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Abstract: Bridges are critical components of transportation infrastructure; however, they are increasingly subjected to higher
traffic loads, increased vehicle speeds, and structural modifications such as busway integration. These factors contribute to
accelerated deterioration, potential overloading, and rising maintenance costs. Structural Health Monitoring (SHM) has
emerged as an essential tool for evaluating the condition of bridge systems and enabling early detection of damage to ensure
structural safety and serviceability. Among various SHM techniques, vibration-based condition monitoring has gained
significant attention due to its nhon-destructive nature and ability to capture in situ structural responses. By analyzing dynamic
characteristics in time, frequency, and modal domains, this approach facilitates the identification of changes associated with
damage or material degradation.

Vibration-Based Damage (VBD) detection methods provide a proactive framework for infrastructure maintenance, supporting
timely interventions and improved lifecycle management. This study presents a comprehensive review of existing methodologies
for damage identification using sensor data obtained from real structures, covering both conventional techniques and advanced
data-driven approaches. Furthermore, key challenges associated with VBD-based SHM systems are discussed, including the
determination of damage thresholds, detection of corrosion-related deterioration, and issues related to sensor drift and data
reliability. The findings aim to support researchers, practitioners, and early-stage investigators in understanding and
implementing effective SHM strategies for modern bridge infrastructure.

Keywords: Structural Health Monitoring (SHM); Bridge Infrastructure; Vibration-Based Damage Detection; Dynamic
Characteristics; Data-Driven Approaches; Sensor Data Reliability

I. INTRODUCTION

In recent years, significant progress has been achieved in sensor technologies, numerical modeling, and damage identification
methodologies. Traditional inspection approaches, which primarily relied on expert judgment and periodic visual assessments, have
gradually evolved into advanced systems incorporating smart sensors and artificial intelligence-based decision-making. These
technological advancements have accelerated the adoption of Structural Health Monitoring (SHM) systems, particularly in bridge
engineering, where continuous and real-time assessment of structural performance is essential. SHM provides reliable and
continuous information regarding the condition and dynamic response of structures, thereby enhancing safety and operational
efficiency. SHM plays a vital role in supporting decision-making processes related to the operation, maintenance, and management
of infrastructure systems. It enables early detection of potential damage or overloading conditions, allowing timely intervention and
reducing the risk of catastrophic failures. Beyond bridges, SHM systems have also been widely implemented in high-rise structures
to ensure structural safety and serviceability under extreme loading conditions. For example, extensive monitoring studies on tall
buildings have demonstrated the capability of SHM systems to capture dynamic responses and evaluate structural properties under
environmental loads such as wind. Notably, iconic structures like the Burj Khalifa are equipped with integrated real-time SHM
systems that continuously monitor structural performance and integrity.

The concept of damage identification in SHM has evolved into a multi-level framework, ranging from basic damage detection to
advanced evaluation of structural integrity and residual service life. These levels typically include damage detection, localization,
quantification, classification, and prognosis. Among various SHM approaches, vibration-based techniques have gained widespread
acceptance due to their effectiveness, practicality, and non-destructive nature. Structural vibrations are inherently linked to system
properties such as stiffness, mass, and damping; therefore, any damage or deterioration results in measurable changes in these
dynamic characteristics. By analyzing signals acquired from sensors, it is possible to extract vibration features and identify
anomalies indicative of structural damage.
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Advancements in computational tools, signal processing techniques, and sensor systems have significantly improved the accuracy
and efficiency of vibration-based SHM. However, the field still lacks comprehensive technical standards and unified guidelines
regarding sensor selection, optimal placement, and data interpretation. This gap poses challenges in the practical implementation
and standardization of SHM systems. Nevertheless, the integration of modern sensing technologies with improved electrical and
data acquisition infrastructures has made SHM systems more feasible, cost-effective, and suitable for real-world applications.
Bridge structures are subjected to various dynamic excitations, including traffic loads, wind forces, and human activities, which
induce vibrations that can be analyzed to assess structural health. Vibration-based monitoring enables continuous evaluation of
structural performance, ensuring reliability, durability, and safety over the service life of the structure. A key aspect of SHM is long-
term monitoring, where an initial baseline representing the healthy state of the structure is established and continuously compared
with future responses to detect deviations and potential damage.
Among the various SHM techniques, vibration-based approaches are the most extensively studied and implemented. These methods
aim to detect damage, determine its location and severity, and assess the overall structural condition. Additionally, they support
critical functions such as service life prediction, establishment of alarm thresholds, and maintenance planning. Over the past
decades, confidence in vibration-based SHM systems has increased significantly, particularly for highway and railway bridges, due
to their ability to provide valuable insights into structural behavior under varying operational and environmental conditions.
Despite these advancements, several challenges remain, including the influence of environmental factors, noise interference, sensor
drift, and uncertainties in data interpretation. Addressing these issues is crucial for improving the reliability and robustness of SHM
systems. In this context, the present study aims to provide a comprehensive review of vibration-based damage detection techniques
for bridge structures. The objectives of this work are: (i) to critically review existing vibration-based SHM methodologies; (ii) to
identify key challenges associated with damage detection and characterization; (iii) to discuss emerging technologies and advanced
data-driven approaches; and (iv) to explore strategies for structural prognosis and lifetime prediction. By synthesizing existing
research, this paper seeks to offer valuable insights into current practices, limitations, and future directions in vibration-based
structural health monitoring.

Il. METHODOLOGY
The methodology for vibration-based structural health monitoring (SHM) follows a systematic progression from data acquisition to
decision-making. The framework adopted in this study is divided into the following four primary stages:

Data Structural
health
evaluation

processing

Data Decision
acquisition anagement Making

Figure 1. Vibration-based structural health monitoring systems.

A. Data Acquisition And Sensing

The first stage involves the deployment of a sensor network to capture the dynamic response of the bridge.

1) Sensor Selection: Utilizing high-sensitivity accelerometers, strain gauges, and displacement sensors to record vibrations
induced by traffic, wind, or ambient loads.

2) Data Collection: Implementing Data Acquisition (DAQ) systems to convert analog structural responses into digital signals for
processing.

B. Signal Processing and Feature Extraction

Raw sensor data often contains noise and environmental interference. This stage focuses on refining the data:

1) Domain Analysis: Analyzing signals in the time, frequency, and modal domains to extract "damage sensitive features".
2) Baseline Establishment: Defining a reference state of the healthy structure to compare against future datasets.
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C. Damage Identification Framework

Using the extracted features, a multi-level identification process is applied:

1) Detection and Localization: Identifying if damage exists and pinpointing its spatial coordinates within the structure.
2) Quantification: Determining the severity of the identified damage, such as loss of stiffness or material degradation.

D. Statistical Evaluation and Alarm Thresholds

To minimize errors, statistical models are employed to distinguish between actual damage and environmental fluctuations:

1) Reliability-Based Thresholds: Implementing algorithms like Markov Chain Monte Carlo (MCMC) to set alarm limits.

2) Decision Making: Utilizing the Probability of Detection (POD) to trigger maintenance interventions or structural prognosis.
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Figure 2. Simple predictive model of SANN.

While alarm thresholds play an essential role in ensuring both structural safety and satisfactory serviceability, there is a notable lack
of guidance available to engineers regarding their establishment. For instance, neither Eurocode 7 nor the existing application
guidelines offer detailed advice on this matter. This deficiency in guidance becomes particularly problematic when employing the
observational method, where the alarm threshold dictates when design adjustments are necessary. Some of the notable works
concerning damage detection through reliability-based alarm thresholds are as follows: Johan al. [77] introduced a comprehensive
computational algorithm for determining reliability-based alarm thresholds in civil engineering structures. The algorithm utilizes
subset simulation with independent-component Markov Chain Carlo (MCMC) and is applicable to both analytical models and finite
element models for assessing the limit state function. The threshold is set to ensure the fulfillment of the target failure probability, if
observations remain within the defined threshold. This concept is particularly suited for sequentially loaded structures, where
observations contribute to predicting the ultimate behavior. Sattele et al. [78] introduced a methodology for assessing threshold-
based Early Warning Systems (EWSs) designed for natural hazards. Their proposed reliability method involves the Probability of
Detection (POD) and Probability of False Alarms (PFA). The authors illustrated the formulation of EWSs effectiveness, a metric
indicative of risk reduction, as a function of POD and PFA. To model the EWS and quantify its reliability, the authors devised a
framework grounded in Bayesian networks. This framework was subsequently expanded to encompass a decision graph, offering a
platform for optimizing the warning system. This integrated approach provides a systematic means of evaluating and enhancing the
performance of threshold-based EWSs for natural hazards. The proposed framework of Sattele et al. [78] is summarized in Figure 4.
Figure 3. Ideal relationship between the observed indicator and the damage measure. Some of the notable works concerning damage
detection through reliability-based alarm thresholds are as follows: Johan Spross et al. [77] introduced a comprehensive
computational algorithm for determining reliability-based alarm thresholds in civil engineering structures. The algorithm utilizes
subset simulation with independent-component Markov Chain Monte Carlo (MCMC) and is applicable to both analytical models
and finite element models for assessing the limit state function.
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The threshold is set to ensure the fulfillment of the target failure probability, if observations remain within the defined threshold.
This concept is particularly suited for sequentially loaded structures, where observations contribute to predicting the ultimate
behavior. Sattele et al. [78] introduced a methodology for assessing threshold-based Early Warning Systems (EWSs) designed for
natural hazards. Their proposed reliability method involves the Probability of Detection (POD) and Probability of False Alarms
(PFA). The authors illustrated the formulation of EWSs effectiveness, a metric indicative of risk reduction, as a function of POD
and PFA. To model the EWS and quantify its reliability, the authors devised a framework grounded in Bayesian networks. This
framework was subsequently expanded to encompass a decision graph, offering a platform for optimizing the warning system. This
integrated approach provides a systematic means of evaluating and enhancing the performance of threshold.
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