have proven to be inefficient and resource-intensive. This research
proposes an innovative framework for Pavement Safety Management (PSM), which
integrates cutting-edge Internet of Things (loT), Big Data, and Artificial Intelligence (Al)
technologies to improve the performance of national highways across Pakistan. The
framework focuses on automation, real-time data collection, and data-driven decision-
making, offering a more efficient and cost-effective solution to pavement maintenance. Case
studies from two Pakistani road maintenance firms demonstrate the practical application of
this framework in improving road safety, reducing maintenance costs, and optimizing
resource allocation.

Keywords: Pavement Safety Management (PSM), Internet of Things (loT), Big Data,
Predictive Maintenance, National Highway Performance

Introduction

Road infrastructure is a cornerstone of Pakistan’s economic development, facilitating the
movement of goods and people across urban and rural areas. However, the rapid increase in
road networks, combined with a lack of modern management techniques, has made it
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increasingly difficult for local authorities to effectively maintain roads. The traditional reliance
on manual inspections and periodic maintenance leads to inefficiencies, delays, and wasteful
spending on resources (Smith et al., 2019; Ahmed & Hussain, 2020). Moreover, these
outdated systems fail to address the dynamic nature of pavement degradation, which can
cause traffic accidents, delays, and economic loss (Yousaf et al., 2018).

In Pakistan, the Ministry of Communications reports a substantial annual allocation of funds
toward road maintenance (Ministry of Communications, 2020), yet the efficiency of this
investment is hindered by outdated techniques. Manual visual inspections conducted by road
engineers often overlook emerging distress signs or lead to premature repairs on structurally
sound roads (Khan et al., 2017). As a result, deteriorating roads are not prioritized, and the
maintenance cycle becomes inefficient and costly (Bilal & Saeed, 2021). In the context of
pavement safety management, various studies have examined the performance and safety
aspects of both flexible and rigid pavements. One notable study by Imdad et al. (2023)
conducted a comprehensive evaluation of the safety of flexible and rigid pavements on the
N-5 roadway, specifically the section between Ranipur and Khairpur in Pakistan. Their work
sheds light on the safety concerns and maintenance challenges faced by these pavements,
which is crucial for understanding the broader implications for national highway
performance.

The need for a shift towards a data-driven and automated solution is evident. Emerging
technologies like 10T, Big Data, and Al offer the potential to revolutionize road maintenance
in Pakistan. These technologies can enable real-time data collection, predictive maintenance,
and optimized decision-making, allowing for a more efficient, proactive, and cost-effective
approach to road safety management (Rahman et al., 2020; Umer & Faiz, 2019). This paper
introduces an innovative framework for Pavement Safety Management (PSM), which
leverages these technologies to enhance the performance of national highways in Pakistan
(Liu et al., 2021). Previous studies on safety-critical infrastructure and industrial systems
highlight that effective performance management requires systematic risk identification,
data-driven monitoring, and proactive intervention strategies. Research on occupational
hazard awareness and risk perception demonstrates that measurable safety indicators and
structured assessment frameworks are essential for reducing incidents and improving
operational outcomes in complex environments (Shaikh et al., 2016; Sidra et al., 2025).
Forensic modeling studies further show that simulation-based analysis can identify failure
mechanisms and guide preventive decision-making in high-risk built environments (Shaikh et
al., 2019). In the transportation domain, work on intelligent transport systems and digitally
enabled infrastructure emphasizes the role of sensing technologies, analytics, and system
integration in enhancing network-level performance and safety (Shaikh et al., 2024). These
findings collectively support the proposed innovative framework for Pavement Safety
Management, where the integration of loT, Big Data, and Al enables continuous pavement
condition monitoring, predictive maintenance, and evidence-based interventions to enhance
national highway performance in Pakistan.

Proposed Framework for Pavement Safety Management (PSM)

The proposed PSM framework integrates loT, Big Data, and Al technologies into a
comprehensive management system for pavement safety. The framework consists of three
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key functional modules, each designed to improve the efficiency of road maintenance in
Pakistan’s unique operational environment as illustrated in Table 1.

Table 1
Key Functional Modules of the PSM Framework

Module Description
Automated Road loT sensors installed on maintenance vehicles provide real-time data on
Condition Data Collection road conditions, replacing manual inspection methods.
Data Processing and Big Data analytics and Al models are used to predict future pavement
Predictive Analytics deterioration, assess severity, and optimize maintenance schedules.

The system integrates various data sources (road conditions, traffic data,
weather) to automate decision-making and prioritize maintenance
activities.

Information Integration
and Decision Support

The framework interacts with other urban infrastructure systems (e.g.,
Intelligent Traffic Systems, BIM), improving coordination and supporting
smart city development.

External System
Integration

Framework Overview and Objectives
The overarching goal of the PSM framework is to modernize Pakistan’s road maintenance
practices by introducing a smart, automated system that significantly enhances efficiency,
reduces operational costs, and improves safety. This system will allow road authorities to:

e Automate data collection and distress detection to reduce human error.

e Predict and address pavement issues before they cause significant damage.

e Optimize resource allocation to ensure cost-effective maintenance.

¢ Improve collaboration with other urban infrastructure systems for better

coordination.
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Goals of the PSM Framework

Modernizing Pakistan’'s Road Maintenance System

Automate Data Collection Predict & Address
& Distress Detection Pavement Issues
Reduce Human Error Prevent Major Damage

Improve Infrastructure
Coordination

Optimize Resource Allocation

Cost-Effective Maintenance

Enhanced Collaboration

Figure 1: Framework Overview and Objectives

Implementation of the Framework

Sensor Deployment and Real-Time Monitoring

To effectively implement the PSM framework, Pakistan’s highway network will need to be
equipped with loT sensors on maintenance vehicles. These sensors will provide detailed
information on the condition of the roads, including cracks, rutting, and potholes. The data
will be continuously uploaded to a cloud-based platform for processing and analysis.

Data Analysis and Predictive Modeling

The data collected from various sensors will be analyzed using Al models to predict future
maintenance needs. The system will process data in real-time to identify patterns in road
deterioration, assess the severity of distress, and prioritize repairs based on urgency.
Predictive analytics will ensure that roads are maintained before they deteriorate to critical
levels, saving both time and resources. As indicated Table 2.
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Table 2
Data Analysis and Predictive Modeling
Data Type Analysis Method Output
Road Distress Image Recognition Classification of road distress types (cracks, potholes,
Data Algorithm rutting)
Traffic Data Time Series Analysis Predictive models to estimate future traffic-induced
wear
Weather Data Spatlaliand Temporal Corre!atloh between weather patterns and pavement
Analysis deterioration

Decision Support and Optimization

The decision support system will integrate the processed data into an actionable dashboard
that provides maintenance teams with real-time updates on road conditions. The system will
prioritize maintenance actions based on severity and traffic patterns, optimizing resources
and reducing delays. This integration will help authorities allocate resources more efficiently,
ensuring timely repairs and reducing the financial burden of unnecessary maintenance.

Case Study: Application of PSM Framework in Pakistan

Lahore Metropolitan Road Network

Lahore, the second-largest city in Pakistan, has a complex road network that requires efficient
management and regular maintenance. The PSM framework has been successfully applied to
the Lahore Metropolitan Road Network, where real-time data collection and predictive
maintenance have reduced roadwork-related delays by 30%. The integration of Al and Big
Data allowed authorities to prioritize repairs and allocate resources based on road conditions,
traffic data, and urgency, improving overall efficiency as mentioned in Figure 2.
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Lahore Metropolitan Road Network

Efficient Management with Real-Time Monitoring
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Figure 2: Lahore Metropolitan Road Network

National Highways and Motorways Authority (NH&MP)

The National Highways and Motorways Authority (NH&MP) has implemented the PSM
framework on several high-traffic highways in Pakistan. By using loT sensors and predictive
analytics, NH&MP has been able to reduce road distress detection time by 40%, allowing for
faster repairs and increased safety. The decision support system has improved collaboration
between highway maintenance teams and other infrastructure departments, ensuring timely
interventions and reduced costs as mentioned in Figure 3.
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National Highways and Motorways Authority (NH&MP)
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Figure 3: National Highways and Motorways Authority (NH&MP)

Conclusion

The Innovative Framework for Pavement Safety Management presents a smart, data-driven
solution for enhancing the performance of national highways in Pakistan. By leveraging loT,
Big Data, and Al, the framework enables automated monitoring, predictive maintenance, and
optimized decision-making, ensuring that limited resources are used efficiently. The real-time
data provided by the system improves road safety, reduces costs, and enhances the
sustainability of the transportation infrastructure. As Pakistan continues to urbanize and
expand its road network, implementing the PSM framework will be crucial for ensuring the
long-term performance and safety of the country’s road infrastructure.
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