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ABSTRACT

The integration of smart pavements into Intelligent Transportation Systems (ITS)
represents a transformative advancement in  modern infrastructure. Smart
pavements, embedded with sensors and communication technologies, facilitate
real-time traffic monitoring, environmental sensing, and vehicle-to-infrastructure
(V21) communication. This paper explores the design, functionality, and
potential impacts of smart pavements in Pakistan's urban transportation networks.
Emphasis is placed on material innovation, sensor integration, and data analytics
for trafic management and predictive maintenance. Through case studies and
data-driven insights, this study assesses the readiness and challenges of
deploying smart pavements in Pakistan, suggesting a multi-stakeholder approach
for effective implementation.

INTRODUCTION

The rapid urbanization and increased vehicular congestion in Pakistani cities demand intelligent
solutions to enhance road safety, efficiency, and sustainability. Smart pavements, powered by
sensor technologies and loT frameworks, are emerging as a critical component of ITS. They
provide data for traffic flow optimization, environmental monitoring, and road maintenance.
With global trends pointing towards automation and smart mobility, Pakistan must adapt these
innovations to transform its road infrastructure.

1. Overview of Smart Pavement Technologies

Smart pavements are an emerging component of next-generation transportation infrastructure,
designed to support real-time data communication, environmental sensing, and dynamic vehicle

77


http://www.seais.org/
mailto:faizan.ahmed@uok.edu.pk
mailto:ali.raza@ciit.edu.pk

interaction. They transform passive road surfaces into intelligent platforms by embedding a
variety of sensors and 10T technologies.

Definitions and Global Use Cases

Smart pavements refer to road surfaces embedded with sensors, communication modules, and
sometimes energy harvesting components that interact with vehicles and infrastructure to
enhance transport safety, efficiency, and sustainability. Globally, countries like the United
States, China, and the Netherlands have pioneered smart pavement initiatives. For instance, the
Smart Pavement Pilot Program in Colorado integrates fiber-optic sensors for crash detection and
real-time alerts [1]. In the Netherlands, solar-powered bike paths and smart lighting integrated
into roads reflect the convergence of renewable energy with infrastructure [2].

Evolution from Traditional Roads to Sensor-Integrated Surfaces

Traditional pavements were designed primarily for structural durability and vehicular load
management. However, as cities grow smarter and vehicle technology advances, there is a shift
towards data-driven infrastructure. Sensor-integrated pavements evolved to address challenges
such as traffic congestion, accident response, pavement wear monitoring, and even electric
vehicle charging. The integration began with basic pressure sensors for wvehicle counting and
evolved into complex systems involving multi-modal sensors, wireless communication, and
edge computing nodes [3].

Role of 10T, RFID, Piezoelectric and Fiber-Optic Sensors

e Internet of Things (lIoT): 10T frameworks connect embedded road sensors with cloud
platforms, allowing authorities to remotely monitor traffic, weather, and infrastructure
conditions in real-time.

e Radio Frequency ldentification (RFID): RFID tags and readers integrated into roads help
in vehicle identification, toll management, and asset tracking.

e Piezoelectric Sensors: These generate electrical signals under mechanical stress and are
used to monitor traffic volume, load estimation, and energy harvesting from vehicular
pressure.

e Fiber-Optic Sensors: These provide high-resolution strain, temperature, and displacement
data. Their immunity to electromagnetic interference makes them ideal for structural health
monitoring in harsh environments [1][2][3].

These technologies collectively enable smart pavements to serve as foundational components of
Intelligent ~ Transportation  Systems  (ITS), facilitating predictive = maintenance, accident
reduction, and optimized traffic flow.

2. Smart Pavement Design and Components

The design of smart pavements is a sophisticated fusion of civil engineering, embedded
electronics, and materials science. These pavements are built not only to sustain heavy vehicular
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loads but also to serve as dynamic, intelligent infrastructure that interacts with the environment
and road users.

Layers: Structural vs. Functional Components
Smart pavement systems are typically composed of two interdependent layers:

e Structural Layers: These form the traditional base and include subgrade, sub-base, base
course, and surface layers such as asphalt or concrete. Their primary role is to support
mechanical loads and maintain durability under environmental stresses.

e Functional Layers: These include embedded or surface-mounted electronic components
such as sensors, microcontrollers, data transmission units, and energy harvesters. Functional
layers are designed to monitor real-time traffic conditions, environmental parameters (e.g.,
temperature, moisture), and mechanical deformations (strain, stress, fatigue).

To ensure both mechanical strength and technological function, sensor modules are embedded
between the base and surface layers or installed at the surface edge for accessibility and signal

clarity [4].
Sensor Types and Placement Strategies

Various sensors are integrated based on their monitoring functions and expected lifespan:

e Pressure Sensors: Placed directly under the surface layer to detect vehicle weight and
movement patterns.

e Strain Gauges: Embedded within the structural layers to measure pavement deformation
under load.

e Temperature and Moisture Sensors: Installed near the surface or in drainage systems to
monitor climate effects on pavement integrity.

e Accelerometers and Vibration Sensors: Used to detect surface distress, potholes, and
structural degradation.

e Inductive Loop and Magnetometers: Common for wvehicle detection at signalized
intersections or toll booths.

e Placement Strategies:

e Distributed Placement: Ensures broad area coverage using a grid network, ideal for
highways.

e Focused Placement: Used at critical locations such as bridges, intersections, and
accident-prone areas for intensive data monitoring [4][5].

Integration of Solar Panels and Energy Harvesting Mechanisms

Smart pavements are increasingly designed to be energy-autonomous through renewable
integration:

e Photovoltaic Pavement Tiles: These are surface-embedded solar panels made with
tempered glass that can bear wvehicular loads while generating electricity. Example: The
Wattway solar road project in France.
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e Piezoelectric Modules: Generate electricity when compressed by vehicle tires. The
harvested energy powers streetlights, sensors, or roadside communication devices.

e Thermoelectric Generators: Use temperature gradients between pavement layers and the
environment to produce low-voltage power.

These energy harvesting technologies reduce dependency on external power sources and
enhance the sustainability of smart infrastructure [6].

3. Applications in Intelligent Transportation Systems (ITS)

Smart pavements serve as integral components of Intelligent Transportation Systems (ITS),
enabling real-time communication between infrastructure and wvehicles, enhancing safety, and
improving traffic efficiency. By embedding various sensors and communication technologies,
smart pavements transform static roads into active platforms that support dynamic traffic
management and decision-making.

Real-Time Traffic Data and Congestion Control

Smart pavements continuously collect data on traffic volume, vehicle speed, density, and lane
occupancy through embedded sensors like inductive loops, magnetometers, and RFID modules.
This data is processed in real-time and transmitted to central traffic control units or cloud
platforms.

Applications include:

e Dynamic traffic light optimization based on real-time congestion levels.

e Lane management systems, including reversible lanes during peak hours.

e Traveler information systems providing updated traffic conditions to drivers via apps or
road signage [7].

In Lahore’s pilot ITS corridors, integration with smart pavement modules showed a reduction in
average travel time by up to 18% during rush hours [8].

Incident Detection and Emergency Response Systems

Smart pavements can detect abnormal vehicle behavior such as sudden deceleration, skidding,
or collisions. Pressure and vibration sensors, combined with Al-powered analytics, enable early
identification of incidents.

Functions include:

e Immediate alert generation to emergency services and traffic control centers.
e Automatic activation of waming lights or digital signage to alert other drivers.
e Diversion route suggestions using connected navigation systems.

For example, in Colorado’s smart highway testbed, sensor-triggered alerts reduced emergency
response time by over 25% [9].

Vehicle-to-Infrastructure (V21) Communication
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Smart pavements support V2l communication, enabling two-way data exchange between
connected vehicles and roadside infrastructure. Technologies such as DSRC (Dedicated Short-
Range Communications) and 5G loT modules are integrated into pavements to support seamless
data flow.

Key V2I applications:

e Speed regulation and zone alerts, like school zones or road work.

e Autonomous vehicle navigation support, through detailed real-time road condition
updates.

e Automated toll collection and dynamic pricing, based on traffic density and vehicle class.

In Pakistan, initiatives like the Islamabad Smart Highway Project are testing V2I systems in
collaboration with telecommunication providers and academic institutions [10].

4. Smart Pavements in the Context of Pakistan

Pakistan’s rapidly urbanizing cities—such as Lahore, Karachi, and Islamabad—face escalating
challenges in traffic congestion, road safety, and infrastructure degradation. These issues
necessitate innovative approaches to urban mobility, and smart pavements represent a promising
solution. However, the path to adoption involves complex technical, financial, and policy
considerations.

Urban Traffic Challenges in Lahore, Karachi, Islamabad
Major metropolitan areas in Pakistan experience persistent transportation issues:

e Lahore suffers from chronic congestion, particularly on Canal Road and Ferozepur Road,
where vehicle volume exceeds infrastructure capacity by over 30%.

e Karachi, with an estimated 3.5 million registered vehicles, lacks intelligent signaling and
suffers from high accident rates, particularly on MA Jinnah Road and Shahrah-e-Faisal [11].

e Islamabad experiences bottlenecks on Kashmir Highway and Expressway due to limited
real-time traffic monitoring systems.

The absence of dynamic road management and real-time feedback systems leads to
inefficiencies, fuel waste, and environmental degradation. Smart pavements, by enabling data-
driven traffic management, can significantly improve traffic flow and safety in these cities [12].

Feasibility Studies and Pilot Projects (e.g., Lahore Smart City)
In recent years, Pakistan has taken modest steps towards adopting smart infrastructure:

e Lahore Smart City (LSC), a joint venture by FDH and Habib Rafiq Pvt Ltd, is Pakistan’s
second smart city project. It includes intelligent roads embedded with sensors for traffic
monitoring and environmental data collection.

e NED University in Karachi conducted a feasibility study on integrating pressure-sensitive
pavement modules for vehicle counting and load analysis on Shahrah-e-Pakistan.

e Islamabad's CPEC Corridor is being considered for pilot testing of solar-powered smart
pavements to facilitate vehicular energy data transmission [13][14].
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These pilot initiatives demonstrate the viability of smart pavements in controlled settings,
though large-scale deployment remains limited due to systemic challenges.

Policy, Regulatory, and Financial Barriers

Despite  promising pilots, Pakistan faces multiple impediments to the widespread
implementation of smart pavement technologies:

e Lack of National ITS Policy: There is no dedicated regulatory framework mandating the
integration of smart infrastructure into urban development.

e Fragmented Stakeholder Involvement: Coordination between ministries (transport, IT,
energy), municipalities, and private developers is minimal.

e Limited Funding Mechanisms: Smart pavements require substantial initial investment.
Current urban development budgets prioritize road expansion rather than innovation. Public-
private partnerships (PPPs) are underutilized.

e Technical Capacity Gaps: A shortage of civil engineers and urban planners trained in
smart infrastructure design hinders implementation [15][16].

Overcoming these barriers demands coordinated governance, regulatory support, and strategic
investments, particularly in local R&D and technical training.

5. Future Prospects and Recommendations

As urban populations continue to surge and transportation demands grow in Pakistan, smart
pavements stand poised to redefine mobility infrastructure. Moving beyond pilot applications,
the integration of artificial intelligence, cross-sector collaboration, and phased national
deployment strategies will be critical for long-term success.

Al and Machine Learning for Predictive Road Maintenance

One of the most transformative prospects for smart pavements is their integration with Al-
driven predictive maintenance systems. Using data from embedded sensors (strain, vibration,
moisture, temperature), machine learning algorithms can detect early signs of structural
fatigue, rutting, or cracking before visible deterioration occurs.

Key advantages:

e Preventive action: Al can suggest timely maintenance to avoid costly repairs.

e Lifecycle optimization: Reduces total cost of pavement ownership by extending functional
life.

e Automated diagnostics: Enables digital twins of road segments, allowing virtual testing of
wear under projected traffic loads [17].

For instance, prototype systems developed at NUST’s Smart Infrastructure Lab have
demonstrated over 85% accuracy in identifying fault-prone zones based on traffic and weather
patterns.

Collaborative Frameworks: Academia, Industry, and Government
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Successful deployment of smart pavements in Pakistan necessitates multi-stakeholder
engagement:

e Academic institutions (e.g, NED, UET, NUST) can lead R&D, prototype testing, and
curriculum development for smart infrastructure engineering.

e Industry partners such as telecommunication providers, civil contractors, and IoT vendors
can supply hardware, software, and system integration.

e Govemment bodies—including the Ministry of Communications, National Highway
Authority (NHA), and provincial urban planning agencies—must enable regulation, funding,
and project oversight [18].

A structured framework akin to China’s “Digital Infrastructure Alliance” or the U.S. DOT’s
Smart Infrastructure Program could accelerate progress in Pakistan.

Recommendations for Phased Deployment in Major Cities

Given infrastructure and budget constraints, a phased implementation strategy is essential.
Recommendations include:

Phase 1 — Pilot Corridors (2025-2027):

Deploy smart pavements on selected high-traffic routes in Lahore, Islamabad, and Karachi.
Focus on congestion control and sensor validation.

Phase 2 — Institutionalization (2027-2030):

Develop national standards for smart road construction. Establish a Smart Transportation
Division within NHA.

Phase 3 — National Rollout (2030 onward):

Integrate smart pavements in all new expressway and BRT projects. Offer subsidies or tax
incentives for public-private infrastructure partnerships [19].

Monitoring and Evaluation:

Use digital dashboards and KPIs (e.g., vehicle delay hours, accident reduction, maintenance cost
savings) to assess performance and guide policy adaptation [20].

Hussain explores how the Punjab Sahulat Bazaars Authority (PSBA) in Pakistan demonstrates
an innovative hybrid model of public service that embeds market-oriented principles within a
statutory governance framework (Hussain, 2025). He shows that by operating without
government subsidies and integrating mechanisms such as pricing discipline, digital logistics,
vendor empowerment and decentralized partnerships, PSBA achieved both financial self-
sufficiency and enhanced service delivery. The article argues that this model challenges the
traditional dichotomy between welfare-oriented public services and business-driven efficiency,
suggesting that statutory authorities can be designed to be performance-driven, transparent and
scalable in resource-constrained environments.
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Naveed Rafagat Ahmad is a policy researcher and academic specializing in public sector
governance, economic reform, and institutional efficiency. His research focuses on the
challenges faced by state-owned enterprises in Pakistan, including financial inefficiencies and
governance gaps, and proposes evidence-based strategies for achieving fiscal self-sufficiency
and operational accountability. By drawing on comparative international experiences, Ahmad
provides actionable insights to support policymakers in transforming Pakistan’s public sector
institutions into sustainable, competitive, and efficient organizations.

Ahmad (2025) provides an in-depth analysis of eight major Pakistani State-Owned Enterprises
(SOEs), including PIA, Pakistan Steel Mills, and Pakistan Railways, over 2019-2024. His study
identifies chronic losses, low operational efficiency, and high dependency on government
subsidies, with PIA and PSM consuming over 92% of total subsidies. Using theoretical
frameworks such as agency theory, institutional theory, public value, behavioral economics, and
political economy, Ahmad emphasizes the urgent need for structural reforms, including
privatization, public-private  partnerships, professionalized governance, and citizen-focused
accountability to restore public trust and ensure sustainable management of public sector
institutions.

Ahmad (2025) examines human—Al collaboration in knowledge work, focusing on productivity,
errors, and ethical risks. Findings indicate that Al assistance can improve task completion by
32-39%, particularly for novices performing structured tasks, while high-complexity tasks
experience a 15-25% increase in errors. Errors are categorized into hallucinated facts, logic
problems, fabricated citations, omissions, and biased assumptions. Ahmad highlights the
importance of human owversight, verification behaviors, and ethical awareness, providing
actionable guidance to integrate Al into professional workflows while maintaining accuracy,
accountability, and ethical responsibility.

Naveed Rafagat Ahmad further discusses the importance of strong data governance in Al-
enabled public administration. He highlights that poor-quality or unrepresentative datasets can
lead to discriminatory outcomes in automated decision-making systems. To address this
challenge, he recommends continuous data auditing, fairness testing, and strict standards for
data collection and management within government institutions.

Dr. Ersin Irk also highlights the significance of digital governance tools in modern welfare
administration. His work demonstrates how digital monitoring systems, real-time performance
tracking, and transparent reporting mechanisms can strengthen accountability and improve the
operational efficiency of welfare institutions.

Graphs & Charts
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Graph 1: Global Adoption of Smart Pavement Technologies (2010-2025%)
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Graph 1: Global Adoption of Smart Pavement Technologies (2010-2025)
Line chart showing the growing number of smart road projects across countries including the
U.S., China, Netherlands, and pilot efforts in Pakistan.

Graph 2: Sensor Types and Functional Use in Smart Pavements
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Graph 2: Sensor Types and Functional Use in Smart Pavements
Bar chart comparing usage of pressure sensors, temperature sensors, strain gauges, and RFID

tags.

Graph 3: Traffic Congestion Reduction (Lahore)
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Graph 3: Traffic Congestion Reduction Post Smart Pavement Deployment
Before-and-after comparison using bar chart data from simulated studies in Lahore.

Graph 4: Cost vs, Maintenance Benefit Analysis
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Graph 4: Cost vs. Maintenance Benefit Analysis
Line chart showing how smart pavements reduce lifecycle maintenance costs over 10 years.

Graph 5: Stakeholder Matrix for Smart Pavement Implementation in Pakistan
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Graph 5: Stakeholder Matrix for Smart Pavement Implementation in Pakistan
Pie chart showing the roles of government (40%), academia (25%), industry (20%), and public-
private partnerships (15%).

Summary

This article underscores the transformative potential of smart pavements as foundational
infrastructure for intelligent transportation systems in Pakistan. By leveraging sensor-based
technologies and V2l communication, smart pavements can enhance traffic efficiency, improve
safety, and extend pavement lifespan. Despite promising outcomes globally, Pakistan faces
challenges such as limited funding, policy inertia, and infrastructure readiness. Strategic
investment, pilot testing, and multi-sectoral collaboration are essential for successful adoption.
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The study concludes with policy recommendations and a roadmap for integrating smart
pavements into Pakistan’s future transport systems.
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