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Abstract. An overview of the main recent techniques of Bridge Health Monitoring (BHM) is
presented, addressing the use of remote controls. The data coming from satellite measurements,
together with travelling cars can be matched and elaborated with the help of machine learning
strategies. The data can be interpreted with a view to obtaining information for a deeper
investigation into the integrity or serviceability of the bridge. A brief discussion on key gaps and
perspectives is finally presented.
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1. Introduction

Bridge Health Monitoring (BHM) strategies have recently been modified to consider the big
data coming from satellite surveys, vibration due to pedestrian activities and travelling cars,
mainly from sensors dedicated to the safe conduct of driving. These can generate vibration
histories and consequent movements that can be elaborated to furnish info on the mechanical and
integrity conditions of the roads over bridges and viaducts. Damage identification algorithms and
decision support for maintenance and resilience can be better assumed throughout the comparison
over time of the dynamical response of the structures under investigation [1]. The operation
process of the implemented BHM system is shown in Fig. 1 [2].

2. Pedestrian-induced vibrations and footbridge monitoring

Ingolfsson et al. in [3] provide a comprehensive literature review of pedestrian-induced lateral
vibrations of footbridges, including modelling strategies, load descriptions, human-structure
interaction models, and case studies. Analytical and experimental work on synchronous walking
shows how crowd synchronization with low-frequency lateral modes can produce large-amplitude
responses, as famously observed on the London Millennium Bridge. Lightweight footbridge
design studies in your dataset discuss slender structural forms, comfort and serviceability criteria,
and integration of self-powered wireless systems to enable long-term BHM. Externally, the
London Millennium Bridge investigations document the onset of pedestrian-induced lateral
vibration and the effectiveness of added damping as a mitigation strategy, influencing modern
design guidance and serviceability criteria [4], [5]. More recent reviews focus specifically on
footbridge BHM, highlighting dense sensor networks, computer vision, and ML-based
classification of pedestrian events and structural responses [6].

Overall, the field is mature in terms of phenomenological understanding and modelling of
pedestrian-induced vibrations, but still developing towards real-time monitoring, crowd-structure
interaction modelling, and active/semiactive control strategies.
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Fig. 1. Flow chart of BHM system

3. Advanced sensing technologies
3.1. Low-cost global navigation satellite system (GNSS)

Xue and Psimoulis in [7] demonstrate that low-cost multi-GNSS receivers can track dynamic
displacements of a pedestrian suspension bridge at 1-3 Hz, recovering dominant frequencies with
accuracy comparable to geodetic-grade GNSS and displacement amplitudes within ~3 mm of
robotic total station data. Fig. 2(a) shows Top panel (A): Wilford pedestrian bridge on River Trent
and the locations of GNSS base station and receivers RTS on the riverbank; (B) Leica AS10
antenna on the midspan of the bridge (location C) with reflective prisms mounted underneath as
the receivers target (C) the two patch antennas on the ground-plane at location C; (D) the two
u-blox M8T receivers, with each one connected to the patch antenna and raspberry pi-3, and the
latter was powered by power bank. This confirms that GNSS - traditionally constrained by cost —
can support displacement-based BHM, especially when integrated with accelerometers or vision-
based sensors. The effects introduced by pedestrian motions, as virtually modelled, can then be
observed to determine the oscillations of the bridge (Fig. 2(b)). In [8] a practical low-cost example
of r.c. bridge has been performed using COSMO-Sky med high resolution satellite data base. In
the example described in [8] it has been possible to re-construct ten years of images (April 2011-
June 2020) based on metallic guard rail visible emissions, acquired from Italian Space Agency
(ASI) and subsequently elaborated with StaMPS PSI interferometric process. It has been possible
to detect vertical displacements with an accuracy of 1-3 mm. It has been also possible to
distinguish the ordinary thermal effects of deformations along the years from an ongoing
settlement. The above technique is almost promising, due to the fact that the implementation of
specific tetrahedral receivers is undoubtedly desirable, but the large amount of bridges to be
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monitored conflicts with the need of low-cost data. An alternative terrestrial approach (as in Fig. 2)
should be more effective, provided that topographic measuring points are low cost and easy to
install, together to the possibility to remove the GNSS base station with the data set of dynamic
measurement. Further modelling with animated pedestrian or vehicle loads can be implemented
to compare experimental vs numerical prediction, in view to an optimization via structural
identification.
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Fig. 2. a) The geodetic-grade GNSS stations and b) virtual simulation of pedestrian vibrating loads
generated by “FigureLab AI” software licensed by authors

3.2. Distributed fiber-optic sensing (DFOS)

Brillouin Optical Frequency Domain Analysis (BOFDA), compared with the Time Domain
one (BOTDA), can be used to monitor internal strain along concrete slabs over their full life cycle,
capturing casting, early-age behaviour, service loading, and long-term effects with high spatial
resolution [9]. Focusing on concrete structures, recent typical BHM solutions utilizing DFOS are
summarized in Table 1. Recent reviews identify DFOS as a key technology for distributed,
embeddable sensing in bridges, tunnels, decks, and other linear infrastructures where conventional
gauges would be too sparse or intrusive [2] as Optical Frequency Domain Reflectometry (OFDR).

Table 1. Typical DFOS solutions applied in Structural HM of r.c. structures [9]

DFOS Publishing Monitoring Monitoring Monitoring Monitoring
technologies year objects location process environment
OFDR 2020 Tunnel lining | Concrete surface Ops zagzon Construction activity
OFDR 2021 Concrete beams | Concrete interior Crack Extreme loading
BOTDA 2021 Tunnel lining | Concrete surface | Damages Normal activity
OFDR 2022 Cylinder pipe | Concrete surface Crack Loading
OFDR 2023 RC beams Interior and Deflection Loading
surface crack
BOFDA NA Concrete Slabs | Concrete interior Full-life Energlzatlon'
cycle saltwater corrosion
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3.3. Computer vision and edge computing

The computer-vision presents a smart BHM framework with edge computing, performing
onboard processing of video data to extract displacements and damage indicators, thereby
reducing data volume and latency and enabling near-real-time condition assessment [10]. This
aligns with a growing body of work on non-contact optical BHM, where cameras (including smart
devices) and edge Al are used to estimate deflections, mode shapes, and crack patterns [11].

3.4. IoT and drive-by monitoring

The IoT-based drive-by system demonstrates that vehicle-mounted sensors can be used for
bridge health monitoring: a single-board computer (Raspberry Pi) integrates a MEMS
accelerometer, temperature sensor, GPS, and 4G modem to record vehicle responses and trajectory
during passage over bridges and to perform basic onboard processing [12]. The system
successfully identifies the fundamental frequency of a test footbridge and shows noise
performance comparable to or superior to wired systems. The scheme is in Fig. 3.

This dovetails with a wider emerging literature on indirect or “drive-by” bridge monitoring,
which uses test or in-service vehicles to infer bridge properties from vehicle responses [10], [13].
Collectively, these sensing developments point towards highly distributed, low-cost, and often
indirect monitoring architectures, which are critical for large bridge networks.
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Fig. 3. Smart SHM framework integrating computer vision and edge computing for real-time bridge
assessment generated by “FigureLab AI” software licensed by authors
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4. Conclusions

Across recent research papers and broader literature, the current state of the art in bridge
monitoring and dynamic assessment permits the following brief discussion, in order to raise gaps
and possible perspectives.

Main trends:

1) From single sensor to multi-modal SHM. Combining acceleration, displacement
(GNSS/CV), strain (DFOS), acoustic emission, and environmental sensitivity and robustness [1],
[2].

2) From local case studies to network/portfolio approaches. ML-based prestress prediction,
drive-by and in-fleet BHM, together with low-cost IoT sensing, aim for scalable assessment of
entire bridge networks [12], [13].

Key gaps:
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1) Full integration of indirect sensing. Drive-by and in-fleet SHM methods show clear promise
yet lack standardized calibration protocols and cross-network validation, limiting their
deployment beyond controlled experimental settings [13], [14].

2) Lifecycle-level SHM and data continuity. Most DFOS and GNSS monitoring campaigns
remain short-term. Decade-scale datasets are essential for reliable deterioration modelling, yet
open-access repositories and systematic archiving standards are still largely absent [2], [9].

3) Explainability of Al-based diagnostics. Despite strong predictive performance, most ML
and deep learning damage detection models lack interpretability. Physics-informed and
explainable Al (XAI) frameworks are needed to meet engineering accountability requirements
and support regulatory acceptance [1], [2].

4) Multi-modal data fusion and standardization. Heterogeneous sensor streams: GNSS, DFOS,
computer vision, and [oT remain incompatible in format and sampling rate. No consensus standard
exists for data fusion in BHM, impeding interoperability and scalable network-level deployment
(21, [7].

5) Crowd-structure interaction modelling. Simplified pedestrian load assumptions fail under
realistic crowd densities and synchronization conditions [3], [6]. Real-time FE model updating
integrated with vision-based crowd tracking remains experimentally unvalidated at scale.

6) Cybersecurity of remote monitoring systems. Increasing reliance on wireless transmission
and cloud infrastructure exposes BHM systems to data tampering and adversarial attacks.
Fault-tolerant protocols and anomaly detection mechanisms for sensor network integrity remain
critically underdeveloped [12].

The main aspects of a BHM approach driven by remote control or self-induced data (e.g. traffic
info, pedestrian behavior) are the possibility of obtaining a large set of automatic information that
can be managed from remote stations. The use of Artificial Intelligence for the elaboration of big
data, coming from traffic or from the behavior of the users, can furnish on real time info, able to
evaluate in advance the occurrence of a critical situation. The interpretation of data via Al can
help, but cannot substitute the personal responsibility of the decision makers to establish the
priority of interventions.
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