
SSRG International Journal of Civil Engineering                                                                                  Volume 13 Issue 3, 274-286, March 2026 

ISSN: 2348-8352/ https://doi.org/10.14445/23488352/IJCE-V13I3P120                                                              © 2026 Seventh Sense Research Group® 

 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 

Review Article 

 

Integrating Artificial Intelligence in Pavement Design for 

Smart and Sustainable Urban Infrastructure: A Review 

 

Swati Sonawane1, Aroushi Bhagwat1, Mugdha Kshirsagar1*, Shailendra Banne2  

 
1Department of Civil Engineering, Symbiosis Institute of Technology (SIT),  

Symbiosis International (Deemed University) (SIU), Lavale, Pune, Maharashtra, India. 
2Department of Civil Engineering, Pimpri Chinchwad College of Engineering, Savitribai Phule Pune University, Nigdi, Pune, 

Maharashtra, India. 
 

*Corresponding Author : mugdhak@sitpune.edu.in   

Received: 15 December 2025 Revised: 16 January 2026 Accepted: 22 February 2026 Published: 23 March 2026 

 

Abstract - Resilient, sustainable, and efficient infrastructures are essential in smart cities, and pavements play a critical role in 

facilitating mobility and connectivity. Artificial Intelligence (AI) is emerging as a disruptive paradigm in the design and use of 

pavements; it is providing tools and processes, leveraging real data to facilitate decision-making and improve pavement 

performance. This review will provide an overview of AI in the domain of pavement engineering that explores the following 

aspects: Material characterization, design optimization, performance prediction, and maintenance planning. By synthesizing 

recent research studies, this review illustrates that using techniques such as machine learning, deep learning, and predictive 

modelling will enhance performance accuracy, increase cost effectiveness, and create adaptive design models that will foster 

smart city applications. Despite the potential for innovation through the application of AI in pavement engineering, some 

challenges must be resolved: Comprehensive and standardized datasets are needed, AI models must be more transparent and 

explainable, and AI applications must be integrated into existing design and management processes. The study concludes with 

an emphasis that AI has the potential to enable smart, sustainable mobility and that AI represents new technology, but will also 

be a novel way to optimize future urban infrastructure. 

 

Keywords - AI, Deep Learning, Intelligent Transportation, Machine Learning, Pavement Design, Predictive Modelling, Smart 

Cities. 

 

1. Introduction  
The field of transportation engineering is changing fast, 

with AI improving transport safety, efficiency, and 

sustainability with the application of smart traffic 

management, predictive maintenance, and autonomous 

systems. Some of the most significant innovations are AI 

being used to optimize traffic, predict maintenance 

requirements of the infrastructure, and autonomous vehicles, 

logistics, and personal mobility solutions.  

 

This study deals with the cities all across the globe that 

are urbanizing at a very unpredictable rate, due to which there 

is a need for coming up with ways to effectively optimize 

resources, resolve all mobility challenges, while keeping in 

mind sustainable goals [1-4]. This out-of-proportion 

urbanization has led to a surge of smart cities, which are not 

only data-driven but also more sustainable, making this more 

efficient [5, 6]. The transportation infrastructure is the pillar 

of the growth of these smart cities. They improve connectivity, 

movement, and reduce the costs [7-11].  
 

The most essential part of transportation systems is the 

pavements. They have a direct effect on safety, service quality, 

and sustainability, which in turn leads to better mobility [12, 

13]. The life cycle costs (maintenance and repair costs) can be 

reduced with better thinking and designing. Poorly designed 

pavements can have severe impacts, such as high service life 

costs, a poorer transportation network, and higher fuel 

consumption. Various studies reveal that the already existing 

pavements have now reached their capacity due to multiple 

reasons, such as heavy vehicles, unexpected traffic volumes, 

and climatic conditions [14-16].  

 

The previous methods used are more factual, and 

predictions are made on static assumptions; due to these 

reasons, making long-term predictions in real-world scenarios 

is challenging. While keeping these in mind, too, there is an 

urgent need to modify and diversify our already existing 

pavements. For instance, pavement performances play a 

significant role as they directly affect environmental 

sustainability, i.e., by managing the fuel consumption and 

emissions [17-19]. 

http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Embodied carbon and recyclability over the long term are 

influenced by the choice of materials. Preferably, pavements 

ought to be designed as active elements that can help the 

sustainability agenda of a city, not as passive elements. In 

order to realize these goals, there is a need to have strict 

analytical skills to handle big, complicated, and 

interconnected data. Artificial Intelligence (AI), defined as 

computational techniques enabling machines to perform data-

driven learning and decision-making tasks, is increasingly 

applied in pavement systems and has become the leading 

device in the context of satisfying these requirements [20-22].  

 

Generally, in civil and transportation engineering, AI has 

provided methods of challenging the conventional analytical 

paradigm that utilizes training data that covers a wide 

spectrum of factors, to non-standard statistical tools. Machine 

Learning (ML) is a subset of Artificial Intelligence involving 

data-based predictive algorithms that have the capability to go 

through large volumes of data, including traffic loads, climatic 

conditions, and properties of materials, to fruitfully study the 

trends and help in improving the forecasting. The 

effectiveness can be increased by using deep learning methods 

by modelling complex nonlinear relationships; on the other 

hand, these complexities are not captured by conventional 

methods. Also, by using maintenance plans, outages of 

systems are reduced, and the use of resources is maximized 

[23, 24]. In recent years, optimal use of asphalt and concrete 

mixtures using AI models has shown a significant increase in 

strength, economy, and environmental benefits [5].   

 

Smart predictive technologies have the ability to 

anticipate such problems as cracking or rutting. Such a 

proactive approach allows agencies to shift the focus of 

responding to the damage to proactively intervene in order to 

enhance the functioning effectiveness [25].  

 

The optimization methodologies are critical in 

determining the best design alternatives to use to design the 

roadway infrastructure based on the performance, cost, and 

environmental factors, thus falling in line with the idea of 

smart cities [26-28].  Through the application of AI to 

transportation systems, it is now possible to monitor the 

condition of the pavements in real-time and introduce some 

modifications to the construction design and ongoing 

enhancement of the maintenance procedures as the 

infrastructure develops [29, 30].  

 

As a result, AI does not limit itself to the sphere of design, 

but it connects the engineering practice with the overall goals 

of smart cities. Compared to the conventional approaches, the 

AI-based pavement designs are more effective, predictive, and 

sustainable. They also contribute directly to smart mobility, in 

return enhancing the resilience and efficiency of resources in 

transportation systems. These systems also support 

sustainability goals by encouraging efficiency, adaptivity, and 

carbon-neutral structures.  

The rapid and unsystematic method of urbanization in 

smart cities has caused a sudden need for more advanced 

transport systems, which are technologically advanced but 

also environmentally friendly. The backbone for more 

efficient mobility systems is pavements. Due to the usual way 

of designing, the standard pavements fail to manage traffic 

congestion and complex datasets effectively. To solve this 

problem, incorporating Artificial Intelligence (AI) in 

pavement designs can be beneficial. Using data-driven 

methodologies can enhance the structural integrity, better 

resource utilization, and selection, and in return enhance the 

performance models. Even after such great advancements, 

there is still a need for more data-driven and AI-targeted 

approaches to be utilized to their maximum capabilities.   

The volume of literature available on the topic of 

Artificial Intelligence applications in the field of 

transportation and pavement engineering is growing, but the 

results of the studies are scattered and do not include 

comprehensive aspects such as traffic prediction, material 

characterization, or even maintenance schedules. The fact that 

the AI-based techniques contribute to the design of the 

pavements in the framework of the smart and sustainable 

urban infrastructure is not yet entirely comprehended. Further, 

the existing pavement design processes continue to use 

empirical or static designs that cannot accommodate dynamic 

traffic, the variability of the environment, and the massive 

infrastructure information. This provides a massive gap 

between the creation of the AI capabilities and the systematic 

implementation of AI in the pavement engineering endeavor. 

This has led to the necessity to have a consolidated review that 

will examine the application of AI in the material design, 

structural performance, prediction, and sustainability 

perspectives. In order to fill in the identified research gap, the 

given paper will offer a detailed discussion of how Artificial 

Intelligence in pavement design can be one of the key drivers 

that will ensure the development of smart and sustainable 

cities. They will be able to use such systems to leverage 

widespread data collections captured in real-time to promote 

efficiency, sustainability, and safety beyond the abilities of 

conventional methodologies on the basis that the major 

objectives of this review were to investigate in detail the smart 

city and pavement design.  

Substantial research has been done on Artificial 

Intelligence in pavement engineering; the majority of the 

studies are focused on certain areas, including performance, 

maintenance management, or traffic analysis or prediction in 

isolation. An all-encompassing synthesis incorporating AI-

based. pavement design, material appraisal, lifecycle 

performance. Sustainable city infrastructure goals, sustainable 

development, and assessment remain limited. Thus, this 

review will be a unification of current knowledge and a critical 

analysis of AI-driven strategies in an integrated intelligent and 

eco-friendly pavement. structure and establishing research 

gaps that are emerging for possible developments in the future.  
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 To test AI applications in the characterization of 

materials, performance, performance prediction, and 

structural design in maintenance management.  

 To define the benefits of AI-based approaches to enhance 

the cost-effectiveness, durability, and efficiency of 

pavement systems.  

 To determine the existing constraints, such as data 

availability, integration, and model interpretability 

 To suggest the future directions of integrating AI 

technologies in transportation and increasing urban 

mobility systems. 

 

This is contrary to the current review studies that mainly 

concentrate on how Artificial Intelligence is being used. The 

meaning of work is a synthesis of AI-based design, evaluation 

of material performance, pavement design, lifecycle 

management, and smart city sustainability. Objectives of the 

paper also bring forth a comparative assessment and determine 

difficulties of implementation in the subsequent course of 

research, thus providing an integrated AI smart pavement 

infrastructure framework. 

 

2. Literature Review 
 In civil and transportation engineering, AI is being 

recognized more and more as a disruptive technology and can 

enhance the approach to infrastructure design, operation, and 

management to predictive, data-driven, and optimization-

based approaches [31, 32]. In the last ten years, extensive 

research on Artificial Intelligence used in transport 

infrastructure has been performed, that is, in the field of traffic 

control, infrastructure detection, pavement performance 

forecasting, material search, and maintenance scheduling. 

Findings of earlier research were mainly based on statistical 

and mechanistic modelling tools, but recent research papers 

are progressively subjecting complex and data-intensive 

engineering problems to machine learning, deep learning, and 

hybrid AI methods.  

 

The increased interdisciplinary view of the application of 

AI has led to a variety of methodologies and approaches to 

implementation reported in the literature. Hence, to give a 

clear idea of the development, recent progress, and future of 

research of AI-based pavement engineering, it is critical to 

synthesize existing research literature, offering it in a clear 

manner. There is a possibility of improving the safety through 

the introduction of AI approaches, at the same time being 

efficient and implementing sustainable transportation systems 

as a part of the smart city development objectives [33]. 

Increasing attention has been paid to the recent studies on the 

same. This is predictive maintenance and intelligent pavement 

that is powered by AI real-time sensing systems inside 

management systems and data analytics. The literature 

reviewed is divided into two categories. They are described 

below: 

 

2.1. AI in Transportation Engineering 

Nowadays, artificial intelligence is integrated into the 

smart-city systems, with digital-twins systems, predictive 

maintenance systems, and sophisticated decision support 

systems, which are transforming the design, planning, and 

operation of transportation systems. To create smarter cities, 

create even smarter predictive maintenance regimes, and 

make automated transportation infrastructure safer, artificial 

intelligence is expected to trigger these changes. Smart 

systems, which are vehicles with an automated driverless 

mechanism, public transport optimization, and dynamically 

controlled traffic lights, have come to the forefront of the 

research community of transportation engineering. 

 

2.1.1. Background and Evolution of AI in Civil and 

Transportation Engineering 

Typically, engineering dilemmas in civil and 

transportation use of the Artificial Intelligence (AI) 

technology in civil and transportation engineering has been 

growing significantly in the last few decades. Engineering 

problems were solved through statistical models, optimization 

methods, and simulation-based approaches. Specifically, 

traffic flow prediction, pavement condition evaluation, and 

structural response were obtained through linear regression, 

time-series models, and finite element simulations. Although 

these methods have worked very well for small-scale, 

deterministic problems, they have been ineffective for 

complex, nonlinear, and large-scale datasets.  

 

AI as a phenomenon came into the limelight in the late 

twentieth century with the introduction of rule-based models 

and expert systems. Such systems allowed for the analysis of 

data and the recreation of the human engineering decision-

making process in the areas of structural diagnostics, 

construction management, and traffic discipline. The previous 

works in AI in transportation mainly focused on traffic 

predictions, planning of routes, and managing signals, which 

were completely dependent on pattern recognition and 

heuristic techniques.  

 

In the early 2000s, there was a significant shift in the 

field of civil engineering. It was the adoption of AI, data-

driven machine learning, and deep learning approaches. The 

evolutions allowed our engineers to develop more complex 

modelling relationships without relying on those traditional 

mathematical equations. For example, to estimate the wear 

and tear of pavements, traffic congestion, and to examine the 

condition of bridges, neural networks and support vector 

machines are used to achieve higher accuracies. The 

utilization of AI in civil and transportation engineering has 

changed in recent years with the proliferation of the Internet 

of Things (IoT) devices, real-time sensors, and big data 

analytics. The recent implementation relies on Machine 

learning and Deep learning algorithms for city planning, 

traffic flow optimization, and maintenance. Newer tools aid in 

improving the speed, accuracy, and efficiency of programs. 
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2.1.2. Incorporating AI in Civil and Transportation 

Engineering 

In the field of civil and transportation engineering, the 

evaluation of AI models is extremely important to ensure their 

utility in real-world scenarios. Assessment performance 

measures can be:  

 Accuracy: This measure is used to indicate the fraction of 

accurate predictions when compared to the overall 

number of predictions. It is relevant to activities like 

predicting traffic patterns and evaluating the state of 

structures. 

 Root Mean Square Error (RMSE): This is a measure that 

is used to estimate the difference between the predicted 

and the observed values of continuous data. RMSE is 

widely used in artificial intelligence applications in the 

traffic flow prediction field, in the pavement performance 

assessment field, and in the load response modelling field. 

 F1-Score: Important evaluation metrics for problems 

involving classification that may require the handling of 

class imbalance. For example, detecting anomalies in 

structural inspections or initiating a traffic incident 

investigation. 

 Efficiency: Efficiency considers the computational cost 

and the time required to run the AI algorithms. The 

efficiency of an AI model is especially relevant in 

applications related to automated real-time traffic 

monitoring. 

 Robustness: The robustness of an AI model considers the 

stability of the model against noise, missing data, or 

variations in the operating environment, and is 

particularly important in assessing infrastructure that is 

monitored under dynamic conditions or predictive 

maintenance projects. 

 Several AI methods have been applied in the civil and 

transportation domains: 

 Machine Learning (ML): ML algorithms use 

historical and real-time datasets to develop accurate 

predictions for traffic flow, congestion, and 

infrastructure deterioration [34].  

 Deep Learning (DL): DL utilizes multilayered neural 

networks to extract complex feature representations 

from large-scale, high-dimensional datasets, which 

have supported applications such as automated 

traffic monitoring, image-based structural 

inspection, and anomaly detection [35, 36]. 

 Artificial Neural Networks (ANN): ANNs are 

specifically used for modelling nonlinear 

relationships in fields of transportation infrastructure 

[37].  

 Support Vector Machines (SVM): SVM, along with 

different classification metrics, are usually used 

together for regression tasks, which require higher 

levels of accuracy [38]. 

 Genetic Algorithms (GAs): GAs solve traffic signal 

control, route planning, and multi-objective 

infrastructure design [39]. 

 Random Forests: Utilize Random Forests for 

predictive modelling and feature selection in traffic 

and asset management [40]. 

 

2.1.3. Applications in Transportation Engineering 

AI has been successfully used in numerous domains, 

including the transportation sector. In this sector, the major 

concern for the use of AI is traffic flow management. AI 

deploys various strategies to increase vehicle movement, 

minimize traffic congestion, and increase efficiency.  

 ML and DL models have been employed to improve 

signal timing to decrease congestion, which ultimately 

improves safety for drivers on the road [41].  

 Asset Management: Predictive models assist with 

scheduling maintenance, distribution of resources, and 

extend the life of bridges, pavements, and tunnels [42]. 

 Sustainability: AI has helped with decreasing energy, 

emissions, and waste of materials in transportation 

operations [43].   

 

IoT and Smart Cities with IoT: The incorporation of IoT 

has helped enhance mobility in cities, more flexible control 

systems, and real-time monitoring [44]. Various uses of AI in 

the transportation engineering field are stated in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1 Applications of artificial intelligence in transportation engineering 
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From the literature search, one of the many conclusions 

that has been made is that using AI in the development of a 

smarter and more intelligent transportation system is going to 

be really helpful. The usage of AI aids in creating a more 

robust infrastructure. It works on the concept of combining 

systems that are scalable predictive analytics, optimizing 

techniques, and real-time decision-making processes [45].  

 

2.1.4. Challenges and Limitations 

Although there has been significant growth and 

advancements in applying AI in transportation engineering, 

there have been numerous obstacles on the way to the adoption 

of this method. The major constraints during the adoption are 

the quality and availability of data [46]. Most of the AI models 

require huge high-resolution datasets for training to make 

more accurate predictions. But in infrastructure and traffic 

data, available information is mostly minimal, irregular, 

incomplete, and inconsistent. Decision-making is heavily 

compromised due to the low quality of data, as this can lead to 

biased predictions. Further challenges are scalability and 

computational efficiency, especially in real-world 

applications of deep learning, which require high memory and 

processing. Another critical obstacle is the explainability of AI 

systems, more specifically, deep neural networks [47]. Many 

AI tools, such as “black-box AI models”, make predictions 

without disclosing the rationale.  

 

Such transparency is harmful to the reduction of risks and 

the inability to adhere to the regulatory norms [48]. 

Furthermore, AI systems should be able to adapt to the 

changing urban environment, which has changing traffic flow 

patterns, constant construction, and infrastructural changes. 

The models that have been trained on fixed historical data will 

perhaps not be able to perform generalization effectively 

under such dynamic conditions, which require re-training or 

constant adaptation with real-time changes [36]. 

 

The resolutions to the challenges will be based on a solid 

data collection infrastructure, the effective design of 

algorithms, explainable AI, and adaptive modelling models to 

attain credible, sensible, and sustainable use of AI in civil and 

transportation engineering.

  
Table 1. Comparative analysis of AI applications in various studies 

Study Focus AI Technique Application Advantage Limitation 

Pavement performance ANN Prediction High accuracy Data dependent 

Distress detection CNN Image analysis Automation Large datasets 

Maintenance planning RF Decision support Robust Interpretability 

Traffic interaction ML models Optimization Adaptive Calibration need 

2.1.5. Trends and Future Directions 

Application of AI in civil and transportation engineering 

is developing rapidly due to the improvement of the 

availability of data, computing power, and sensors. The 

development of Autonomous Vehicles (AVs) and the network 

of connected mobility is one of the major trends where AI 

algorithms are specialized to ensure the safety and efficiency 

of transportation networks in urban domains [49]. The other 

promising area of use is digital twins. 

 

Virtual replicas of urban infrastructure may provide an AI 

with the ability to simulate, monitor, and predict the behavior 

of bridges, pavements, and utilities under various loads and 

environmental conditions, facilitating better maintenance and 

informing urban planning [50]. 

 

Multi-agent systems and reinforcement learning offer 

great potential for smart city management, which can enable 

many AI agents to coordinate in managing traffic, reducing 

energy consumption, managing emergency response, and 

updating and responding to changing conditions in real-time 

in complex urban environments [51].  

 

In conclusion, AI is also being adopted in transportation 

systems for climate resilience and disaster response. For 

example, predictive models may be used to predict and 

evaluate climate impacts related to extreme weather, 

vulnerability assessments related to critical transport 

infrastructure, and recommendations related to evacuation 

planning in the interest of safety and sustainability. The AI in 

civil and transportation engineering is most likely to depend 

on adaptive, autonomous predictive systems. These systems 

continue to run efficiently in real time and operate smoothly 

with smart city rules and regulations, while contributing to the 

development of more resilient and sustainable infrastructure 

[52]. Figure 2 illustrates the different challenges in the 

literature, how they can be overcome by using AI, its outputs, 

and the future scope.
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Fig. 2 Overview of challenges, outputs, and future scope of AI-driven pavement design 

 

 

2.2. AI in Pavement Design: Review of Applications 

The use of artificial intelligence in pavement design has 

developed at a very fast rate during the last decade, providing 

more precise, efficient, and sustainable practices [53]. The AI 

has been used in material characterization, structural design, 

predicting performance, maintenance planning, and 

sustainability assessment using approaches like Machine 

Learning (ML), Deep Learning (DL), Artificial Neural 

Networks (ANNs), Support Vector Machines (SVMs), and 

Genetic Algorithms (GAs) [54]. 

 

2.2.1. Pavement Material Characterization 

Material characterization is one of the essential elements 

of pavement design because it forecasts the mechanical traits 

of asphalt, aggregates, and soil constituents. The traditional 

method of laboratory testing of these materials is costly and 

time-consuming. Recently, AI models, especially ML and 

ANN, have been used to predict the resilient modulus, soil 

strength, and the properties of asphalt mix, all utilizing 

historical databases instead of a full laboratory testing process 

[55]. For instance, neural networks can model complex 

nonlinear relationships between soil composition, 

compaction, and strength, therefore significantly reducing 

testing. ML models have also been used to develop sustainable 

material mixes that optimize recycled aggregates or waste 

plastics into asphalt while achieving acceptable mechanical 

performance and reduced environmental impact. Overall, the 

characterization of pavement materials can significantly 

benefit from AI by accurately predicting mechanical behavior, 

providing the opportunity for informed decision-making for 

both material selection and its design formulation [54]. 

 

2.2.2. Pavement Structural Design 

The use of AI to assist in the structural design of 

pavement layers, which can include subgrade, base, and 

surface layers, continues to grow. Structural performance is 

increasingly evaluated, optimized, and estimated to support 

load-bearing capacity and durability. For example, ANN and 

SVM models may be used to estimate structural response 

based on different traffic loads and environmental scenarios. 

Genetic Algorithms (GAs) and other heuristic techniques are 

well-suited for solving multi-objective problems, as they aim 

to optimize a selected objective while considering overall 

structural performance, subject to limits on cost and materials, 

sustainability of materials, and other variables [56]. Methods 

such as the Genetic Algorithm (GA) can be used to calculate 

optimum asphalt layer thicknesses and reduce the maximum 

strains and stresses in the pavement structural system. The 

paradigms of designing can be changed by AI-based 

optimization, in which the design is not entirely empirical, 

which is more reliable in the conditions of complex loading 

[57]. 

 

2.2.3. Predicting Performance & Service Life 

Proactive infrastructure management is considered for 

service life and performance prediction. The rutting, fatigue, 

and general distress patterns are predicted using artificial 

intelligence models. Time-series data can also be trained using 

deep learning to predict the future occurrence of pavement 

distress with time-dependent traffic and climatic conditions on 

Long Short-Term Memory (LSTM) networks. To predict the 

rut depth or fatigue cracking using the historical records of the 

performance and the traffic loading, random forest and ANN 
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models can also be used [58]. The use of these predictive tools 

allows the pavement managers and agencies to recognize the 

vulnerable segments at an early stage, as well as to adopt 

specific approaches to distress reduction and prolonging the 

asset life cycle. Moreover, performance prediction enables 

scenario testing that takes into consideration the different rates 

of growth in traffic or climate change projections, thus guiding 

the design [59]. 

 

2.2.4. Maintenance, Sustainability & Smart City Integration 

Artificial Intelligence (AI) has realized a significant 

breakthrough in the fields of predictive maintenance and 

Pavement Management System (PMS) to promote the 

sustainability goals and support intelligent city projects. Deep 

learning models based on the convolutional computer vision 

process the images taken by unmanned aerial vehicles or 

ground platforms to estimate the values of the Pavement 

Condition Index (PCI), thus reducing the need to conduct the 

labor-intensive manual surveys to assess the PCI [60]. 

Together with machine learning algorithms, embedded sensor 

networks can be used to measure structural stress, crack 

propagation, and moisture content accuracy, providing 

advanced prognostic measures of impending maintenance 

operations. The Support Vector Machines (SVM) and the 

Random Forest classifiers are used to help differentiate the 

typologies of distress and correctly predict the level of distress 

and rate of degradation, thus guiding the agencies on the best 

way to use the remaining maintenance budgets and also which 

ones to prioritize in order to affect the least traffic disruption  

[61, 62].  

 

In addition to the normal maintenance, AI may be used in 

choosing sustainable materials during pavement design, 

considering the costs per life cycle, the carbon footprint, and 

energy use during the lifespan of the pavement. Machine 

learning predictive algorithms can determine low-carbon 

material substitutes and other eco-friendly approaches in the 

design or implementation of pavement repair during machine 

learning infrastructure renovation or the development of new 

roads [63]. The Internet of Things (IoT) device integration and 

digital twin technologies encourage constant monitoring; the 

simulations, which are informed by real-time traffic and 

environment-related data, can be used to show pavement 

performance and make the maintenance decision-making 

more efficient to maximize the service life [64, 65]. Figure 3. 

Highlights the Implementation of AI in Assessing Factors 

Affecting Road Pavement. 

 

 
Fig. 3 Implementation of AI in assessing factor affecting road pavement 

 

The reviewed articles show that there has been a 

considerable advance in the field of deploying Artificial 

Intelligence to transportation and pavement engineering, but 

the changes in 1) data availability, 2) modelling strategies, and 

3) scaffolds allow concluding that there is a necessity to 

integrate the concepts of AI application throughout the entire 

Pavement design cycle. This is the fundamental point of the 

research synthesis that builds up the information on research 

trends, limitations, and marketing opportunities that it will 

explore in the next sections.

 
Table 2. Summary of recent studies on AI applications in pavement engineering 

Author & Year AI Technique Application Area Key Contribution Limitation 

Kang et al. (2025) 
Machine 

Learning 

Performance 

Prediction 

Improved distress prediction 

accuracy 
Requires large datasets 

Xu & Zhang (2022) ANN 
Pavement 

Management 

Automated condition 

assessment 
Limited field validation 

Marcelino et al. 

(2021) 
ML Models 

Service Life 

Prediction 

Reliable deterioration 

modelling 
Data dependency 

Ramadan et al. 

(2024) 
Hybrid AI Pavement Design Integrated decision framework 

Computational 

complexity 

Zhao & Wang 

(2025) 
Deep Learning Overlay Decision Data-driven optimization Interpretability issues 
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Comparison of research reveals that the existence of 

studies shows that Artificial Intelligence methods, including 

Artificial Neural Networks, Support Vector Machine, 

Random Forest, and deep learning methods, have proved to 

have better prediction ability in contrast to the traditional 

empirical models and mechanistic diagrams of pavement 

engineering. While the accuracy of machine learning models 

is better. performance forecasting and maintenance control, 

they mostly rely on the quality of data availability and the 

model conditions of training. Furthermore, research that 

places more emphasis on individual applications like material 

characterization, prediction, or maintenance of distress. Two 

tend to be independent of one another, and these are normally 

called optimization and building of decision support systems. 

Therefore,  it is observed that AI frameworks must be unified 

and be able to sustain the entire lifecycle of the pavement. The 

current trends in research show that there is a shift in research. 

Independent Artificial Intelligence models against data-driven 

IoT-based systems monitoring smart infrastructure, predictive 

maintenance strategies, and real-time monitoring. 

Sustainability is also in terms of increased focus on pavement 

management in line with smart city initiatives. Nonetheless, a 

number of limitations still exist, among which are the absence 

of uniform datasets, scale validation, problems of model 

interpretability, and problems of interoperability between 

digital infrastructural platforms. These constraints restrict the 

large-scale implementation of AI-driven pavement systems 

despite promising laboratory and simulation-based outcomes.

 
Table 3. Comparative analysis of AI applications in pavement engineering 

AI Technique Application Area Key Advantage Limitation 

ANN Performance prediction High accuracy Requires large datasets 

SVM Distress detection Robust modeling Computational effort 

Random Forest Maintenance planning Handles nonlinear data Interpretability issues 

Deep Learning Image-based monitoring Automation Data intensive 

3. Methodology  
The review of the goal-oriented method investigates the 

incorporation of AI in pavement designs and how it is helping 

in developing the smart and more sustainable urban 

infrastructure. The main aim was to help create greener and 

smarter urban infrastructure in response to rapid urbanization. 

To fulfil this goal, an in-depth literature search was carried out 

with the help of various platforms like Scopus, Google 

Scholar, and Web of Science. Special emphasis was placed on 

peer-to-peer studies, journals, conference proceedings, and 

reports that specifically dealt with the amalgamation of AI in 

civil and transportation engineering. The literature search was 

eased out by utilizing a well-defined set of keywords, which 

included: “Artificial Intelligence”,” Machine Learning”, 

“Deep learning”, “Pavement designs”, “Smart cities”, “Road 

infrastructure”, and “Transportation Engineering” [59]. A 

good combination of keywords and Boolean operators was 

used to refine the search, making sure the result of the search 

included the AI-driven methods to enhance and tackle the 

challenges faced in pavement engineering [66]. Although the 

current study uses a narrative review method, in comparison 

with traditional narrative reviews, the systematic 

categorization of AI applications according to pavement 

design functions and sustainability outcomes is presented to 

accentuate the convergence of the research and the 

opportunities of its further implementation. 

 

Additionally, the reference lists of relevant articles were 

examined to identify other related studies. Major scientific 

databases such as Scopus, Web of Science, and Google 

Scholar were searched in order to have a wide area in 

searching peer-reviewed journal articles and conference 

proceedings. The search mainly focused on 2015-25 

publications to represent the latest developments in the field 

of Artificial Intelligence applications in pavement 

engineering, although any base publications published prior to 

this time were not ignored due to continuity in the concepts. 

Several combinations of Boolean searches, including: 

Artificial Intelligence AND Pavement Design, Machine 

Learning AND Pavement Performance, AI in Transportation 

infrastructure, and Smart Cities AND Pavement Management, 

were used. The reviewed literature was filtered in terms of 

relevance, methodology contribution, and engineering 

relevance according to preset inclusion and exclusion criteria 

in the Literature Review Methodology. The current review 

will be based on the structured literature survey methodology 

to locate the appropriate studies regarding the topic of the use 

of Artificial Intelligence in pavement engineering and smart 

infrastructure. Literature retrieval was done by the use of 

scientific databases like Scopus, Web of Science, and Google 

Scholar. Such keywords as Artificial Intelligence, Machine 

Learning, Pavement Design, Smart Infrastructure, and 

Sustainable Transportation were used. The studies published 

not earlier than 2015 were mostly thought to be relevant in 

order to capture the current developments. The articles were 

chosen according to their suitability to the topic of AI-based 

pavement analysis, performance prediction, maintenance 

optimization, and sustainability integration, and irrelevant 

studies, as well as duplicates, were eliminated.  

 

3.1. Selection Criteria of Literature 

 The systematic selection of literature was also taken into 

consideration through inclusion and exclusion criteria to 

ensure that there was a comprehensive coverage of the topic. 

The articles were deemed eligible in case they (i) included a 
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topic that was focused on either the Artificial Intelligence or 

machine learning applications in pavement engineering or 

transportation infrastructure, (ii) addressed the issues of 

characterizing materials, structural design, performance, 

maintenance, or sustainability. It avoided research that was not 

primarily in the area of pavement systems, lacked 

methodological clarity, and research that mentioned the 

development of theoretical AI, and did not put it into 

engineering applications. There was a priority given to recent 

publications to reflect on up-to-date developments, whereas 

seminal research papers were not discarded in order to have a 

base of knowledge. 

 

This review examined a wide range of AI methods: 

supervised and unsupervised machine learning algorithms, 

deep learning algorithms, reinforcement learning methods, 

and hybrid predictive models [67, 68]. All searches were 

carefully appraised and arranged into the needed systems, 

which guaranteed the desired components of designing a 

pavement:  

 

 Materials- such as mixture design, materials 

characterization, and new material composites. 

 Structural Design- such as optimization of layer 

thickness, geometric design, and load distribution. 

 Performance- such as being able to predict the failure of 

distress (e.g., deterioration, cracking, fatigue, and 

rutting), etc.  

 Maintenance and Sustainability- such as predictive 

maintenance, life-cycle, and minimization of 

environmental impacts. In an effort to eliminate bias in 

one of the areas of research, this classification was 

employed to cover the critical areas of Artificial 

Intelligence application in pavement engineering in the 

same proportions. Figure 4. Represents AI Applications 

in Pavement Design 

 
Fig. 4 AI Applications in Pavement Design 

The reviewed framework defines an organized, 

methodical concept of the applications of AI techniques in 

pavement design, in order to depict the trend of growth and 

create a framework to establish opportunities to utilize AI in 

structural planning of infrastructure in smart cities of the 

future [69, 70]. 

 

4. Conclusion 
This review critically examined the role of Artificial 

Intelligence in transforming pavement engineering from 
conventional empirical practices toward data-driven, 

predictive, and sustainable infrastructure systems. Before full 

computer vision can be implemented, predictive maintenance 

will be more and more reliant upon large sensor networks and 

material optimization, with advanced machine learning 

algorithms, before full autonomy, as far as assessing 

conditions on a machine is concerned, is achieved. The deep 

learning techniques will be used as the basis of the hybrid 

models that will be applied to the decision-making process, 

but at the same time, they will include the already known 

engineering principles. The information that is sent by 

connected cars and Internet-of-Things (IoT) devices will keep 

on adding to the real-time monitoring, thus increasing the level 

of analytics. Lifecycle management also involves adding the 

necessary adjustments to incorporate climate change to 

develop truly smart and resilient smart city transportation 

networks. 

 

4.1. Transformation through AI Integration and the 

Importance of AI in Smart City Initiatives 
 AI Incorporation can be interpreted as the next stage of 

the evolution of the old methods of designing a pavement. It 

is a way to simplify the process of data modelling and make 

the decision process more advanced, and consequently 

enhance the predictive effectiveness. Additionally, artificial 

intelligence makes it possible to identify the pavement distress 

directly or any other factors that may affect the choice of 

materials and their optimization. These attributes complement 

design processes and entrench central principles of safety, 

reliability, and long-life span qualities inherent in modern-day 

pavement systems. 

 

4.2. Life Cycle Management, Lifecycle, and Predictive 

Maintenance for Sustainability 

 Predictive maintenance, as well as lifecycle 

management, provides a potentially fruitful direction of 

sustainability as informed by AI. Artificial intelligence-based 

systems have the capacity to significantly increase efficiency 

and sustainability in infrastructural systems. Predictive 

maintenance based on an artificial intelligence model can use 

big data obtained through sensors, drones, and ground-

condition measuring devices to predict the impending failure 

early enough, thus allowing one to choose the most effective 

maintenance timeframes. This means that there can be better 

control of maintenance budgets, less redundancy in 

interventions, nulling of operational disruption, and increasing 

the service life of pavements. 
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4.3. Discussion 

The integration of Artificial Intelligence (AI) into the 

smart city programs is gradually transforming the patterns of 

planning, administration, and supervision of the city 

infrastructure. Findings of this research show that AI-based 

solutions, such as predictive analytics, intelligent 

transportation systems, and automated population service, 

enhance operational effectiveness significantly and allow 

enhancing the citizen-centered nature of service delivery. 

However, AI adoption simultaneously introduces the issues of 

data quality, interoperability, cybersecurity, and ethical 

concerns, and urban administrations should take active steps 

to address them. Also, the discussion highlights the 

importance of resilient digital infrastructure and high 

institutional readiness for the success of AI-driven changes. 

 

Despite the powerful potential of AI in the optimization 

of resources and the improvement of the quality of life, to 

achieve the long-term effects, inclusive governance systems 

and long-term capacity-building of stakeholders are 

necessary. Overall, AI has become a key facilitator of building 

resilient, effective, and future-proofed smart cities. Although 

its potential is achievable, it is quite clear that it is the 

responsible and well-thought-out utilization of AI that can 

unlock its potential. 

 

The current research highlights the fact that effective life 

cycle management is the central aspect of long-term 

sustainability in infrastructure systems. Early identification of 

performance downturn can be done as a result of combining 

life cycle assessment and predictive maintenance, which, 

respectively, helps to reduce unexpected failures and decrease 

the cost of resources. The analysis also indicates that machine 

learning based predictor models or data-driven methods can 

significantly enhance the quality of maintenance planning. 

Besides extending the lifespan of assets, these methods also 

enable effective decisions made by the stakeholders at low 

costs. Furthermore, adherence of the maintenance strategies to 

sustainability plans helps to reduce the environmental effects 

by maximizing the utilization of materials, energy usage, and 

the frequency of the intervention. The study highlights a 

holistic life cycle viewpoint as a strategy to increase the 

resilience of a system towards future uncertainties, such as 

larger loads and stresses brought about by climate. Overall, the 

paper proves that combining life-cycle thinking and predictive 

maintenance technology provides an efficient framework for 

sustainable infrastructure management. 

 

4.4. Future Scope 

In the future, the work can be done in hybrid-AI-IoT 

systems and Intelligent, future-ready pavement systems, 

which are explained as follows:  

 

4.4.1. Future Considerations of Hybrid-AI-IoT Systems 

It has been suggested in future speculation of 

Hybrid‑AI‑IoT systems that future innovation will require 

hybrid designs through a combination of AI-based designs and 

IoT-compatible devices in a single design. These interacting 

systems provide real-time sensing, communication, and 

dynamic response functionalities, hence rendering climate-

responsive environmental resilience in pavements. A hybrid 

AI IoT system can also provide machine learning based 

decision support planning, which integrates sensor data in 

order to maximize fault-detection rates and performance 

modelling. 

 

4.4.2. Intelligent, Future-Ready Pavement Systems 

Future-ready and smart pavement systems eventually 

strive to achieve system-level interconnectivity of AI, IoT, and 

digital infrastructure management systems. This technological 

development is meant to allow intelligent, learning, and 

adaptive pavement systems to undergo real-time performance 

enhancement. The latter goal is a more generalized gradual 

movement to data-driven, resilient, and sustainable 

infrastructure, thus leading to the formation of AI-based smart 

cities based on ubiquitous sensing systems, real-time 

performance measurement, and dynamic pattern sensors. 
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