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Abstract: The integration of big data into steel structure operation and maintenance management is
pivotal to contemporary construction development. By leveraging big data and machine learning, safety
condition assessment and prediction for in-service steel bridges can effectively mitigate human error
stemming from reliance on experience. Simultaneously, this approach optimises resource allocation,
preventing wastage and other inefficiencies. Building upon this foundation, analysis of vast datasets,
further combined with the diversity of smart bridges, provides scientific inspection for subsequent
management and evaluation.
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1. Research Background

Steel bridges form the backbone of transport infrastructure, with their high strength-to-weight ratio,
ease of construction!'); and robust load-bearing capacity attracting significant societal attention. Driven
by advancements in the Internet of Things, big data, and artificial intelligence, smart bridges have
evolved from conventional structures into intelligent entities capable of sensing external changes.

Equipped with sensor networks throughout their structure, smart bridges can collect real-time data on
environmental loads and structural responses. Utilising high-speed communication networks, this data is
transmitted to cloud or edge computing centres where artificial intelligence algorithms perform in-depth
analysis. This enables real-time diagnostics of structural health, facilitating early warning of safety risks
while propelling the traditional construction industry towards intelligent and autonomous development.
By integrating environmental factors and personnel, smart bridges foster the creation of intelligent
infrastructure, driving digital transformation across the sector.

The advent of smart bridges signifies a paradigm shift in infrastructure management, where predictive
maintenance becomes the cornerstone of operational efficiency?. By continuously monitoring the
bridge's condition, potential issues can be identified and addressed before they escalate into critical
failures, thus extending the lifespan of the structure and reducing the need for costly repairs. This
proactive approach not only saves resources but also ensures the safety and reliability of the
transportation network.

Moreover, the data collected from smart bridges can be instrumental in urban planning and traffic
management. City planners can leverage this information to optimize traffic flow, reduce congestion, and
minimize the environmental impact of transportation. The integration of smart bridges with smart city
initiatives can lead to a more sustainable and resilient urban environment.

In the realm of research, smart bridges offer a rich field for study, encompassing materials science,
structural engineering, data analytics, and artificial intelligence. The insights gained from these structures
can lead to the development of new materials and construction techniques that are more durable and
environmentally friendly. Additionally, the data-driven insights can inform policy decisions and
contribute to the creation of more robust standards for future infrastructure projects.

As the world population continues to grow and urbanize, the demand for efficient and safe
transportation systems will only increase. Smart bridges are not just a technological advancement; they
represent a strategic investment in the future of our cities and the well-being of their inhabitants. The
successful implementation of smart bridges will serve as a blueprint for the transformation of other
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critical infrastructure, paving the way for a smarter, more connected world.

In-service steel structures bear the burden of escalating urban traffic volumes while confronting
unpredictable extreme weather. Recent years have seen heightened challenges to urban transport systems
across multiple regions, with such conditions directly or indirectly accelerating material degradation and
functional deterioration in steel bridges!®l. Failure to detect issues promptly poses direct threats to public
safety and property, inflicting severe disruptions to social order and economic development.

Consequently, within the machine learning paradigm, the assessment and prediction of in-service
steel bridge safety conditions holds significant foresight. By constructing multidimensional predictive
models for application in safety evaluations, this approach substantially enhances objectivity and
efficiency while propelling bridge operations from reactive maintenance towards predictive maintenance.
Consequently, research into machine learning-based safety condition assessment and prediction for in-
service steel bridges holds substantial theoretical value and broad engineering application prospects.

2. Current Application Status of In-Service Steel Bridges

Presently, smart bridges have entered the implementation phase, where in-service steel bridges
achieve dynamic equilibrium in bridge management through the integration of BIM, IoT, cloud
computing, and artificial intelligence. These bridges can adapt to external environmental changes—such
as wind speed, rainfall, and traffic volume—thereby calculating the traffic load capacity range for
specific periods based on daily and weekly average loads. This foundation enables the provision of
precise, efficient improvement plans for subsequent bridge operation and maintenance, preventing issues
such as delayed maintenance.

Simultaneously, through data-driven collaboration and precise control, smart bridges can display the
real-time location and status of construction personnel and machinery, monitor critical processes and
construction parameters, and issue immediate alerts for indicator deviations. Should data exceed
thresholds, the system triggers automatic advance warnings, allowing personnel to receive instructions
and implement adjustments promptly. For instance, the smart bridge system can integrate GPS tracking
for machinery and wearables for workers, ensuring that all movements are recorded and analyzed in real-
timel*l. This level of detail enables the system to detect potential safety hazards before they escalate, such
as machinery operating too close to personnel or structural integrity issues. By leveraging machine
learning algorithms, the system can also predict maintenance needs, reducing downtime and extending
the lifespan of the bridge. The data collected not only enhances operational efficiency but also provides
valuable insights for future bridge designs and construction projects.

To address these challenges, the integration of Structural Health Monitoring (SHM) systems into steel
bridges has emerged as a promising solution. SHM systems utilize a network of sensors to continuously
monitor the bridge's condition, providing real-time data on structural integrity. These systems can detect
subtle changes that may indicate the onset of damage, thus offering early warning signals that manual
inspections might miss.

The implementation of SHM technology not only enhances the safety of steel bridges but also
optimizes maintenance schedules, reducing the need for frequent and costly manual inspections. By
leveraging advanced data analytics and machine learning algorithms, SHM systems can predict potential
failures before they occur, allowing for proactive maintenance interventions. In summary, the adoption
of SHM systems represents a significant advancement in the field of bridge engineering. It ensures a
more reliable and efficient approach to maintaining the structural health of steel bridges, ultimately
contributing to the safety and longevity of our transportation infrastructuref®!.

Consequently, intelligent inspection enables real-time monitoring of bridge conditions. Leveraging
machine learning for data analysis, it processes vast datasets to automatically identify abnormal vibration
patterns and stress anomalies, achieving early detection and precise localisation of typical structural
defects such as bolt loosening, coating delamination, and fatigue crack initiation. Within the smart bridge
framework, intelligent design and construction ensure the continuity and integrity of lifecycle data. Data-
driven decision-making facilitates the safe, durable, economical, and efficient operation of bridge
infrastructure.
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3. Advantages of Machine Learning in Assessing the Safety Condition of In-Service Steel Bridges
3.1 Early Warning and Proactive Identification of Existing Issues

Steel bridges form the critical backbone of contemporary transport infrastructure. During operation
and maintenance, numerous aspects of in-service steel bridges require inspection. Traditional manual
inspections involve periodic surveys across various aspects, yet they lack essential early warning
capabilities. For steel bridges, structural damage is a continuous, dynamic process. A single inspection
cannot fully capture the entire picture, meaning potential safety hazards may not be promptly identified.
In severe cases, this can lead to missing the optimal window for maintenance intervention, disrupting
normal usage and creating significant safety risks. To address these challenges, the integration of
Structural Health Monitoring (SHM) systems into steel bridges has emerged as a promising solution.
SHM systems utilize a network of sensors to continuously monitor the bridge's condition, providing real-
time data on structural integrity. This technology enables the detection of subtle changes in the bridge's
behavior, which may indicate the onset of damage. By employing SHM, engineers can receive alerts
about potential issues before they escalate, allowing for timely maintenance and repair. This proactive
approach not only enhances safety but also optimizes maintenance schedules, reducing the overall cost
and extending the service life of the bridge. For instance, the use of strain gauges, accelerometers, and
corrosion sensors can offer comprehensive insights into the bridge's health, facilitating a more informed
decision-making process for maintenance crews.

However, the deep integration of machine learning technology fundamentally reverses this passive
situation. Intelligent steel bridges can not only proactively reveal inherent vulnerabilities through data
fluctuations but also promptly identify and inspect anomalies based on predefined parameters. Building
upon machine learning, the system continuously collects structural data via sensor networks deployed on
the bridge, capturing metrics such as vibration frequency, modal shapes, strain-time history, and cable
force variations. Machine learning autonomously establishes the bridge's operational patterns through
analysis of long-term historical data.

When initial damage—such as minute fatigue cracks, bolt loosening, or localised changes—remains
undetectable by human inspection, sensor data acquisition promptly identifies and captures these subtle
alterations, thereby triggering early warnings.

3.2 Holistic Perception: Precise Identification and Localisation of Damage

Traditional inspection methods are not only constrained by manpower and tools, but also struggle to
meet the lifecycle management demands of modern large-scale bridges due to their passive response and
sampling nature. Manual inspections are typically cyclical, and during the intervals between inspections,
potential damage may silently develop and accumulate until it evolves into an unignorable safety hazard.
This temporal blind spot in management, combined with the aforementioned spatial blind spot,
constitutes a dual risk within traditional bridge operation and maintenance systems.

The intelligent bridge system establishes a proactive, round-the-clock, comprehensive early-warning
network that transcends human sensory limitations. By deploying diverse sensors—including fibre optic
grating sensors, accelerometers, strain gauges, and corrosion detectors—at critical bridge locations, it
forms a dense perception network. This network functions as the bridge's digital neural network,
continuously capturing vast quantities of data on structural stress, vibration, displacement, temperature,
and even chemical environment changes. It achieves holistic perception spanning from macro-level
wholes to micro-level details.

Against this backdrop, the role of advanced algorithms like deep learning truly comes to the fore. By
learning from vast historical and real-time datasets, the model can precisely distinguish which vibration
patterns stem from normal traffic flow, which subtle strain changes may signal the emergence of micro-
cracks, which bolt loosening triggers specific frequency responses, and which chemical signals are clear
indicators of early corrosion.

A single sensor alarm can only indicate where an anomaly has been detected. However, large bridges
possess complex structures, and the root cause of damage may be spatially distant from where the signal
manifests. Machine learning models synthesise spatio-temporal correlations across multiple sensor
signals. Through algorithmic reverse deduction—much like a detective pinpointing the culprit from
circumstantial evidence—they precisely determine the exact physical location causing the anomaly. For
instance, by analysing vibration wave propagation paths and attenuation characteristics within the
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structure, they can accurately locate specific components with loose bolts or incipient cracks,
significantly enhancing the precision and efficiency of maintenance work.

This precision in sensing, diagnosis, and localisation converges to form the intelligent brain of bridge
operations management. All data, analytical findings, and early warning signals are transmitted in real
time to management personnel, presented visually within the digital twin model. Staff no longer passively
await issues to arise but proactively plan maintenance strategies, shifting from reactive remediation to
preventative action. Whether scheduling targeted repairs, optimising traffic loads, or forecasting
structural remaining life, decisions now rest upon robust data foundations.

3.3 Moving Beyond Dependency: Data-Driven Decision-Making for Scientific Management

Traditional safety assessments of in-service steel bridges rely heavily on the experience and
subjective judgements of domain experts, resulting in management strategies that lack objective
comparability. Moreover, the invaluable expertise of these specialists constitutes a scarce resource that
is difficult to replicate at scale and is susceptible to loss through personnel turnover, creating an implicit
bottleneck in long-term bridge safety management. To mitigate this risk, it is imperative to establish
comprehensive knowledge management systems that capture and document the expertise of these
specialists. This includes creating detailed manuals, training programs, and succession plans to ensure
that critical knowledge is preserved and transferred effectively.

The introduction of machine learning technology marks a shift from experience-dependent to data-
driven approaches in this field. Management informed by machine learning transcends individual
heuristics, autonomously extracting complex, non-linear intrinsic relationships between bridge
conditions and multiple influencing factors from vast historical monitoring data, inspection reports,
maintenance records, and environmental load data. This effectively elevates bridge safety management
decision-making to a new level of scientific rigour. Assessment outcomes shift from qualitative and
ambiguous to quantitative and probabilistic metrics, furnishing managers with clear, direct decision-
making foundations. Machine learning predictive models enable simulation of diverse repair and
reinforcement schemes, forecasting their long-term efficacy and full lifecycle costs to facilitate optimal
maintenance strategy selection.

This model is no longer a static formula, but a living system capable of self-evolution and self-
optimisation as data continuously flows in. Each new inspection data point and every feedback on
maintenance outcomes is incorporated into the model for retraining, progressively enhancing its
predictive accuracy and reliability over time. This effectively resolves the challenge of knowledge
discontinuity caused by expert turnover inherent in traditional approaches.

The cornerstone of this intelligent leap lies in the long-term accumulation and integration of high-
quality, multi-dimensional data. Machine learning models require feeding vast quantities of historical
and real-time data: high-frequency structural health monitoring data, periodic non-destructive testing
results, detailed environmental information, and all maintenance intervention records. Only through
cleaning, alignment, and feature engineering of this multi-source, heterogeneous data can the model
construct the complex, non-linear mapping relationship between bridge performance degradation and
internal/external factors.

With this robust data foundation, machine learning models can generate unprecedented probabilistic
safety metrics. Whereas traditional assessments typically yield binary conclusions of “safe” or “unsafe”,
intelligent models provide quantifiable predictions such as: “There is a 5% probability that this
component will develop fatigue cracks within the next three months”. By scientifically determining
inspection priorities, maintenance schedules, and resource allocation plans based on risk probability,
potential severity of consequences, and economic costs, true predictive maintenance is achieved.

3.4 Demand-Driven Assessment for Comprehensive Optimisation of Operational Resource Allocation

Traditional bridge operations and maintenance predominantly employ fixed-cycle maintenance
models, albeit incorporating routine inspections and upkeep. However, this approach exhibits significant
resource misallocation. Bridges in sound condition may undergo excessive maintenance, resulting in
unnecessary expenditure of manpower, materials, and finances. Conversely, bridges deteriorating due to
exceptional loads or environmental corrosion may develop critical issues before their scheduled
maintenance cycle, leading to untimely repairs and prominent safety hazards.

Machine learning technologies provide the critical technical foundation for implementing demand-
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driven assessments. A real-time condition-based evaluation mechanism enables comprehensive
optimisation of operational resource allocation. Maintenance management departments can transition
from passively adhering to fixed schedules to proactively responding to the actual needs of the structure.
By allocating resources rationally according to actual requirements, this approach ensures that
comprehensive data informs scientifically grounded decisions for bridge maintenance management. This
reduces maintenance costs and achieves optimisation of lifecycle operational expenditure.

4. Conclusion

The application of machine learning technologies in assessing the safety status of in-service steel
bridges signifies a revolutionary leap from traditional methodologies towards a digital and intelligent era
within this field. By leveraging machine learning models to discern anomalous patterns within vast
monitoring datasets, real-time surveillance enables proactive early warnings, fundamentally enhancing
the proactivity of safety management. Through multi-source data fusion and deep learning, precise
diagnostics of concealed damage and minute defects are achieved. The assessment process shifts from
reliance on subjective experience to objective data-driven analysis, yielding quantifiable and
reproducible evaluation outcomes. This provides a stable and reliable foundation for operational
management decisions, significantly enhancing the safety assurance capabilities of in-service steel
bridges. It paves the way for infrastructure operations management to advance towards a safer, more
economical, and sustainable future.

As we look ahead, the integration of smart technologies and the Internet of Things (IoT) will
revolutionize the way infrastructure is monitored and maintained. Predictive analytics will enable
proactive maintenance, reducing downtime and extending the lifespan of critical assets. The adoption of
renewable energy sources will become more prevalent, with solar panels and wind turbines becoming
common fixtures in the urban and rural landscapes alike.

In the realm of transportation, autonomous vehicles and smart traffic management systems will
streamline the flow of traffic, cutting down on congestion and emissions. The construction industry will
embrace modular and prefabricated building techniques, which not only enhance safety on construction
sites but also reduce waste and speed up project timelines. Sustainability will be at the forefront of
infrastructure development, with a focus on creating resilient structures that can withstand the challenges
posed by climate change. Green building certifications will become the norm, and cities will be designed
with more green spaces and pedestrian-friendly areas to improve the quality of life for residents.

The role of data in infrastructure management will expand, with advanced algorithms and machine
learning models being used to optimize operations and predict future needs. This data-driven approach
will lead to smarter decision-making and more efficient use of resources. In conclusion, the future of
infrastructure operations management is bright, with technology and innovation paving the way for safer,
more economical, and sustainable solutions. As we continue to develop and implement these
advancements, we will see a transformation in the way our cities and communities are built and
maintained, ensuring a better future for generations to come.
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