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Abstract: To address issues in the monitoring of transportation infrastructure clusters—such as the independent deployment
of multiple systems, difficulties in uniformly configuring monitoring indicators for different structures, and the disconnect
between sensing data and early warning management—a comprehensive monitoring and early warning system with a three-
tier “sensing—data—application” architecture was designed and implemented based on the reconstruction project of the
Hangzhou—Zhuji section of National Highway 235. The sensing layer determines differentiated monitoring indicators, selects
lightweight sensors, and lays out measurement points according to structural types; the data layer employs a three-tier
“endpoint—edge—cloud” processing architecture, with data transmitted to the cloud platform via the MQTT protocol after edge
preprocessing; the application layer implements structural condition assessment, three-level early warning issuance, and a
closed-loop response process via mobile devices. For bridge deflection, tunnel crown settlement, and slope surface
displacement, three-level thresholds were established based on code limits and statistical control limits, respectively. Taking
actual measurement data from the Xikou Demonstration Zone in April 2025 (when the tunnel was in the construction
disturbance phase) as an example, the cumulative settlement of the tunnel crown was 37.344 mm, entering the blue warning

zone, while the maximum deflection amplitude of the bridge main girder was 11.506 mm and the maximum horizontal
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displacement amplitude of the slope was 3.610 mm—both within normal ranges. The results indicate that the differentiated
displacement responses of the three types of structures can be distinguished within a unified monitoring framework. The
established thresholds align well with the measured data and can serve as a reference for the design and implementation of
monitoring systems for similar groups of mountainous highway structures.

Keywords: Transportation engineering; Structural Health Monitoring (SHM); Monitoring system design; Lightweight sensing
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Table 1 Differentiated monitoring requirements and sensing configuration for bridge-tunnel-slope structures
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Fig. 1 Framework of the Integrated Monitoring and Early-Warning Platform
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Table 3 Three-Level Early-Warning Thresholds for Bridge Main-Girder Deflection
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Fig. 7 Comparison of Tunnel Crown Settlement with Early-Warning Thresholds
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Fig. 8 Comparison of Slope Horizontal Displacement Amplitudes with Early-Warning Thresholds
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Table 6 Comparison of Measured Displacements with Blue Early-Warning Thresholds for the Three Monitoring

Scenarios
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