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Abstract: Bridges are crucial components of infrastructure, and comprehensive and effective monitoring is required
throughout their entire lifecycle. This paper centers on the construction and application of the index system for bridge
lifecycle monitoring. It presents the significance of such monitoring, details the design principles and key components like
structural performance, environmental impact, and load-carrying capacity assessment indicators, along with data collection
methods and sensor technologies. Conclusions affirm its importance for bridge safety, durability and serviceability. Future
efforts should target intelligent, integrated monitoring and index system optimization to widen its use in bridge engineer-
ing.
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1. Introduction

Bridges play a vital role in transportation networks, facilitating the movement of people and goods. However, due to
the continuous exposure to various environmental loads, traffic loads, and the aging process, bridges are prone to structural
deterioration and potential failures. Therefore, it is essential to establish a reliable and efficient index system for bridge
lifecycle monitoring to ensure their safety, durability, and serviceability. The traditional bridge inspection methods, such as
visual inspection and simple instrumentation, have limitations in providing comprehensive and real-time information about
the bridge’s condition. With the development of advanced sensing technologies, data acquisition systems, and data analysis
techniques, it has become possible to construct a more sophisticated index system that can capture the multi-faceted charac-
teristics of bridge behavior and performance.

2. Significance of bridge lifecycle monitoring

2.1 Safety assurance

By continuously monitoring the structural health of a bridge, potential safety hazards can be detected in a timely man-
ner. For example, the early identification of cracks, deformations, or material degradation can prevent catastrophic failures
and ensure the safety of bridge users[1].

2.2 Durability enhancement

Understanding the long-term performance of a bridge under different environmental and loading conditions helps in
implementing appropriate maintenance strategies to extend its service life. Monitoring can provide insights into the rate of
deterioration and the effectiveness of preventive measures, such as corrosion protection and deck rehabilitation.

2.3 Optimal resource allocation

Accurate and up-to-date information about the bridge’s condition enables more efficient allocation of maintenance and
repair resources. Instead of relying on fixed inspection schedules and generic repair plans, resources can be directed to the
areas and components that require the most attention, reducing unnecessary costs and disruptions.

2.4 Performance evaluation

The index system allows for the quantitative evaluation of a bridge’s performance over its lifecycle. This includes as-
sessing its load-carrying capacity, stiffness, and vibration characteristics, which are essential for determining its fitness for
service and compliance with design standards.

Architecture Engineering and Science 244 | Zhengwei Fu



3. Key components of the index system for bridge lifecycle monitoring

3.1 Structural performance indicators

Structural performance indicators are crucial elements for evaluating the working condition of bridges. By installing
strain gauges or fiber optic sensors on main load-bearing components such as bridge girders, piers, and cables, the distribu-
tion of strain and stress can be accurately monitored, enabling timely detection of abnormal structural stress, potential fatigue
damage, or insufficient strength. For example, if the strain at the critical section of a steel girder exceeds the allowable value,
it may indicate a potential safety hazard[2]. Vertical and horizontal deformations, including the deflection of girders, settle-
ment and displacement of piers, etc., are monitored by using leveling instruments, total stations, and displacement sensors.
This can intuitively reflect the overall stiffness and stability of the structure. Excessive deformations will affect traffic and
endanger safety. For instance, abnormal deflection in the mid-span of a continuous girder bridge may imply problems with
the structural stiffness or supports.With the help of accelerometers to measure the vibration responses of bridges under the
excitation of traffic and wind loads, and by analyzing parameters such as vibration frequencies, mode shapes, and damping
ratios, the dynamic characteristics of the structure can be evaluated. Structural damage will lead to changes in vibration
characteristics.

3.2 Environmental impact factor indicators

Environmental factors have a profound impact on the durability and safety of bridges, and their monitoring indicators
are indispensable. Temperature monitoring, with the help of temperature sensors, enables us to understand the temperature
changes and the distribution of the temperature field in different parts of the bridge. Temperature changes can cause thermal
expansion and contraction, generating stress that may lead to structural cracking and deformation, and also affect the me-
chanical properties of materials. The temperature effect is often a key factor in the design and operation of long-span bridges.
Humidity monitoring uses humidity sensors to pay attention to the humidity around and inside the bridge. High humidity ac-
celerates the corrosion of metal structures and the deterioration of concrete, such as carbonation and freeze-thaw damage[3].
Bridges in coastal or humid areas can use this to prevent the corrosion of steel bars and the deterioration of concrete. Wind
load monitoring employs anemometers and wind vanes to measure the wind speed, wind direction, and their time-history
changes for long-span bridges, high-rise bridges, and bridges in strong wind areas. The vibrations caused by wind loads may
lead to structural fatigue damage or instability. The monitoring data is used to evaluate the wind resistance performance and
determine the need for vibration damping devices. Earthquake monitoring uses seismographs to ensure the seismic safety of
bridges in earthquake-prone areas, record the parameters of seismic waves and the response of bridges, and provide a basis
for post-earthquake inspection, evaluation, and repair.

3.3 Load-Carrying capacity assessment indicators

Load-carrying capacity assessment indicators are essential for determining the load-bearing margin and safety of bridg-
es. Traffic load monitoring relies on the weigh-in-motion (WIM) system to monitor parameters such as vehicle weight, axle
load, vehicle speed, and traffic flow. This is the foundation for evaluating the load-carrying capacity. Long-term data can be
used to analyze the distribution patterns and trends of loads, compare with the design loads to judge overloading and predict
its long-term impacts, providing support for maintenance and reinforcement decisions. Bridges with frequent overweight
vehicles passing through need to strengthen monitoring and take corresponding measures. The calculation and assessment of
the structural load-carrying capacity combine the bridge design data, structural inspection data, and traffic load monitoring
data, and use structural mechanics analysis methods, finite element software, and other means. Considering structural dam-
age and degradation of material properties, the load-carrying capacity is reduced and corrected. By comparing with the de-
sign load-carrying capacity, the reserve coefficient is determined to evaluate the current safety and reliability. For example,
when cracks are found in an existing concrete girder bridge and the concrete strength is reduced, it is necessary to re-evaluate
the maximum load that the bridge can bear.

4. Data Collection methods and sensor technologies

4.1 Sensor selection

The selection of sensors depends on the specific monitoring requirements and the characteristics of the bridge. Different
types of sensors, such as electrical resistance strain gauges, fiber optic sensors, piezoelectric sensors, and MEMS sensors,
have their own advantages and limitations. For example, fiber optic sensors offer high sensitivity, immunity to electromag-
netic interference, and the ability to measure multiple parameters simultaneously, making them suitable for long-term and
distributed monitoring applications[4].
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4.2 Sensor installation

Sensors should be installed at strategic locations on the bridge to ensure accurate and representative measurements.
The installation process requires careful consideration of factors such as the sensor orientation, the bonding method, and
the protection against environmental damage. For example, strain gauges should be attached to the surface of the bridge
members in the direction of the principal stress, and proper encapsulation should be provided to protect them from moisture
and mechanical damage.

4.3 Data acquisition systems

Data acquisition systems are used to collect, process, and transmit the sensor data. These systems typically consist of
data loggers, signal conditioners, and communication modules. The data loggers are responsible for sampling and storing the
sensor signals, while the signal conditioners convert the raw sensor signals into a suitable format for further processing. The
communication modules enable the transmission of the data to a central monitoring station, either through wired or wireless
networks.

4.4 Data transmission and storage

The collected data needs to be transmitted reliably to a central database for storage and analysis. Wired communication
technologies, such as Ethernet and fiber optic cables, offer high-speed and stable data transmission, but they may be limited
by the installation requirements and the distance between the sensors and the monitoring station. Wireless communication
technologies, such as Wi-Fi, Bluetooth, and cellular networks, provide more flexibility in sensor placement but may face
challenges such as signal interference and limited bandwidth. Cloud storage can be used to store large amounts of data and
provide convenient access and sharing of the data.

5. Conclusions

The construction and application practice of the index system for bridge lifecycle monitoring is of great significance
in ensuring the safety, durability and serviceability of bridges. By utilizing advanced data collection methods and sensor
technologies, real-time and continuous monitoring of bridges can be achieved. Future research should focus on the develop-
ment of more intelligent and integrated monitoring technologies, as well as the standardization and optimization of the index
system, so as to promote its wider application in the field of bridge engineering.
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