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Review of Intelligent Inspection Technologies for Road Bridges: Current Advances and Applications

ABSTRACT 

	This literature review systematically evaluates the application and research progress of intelligent inspection technologies in road and bridge engineering, focusing on unmanned aerial vehicles (UAVs), mobile robots, and submersible robotics. Through systematic literature analysis and case studies, we evaluate the potential of these technologies to enhance inspection accuracy, efficiency, and automation. UAVs enable large-scale aerial monitoring, mobile robots facilitate close-range structural assessments, and underwater robots address submerged infrastructure challenges. Existing studies indicate that these technologies significantly improve data collection precision and operational safety while reducing labor costs. Integration with advanced algorithms, machine learning, and big data analytics further supports predictive maintenance and sustainable infrastructure management.
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1. INTRODUCTION

With the rapid advancement of urbanization and growing transportation demands, road and bridge engineering has become pivotal in urban infrastructure development[1]. However, prolonged exposure to natural environments, vehicular loads, and climatic factors often leads to structural fatigue, cracking, and deformation, significantly compromising the safety and stability of these critical assets[2–3]. Regular inspection and monitoring are therefore essential to ensure operational integrity and extend service life[4]. Traditional inspection methods, predominantly reliant on manual surveys and physical testing, suffer from inefficiency, high costs, and incomplete coverage[5]. Recent advancements in information technology and sensor systems have facilitated integration, with robotic inspection systems showing 58% accuracy improvement since 2010[6], the integration of intelligent inspection technologies into road and bridge monitoring, substantially enhancing precision and efficiency[7,21].

Globally, sensor-based monitoring systems are increasingly deployed, leveraging unmanned aerial vehicles (UAVs) for aerial surveillance, mobile robots for ground and structural inspections, and submersible robots for underwater assessments. These systems incorporate advanced algorithms and machine learning to enable real-time structural health analysis, supporting preventive maintenance and prolonging infrastructure lifespan. In China, research aligns with international trends, emphasizing cost-effective solutions tailored to local conditions. The convergence of artificial intelligence (AI) and big data analytics has emerged as a prominent research focus, aiming to establish comprehensive monitoring ecosystems capable of predicting and mitigating potential infrastructure failures. This paper systematically reviews the current state and applications of intelligent inspection technologies in road and bridge engineering, offering insights to inform future research and practical implementations.

2. Research Status of Intelligent Inspection Technology for Road and Bridge

[bookmark: _Hlk167369441]2.1 UAV (Unmanned Aerial Vehicle) Inspection Technology

As a movable platform, the unmanned aerial vehicle (UAV) has the characteristics of operating at high altitudes, over long distances, and from multiple angles. It can overcome the impacts of factors such as terrain and weather that are present in traditional inspection methods. In the road and bridge detection industry, the application of UAVs can improve the inspection efficiency, reduce labor costs, and obtain more accurate data.

Autonomous UAVs using reinforcement learning[8] equipped with multi-sensors can quickly obtain the images and thermal data of bridges. High-resolution cameras can capture the overall images and detailed information of bridges. Through image processing and analysis technologies, abnormal situations of bridges, such as cracks and deformations, can be quickly and accurately detected. Infrared sensors can detect the heat distribution of bridges, conduct temperature analysis and evaluation of the bridge structures, and promptly identify potential safety issues of bridges. At the same time, the rapid inspection technology of UAVs also faces some problems that need to be solved urgently, and in recent years, researchers at home and abroad have successively carried out relevant studies. Sungwook [9] introduced a set of hierarchical image UAV positioning and map construction technology based on SLAM, which provides a solution for the situation of lacking GPS data in bridge scenarios, thus optimizing the flight accuracy of UAVs under the bridge. Cuevas [10] and his team developed a monitoring device that can be attached to a UAV. This device can not only be used to inspect the structural defects on the surface of the bridge but also to monitor the deformation of the bridge at high altitudes in real time. The main components include: a UAV carrying platform, an attached device, a deformation testing device, a computer control system, etc. Myeong [11] innovatively designed the flight tilting mechanism of the UAV and added rolling wheels at the four rotors. By using PID to adjust the flight posture, the UAV can fly on vertical walls and curved components, significantly enhancing the smoothness, stability and safety of the UAV. In China, Fang Liuyang et al. [12] designed and built the hardware system of a UAV according to the design of commercial UAVs. When carrying out bridge inspection tasks, the captured images are processed first, and then the Context Capture tool is used for screening, integration and texture mapping. Finally, the three-dimensional reconstruction of the bridge is completed. This significantly improves the limitation that when using a single image for visual judgment of structural defects, only qualitative analysis can be carried out without quantifying the disease data, and greatly improves the accuracy and efficiency of using UAVs to detect bridges. Chen Ziqiang [13] explored the visual inspection of bridge cracks by micro-UAVs and proposed a measurement method that integrates high-definition crack images and crack depth information. A series of experiments were carried out to confirm the practicality of this UAV-based bridge crack visual measurement system.

Compared with traditional road and bridge inspection methods, the use cost of unmanned aerial vehicles (UAVs) is relatively low, which can significantly reduce the inspection cost. Meanwhile, UAVs are capable of conducting aerial photography at high altitudes, over long distances, and from multiple angles, greatly improving the inspection efficiency and accuracy. The technology of UAVs will continue to innovate and develop. The application of new technologies such as intelligence and autonomy will further enhance the application value of UAVs in the road and bridge inspection industry.

2.2 Mobile robots

Mobile robots are another type of intelligent inspection technology that can traverse various terrains and environments, collect data, and perform maintenance tasks. Mobile robots can carry sensor devices, such as laser scanners, to obtain high-precision three-dimensional map data. They can conduct regular inspections both inside and outside bridges, tunnels, and other buildings, providing detailed information on the structural status. Peel et al. [14] designed an inspection device that integrates mobile robot and image acquisition technologies. This tool can identify the wear and cracks on the bridge base. La et al. [15], considering the current damage situation of bridges in the United States, innovatively developed a mobile inspection robot integrated with image capture and multi-functional non-destructive testing tools. This robot can obtain image data of the bridge surface, reflected waves, ultrasonic waves, and conductivity data, and can identify cracks on the bridge deck, the elastic constants of concrete, and corrosion conditions. It has been used in the inspection of dozens of bridges in the United States.

2.3 Circular Climbing Robots

Circular climbing robots are a special type of robot design, equipped with circular crawling wheels, which can move along vertical or inclined surfaces. Such robots are usually used for the inspection of bridges and tall towers. They can move freely along the structural surfaces to perform inspection and maintenance tasks. Meanwhile, they carry a variety of sensors, such as cameras and ultrasonic sensors, to detect potential structural problems [16-17].In recent years, domestic researchers have made breakthrough progress in the research of circular climbing robots. The relevant research achievements have been successfully applied in the Wujing section of the Daguang Expressway and the Jingwu Huang section of the Hangrui Expressway, demonstrating their excellent application effects. Supported by robot technology, high-position inspection technology, artificial intelligence technology, and big data technology, this technology can achieve a disease positioning accuracy at the centimeter level. The robot is mainly composed of a modular climbing main unit, a rebar scanner, a surrounding carrier vehicle, a circular track, a circular camera matrix, and a visual control system. During the inspection, ground workers use a wireless remote control console to operate the robot to climb upwards. When the robot reaches the predetermined height, the rebar cover thickness detector will stop and stay in place, and start the thickness scanning. At the same time, the camera device captures high-definition images of the appearance of the pier columns from all directions, and uses a high-definition 4K recorder for online storage, so as to observe the situation of the bridge piers at different heights. After data analysis, it is possible to determine the status of the bridge piers and potential safety hazards, and take timely maintenance measures. This robot has the functions of comprehensive long-distance bridge inspection, accurate identification of high-position structural defects, all-weather intelligent recording, etc. It effectively breaks through the "blind areas" of traditional bridge inspection and can achieve a full-coverage and bad-corner - free inspection of all components of the bridge.

2.4 Cable-Climbing Robots

Cable-climbing robots are a type of robot system that can climb on vertical or inclined surfaces. They usually carry cameras and other sensors to obtain high-resolution images and data. These robots play an important role in the inspection of bridges and tall towers, as they can safely reach areas that are difficult to access and provide detailed visual and structural information. Aiming at the large-angle inclination and low friction coefficient of the stay cables in long-span cable-stayed bridges, He et al. [18] designed a cable-climbing inspection robot equipped with a slot system. This robot is equipped with two camera devices, which can inspect the appearance damage of the stay cables while moving. In order to enhance the climbing and anti-slip performance of cable-climbing robots, Xu et al. [19] introduced a fully wheel-driven stay cable inspection tool, and the load-bearing capacity of this tool can reach 10 kg.

2.5 Underwater Robots

For the inspection of underwater bridges and tunnels, Swarm underwater robotic systems [20]have emerged as crucial tools. These robots are usually equipped with underwater cameras and sonar sensors, and can perform structural inspection and maintenance tasks in underwater environments. They are used to detect problems such as corrosion, damage, and leakage of underwater structures. Murphy et al. [21] provided an overview of the evolution of underwater inspection robots, emphasizing that obstacle avoidance, the accuracy of image capture, and precise positioning are the key elements affecting the accuracy of inspection. In response to the challenges of inspecting underwater foundations, Park et al. [22] developed a 2 MHz inspection sonar technology. Actual bridge tests have shown that this inspection technique has the advantages of speed and high accuracy. The comprehensive application of these intelligent inspection technologies provides a comprehensive solution for the monitoring and maintenance of road and bridge structures. By combining sensor data, robotics technology, and non-destructive testing methods, road and bridge projects can more effectively maintain their safety and sustainability to meet the growing needs of urbanization. The continuous advancement of technology will further strengthen the monitoring and maintenance of infrastructure, ensuring public safety and the sustainable development of cities.

3. Applications of Intelligent Inspection Technology for Road and Bridge

After introducing the research status of intelligent inspection technology for roads and bridges, this paper will further explore the specific applications of these technologies in different application fields, including structural health monitoring, disaster monitoring, traffic management, maintenance management, and non-destructive testing, etc.

3.1 Structural Health Monitoring

The intelligent inspection technology for roads and bridges plays an important role in structural health monitoring. IoT-enabled sensor networks[23] can monitor the stress, strain, displacement, and vibration conditions of structures such as bridges, tunnels, and viaducts in real time. At the same time, the intelligent inspection system can process and analyze the sensor data in real time to evaluate the health status of the structure. For example, high-resolution images captured by laser scanners and cameras can be used to detect cracks, corrosion, and structural displacements. The monitoring results can be used to predict potential failures and take maintenance measures in advance to ensure the safety and reliability of the structure.

3.2 Disaster Monitoring

Intelligent inspection technology plays a crucial role in the monitoring of natural disasters. For example, drones can quickly fly into the disaster-stricken areas after a disaster occurs. They use infrared sensors and thermal imaging cameras to detect potential fires, floods, or earthquake damages. Sonar inspection devices can be used for the depth inspection of underwater bridges to prevent damage to underwater structures. These technologies not only help in detecting potential disaster risks in advance but also enable rescue workers to respond more quickly and take actions, thereby reducing the losses caused by disasters.

3.3 Traffic Management

The intelligent inspection technology for roads and bridges is playing an increasingly important role in traffic management. By monitoring traffic flow, vehicle speeds, and congestion situations, traffic management departments can better plan traffic flows, optimize signal timings, and improve road designs. Drones and mobile robots can be used to monitor traffic conditions in real time, providing traffic flow data and image information to assist in traffic management decision-making. These data-driven approaches help to reduce congestion, improve traffic efficiency, and enhance the operation of urban traffic systems.

3.4 Maintenance Management

Intelligent inspection technology plays an indispensable role in the maintenance and management of roads and bridges. Mobile inspection robots and cable-climbing robots can access hard-to-reach areas to inspect the structural conditions of bridge bearings, culverts, and the interiors of tunnels. The monitoring system can track the changes in the structure in real time, provide timely maintenance suggestions, ensure timely maintenance work, and extend the service life of the structure. In addition, self-powered sensors and wireless transmission technologies help to reduce maintenance costs and improve efficiency.

3.5 Non-destructive Testing

Non-destructive testing is an important application field of intelligent inspection technology for roads and bridges. It conducts comprehensive inspection and maintenance of roads and bridges without damaging their structures. The sonar inspection device is one of the tools in this regard. It can use sound waves to evaluate the internal defects of concrete and metal structures, such as corrosion, cracks, and rust. This technology can effectively detect these defects and provide accurate data support for repair and maintenance work. Underwater robots are also an effective tool for non-destructive testing, which can be used for the inspection and maintenance of underwater structures. Compared with traditional disassembly and inspection methods, underwater robots can conduct comprehensive inspection and maintenance of roads and bridges in an underwater environment, avoiding the disadvantages of traditional methods that require the disassembly and damage of roads and bridges. This technology can extend the service life of roads and bridges, reduce maintenance costs, and improve the reliability of infrastructure.

4. Conclusion

Through a comprehensive analysis of the applications of intelligent inspection technology for roads and bridges in urban traffic construction, maintenance management, as well as urban planning and development, the following conclusions are drawn:

（1） The intelligent inspection technology for roads and bridges provides an important basis for the improvement and optimization of the urban traffic network by monitoring and evaluating the status of roads and bridges in real time. It can promptly detect and prevent potential safety hazards, ensuring the smoothness and safety of urban traffic.

（2） This technology provides accurate data support for the repair and maintenance of infrastructure. By conducting regular inspections, it can timely detect structural problems and provide guidance for repair and maintenance, effectively extending the service life of roads and bridges and reducing maintenance costs.

（3） The intelligent inspection technology for roads and bridges also provides urban planners with accurate infrastructure data, supporting sustainable decision-making in urban development and promoting the scientificcity and forward-looking nature of urban planning.

With the acceleration of urbanization and the progress of science and technology, the intelligent inspection technology for roads and bridges will play a more crucial role in urban traffic construction and maintenance management. Through continuous technological innovation and upgrading, it will provide a solid technical support for the needs of urbanization and drive the prosperity and development of cities.
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