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Abstract: Throughout their lifetimes, bridges are exposed to various forces that may lead to dis-
placement and deformation, potentially compromising their structural integrity. Monitoring their
structural integrity under environmental factors is essential for safety and maintenance under these
conditions. This aspect is a fundamental component of Structural Health Monitoring (SHM). Many
studies focus on Structural Health Monitoring (SHM), employing various theories, methodologies,
and technologies that have advanced rapidly due to the expansion of information technology. The
objective of this study is to pinpoint areas where research is lacking in the existing literature on
the environmental factors that impact the displacement of bridges, along with the techniques and
technology used to monitor these structures. To achieve this objective, the most critical environmental
factors and technologies, particularly those that are sensor-based, have been identified through a
systematic search of the most popular databases. Subsequently, the study utilized a bibliometric
analysis, exploring the challenge and prospective research areas reflected in the specialized litera-
ture. The findings indicate a lack of scholarly investigation of environmental factors that influence
the Structural Health Monitoring (SHM) of bridges, in particular studies regarding the effect of
uneven sunlight on structures. The research provides a comprehensive understanding of the Struc-
tural Health Monitoring (SHM) of bridges and has practical implications for developing effective
monitoring methodologies.

Keywords: structural health monitoring; bridge; temperature; displacement; unequal exposure to
sunlight; extensometers; accelerometers; sensors

1. Introduction

Today, civil engineering faces a significant challenge in the form of supervision and
maintenance of long-lasting structures. Because of the complexity and aging of infrastruc-
ture worldwide, there is a growing need for continuous assessment and monitoring of
structural conditions in order to detect any indications of deterioration, degradation, or
potential failure [1–9].

Structural Health Monitoring (SHM) is crucial for bridges, especially when consider-
ing environmental influences [10–15]. Continuous monitoring of a bridge’s health allows
for the timely identification of damage caused by variables such as temperature variations,
humidity, wind, precipitation, and seismic activity [16–21]. In addition, they help practition-
ers understand the influence of different environmental conditions on structural integrity,
therefore enabling the creation of more accurate maintenance and repair protocols [22–24].
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Moreover, the monitoring of material deterioration might be used to ascertain if environ-
mental causes are accountable for abnormal load patterns over bridges and can assist in
evaluating the effects of climate change on bridge safety, thereby directing the development
of more resilient structures in the future [25,26]. SHM is also the only technology that
removes uncertainty in condition assessment, providing a more accurate illustration of the
actual condition of the structure [27,28].

Essentially, SHM provides a proactive strategy for managing environmental impacts,
optimizing maintenance strategies, improving safety, and improving transport infras-
tructure resilience against environmental challenges. As a result, bridge monitoring has
intensified SHM research, given its importance and role. However, the implementation of
SHM presents several challenges. These are both technical and managerial [29–31].

The technological revolution, digitization, and the introduction of artificial intelli-
gence in all theoretical and applied research fields generate technological challenges, which
have numerous effects and implications on innovation and applied re-engineering pro-
cesses [32–36]. In this sense, SHM techniques, methods, and tools have experienced major
innovations in the last decade through the large-scale introduction of non-destructive
means [37–39]. Cutting-edge automated methods using smart sensors and artificial in-
telligence (AI) have supplemented and often replaced current techniques for identifying
damage through conventional inspection methods [40–43]. The research implications of
SHM of bridges have led to increased innovation and adaptation of advanced technologies
in civil engineering and related fields [15,44–46]. Thus, SHM becomes an interdisciplinary
field that combines several fields, such as computer science, mechanics, civil engineering,
or geomatics [15,40,47–49]. The new scientific advancements need careful observation,
systematic categorization, and rigorous analysis [12,15,50–54].

When it comes to the management decision-making process for SHM implementation,
it is necessary to make clear which of the primary considerations that support such a
choice are now being considered. From a decision-making perspective, the adoption
of SHM requires evaluating the conditions for ensuring the safety of people and goods,
assessing damage and prioritizing the most serious cases, assessing the operational and
environmental conditions of the system under observation, and assessing the constraints
on data acquisition in the operational environment.

The recent intensification of research in the SHM field underscores the need for
innovative solutions to address both technological and managerial challenges in SHM.
Despite the abundance of literature reviews in the SHM field, bibliometric research rarely
addresses the comprehensive and integrated analysis of environmental factors’ impact
on SHM.

The purpose of this research is to investigate the main trends in the scientific approach
to structural monitoring of bridges under the influence of environmental factors using
non-destructive means, with a special focus on the structural behavior under the influence
of uneven sunlight.

The study’s specific objectives are to identify new research approaches aimed at
analyzing the environmental factors involved in monitoring systems as well as the non-
destructive monitoring technologies used. Thus, through a rigorous review of the main
research on this topic, the study aims to critically analyze and evaluate the most relevant
topics contained in the study area. The study employs the Systematic Literature Review
(SLR) methodology, primarily relying on the Scopus database and performing a bibliometric
analysis by employing VOSviewer 1.6.20 software; the study highlights both research gaps
and trends in this field of research.

After a comprehensive analysis of the factors that can lead to displacement, defor-
mation, and degradation of bridges, as well as the specific technologies and tools used in
structural monitoring, this paper seeks to address the following questions:

• RQ1. What are the most important studied environmental factors that affect the
structural integrity of bridges?
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• RQ2. What are the current methods, techniques, and technologies used in the structural
monitoring of bridges?

• RQ3. Can bibliometric analysis identify research gaps?
• RQ4. What are the trends in approaching SHM research?

The study’s key contributions include an integrative approach to a comprehensive
review of the literature on SHM for bridges, which categorizes the studies based on environ-
mental factors and SHM techniques. Additionally, the study includes a bibliometric analysis
of publication trends, prominent authors, institutions, and collaborative networks within
the realm of SHM for bridges, emphasizing research gaps and avenues for future research.

Understanding how environmental stresses affect bridge displacement allows engi-
neers to design stronger, more resilient structures [18,55,56]. Monitoring bridge displace-
ment provides crucial data for studies [44,57–62].

• Early detection of potential structural damage;
• Assessment of the need for maintenance;
• Ensuring public safety;
• The infrastructure’s life is extended.

2. Research Methodology
2.1. Structure of Research

The study’s achievement was determined by the complexity of the research topic,
which was related to the analysis of environmental factors and the technologies used to
monitor the structural health of bridges. This was achieved through the following stages:

• Conducting a literature review on the most important studied environmental factors
that affect the structural integrity of bridges;

• Conducting a literature review on the current methods, techniques, and technologies
used in the structural monitoring of bridges;

• Performing a critical assessment of the literature review on methods, techniques, and
technologies used in SMH of bridges;

• Performing a scientific mapping and bibliometric analysis of the literature that matches
the research criteria of this study by using the scientific database Scopus [12,15,49,63,64];

• Using VOSviewer 1.6.20 software to measure and visualize the scientific network;
• Exploring the challenge and prospective research areas reflected in the specialized literature.

The methodology of the bibliometric research involved a comprehensive search and
analysis of the documents available in the Scopus database using the following steps [65,66].

1. The purpose of the search: The objective of the search is to determine the extent to
which the issue of uneven sunshine is addressed in the broader context of the Structural
Health Monitoring field in the specialty literature cited by Scopus.

2. The iterative process: The methodology involved an iterative process, which went
through two stages. The first refers to a thematic sequence of the search, and the second
includes other criteria such as the addition in the Scopus search to “bridge monitoring
system” domain search, search limitation for the period 2010–2024, or the number of
citations. This iterative process ensured comprehensive coverage of relevant literature and
emerging trends in the field to achieve the research objective.

3. Subject of the literature search: A thorough search was performed using key-
words and phrases related to Structural Health Monitoring (SHM), Bridge (B), Temperature
(T), and Deformations (D), and finally, Bridge Deformations and Temperature Variations
(BDTV). The search was limited to the Scopus database which has an acclaimed, indepen-
dent, and transparent selection process to determine which publications will be indexed on
its platform.

4. Inclusion criteria: The study fields were confined to the following subjects: Engi-
neering and Earth and Planetary Sciences, all of which are relevant to the research field.
Only materials classified as either “Article” or “Conference paper” were kept (Filter 1).
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5. Filtering the results: This was performed in four stages using Filters 2, 3, 4, and 5,
as follows:

• Filter 2. Addition in Scopus search to bridge monitoring system domain search;
• Filter 3. Limited to 2010–2024;
• Filter 4. Limited to search on a minimum number of citations;
• Filter 5. Limited to the field of Structural Health Monitoring, specifically focusing on

Bridge Deformations and Temperature Variations.

VOSviewer 1.6.20 software, which is a tool for the construction and visualization of
bibliometric networks, was used to conduct the analysis. For example, these networks
may encompass individual publications, researchers, or journals, and they can be estab-
lished through citation, bibliographic coupling, co-citation, or co-authorship relationships.
Additionally, VOSviewer 1.6.20 provides text mining capabilities that enable the creation
and visualization of co-occurrence networks of significant terms that have been extracted
from a corpus of scientific literature.VOSviewer 1.6.20 generates a map by employing a co-
occurrence matrix. The process of constructing a map is comprised of three distinct stages.

→ The co-occurrence matrix is used to calculate a similarity matrix.
→ The VOS mapping technique is applied to the similarity matrix to construct a map.
→ The map is translated, rotated, and reflected [67].

Figure 1 represents the roadmap of the methodology that answers the four research
questions, the conclusions, and the proposals for future research.
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2.2. Environmental Factors Influencing the Displacement/Deformation/Degradation of the Bridge
Structure (RQ1)

Bridges are essential components of infrastructure in modern society, facilitating
transportation and connectivity [68–73]. However, their exposure to environmental forces
can introduce challenges in structural integrity. Unequal exposure to sunlight causes
differential heating, which results in unequal expansion of materials, which can lead
to structural stress and deformation [74–80]. The mechanisms of this phenomenon and
methodologies for tracking and mitigating its effects are present in several studies.

In their paper [14], authors Li et al. perform an analysis of cartesian effects (lateral,
longitudinal, and vertical displacement) correlating their production with the loads of
different environmental factors. The study reveals that wind direction significantly impacts
lateral displacement, while temperature negatively impacts vertical displacement. Environ-
mental loads influence longitudinal displacement, with positive correlations between air
pressure, temperature, and vertical wind.

Recent studies note that the increase in environmental loads on structures is a major
concern that has an impact on the serviceability of engineering structures [40,81–83].
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Koo et al. (2013) [84] discuss the practical use of structural health monitoring on the
Tamar Bridge in Plymouth, UK. Opened in 1961, the Tamar Bridge is a suspension bridge
spanning 335 meters. A structural monitoring system was installed to analyze wind and
temperature parameters, as well as the effects on anchor cables and deck, to monitor the
behavior of the bridge during and after its 2001 modernization, highlighting potential
frequency variations for structural deterioration.

Other writers looked at how different environmental factors affect bridges over time
and suggested a modeling method that can connect different environmental factors with
modal frequencies while taking nonlinearity and uncertainty into account. Using mon-
itoring data [85–89], the model can precisely characterize the environmental influences
on frequencies.

Xu [90] published a study in 2021 that focuses on the environmental impacts of
prestressed concrete members in bridges, concluding that the primary environmental
elements that affect the lifespan of prestressed concrete members in bridges establish
the standard categories of environmental actions, degrees of action, and zoning. This
information serves as the foundation for designing the expected lifespan of prestressed
concrete members.

Another conclusive research aims to develop a Structural Health Monitoring sys-
tem for bridge safety evaluation in cold, remote regions using fiber optic sensors with
temperature compensation. The system studies bridge temperature behavior using real-
time field measurements, revealing the relationship between thermal loading and bridge
response [91].

A study that aims to predict the severity of damage to bridge boards considering the
effects of traffic and weather reveals that deep neural networks (DNNs) were built with
32 factors to be able to predict different kinds of deck damage. The authors maintain that
in doing so, it was possible to accurately identify seven types of damage that could affect
bridge decks: linear cracking, map cracking, scaling, breaking, leaking, efflorescence, and
rusting of exposed rebar [92].

The study carried out by Xiao, et al. [93] introduces a stiffness separation method for
large-scale space truss structure damage identification, simplifying the objective function.
The method splits the global stiffness matrix into sub-stiffness matrices, reducing iteration
steps and ensuring accuracy in two types of space truss structures.

Zhu et al. [94] analyzed the temperature distribution and related reactions of a sus-
pended rail bridge utilizing Structural Health Monitoring (SHM) as well as field testing
and numerical analysis. The research revealed that changes in ambient temperature sig-
nificantly affect rail-track irregularity on bridges. A modeling system was developed to
predict temperature influences on bridges, proving its efficiency by comparing observed
data to projected values. The method was also used to investigate seasonal temperature
influence on cable-stayed bridges. Heat flow intensity varied on horizontal and vertical
surfaces, and temperature changes significantly affected deformation.

Xiao, et al. [95] investigated the impact of thawed frozen soil on the dynamic perfor-
mance of pile structures in cold regions. The research uses a free-decay response approach
to estimate the dynamic properties of a pile partially embedded in Fairbanks silt. Results
show two dominant modes: pile rocking and structural bending. The rocking mode exhibits
strong soil nonlinearity, while the structural modes show weak nonlinear characteristics.
The study also identifies damping ratios and develops a theoretical nonlinear model to
correlate with the experimental results, including damage identification of large-scale space
truss structures based on the stiffness separation method.

The possible effects of earthquakes of different degrees on bridges are analyzed in
the paper “Earthquake-induced residual displacement analysis of simply supported beam
bridge based on numerical simulation” [96]. The authors propose mitigation solutions and
provide a theoretical basis for improving the disaster resistance of bridge structures.

Progress in the knowledge of the effects of temperature differences on bridges was
actively analyzed by Bo and Jianping (2010) [97]. The paper explains the problems in the
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investigation of thermal effects on bridges, explores some crucial problems to be solved,
and predicts development trends in the field.

For example, in the case of high-speed trains, when investigating the effects of de-
formation in response to temperature in different structural elements of the bridge, it is
essential to control the specific deforming effect [98].

Another work by the authors Tan et al. [99] deals with the problem of separating the
temperature effect in the signal monitoring the deformation of a bridge and proposes a
method that combines VMD and SVD. The application of the method is illustrated by the
case of a long-range truss bridge in Wuhan. It is shown that after the monitoring signals
are removed by the SVD, the accuracy of separating the effect of the temperature difference
is significantly improved.

The work of the authors Xu et al. [100] presents the Wind and Structural Health Moni-
toring System (WASHMS) that was installed on the Tsing Ma Bridge in Hong Kong. This
was designed to monitor the state of the environment, traffic loads, bridge characteristics,
and bridge responses.

The SHM system, which consists of a sensor system, a data acquisition and transmis-
sion system, and a data processing and control system, is presented in the paper of Zhi-Wen
Wang et al. [101], recently published (2024).

“Optimal static strain sensor placement for truss bridges” is another relevant study that
presents a numerical optimization method for identifying optimal strain sensor placement
for structural static responses. It aims to minimize the number of static strain sensors
and layouts needed to evaluate a bridge’s structural condition. The method includes
automatic model parameter identification, damage detection, and application to an actual
bridge [102].

In 2013, Koo and his collaborators published a paper [103] in which the authors state
that the most destructive effects on bridges (the main cables and the additional supports) are
variations in the structural temperature leading to the thermal expansion of the structure.
This is a major factor for global deformation, while the vehicle load and wind are usually
secondary factors.

The possible effects of earthquakes of varying degrees on bridges have been intensely
analyzed since 2002. Soong and Spencer Jr (2002) published an article [104], which is the
most cited work that addresses the problem of the influence of earthquakes on bridges. This
paper includes a short historical sketch of the development of passive and active structural
control systems, with particular emphasis on the mitigation of wind and seismic response
on bridges, being an assessment of the state-of-the-art and practice of these constantly
evolving technologies.

Considered one of the most relevant studies to address the effect of earthquakes on
bridges, “Multi-hazard Earthquake and Tsunami Effects on Soil-Foundation-Bridge Sys-
tems” [105] provides a bridge modeling approach for the individual effects of earthquake
hazards and tsunamis, which includes the effects of soil–foundation–structure interaction,
developed with finite elements to quantify the sequential damage caused by the quake
and tsunami.

The paper, written by Wandji Zoumb and Patrick Arnaud [106], analyses the effect of
earthquakes on high-speed trains circulating over railway bridges crossing the sea with
deep-water areas. The authors state that when studying the effects of hydrodynamics on
train–bridge interactions, accurately modeling and understanding the impact of earthquake-
induced hydrodynamic pressure is a crucial issue that has yet to be resolved.

The results of a recent study [107] offer solutions to limit the effects and can provide a
theoretical basis for improving the disaster resistance of bridge structures.

In regard to wind effects, a simple search with the terms “wind AND effect AND on
AND bridge” conducted in the Scopus database found 1861 documents.

A landmark of this topic is Emil Simiu’s manual “Wind Effects on Structures: An
Introduction to Wind Engineering”, which addresses the overall problem of the structural
response (including bridges) to wind actions [108].
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A highly cited paper is “Energy Dissipation Systems for Seismic Applications: Current
Practice and Recent Developments” [109]. This paper presents a summary of current
practice and recent developments in the application of passive energy dissipation systems
for seismic protection of structures.

One of the most recent developments in the field is a paper [110] that highlights the
fact that the analysis of the influence of wind on bridges in mountain areas should be
viewed differently and not by conventional methods of wind speed distribution. This
paper suggests a semi-parametric mixed technique to describe the distribution of average
wind speeds. The method combines nonparametric Kernel Density Estimation (KDE) and
Generalized Pareto Distribution (GPD).

Another study [111] highly cited in the Scopus database is considered the most relevant
for the search. This research aims to simulate the wind conditions at the Rose Fitzgerald
Kennedy Bridge in Ireland using full-scale three-dimensional computational fluid dynamics
(CFD) simulation models.

An analysis of the efficiency of the wind barrier installed for the protection of a road
bridge in one of the works that appeared in the field [112] finds that the wind–vehicle–
bridge system can be evaluated using a progressive testing approach to comprehend the
wind protection capability of the bridge tower.

Starting from the remark that offshore bridges, especially in deep-water environments,
are significantly endangered by earthquakes and extreme waves, which pose significant
safety risks, Chen et al. (2024) aimed to fill the knowledge gap in the field by conducting a
comprehensive series of physical tests on a deep-water bridge dig [113].

Fujiu, Minami, and Takayama (2022) proposed a general approach to the influence
of environmental factors correlated with the characteristics of the structure monitored
(surface materials, bridge length, and year of construction). The paper concludes that
examining environmental elements that might impact degradation is anticipated to assist
in the creation of more efficient and effective bridge maintenance strategies [114].

2.3. Technologies, Methods, and Tools for Monitoring SHM of Bridges (RQ2)

Structural Health Monitoring (SHM), as a non-destructive method of in situ structural
detection and evaluation, employs a variety of sensors attached or embedded in a structure
to monitor structural response, analyze structural characteristics to estimate the severity of
damage/damage, and assess their effects on the structure in terms of response, capacity,
and lifespan [6,115,116].

Various sensors, technologies, and equipment collect data, which are then consolidated,
transferred, analyzed, and evaluated to continually assess the building’s health. SHM
comprises equipment, approaches, and procedures formerly known as Non-destructive
Testing (NDT) and Non-Destructive Evaluation (NDE) [115–124]. These technologies offer
different levels of sensitivity, accuracy, and applicability depending on environmental
conditions and the specific requirements of the monitoring project.

Key sensor technologies include the following:
Extensometers measure the deformation of the deck material under load [125–127].

Traditional foil extensometers and more advanced fiber optic extension meters are com-
monly used [128–130]. Installed at critical points, extensometers measure the deformation
of bridge materials in response to thermal dilation [131–134].

The researchers Magne et al. [135] presented the implementation of structural moni-
toring for bridges with the aid of extensometers. The work concludes that such systems
can generate both tensile strain and torsional strains simultaneously when a sample is
subjected to combined torsion and tensile stress.

A monitoring system consisting of a total topographic station, extensometers, and
several sensors was used to monitor “the longitudinal movement of the road deck on Tamar
Suspension Bridge in Plymouth in the UK, under changing environmental conditions, over
six months” [136]; the transmission of data from the system directly mounted on the
structure to the datalogger was wireless. The study is important, too, because it also makes
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the comparison between the data obtained with the total topographic station (TPS) and the
extensometer, a comparison that reveals the usefulness of using this type of sensor in the
structural monitoring of this kind of civil construction.

Accelerometers detect vibrations and dynamic shifts [137,138]. They are essential for
monitoring fast-acting tensions, such as wind or seismic activities. MEMS (Micro-Electro-
Mechanical Systems) accelerometers, with their compact dimensions and high precision,
are often used in modern bridge monitoring systems [139–142].

The use of accelerometers coupled with GNSS systems in the structural monitoring of
bridges was addressed by the work of Roberts, Meng, and Dodson (with 268 citations) [143].
The study takes into account the multipath limitations of the GNSS systems installed on
bridges, finally proposing a hybrid monitoring system (GNSS-accelerometers) that limits
the disadvantages of each type of sensor individually, largely offsetting the errors that
would result from the use of a single type of monitoring sensors.

Omidalizarandi et al. (2020) propose in their paper [144] “a robust and automatic
vibration analyses procedure that is so-called robust time domain modal parameter identi-
fication (RT-MPI) technique using low numbers of cost-effective micro-electro-mechanical
systems (MEMS) accelerometer”. The work concludes that MEMS types are extremely
suitable for identifying movements, including those of sub-millimeter type, depending on
a certain type frequency chosen.

The use of accelerometers in Structural Health Monitoring (SHM) of bridges is also
addressed in the paper of Yang, Wang, and Yang [145], which proposes a new Rauch–Tung–
Striebel (RTS) adaptive multi-rate device that merges the measurement signals of the GNSS
and accelerometers to improve both accuracy and sampling rate.

An interesting approach from the point of view of the cost of bridge monitoring
systems based on accelerometers is presented in the work of Komarizadehasl et al. [146].
For conducting the study, a type of accelerometer called a Low-Cost Adaptable Reliable
Accelerometer (LARA) is used. The bridge analyzed in this study is Polvorines’ Footbridge
in Barcelona, Spain. Finally, using four independent LARA systems, the premises of the
study are validated, with certain limitations that mainly relate to the density of the so-called
“noise points”.

High-precision GPS sensors monitor the static and dynamic movements of bridges.
GPS technology is useful for long-term monitoring of large-scale movements but may be
less effective for detecting small and rapid changes. They provide precise location data,
helping to track the movement of bridge sections with high accuracy.

A simple search for the terms “bridges and GPS(GNSS)” in the Scopus database reveals
495 titles, the most recent appearance being the work of Rossi et al. [147], which highlights
the utility of using an Unscented Kalman Filter (UKF) to gather data from GNSS and
accelerometers, taking into account and incorporating data of the torsion of the components
of the analyzed structure.

A case study of bridge monitoring using multi-GNSS observations [148] focuses
on three main aspects: it proposes multisystem-type GNSS for monitoring bridges; for
field data collection, the authors use combined signals type GPS, Glonass and Beydou
(GPS/BDS/GLONASS); finally, the study demonstrates that, with the choice of larger
altitude angles (40 degrees) for the collection of GNSS data, millimeter accuracy can be
obtained, but only for planimetric data, those related to the third component (quota) being
affected by larger, centimeter error.

A paper by Vazquez-Ontiveros et al. [149] focuses on the real-time performance
evaluation of bridges, specifically the measurement technologies using PPP-GNSS in
Structural Health Monitoring (SHM) systems. It also involves the signal processing of
displacement measurement data and the assessment of structural dependability in terms of
the chance of failure.

Doppler Laser Vibrometers (LDVs) measure the speed and displacement of a surface
without physical contact. They provide high accuracy and are suitable for monitoring
dynamic responses to environmental demands, such as wind loads.
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The paper of Garg et al. [150] presents a case study that focuses on mounting a
Doppler laser vibrometer (LDV) on an unmanned aerial system (UAS) to allow contactless
dynamic cross-sectional movement of a railway bridge. The accuracy of the UAS–LDV
measurements is compared with the measures traditionally used, LVDT (Linear Variable
Differential Transducer).

The paper of Yu, Tang, and Vinayaka [151] is the most recent appearance that focuses
on the use of Doppler laser vibrometers (LDV) for the structural monitoring of bridges. The
work starts from the premise that a “single-point portable LDV can measure background
noise relatively between the bridge and the LDV”, concluding that the speed of a train may
be measured by measuring the displacement caused by the train-induced forced vibration.

If we refer to another type of structure monitored with the help of LDV, namely a cable-
stay bridge structure, in the study by Kordatou et al. [152], a 2D Doppler laser vibrometer
system is used, both in the static system and in the dynamic charging system, to identify a
possible correlation between these non-destructive evaluation techniques during the static
and dynamic response of different demand situations. The results obtained can be used to
improve and facilitate bridge design and allow the detection of distributed failures during
a multifactorial load system.

Laser scanning and LiDAR: These technologies allow high-precision measurements
of the bridge surface, detecting tiny deformations over time. Recent technological advances
in land scanning systems and LiDAR technologies have enabled their use for the structural
monitoring of bridges. A representative number of case studies in the literature focus on
this aspect [51,153,154].

Thus, a cumulative search for the terms “bridges and LiDAR” in the SCOPUS database
reveals several 629 published papers. An example of this is the paper of Kaartinen, Dunphy,
and Sadhu [51], which analyzes the use of LiDAR-type sensors to detect structural defects
or changes over time, as well as cracks and deformations. Both mobile (MLS) and terrestrial
laser scanning systems (TLS) are analyzed, and the existing limitations of each of the two
types of systems analyzed are discussed and highlighted.

The most cited work relating to LiDAR terrestrial scanning technology in the struc-
tural monitoring of bridges (166 citations in Scopus) is the work of Riveiro, DeJong, and
Conde [155]. This work aims to develop a method of fully automated segmentation of
point clouds taken with LiDAR sensors in the case of bridges with arc forging. The main
advantages of the method presented by the authors are related to its validation in a rep-
resentative number of cases, as well as the fact that the method does not require special
training and expertise in the collection of data from the field with TLS and also extremely
powerful computers for data processing.

There are limitations on the use of each type of LiDAR scanning sensor (terrestrial,
mobile, aerial, underground, etc.) each of which has its advantages and disadvantages. Each
type of sensor must, therefore, be used, taking into account the constructive characteristics
of the structure under study, temperature and external environment factors, accessibility,
and hazard factors existing in the study area. A study that proposes a comparison between
the use of different LiDAR sensors in the structural monitoring of bridges was carried out
by Lin et al. [156]. The research starts from the premise that to obtain the right quality
of the LiDAR data it is necessary to consider not only the degree of the on-board LiDAR
scanners but also the accuracy of the direct geo-referencing data as well as the calibration
of the system.

A SHM method that involves the use of a terrestrial laser scanner (TLS) to obtain
high-resolution geo-referenced point clouds of bridge grinds, point clouds that are filtered
to identify four possible classes of damage, is “Preliminary Test on Structural Elements
Health Monitoring with a LiDAR-Based Approach” [157].

Thermal imaging cameras: These cameras can identify temperature variations along
the bridge structure, highlighting areas that receive more intense sunlight.

The use of thermal chambers for monitoring bridges is important, especially for
the analysis of temperature-related factors and their influence on the movements of the
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component structures of these types of constructions. The work by Jin Lim et al. [158]
analyzes and presents a type of convolutional neuronal network based on regions, which
is faster, with the advantage that it is constructed and applied to thermographic images
combined with visual images for the automatic detection and classification of phenomena
related to surface and underground corrosions of steel bridges. The uniqueness of this
study is due to the combination of the classic images (RGB-red, green, blue) and those
obtained with the thermal camera, a combination that offers significant improvements in
the monitoring of the corrosion phenomena of steel bridges.

Wireless sensor networks (WSNs) consist of spatially distributed sensors that com-
municate wirelessly to collect and transmit data. They are advantageous for scalability
and ease of installation, reducing the need for extended wiring and allowing real-time
data acquisition.

The study by Zh Ali et al. [159] presents “a localized information processing approach
for long-term automated online Structural Health Monitoring (SHM) using wireless sensor
network (WSN)”. This paper analyzes the vibration data collected by accelerometers in
several locations of a strongly loaded old pre-tensioned bridge that included healthy as
well as unhealthy parts using signal processing techniques.

Robotic total stations (RTS) with high sampling rates are becoming increasingly
popular for monitoring the displacement responses of bridge structures, both in semi-static
and dynamic conditions. This is due to rapid improvements in data sampler rates and
tracking speeds [160]. Through both laboratory and in situ studies on a 328 m bridge, the
authors demonstrate the feasibility of the system by comparing it with the data obtained
with precision accelerometers.

When evaluated by geomatic means, these technologies offer various benefits and
trade-offs in terms of effectiveness, cost, ease of implementation, and reliability. Table 1
presents a comparison of different geomatic SHM technologies:

Table 1. Comparison of Geomatic SHM technologies. Source: adapted from [161].

Geomatic Technology Effectiveness Cost Ease of
Implementation Reliability

Global Navigation
Satellite System
(GNSS) Monitoring

Provides precise
measurements of
displacement and
deformation over large
areas. It is effective for
continuous monitoring
of structural
movements, especially
for high-rise buildings
and long-span bridges.

GNSS can be expensive
due to the cost of
high-precision
equipment and the
need for extensive
data processing.

Installation can be
complex, requiring
clear lines of sight to
satellites and often
specialized knowledge
for accurate
data interpretation.

Highly reliable with
real-time monitoring
capabilities, but
dependent on satellite
signals, which can
be affected
by environmental
conditions.

Total Station
Measurements

Excellent for
high-precision
monitoring of static
points, providing
accurate deformation
and displacement data.

Generally lower than
GNSS, but costs can
escalate with increasing
coverage area and
number of
monitored points.

Implementation can be
manageable, though it
requires manual
line-of-sight setups and
ongoing maintenance.

Reliable for short to
medium ranges, but
effectiveness decreases
with distance and
in poor
weather conditions.

Laser Scanning
(LIDAR)

Offers high-resolution
data for surface
geometry and can
capture a wide area
rapidly, making it
suitable for detailed
structural inspections.

Moderate to high,
depending on the scope
of the project and
equipment used.

Fairly easy to
implement with
proper equipment.
Data processing
and interpretation
require expertise.

Highly reliable for
surface deformations
but may have
limitations in
penetrating structures
or areas
with obstructions.
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Table 1. Cont.

Geomatic Technology Effectiveness Cost Ease of
Implementation Reliability

InSAR
(Interferometric
Synthetic Aperture
Radar)

Ideal for monitoring
large areas
and detecting
millimeter-level
displacements.
Effective for identifying
subsidence, landslides,
and other
gradual changes.

Generally cost-effective
for large-scale
applications with low
marginal costs once the
baseline data
is acquired.

Highly technical;
requires specialized
skills for data
processing and
interpretation.

Very reliable for
long-term monitoring
over extensive areas,
but dependent on
satellite availability and
revisit frequency.

Drones Useful for capturing
and analyzing
structures using
photographic methods.
Good for assessing
visible surface changes.

Relatively low,
particularly with
advancements in drone
technology and
software.

Quite straightforward
to implement with
proper equipment,
drones facilitate access
to hard-to-reach areas.

Dependable for visual
inspections but may
have limitations in
accuracy for detailed
deformation analysis.

2.4. Critical Assessment of Literature Review on Methods, Techniques, and Technologies Used in
SMH of Bridges
2.4.1. Assessment of Natural Environmental Factors

From a broad perspective on the study of SHM, the importance of researching envi-
ronmental factors as triggering factors of various problems regarding the integrity and
safety of structures has recently been concentrated on in a very large number of studies. By
identifying the most relevant research in the field (assessed by their degree of recognition,
respectively, the number of citations), the analysis of these works allowed their synthesis,
using the criteria to group the research. The type of factors studied, the research methods
used, and the results expected after the research is carried out are criteria that define the
intensive character of recent research. These are presented in Table 2.

By analyzing this information, it can be observed that there is a wide variety of ap-
proaches in the research on natural environmental factors that affect the integrity of bridge
structures. Statistics models use statistical methods to analyze data from sensors placed
on or within structures to monitor environmental conditions that may affect structural
health. Algorithms for machine learning are used to analyze and model environmental
factors that affect structural health; this can be performed with artificial neural networks.
Finite-element models simulate structure behavior in various environmental conditions to
predict damage from temperature changes, wind speed, or seismic events. Data fusion are
algorithms that help understand how environmental factors affect structural integrity by in-
tegrating data from more sources. However, a combination of these models and algorithms
is intensely used by researchers and engineers to track and evaluate environmental factors’
effects on structural health in real-time, enabling proactive management and improving
safety and reliability.
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Table 2. Natural environmental factors, methods of analysis, and mitigation/monitoring mode, results.

Factor of Influence/Effect Method
of Analysis

Mitigation/Monitoring Mode
Results of the Studies

Temperature
Temperature variation is manifested in bridges
through expansion and contraction. In hot weather,
the materials expand, while in cold weather, they
contract. This cycle can lead to displacements and
potential structural stresses if not properly managed
through expansion joints. Moreover, differing
temperatures within different parts of the bridge can
cause uneven expansion, leading to differential
movements and potential misalignments.
Earthquakes and seismic forces
Earthquakes and seismic forces can cause immediate
and significant stress to a bridge, potentially leading
to cracks, joint failures, or even collapse. Seismic
events can generate horizontal and vertical
movements that require a seismic resilience design,
including flexible joints and
energy-dissipating devices.
Even minor seismic activities can lead to ground
settlements or shifts, affecting bridge foundations
and causing displacements.
Wind
High-speed winds apply significant lateral forces on
bridge structures, especially on long-span bridges.
This can cause displacements, oscillations, and even
aeroelastic instabilities such as flutter.
Sustained wind can induce vibrations and resonance,
particularly in suspension and cable-stayed bridges,
leading to fatigue and displacement over time.
Waves
High water levels and fast-moving water during
floods, storms, and tsunamis impose significant
forces on bridge piers and abutments, leading to
scour around foundations and potential
displacement or settlement.
Uneven sunlight
Uneven exposure to sunlight can lead to differential
thermal expansion and contraction of bridge
structural elements.
High humidity
High humidity can lead to moisture ingress in
concrete and steel components, potentially causing
corrosion of steel reinforcements and degradation of
concrete. Over time, this can weaken the bridge’s
structural integrity and load-bearing capacity.
Precipitation
Excessive precipitation can lead to surface runoff,
flooding, and soil erosion around bridge
foundations, potentially undermining them.
Additionally, water buildup and poor drainage can
cause hydrostatic pressure and waterlogging,
affecting the bridge’s durability.

Statistical analysis;
Data analysis;
Modeling;
Machine learning
Finite element analysis;

Network analysis.
Numerical analysis;
Signal monitoring;
Simulation;
Numerical simulation.

Methodologic approach;
Control system analysis;
Semi-parametric mixed
technique;
Simulation models;
Experimental research.
Structural control systems
Finite element model;
Statistical analysis.

Displacement assessment;
Deformation;
Serviceability assessment;
Life span assessment;
Standardization of environmental actions;
New research directions in bridge
engineering, in particular for applications
such as the form-finding of innovative
long-span structures, structural
reinforcement, and
structural optimization.
Continuous monitoring allows for
real-time damage assessment and early
warning systems to close bridges to
traffic, if necessary, during seismic events;
Post-seismic evaluations to ensure
structural safety and identify
necessary repairs;
Ongoing data analysis can be used to
improve the design of future bridges;
Efficient, effective bridge
maintenance strategies.
Assessment of structural response;
Assessment of wind influence on
bridge structure;
Prediction of wind influence;
Wind protection capability;
Mitigation of wind and
earthquake response.
Impact of uneven temperature on the
bridge tower.
Collecting continuous data on the
ambient moisture levels using
hygrometers and other moisture sensors.
Monitoring precipitation helps design
effective drainage systems and planning
for extreme weather events.

Relevant studies: [162–171]
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2.4.2. Assessment of SHM Technologies

Structural Health Monitoring (SHM) technologies are critical to keeping bridges safe
and long-lasting. Regarding the technologies most used in current research, sensors-based
technology represents a viable alternative for addressing the complexity of structural
monitoring activities.

A comparative analysis of the various techniques and technologies recently used in
SHM research is shown in Table 3.

Table 3. Comparison of SHM technologies.

Technology Pros Cons

Sensors Direct measurement of specific parameters like
strain, displacement, and acceleration.
Can be integrated into a real-time
monitoring system.
High sensitivity and accuracy.
Suitable for long-term monitoring.

Requires physical installation on the structure.
Maintenance can be challenging.
Limited to the points where sensors
are installed.

High Precision GPS Sensors Provide accurate displacement and
deformation measurements over a wide area.
Real-time data collection.
Non-contact method (no need for
modifications to the structure).

Limited by satellite visibility and
signal obstructions.
Relatively high cost.

Doppler Laser Vibrometers Non-contact measurements of vibration
and displacement.
High precision and resolution.
Can measure dynamic responses and
modal properties.

Limited to line-of-sight
distance measurements.

Laser Scanning and LIDAR Provides detailed 3D models of the structure.
High spatial resolution and coverage.
Non-contact and rapid data acquisition

High initial equipment cost.
Data processing can be complex and
time-consuming.
Performance is affected by environmental
conditions, such as rain and fog.

Thermal Imaging Cameras Detect temperature variations that can indicate
structural issues.
Can be used to identify moisture ingress, voids,
and delamination.
Non-contact and can cover large areas quickly.

Require interpretation of thermal data.
Only detect surface defects and anomalies.

2.4.3. New Insights into SHM Methodologies for Bridges: Eigen Perturbation Strategies

The industry has recognized recent approaches, such as those using eigen perturbation
strategies, as the industry standard. By analyzing changes in the bridge’s dynamic proper-
ties, eigen perturbation, a mathematical approach, can innovate real-time Structural Health
Monitoring (SHM) for bridges. The use of eigen perturbation strategies in SHM represents
a sophisticated approach that offers advantages and differences compared to traditional
methods. Application of eigen perturbation strategies in real-time SHM can lead to the
development of models of the bridge’s dynamics. These serve as a reference for detecting
structural changes and continuously measuring their dynamic response using sensors
such as accelerometers and strain gauges distributed across the bridge. Advanced data
acquisition systems can process this information in real time. Changes in eigen parameters
can help localize potential damage areas. Specific algorithms can quantify the severity and
nature of the detected changes, allowing for more targeted inspections and maintenance.

Three key features contribute to the novelty of eigen perturbation strategies:

• Sensitivity to structural changes means that eigen perturbation methods are particu-
larly sensitive to small changes in structural parameters, which can be advantageous



Buildings 2024, 14, 2811 14 of 37

for the early detection of damage. They allow for precise detection of shifts in a
structure’s vibrational characteristics that indicate potential issues.

• Mathematical rigor consists of the fact that these methods rely on perturbation theory,
which offers a rigorous mathematical framework for analyzing changes in eigenvalues
and eigenvectors of a system’s structural matrix. This makes them highly reliable for
theoretical modeling.

• Model updating, which means that they facilitate better model updating, which is
crucial when the existing model of a structure needs refinement based on observed
data. By observing how eigenvalues react to perturbations, we can make adjustments
more accurately.

A comparison of eigen perturbation strategies with standard strategies is presented in
Table 4:

Table 4. Comparison of eigen perturbation strategies vs. standard strategies.

Strategy Type Eigen Perturbation Strategies vs. Standard
Strategies

Traditional Modal Analysis Detection Capabilities While traditional modal analysis techniques also
utilize the structure’s vibrational modes, eigen
perturbation methods provide enhanced sensitivity
to small changes. This can lead to earlier detection
and more accurate localization of damage.

Complexity and Computation Eigen perturbation methods can be computationally
more complex given their mathematical demands,
though modern computational power often
mitigates this challenge.

Data-Driven Approaches Machine Learning and
Statistical Methods

While data-driven approaches like machine learning
are becoming more popular due to their ability to
handle vast amounts of data and learn patterns,
eigen perturbation techniques offer a more
physics-based approach, which can be more robust
in situations with limited data.

Interpretability Eigen perturbation methods offer clearer insights
into structural behavior since they are grounded in
physics, unlike some black-box
data-driven approaches.

Relevant studies: [172–178]

The practical applications of eigen perturbation strategies present innovative solutions
and opportunities for future development of Structural Health Monitoring.

# They can be particularly beneficial for monitoring complex structures such as bridges,
high-rises, and buildings where precise detection and localization of damage are critical.

# Eigen perturbation strategies can be integrated seamlessly with sensor technologies
and IoT for real-time monitoring, enhancing their effectiveness and practicality in
ongoing operations.

# Although potentially more costly due to computational demands, the investment in
higher precision for damage detection can lead to savings by preventing costly repairs
and downtime through early intervention.

A Comparative Analysis of Different Eigen Perturbation Strategies

When performing a comparative analysis of different eigen perturbation strategies,
scholars focus on the effectiveness in damage identification and computational efficiency of
the eigen perturbation strategies. These strategies utilize changes in the modal properties
(such as natural frequencies and mode shapes) of a structure to identify damage. In a similar
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way, while comparing real-time eigen perturbation strategies with traditional methods,
highlighting their advantages and limitations must be a compulsory action [179].

Lin and Ng [180] discuss two main eigen perturbation approaches: direct and iterative
methods. The direct method computes changes in eigenvalues and eigenvectors directly,
while the iterative method updates these properties over successive iterations. Fan and
Qiao [181] evaluate both methods based on their accuracy in detecting different types and
locations of damage in a simulated structure.

Firstly, the effectiveness of each eigen perturbation strategy can be assessed using a
benchmark structure subjected to various damage scenarios. Performance metrics include
sensitivity to small damages, localization accuracy, and the ability to differentiate between
multiple damage sites. Results show that certain strategies offer superior accuracy in
identifying and localizing damage, though with varying requirements on computational
resources [182].

Secondly, ref. [183] argues that computational efficiency is critical for real-time appli-
cations of SHM. The authors compare the time complexity and resource requirements of
each strategy. Iterative methods generally offer better real-time performance due to lower
computational costs per iteration, whereas direct methods may require more resources
but can be more straightforward for simpler structures. The differences in performance
highlight trade-offs between computational efficiency and damage detection; accuracy
reveals that iterative methods offer enhanced efficiency, while direct methods may provide
more precise damage estimation under specific conditions.

The choice of strategy may depend on the complexity of the structure and the specific
requirements of the SHM system [184].

In conclusion, real-time eigen perturbation strategies provide a promising approach for
structural health monitoring, offering a balance between accuracy in damage identification
and computational efficiency. Future developments could include hybrid models that
combine the strengths of both methods to optimize SHM systems further. This comparative
analysis offers insights that can guide the selection and development of effective SHM
strategies to ensure the structural integrity and safety of critical infrastructure.

2.4.4. Using Artificial Intelligence (AI) and Smart Sensors for SHM

Recent studies argue that integrating advanced technologies like AI and smart sensors
into SHM systems enhances their efficiency and accuracy. Table 5 exhibits detailed examples
of how these technologies are integrated.

Table 5. Integration of AI and smart sensors in SHM.

Advanced Technology Technology Type Integration Description

Smart Sensors

Wireless Sensor Networks (WSNs)

Bridges are often equipped with wireless smart sensors to
collect data on various parameters such as strain, temperature,
acceleration, and displacement. The wireless nature simplifies
installation and reduces costs. For instance, accelerometers
and strain gauges can be placed at critical points to monitor
movements and stress changes in real-time.

Fiber Optic Sensors

These sensors can measure strain and temperature along the
length of the bridge. They are highly sensitive and can cover
long distances with minimal signal loss, making them ideal
for large structures.

AI and Machine Learning

Pattern Recognition Algorithms

AI can analyze sensor data to detect patterns or anomalies
that might indicate structural damage or deterioration.
Machine learning models are trained to recognize the normal
behavior of the bridge and identify deviations in real time.

Predictive Maintenance Models
Using historical data and AI, predictive models can forecast
potential failures or necessary maintenance tasks, allowing for
proactive management of bridge health.
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Table 5. Cont.

Advanced Technology Technology Type Integration Description

Data Integration
and Analysis

Data Fusion Techniques

Combining data from various types of sensors (e.g., acoustic,
vibration, thermal) provides a more comprehensive
understanding of the bridge’s condition. AI algorithms can
process and integrate this multi-source data to offer more
accurate assessments.

Cloud-Based Platforms

Data from smart sensors can be streamed to cloud-based
platforms where AI algorithms analyze them continuously.
This allows for remote monitoring and immediate alert
systems in case of a detected anomaly.

Drones and Robotics

Autonomous Inspection

Drones equipped with cameras and sensors can conduct
visual inspections of hard-to-reach areas of a bridge. They can
detect surface damage, corrosion, or misalignment,
complementing data from stationary sensors.

Robotic Crawlers
Robotic Crawlers can traverse difficult parts of the bridge to
perform detailed inspections and collect high-resolution data,
which are then analyzed using AI techniques.

Digital Twins Real-Time Simulation Models

A digital twin of the bridge can be developed using data from
AI and sensors. This virtual model allows for real-time
simulations and stress testing of different scenarios, helping
engineers predict the bridge’s response to various stressors
and environmental conditions.

Relevant studies: [185–198]

By integrating these technologies, SHM systems can provide a continuous, real-time
overview of bridge health, resulting in timely interventions and extended bridge lifespan,
ultimately enhancing public safety and infrastructure reliability.

2.4.5. Discussion

Studies reveal that Structural Health Monitoring systems use models or data. For
a data-driven approach to be effective, a model is needed. A model-based approach of
different methods, specified previously, creates a real model of the structure. The choice of
algorithm or model for analyzing environmental factors in Structural Health Monitoring of
bridges depends on factors such as data availability, computational resources, desired level
of detail, and specific goals of the monitoring program. The best and most accurate results
are often obtained using a hybrid approach that combines several models and algorithms.

Eigen perturbation strategies offer a highly sensitive and mathematically robust ap-
proach to SHM, providing advantages in terms of detection precision and model validation
over traditional methods. While computationally intensive, their integration with modern
computational tools and technologies makes them a feasible option for complex Structural
Health Monitoring tasks.

By using different technologies, the realization of health monitoring devices is added
to the model, following the tracking and calculation of losses.

There are some cases in which these processes of data collection, data processing,
modeling, and analysis are not carried out separately but are combined. For example, a
data collection device is used to request and transmit information in both cases. The data
collection system can be moved or fixed on the structure as required by the user. These
systems capture data constantly or intermittently and transmit them to a central location
via a wired or wireless connection. Health monitoring tools typically collect information
and compare it to predictions made by a computer model.
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3. Bibliometric Analysis of Research Carried Out in the SHM of Bridges Realm

The current research utilizes the Systematic Literature Review (SLR) methodology, primar-
ily relying on the Scopus database. The findings are analyzed using the VOSviewer application.

To find references in the literature about the implementation of the four words, namely,
SHM, Bridge, Temperature, and Deformations, documents were searched by associating
them in different combinations: first the first two terms, then the first three terms, and lastly
all four terms together.

To conduct a thorough literature review, articles that discuss the application of the
mentioned terms in research were chosen. The selection process followed the search
methodology recommended by Scopus, using specific keywords entered in the code of
the article title, abstract, and keywords. The keywords used were “SHM”, “SHM and
bridge”, “SHM and bridge and temperature”, and “SHM and bridge and temperature
and deformations”.

By analyzing the findings obtained from Scopus, the documents in RIS format were in-
troduced into the VOSviewer program [199]. This analysis helped identify the publications
that specifically addressed the research questions RQ3 and RQ4 in the relevant domains.
Ultimately, our research examines how the primary elements that have been found interact
with each of the aforementioned words. The search results from Scopus were as follows:

❖ Inclusion criteria: The study fields were confined to the following subjects: Engi-
neering and Earth and Planetary Sciences, all of which are relevant to the research
field. Only materials classified as either “Article” or “Conference paper” were kept
(Figure 2, Filter 1). The results of the first search round were as follows:

• SHM, 12,573 documents found;
• SHM, Bridge, 9346 documents found;
• SHM, Bridge, Temperature, 1356 documents found;
• SHM, Bridge, Temperature, Deformations, 143 documents found.

❖ Filtering the results was performed using the next three filters (Figure 2), Filters 2, 3,
and 4, as follows:

• Filter 2. Addition in Scopus search to bridge monitoring system domain search;
• Filter 3. Period limited to 2010–2024;
• Filter 4. Limited to search on a minimum number of citations.

❖ After applying the four previously mentioned search filters, the results were re-
duced to:

• SHM, Bridge, 1191 documents found;
• SHM, Bridge, Temperature, 496 documents found;
• SHM, Bridge, Temperature, Deformations, 71 documents found.

When considering the field of Structural Health Monitoring, specifically focusing on
Bridge Deformations and Temperature Variations (Filter 5), only 14 articles were found
in Scopus that directly examined the impact of uneven sunlight on bridges. Relevant
for these searches are “Insights into temperature effects on structural deformation of a
cable-stayed bridge based on Structural Health Monitoring” [200], along with a literature
review conducted by Borah and co-authors titled “The effect of temperature variation
on bridges” [201]. These two are among the limited number of works that discuss this
particular topic.
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3.1. Identifying Relevant Research and Research Gaps (RQ3)

Through bibliometric analysis, we aimed to identify important research and research
needs in the field of structural monitoring of bridges. The main issue we intended to
answer was, “What are the most relevant keywords in structural monitoring in SHM,
Bridge, Temperature, and Deformation studies (Coded: SHM-B-T-D), and how do they
connect in network maps”?

Table 6 displays the primary keywords related to the correlation between Structural
Health Monitoring (SHM) terms. The table first focuses on the link with bridges, then
expands to include temperature, and finally adds the term deformations. The primary
search terms, SHM and Bridge, consistently rank top in all three searches. In the first
search, they yielded 3426/1652 results out of a total of 8876. In the second search, they
yielded 345/256 out of 1198 results. In the third search, they yielded 112/102 out of
415 results. In the footer of Table 6, we explain how we organized the data thematically.
For instance, under the category of Non-destructive Examination, we included the many
research-monitoring methodologies used, such as Modal Analysis, Finite Element Method,
Structural Analysis, Structural Dynamics, and Vibration Analysis.
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Table 6. The most relevant keywords regarding the association of SHM terms, respectively Bridge,
Temperature, and Deformations.

SHM, Bridge Nr.
Keywords

SHM, Bridge,
Temperature

Nr.
Keywords

SHM, Bridge,
Temperature,
Deformations

Nr.
Keywords

SHM 1 3426 SHM 1 345 SHM 1 112
Bridges 2 1652 Bridges 2 256 Bridges 2 102
Non-destr. Exam 3 1250 Non-destr. Exam. 3 147 Non-destr. Exam. 3 24
Damage detection 686 Temperature 82 Damage detection 10
Sensors 503 Sensors 77 Sensors 83
Monitoring 508 Structural Analysis

Monitoring
72 Temperature 32

Decision Making 132 69 Damage Detection 10
Maintenance 158 Damage Detection 68 Maintenance 9
Life Cycle 142 Maintenance 26 Deform. Monitoring 7
Machine Learning 110 Life Cycle 16 Deflection (structures) 7
Deterioration 108 Long-Term Monitor. 15 Costs 7
Info. Management 101 Data Handling 13 Deterioration 6
Civil Infrastructures 100 Thermal Effect 12 Wind 6

Total Keywords 8876 Total Keywords 1198 Total Keywords 415
1 SHM, Structural Health Monitoring Systems, etc., 2 Bridges, Cable Stayed Bridge, Steel Bridges, Bridge Decks,
etc. 3 Modal Analysis, Finite Element Method, Structural Analysis, Structural Dynamics, Vibration Analysis, etc.

Table 6 depicts that only the number of keywords changes in SHM and Bridge, SHM
and Bridge and Temperature, and SHM and Bridge and Temperature and Deformations,
type searches, not the types of keywords. Since we intended to continue the research on
the structural behavior of bridges under the effect of uneven sunlight, we continued the
bibliometric analysis, focusing on the last four-term associations.

Next, using the VOSviewer 1.6.20 software, we performed a keyword co-occurrence
analysis and networking based on data from the Scopus database.

The generated map is a distance-based network, and the space between nodes indicates
the strength of the relationship between keywords [202]. The closest distance between
nodes generally represents the strongest relationship between keywords, and the size of
the node is directly proportional to the number of documents that contain those keywords.
The VOSviewer 1.6.20 tool provides a grouping technique to set keywords associated with
the same group with the same color [203]. Only keywords with high occurrence numbers
are selected to map the network, respectively, for the combination of terms SHM, Bridge,
Temperature, and Deformations, minimum number of occurrence of keywords =5, number
of keywords to be selected = 22. (Table 7).

Figure 3 shows the density of the items by the association “structural AND health AND
monitoring, AND bridge, AND temperature AND deformations”. The more important an
item is, the larger its label and its circle. This map contains 22 selected keywords. In this
view, each point on a map is assigned a color based on the density of items present. That is,
the color of a point on a map is determined by the number of items in its immediate vicinity
as well as the relevance of those items. The density view is very beneficial for getting a
sense of a map’s overall structure and highlighting the most relevant areas [204].

The five most dense items were Structural Health Monitoring, damage detection,
nondestructive examination, modal analysis, and fiber optic sensors.

The co-occurrence network shows the collective interconnection of terms based on
their presence in pairs within the text of the works found through the search. Networks are
generated by connecting pairs of terms using a set of criteria that defines co-occurrence,
i.e., the 5 keywords. These appear simultaneously two by two, if both are contained within
a certain article. The co-occurrence network is particularly useful because by mapping
it, one can determine the intensity of the connections between terms. Figure 4 shows the
keywords co-occurrence network (the intensity of the links) after reducing the selection
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of terms to 22 keywords, i.e., the main ones found in the works selected for the literature
review and the introduction in the VOSwiewer analysis of the previously mentioned terms.

Table 7. Mapping Repeated Items in Papers (adapted from [65]).

ID Items Cluster Occurrences Total Link
Strength Field of Study Rate of

Occurences
Rate of Link

Strength

1. Structural Health
Monitoring 1 38 132

Research field 0.27 0.232. Structural Health
Monitoring (SHM) 1 5 20

3.
Structural Health

Monitoring
Systems

1 6 25

4. Bridge 2 6 30
Monitored structure 0.07 0.06

5. Bridges 3 7 18

6. Bridge structure 3 6 24

Category of monitored
element/structure 0.22 0.26

7. Cable-stayed
bridges 1 10 50

8. Cable-stayed
bridge 1 5 25

9. Cables 1 7 36

10. Arch bridges 2 7 36

11. Arches 2 6 30

12. Finite element
method 2 5 23

Calculation/forecasting
methodology of

structural behavior
0.03 0.03

13. Interferometry 2 6 27
Monitoring

methodology 0.08 0.08
14. Synthetic aperture

radar 2 9 34

15. Deformation
monitoring 2 5 26

Reason for request 0.12 0.1116. Health monitoring 2 5 26

17. Forecasting 1 7 18

18. Damage detection 3 5 14

19. Temperature 3 8 36
Stressors 0.07 0.08

20. Wind 1 5 21

21. Thermal
deformation 2 7 27 Effect of Stressors

Factors
0.14 0.15

22. Deformations 1 18 80

Total - 183 758 - 1 1
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(Figure 5):
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Figure 5. Density of clusters and the inter-cluster association between SHM, Bridge, Temperature,
and Deformations.

The five most dense items were Structural Health Monitoring, damage detection,
nondestructive examination, modal analysis, and fiber optic sensors.

• Cluster 1, represented by the color red, consists of an analytical axis that encompasses
topics such as cable-stayed bridges/cable-stayed bridge, cables, deformation, forecast-
ing, Structural Health Monitoring/Structural Health Monitoring SHM)/ Structural
Health Monitoring system, wind;

• Cluster 2, indicated in green, ranks second in terms of density and consists of the
following components: arch bridges, arches, bridge, deformation monitoring, finite
element method, health monitoring, interferometry, synthetic aperture radar, ther-
mal deformation;

• Cluster 3, shown by the color blue, has significance in the study due to its inclusion of
items such as bridge structure, bridges, damage detection, and temperature.

Figure 4 displays the density of clusters and the inter-cluster association between the
most important themes regarding SHM of bridges found in the literature review.

The five most dense items were Structural Health Monitoring, damage detection,
nondestructive examination, modal analysis, and fiber optic sensors.

Upon examining the graph, it becomes evident that the crucial connection in the study
is between bridges/temperature, Structural Health Monitoring, and deformation/thermal
deformation monitoring.

Figure 6 displays the most robust connections among the words referenced in the net-
working examined in the specialized literature. The hypothesis is validated that there exist
robust connections among the fundamental concepts of the study, namely Structural Health
Monitoring, bridges, temperature, deformation, and thermal deformation. Additionally,
there are associations with monitoring technologies, albeit not the most pertinent ones for
the investigated domain, such as interferometry or synthetic aperture radar.
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Synthesizing the prior data, convergence of themes and essential domains of approach
may be discovered via regions of investigation, as shown in Table 7. This displays the
research areas, categorized into eight categories, in the order of significance presented,
connected to the rate of occurrences: research field: 27%; category of monitored ele-
ment/structure: 22%; effect of stresses factors: 14%; reason for request: 12%; monitoring
technique: 8%; monitored structure: 7%; stressors: 7%; and calculation/forecasting method-
ology of structural behavior: 3%. These fields of study are the most relevant issues that
make up the field’s research scope. The percentages provided for the rate of connection
strength are comparable.

3.2. Gaps in the Research on the Influence of Uneven Sunlight on Bridges

To determine the gaps in the literature regarding the influence of uneven sunlight on
bridges, we conducted further research by using the keywords “sunlight AND on AND
the AND bridge AND structure” in the Scopus database. At first, a total of 135 results were
acquired. The searches were restricted to Engineering (44), Earth and Planetary Sciences
(4), and Multidisciplinary (3), resulting in a total of 51 matches. The study was restricted
to the time frame of 2020–2024 and focused only on publications categorized as “Article”
(19) and “Conference Paper” (6). This yielded a total of 25 results. After analyzing much
research deemed to be the most pertinent to the search topic, namely “the impact of uneven
sunlight on bridges”, it was discovered that although several studies indirectly touch upon
this issue, none directly address it. However, the following studies stand out among the
few works found.

Ko et al. [204] examined the impact of temperature fluctuations on the structural
parts of a bridge during construction, specifically focusing on the deformations caused
by temperature changes. Based on estimates, when there is a maximum temperature
differential of 21 ◦C, the vertical displacement of a structural element may vary by roughly
87 mm daily.

Another study [205] examined the influence of temperature on the vertical alignment
of slender bridge support piers with thin walls. The study utilizes actual temperature data
collected from within the piers during their construction.
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Zhu et al. discuss the intricacy of temperature distribution in different structural
elements of bridges in their study published in Advances in Structural Engineering [186].
The authors employ a temperature field analysis algorithm that takes into account geo-
meteorological factors and the relationship between shielding elements to simulate the
transient temperature field and thermal deformation of the structure. They then analyze
the temperature distribution characteristics and thermal deformation under the influence
of different seasons.

One intriguing study [206] examines the impact of the color of metallic bridge com-
ponents on the distribution of temperature inside the structure. For this purpose, steel
samples of standard sizes with different colors were placed horizontally and exposed to
sunlight to measure the temperature changes during the day in different places. Based
on the observation of the temperature change of steel specimens with different colors, it
was observed that direct sunlight had an obvious influence on the temperature of the steel
specimens, and the temperature variation between different colors was very large.

Concluding Remarks

Bridges are susceptible to a variety of strains, both natural (resulting from environmen-
tal variables) and anthropogenic (resulting from human activities). Environmental factors
might arise unexpectedly, such as earthquakes, abrupt flooding of watercourses, tornadoes,
and other such events. The most constant strain is uneven sunshine. The current study
suggests that this particular component is not extensively discussed in the literature. There
are many factors contributing to this gap. Firstly, a significant portion of the primary data
collected during monitoring activities is confidential. Secondly, only a limited number of
buildings are continuously monitored during their entire lifespan, mostly due to the high
expenses involved. The most recent studies suggest that there are efforts to improve the
accessibility of monitoring by reducing the cost of the entire monitoring system. This can
be achieved by equipping bridges with intelligent structures, such as artificial intelligence
and smart sensors, which enable continuous monitoring throughout their lifespan.

4. Trends in Approaching SMH Research (RQ4)

To effectively analyze the trends in research on Structural Health Monitoring (SHM)
about environmental elements and technology, it is necessary to identify the key subjects
that address these issues. It is crucial to accurately understand the trends in the growth
of the Structural Health Monitoring (SHM) field, specifically about the research of bridge
behavior. This includes focusing on the significant influence of temperature as a contin-
uous stress source, its variations, and the resulting expansion of structural components.
Consequently, the subsequent research subjects may be addressed.

—Structural Health Monitoring (SHM) using wireless sensor networks (WSN) has
gained research interest due to its ability to reduce costs associated with the installation
and maintenance of SHM systems [207].

—Development and testing of a serial multiplexed fiber optic sensor system [208].
—Experimental evidence on the use of the impedance-based health monitoring tech-

nique on components typical of civil structures [209]. The basic principle behind this
technique is to use high-frequency structural excitations (typically > 30 kHz) via a surface-
bonded piezoelectric sensor/actuator to detect structural point impedance changes due to
the presence of damage.

—Modeling the effects of temperature on modal frequencies for the Ting Kau Bridge
(Hong Kong), which was fitted with a long-term Structural Health Monitoring system.
Based on one year of measurement data obtained from 45 accelerometers and 83 tem-
perature sensors permanently installed on the bridge, the modal frequencies of the first
ten modes and temperatures at different locations of the bridge were obtained at hourly
intervals [210].

—Simultaneous recovery of temperature and voltage over a single sensor length was
demonstrated using information recovered from polarimetric measurements on LP01 and
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LP11 polarization-maintaining modes of the fiber. Temperature information was retrieved
at 2 ◦C, and strain retrieval was better than 10 µε. The measurement method is fully
compatible with distributed measurement methods. A new generic form of sensor capable
of performing distributed measurements on a chemical species has been devised [211].

—The relationship between temperature changes and the resulting deformations and
displacements of the structure to create a unique numerical and graphical baseline in an
SHM framework [212].

—A structural monitoring system comprising wind, temperature, cable tension, and
deck level sensors to monitor bridge behavior during and after retrofitting [213].

—The temperature-induced deformations of a cable bridge using multiple linear
superpositions of the thermal expansion effects of the individual components [214].

—The effect of temperature-induced beam deformation on train-induced beam defor-
mation is analyzed using the train-bridge dynamic model. The results demonstrated that
the influence of the temperature-induced beam deformation on the train-induced beam
deformation is relatively small compared to the train-induced beam deformation itself, the
increasing amplitude is not more than 3% [186].

—Optical technology using Bragg gratings was used to develop a fiber optic strain
sensing system. The system can be used as a design tool for engineers, for monitoring the
cleaning of composites, the installation of platforms, etc., or it can be used as a health moni-
toring tool to periodically monitor the loading of bridges, buildings, and pipelines [215].

The common focus of all these studies is the significance of developing a compre-
hensive monitoring system for bridges. This system plays a crucial role in assessing the
structural integrity, durability, and reliability of the bridge throughout its entire lifespan.

4.1. Latest Research Progress in the SHM Realm

Although between the years 2014 and 2024, the number of papers addressing the
SHM/Bridge/Temperature/Deformations concepts has increased, the process remains
slow, especially at the level of the simultaneous approach of the four terms, with only
22 papers before 2014 and then, at most, 12 works in 2023 (Figure 7).
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The graphs shown in Figure 7 present the evolution of occurrences related to the
searches Structural Health Monitoring, Bridge, (SHM, B), Structural Health Monitoring,
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Bridge, Temperature, (SHM, B, T), respectively, Structural Health Monitoring, Bridge,
Temperature, Deformations, (SHM, B, T, D).

Although between the years 2014 and 2024, the number of works addressing the
SHM/B/T/D concepts increased, the process remains slow, especially at the level of the
simultaneous approach of the four terms.

Although the concern of analyzing the structural monitoring of bridges (search SHM,
B.) has a history of more than 60 years, the oldest publication mentioned in the Scopus
database is by the authors Moyo and Brownjohn [216]. In the period before 2014, 2532 works
had appeared, and the trend was of fluctuating growth with a maximum of 776 in 2023.

The oldest occurrence related to the search SHM, B, T are by the authors Giurgiutiu
and Lin [217], and until 2014, 384 works had appeared in the Scopus index. The evolution
was slow, with a few tens of papers published annually, with a maximum of 120 in 2023.
Many fewer papers result from the SHM, B, T, D search. The oldest mention in Scopus is
from 2005, by the authors Bastianini et al. [218]. Only 22 papers were published before
2014, and a maximum of 12 papers in 2023.

A scientometric analysis is needed to gain insight into the state of research in the field
of structural monitoring of bridges. This will enable researchers and practitioners to make
better decisions regarding future research directions [65].

In order to update the analysis, through the VOSviewer 1.6.20 software, we reduced
the period to the level of the last five years, 2020–2024, and Figure 8 shows the association
of the analyzed concepts in their evolution by years. The color spectrum is from blue,
the beginning years of the analysis, to yellow, the end years. It can be noted that the
introduction of another wind request factor appeared recently, as well as the very advanced
interferometry or synthetic aperture radar methods.
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A S.W.OT Approach for Future Research

The development of the SHM discipline, like any other field, is contingent upon the
advancement of the underpinning science. This truth is derived from the examination
of publications in the discipline. Consequently, the future tendencies of publications
on structural monitoring can be better analyzed in order to organize various aspects by
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performing an analysis, i.e., identifying strengths, weaknesses, opportunities, and threats
in the research of the SHM realm.

✓ From the point of view of environmental influencing factors

Scholarly literature provides an extensive overview of environmental factors, such as
temperature fluctuations, wind, earthquakes, or a combination of these, that can impact
the health of bridge structures. This broad coverage is crucial for developing a nuanced
understanding of SHM. However, the study of the effect of uneven sunlight is rarely
approached. Uneven exposure to sunlight poses significant challenges for deck struc-
tures through differential thermal expansion. By using advanced tracking and monitoring
technologies, engineers can better understand these dynamics and implement effective
mitigation strategies, thereby increasing the longevity and safety of bridge structures.
Future research should focus on developing sustainable materials and construction tech-
niques to improve structural durability. The interdisciplinary approaches of the majority of
studies integrate knowledge from civil engineering, environmental science, and informa-
tion technology to offer well-rounded perspectives on SHM, enhancing the robustness of
monitoring strategies.

Some of the weaknesses are related to the limited empirical data on the long-term
effects of environmental factors on bridge structures and potential gaps in research regard-
ing specific geographical locations or types of bridges. Climate change-induced extreme
weather events putting additional strain on bridge infrastructure is a major challenge in
the research work.

✓ From the point of view of methods, techniques, and tools

The literature often highlights advanced non-destructive methods such as the devel-
opment and testing of a serial multiplexed optical fiber sensor system, wireless sensor
networks (WSN), and the development of optical technology that uses Bragg gratings. The
main risks are environmental sensitivity, such as fluctuations in temperature, humidity, and
exposure to pollutants that can affect the accuracy and reliability of non-destructive meth-
ods; however, continued advances in materials science and sensor technologies can lead to
more robust and accurate NDT methods, improving the overall effectiveness of SHM.

✓ From the point of view of data collection

Through the use of sensors and Internet of Things (IoT) devices, continuous monitoring
is enabled, providing comprehensive and real-time data on the structural integrity of
bridges. Although NDT techniques often require specialized knowledge and training
that may not be widely available, which leads to challenges in implementation and data
interpretation, this weakness can be countered by incorporating AI and machine learning
techniques for data analysis. This can enhance predictive maintenance capabilities, enabling
proactive management of structural health. The problem reported by many researchers is
that unexpected environmental and climate changes could introduce new variables that
existing nondestructive methods are not designed to handle, potentially compromising
their effectiveness.

Another risk reported in the papers is that as SHM systems become more connected
via IoT, they face increased risks of cyber-attacks, which could compromise the integrity of
monitoring data and lead to misinformation or missed detections.

✓ From the point of view of safety improvement

Most studies highlight the fact that early detection of possible structural failures can
significantly increase the safety and reliability of bridges, potentially preventing catas-
trophic failures. However, handling and processing large volumes of data from continuous
monitoring can be complex and require sophisticated data analysis tools and expertise.
This negative aspect is lessened through international collaboration that can facilitate the
exchange of best practices, technological innovations, and standardization of methods in
different regions.
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In this sense, the researchers point out that inconsistent regulations and standards in
different regions can represent challenges in the widespread adoption and standardization
of non-destructive methods for SHM.

✓ From the point of view of cost-effectiveness

As shown in many works, non-destructive monitoring methods can be cost-effective in
the long run due to the reduced need for extensive manual inspections and the avoidance
of extensive downtime for repairs and maintenance. High initial installation costs for
advanced monitoring systems can be an obstacle, especially for projects or regions with
limited budgets. By increasing awareness and government policies focused on infrastruc-
ture security, more funding and support can be obtained for research and implementation
of advanced techniques by SHM. For example, the inclusion in the investment cost of the
costs related to the structural monitoring of the entire structure throughout the service life,
where appropriate, is emphasized in many researches.

5. Conclusions

By combining the literature review and the bibliometric analysis, we succeeded in
evaluating the current state of research and identifying gaps, trends, and future directions
in the integration of environmental factors and geomatics technologies in SHM of bridges.
Through a comprehensive literature review on SHM for bridges, we classified and analyzed
218 studies based on environmental factors and SHM techniques. The bibliometric analysis,
which initially included 1191 works regarding publication trends, prominent authors,
institutions, and collaborative networks published between 2010 and 2024, was conducted
for the identification of underexplored areas and proposals for future research paths to
address these gaps.

The literature provides a comprehensive overview of environmental factors affecting
Structural Health Monitoring of bridges. It covers a wide range of non-destructive technolo-
gies used in bridge monitoring. Offering insights into the latest advancements and trends
in the field helps bridge engineers and researchers to make informed decisions based on
the latest research. At the bridge level, the works demonstrate the widespread application
of the SHM approach. The majority of the papers suggest that the field is crucial in that
the development of a long-term monitoring system for a bridge is genuinely capable of
providing information for the assessment of structural integrity, durability, and reliability
throughout the bridge’s life cycle.

In this domain, integrating natural environmental factors and geomatic technologies
offers both theoretical and practical implications. Our main findings indicate the following:

• Theoretical models can be developed to predict how various natural environmental
factors like temperature, humidity, wind, precipitation, and seismic activity affect the
structural integrity of bridges.

• The integration of geomatic technologies such as GNSS and smart sensors into SHM
enables researchers to develop advanced algorithms for data collection, processing,
and analysis that can be implemented in real-time SHM. These algorithms can accom-
modate the variability introduced by environmental factors, leading to more accurate
monitoring systems.

• Combining SHM with geomatic technologies enables improved simulation of bridge
behavior under different environmental scenarios. This can lead to advancements in
predictive modeling, offering insights into potential failure mechanisms and improv-
ing strategies for preventive maintenance.

• The use of geomatic technologies facilitates the development of robust SHM systems
that can operate in real time and under a variety of environmental conditions. These
systems can provide continuous, precise data about the structural state, enhancing
decision-making regarding bridge maintenance and safety.
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• Practical applications of these technologies allow for more precise diagnosis of bridge
health, identifying specific areas at risk of failure. This precision allows for targeted
maintenance efforts, minimizing disruption and optimizing resource allocation.

With better monitoring and predictive capabilities, the risk of catastrophic bridge
failures due to environmental impacts can be significantly reduced. This enhances public
safety and supports effective risk management strategies.

Challenges and Future Directions

The field of Structural Health Monitoring for all categories of structures that require it
is in full development, as evidenced by the increasing number of works that address it.

Despite significant progress, some challenges remain in the field of bridge displace-
ment monitoring. Thus, the most pressing problems to be solved at the general level are
as follows:

• Data integration: Combining data from different types of sensors and managing large
amounts of generated data;

• Environmental interference: Addressing the impact of environmental factors on sen-
sor performance;

• Costs: Reduction of sensor deployment and maintenance costs.

By intensifying research in SHM of bridges, new perspectives will be opened, such as:

• Potential for further research and innovation in combining different technologies for
more accurate bridge health monitoring;

• Increasing interest in sustainable infrastructure can lead to more funding opportunities
for research in this area;

• Collaboration between academia and industry for practical implementation of moni-
toring techniques;

• Emerging technologies such as IoT and AI could revolutionize the field of bridge monitoring.

Author Contributions: All authors contributed equally to this work. Conceptualization and method-
ology G.M.T.R. and C.M.R. resources and data collection V.M.R. software and validation of data
S.M.N. investigation and formal analysis A.T.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This research benefited from funding through the Research Development Program HCA57/
15.06.2021 of the Technical University of Cluj-Napoca, Romania.

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Frangopol, D.M.; Soliman, M. Life-cycle of structural systems: Recent achievements and future directions. In Structures and

Infrastructure Systems; Routledge: London, UK, 2019; pp. 46–65. [CrossRef]
2. Mishra, M.; Lourenço, P.B.; Ramana, G.V. Structural Health Monitoring of civil engineering structures by using the internet of

things: A review. J. Build. Eng. 2022, 48, 103954. [CrossRef]
3. Artagan, S.S.; Bianchini Ciampoli, L.; D’Amico, F.; Calvi, A.; Tosti, F. Non-destructive assessment and health monitoring of

railway infrastructures. Surv. Geophys. 2020, 41, 447–483. Available online: https://link.springer.com/article/10.1007/s10712-019
-09544-w (accessed on 16 April 2024). [CrossRef]

4. Rădulescu, A.T.G.; Rădulescu Gheorghe, M.T. Geometric Structural Monitoring in Cinematic Regime—Dynamic Surveying as
Means to Assure a Structure Safety, PAPER (3945). In Proceedings of the FIG Congress 2010—Facing the Challenges—Building
the Capacity, Sydney, Australia, 11–16 April 2010.

5. Sikorsky, C.; (Senior Bridge Engineer, California Department of Transportation, Sacramento, CA, USA). Identification of Gaps in
Structural Health Monitoring Technologies for Bridges. Personal Communication, 1999.

6. Rizzo, P.; Enshaeian, A. Challenges in bridge health monitoring: A review. Sensors 2021, 21, 4336. [CrossRef]
7. Vagnoli, M.; Remenyte-Prescott, R.; Andrews, J. Railway bridge structural health monitoring and fault detection: State-of-the-art

methods and future challenges. Struct. Health Monit. 2018, 17, 971–1007. [CrossRef]

https://doi.org/10.1201/9781003323020
https://doi.org/10.1016/j.jobe.2021.103954
https://link.springer.com/article/10.1007/s10712-019-09544-w
https://link.springer.com/article/10.1007/s10712-019-09544-w
https://doi.org/10.1007/s10712-019-09544-w
https://doi.org/10.3390/s21134336
https://doi.org/10.1177/1475921717721137


Buildings 2024, 14, 2811 30 of 37

8. Speckmann, H.; Henrich, R. Structural Health Monitoring (SHM)–Overview on Technologies under Development. In Proceedings
of the 16th World Conference on NDT-2004—Montreal (Canada) (WCNDT 2004); Special Issue of e-Journal of Nondestructive
Testing (eJNDT) ISSN 1435-4934, Session: Aerospace. Available online: https://www.ndt.net/search/docs.php3?id=2084
(accessed on 16 April 2024).

9. Farrar, C.R.; Worden, K. An introduction to Structural Health Monitoring. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2007, 365,
303–315. [CrossRef]

10. Balageas, D.; Fritzen, C.P.; Güemes, A. (Eds.) Structural Health Monitoring; John Wiley & Sons: Hoboken, NJ, USA, 2010; Volume 90.
11. Chowdhury, F.H.; Raihan, M.T.; Islam, G.M.S. Application of different Structural Health Monitoring system on bridges: An

overview. In Proceedings of the IABSE-JSCE Joint Conference on Advances in Bridge Engineering-III, Dhaka, Bangladesh,
21–22 August 2015; Volume 10, p. 10.

12. Radulescu, G.M.; Stefan, O.; Radulescu, A.T.G. Dynamic Surveying as a Means to Ensure Structural Safety. In Proceedings of the
CIB W99 International Conference on Global Unity of Safety and Health in Construction, Beijing, China, 22–30 June 2006; Tsingua
University Press: Beijing, China, 2006; pp. 346–355, ISBN 7302132364/9787302132363.

13. Dixit, S.; Sharma, K. A review of studies in Structural Health Monitoring (SHM). In Proceedings of the Creative Construction
Conference, Creative Construction Conference 2019, CCC 2019, Budapest, Hungary, 29 June–2 July 2019; pp. 84–88. [CrossRef]

14. Li, J.; Meng, X.; Hu, L.; Bao, Y. Quantifying the impact of environment loads on displacements in a suspension bridge with a
data-driven approach. Sensors 2024, 24, 1877. [CrossRef] [PubMed]

15. Bisby, L.A. ISIS Canada Educational Module No. 5: An Introduction to Structural Health Monitoring, ISIS Canada. 2006. Available
online: www.isiscanada.com (accessed on 18 June 2024).

16. Wang, G.; Ke, J. Literature Review on the Structural Health Monitoring (SHM) of Sustainable Civil Infrastructure: An Analysis of
Influencing Factors in the Implementation. Buildings 2024, 14, 402. [CrossRef]

17. Liu, Y.; Nayak, S. Structural Health Monitoring: State of the art and perspectives. JOM J. Miner. Met. Mater. Soc. 2012, 64, 789–792.
[CrossRef]

18. Heiza, K.; Khalil, A.; Hawas, M. State of the art review on bridges structural health monitoring-iii (applications and future trends).
Int. Conf. Civ. Arch. Eng. 2015, 11, 1–25. [CrossRef]

19. Chen, H.P. Structural Health Monitoring of Large Civil Engineering Structures; Wiley-Blackwell: Hoboken, NJ, USA, 2018; 336p, ISBN
978-1-119-16643-6. [CrossRef]

20. Inaudi, D.; Glisic, B. Continuous monitoring of concrete bridges during construction and service as a tool for data-driven Bridge
Health Monitoring. In Proceedings of the 3rd International Conference on Bridge Maintenance, Safety, Management, LC Performance and
Cost; Taylor & Francis: Abingdon, UK, 2006.

21. Arangio, S.; Gkoumas, K.; Bontempi, F. Slow and high speed structural monitoring of suspension bridges. In Proceedings of the
4th International ASRANet Colloquium: Integrating Structural Analysis, Risk & Reliability, Athens, Greece, 25–27 June 2008;
pp. 1–10.

22. Seo, J.; Hu, J.W.; Lee, J. Summary review of structural health monitoring applications for highway bridges. J. Perform. Constr.
Facil. 2016, 30, 04015072. [CrossRef]

23. Zhou, Y.L.; Abdel Wahab, M.; Figueiredo, E.; Javier Cara Cañas, F. Bridge structural health monitoring and damage identification.
Sensors 2019, 19. Available online: http://hdl.handle.net/1854/LU-8607358 (accessed on 18 July 2024).

24. Fiandaca, D.; Di Matteo, A.; Patella, B.; Moukri, N.; Inguanta, R.; Llort, D.; Pirrotta, A. An integrated approach for Structural
Health Monitoring and damage detection of bridges: An experimental assessment. Appl. Sci. 2022, 12, 13018. [CrossRef]

25. Habeeb, B.; Bastidas-Arteaga, E. Assessment of the impact of climate change and flooding on bridges and surrounding area.
Front. Built Environ. 2023, 9, 1268304. [CrossRef]

26. Van Genuchten, E. How Climate Change Impacts the Safety of Bridges. In A Guide to a Healthier Planet: Scientific Insights and
Actionable Steps to Help Resolve Climate, Pollution and Biodiversity Issues; Springer Nature: Cham, Switzerland, 2023; pp. 25–34.
[CrossRef]

27. Alderson, D.L.; Brown, G.G.; Carlyle, W.M. Operational models of infrastructure resilience. Risk Anal. 2015, 35, 562–586.
[CrossRef] [PubMed]

28. Domaneschi, M.; Martinelli, L.; Cucuzza, R.; Noori, M.; Marano, G.C. Structural Control and Health Monitoring Contributions to
Service-life Extension of Bridges. Life-Cycle Struct. Infrastruct. Syst. 2023, 6, 741–745. [CrossRef]

29. Labossière, P.; Newhook, J. Will sustainable development objectives increase the need for Structural Health Monitoring in civil
engineering. In Proceedings of the SHMII-2 Conference, Shenzhen, China, 16–18 November 2005.

30. AlHamaydeh, M.; Ghazal Aswad, N. Structural Health Monitoring techniques and technologies for large-scale structures:
Challenges, limitations, and recommendations. Pract. Period. Struct. Des. Constr. 2022, 27, 03122004. [CrossRef]

31. Mustapha, S.; Lu, Y.; Ng, C.T.; Malinowski, P. Sensor networks for structures health monitoring: Placement, implementations,
and challenges—A review. Vibration 2021, 4, 551–585. [CrossRef]

32. Weihnacht, B.; Tschöke, K. Smart monitoring and SHM. In Handbook of Nondestructive Evaluation 4.0; Springer International
Publishing: Cham, Switzerland, 2021; pp. 1–16.

33. Sharma, V.B.; Tewari, S.; Biswas, S.; Lohani, B.; Dwivedi, U.D.; Dwivedi, D.; Jung, J.P. Recent advancements in AI-enabled smart
electronics packaging for Structural Health Monitoring. Metals 2021, 11, 1537. [CrossRef]

https://www.ndt.net/search/docs.php3?id=2084
https://doi.org/10.1098/rsta.2006.1928
https://doi.org/10.3311/CCC2019-013
https://doi.org/10.3390/s24061877
https://www.ncbi.nlm.nih.gov/pubmed/38544140
www.isiscanada.com
https://doi.org/10.3390/buildings14020402
https://doi.org/10.1007/s11837-012-0370-9
https://doi.org/10.21608/iccae.2016.43761
https://doi.org/10.1002/9781119166641.ch1
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000824
http://hdl.handle.net/1854/LU-8607358
https://doi.org/10.3390/app122413018
https://doi.org/10.3389/fbuil.2023.1268304
https://doi.org/10.1007/978-3-031-34479-4_4
https://doi.org/10.1111/risa.12333
https://www.ncbi.nlm.nih.gov/pubmed/25808298
https://doi.org/10.1002/cepa.2104
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000703
https://doi.org/10.3390/vibration4030033
https://doi.org/10.3390/met11101537


Buildings 2024, 14, 2811 31 of 37

34. Taheri, H.; Gonzalez Bocanegra, M.; Taheri, M. Artificial intelligence, machine learning and smart technologies for nondestructive
evaluation. Sensors 2022, 22, 4055. [CrossRef]

35. Johnson, P.C.; Laurell, C.; Ots, M.; Sandström, C. Digital innovation and the effects of artificial intelligence on firms’ research
and development–Automation or augmentation, exploration or exploitation? Technol. Forecast. Soc. Chang. 2022, 179, 121636.
[CrossRef]

36. Haefner, N.; Wincent, J.; Parida, V.; Gassmann, O. Artificial intelligence and innovation management: A review, framework, and
research agenda✰. Technol. Forecast. Soc. Chang. 2021, 162, 120392. [CrossRef]

37. Shibu, M.; Kumar, K.P.; Pillai, V.J.; Murthy, H.; Chandra, S. Structural Health Monitoring using AI and ML based multimodal
sensors data. Measurement: Sensors 2023, 27, 100762. [CrossRef]

38. Kot, P.; Muradov, M.; Gkantou, M.; Kamaris, G.S.; Hashim, K.; Yeboah, D. Recent advancements in non-destructive testing
techniques for Structural Health Monitoring. Appl. Sci. 2021, 11, 2750. [CrossRef]

39. Hassani, S.; Dackermann, U. A systematic review of advanced sensor technologies for non-destructive testing and Structural
Health Monitoring. Sensors 2023, 23, 2204. [CrossRef] [PubMed]

40. Keshmiry, A.; Hassani, S.; Mousavi, M.; Dackermann, U. Effects of environmental and operational conditions on Structural Health
Monitoring and non-destructive testing: A systematic review. Buildings 2023, 13, 918. [CrossRef]

41. Preethichandra, D.M.G.; Suntharavadivel, T.G.; Kalutara, P.; Piyathilaka, L.; Izhar, U. Influence of Smart Sensors on Structural
Health Monitoring Systems and Future Asset Management Practices. Sensors 2023, 23, 8279. [CrossRef]

42. Sony, S.; Laventure, S.; Sadhu, A. A literature review of next-generation smart sensing technology in Structural Health Monitoring.
Struct. Control Health Monit. 2019, 26, e2321. [CrossRef]

43. Tanveer, M.; Kim, B.; Hong, J.; Sim, S.H.; Cho, S. Comparative Study of Lightweight Deep Semantic Segmentation Models for
Concrete Damage Detection. Appl. Sci. 2022, 12, 12786. [CrossRef]

44. Smarsly, K.; Lehner, K.; Hartmann, D. Structural Health Monitoring based on artificial intelligence techniques. In Proceedings of
the International Workshop on Computing in Civil Engineering 2007, Pittsburg, PA, USA, 24–27 July 2007; pp. 111–118. [CrossRef]

45. Karakostas, C.; Quaranta, G.; Chatzi, E.; Zülfikar, A.C.; Çetindemir, O.; De Roeck, G.; Döhler, M.; Limongelli, M.P.; Lombaert, G.;
Apaydın, N.M.; et al. Seismic assessment of bridges through structural health monitoring: A state-of-the-art review. Bull. Earthq.
Eng. 2024, 22, 1309–1357. [CrossRef]

46. Wu, T.; Liu, G.; Fu, S.; Xing, F. Recent Progress of Fiber-Optic Sensors for the Structural Health Monitoring of Civil Infrastructure.
Sensors 2020, 20, 4517. [CrossRef]

47. Glišic, B.; Yao, Y.; Tung, S.; Wagner, S.; Sturm, J.; Verma, N.; Magoun, A.B. Structural Health Monitoring: Technological Advances
to Practical Implementations. Proc. IEEE 2016, 104, 2016.

48. Long, Y.; Guo, W.; Yang, N.; Dong, C.; Liu, M.; Cai, Y.; Zhang, Z. Research progress of intelligent operation and maintenance of
high-speed railway bridges. Intell. Transp. Infrastruct. 2022, 1, liac015. [CrossRef]

49. Aktan, E.; Bartoli, I.; Glišić, B.; Rainieri, C. Lessons from Bridge Structural Health Monitoring (SHM) and Their Implications for
the Development of Cyber-Physical Systems. Infrastructures 2024, 9, 30. [CrossRef]

50. Neves, A.C. Structural Health Monitoring of Bridges: Data-Based Damage Detection Method Using Machine Learning. Doctoral
Dissertation, KTH Royal Institute of Technology, Stockholm, Sweden, 2020. [CrossRef]

51. Kaartinen, E.; Dunphy, K.; Sadhu, A. LiDAR-based Structural Health Monitoring: Applications in civil infrastructure systems.
Sensors 2022, 22, 4610. [CrossRef]

52. Zinno, R.; Haghshenas, S.S.; Guido, G.; Rashvand, K.; Vitale, A.; Sarhadi, A. The state of the art of artificial intelligence approaches
and new technologies in Structural Health Monitoring of bridges. Appl. Sci. 2022, 13, 97. [CrossRef]

53. Alokita, S.; Rahul, V.; Jayakrishna, K.; Kar, V.R.; Rajesh, M.; Thirumalini, S.; Manikandan, M. Recent advances and trends in
Structural Health Monitoring. In Structural Health Monitoring of Biocomposites, Fibre-Reinforced Composites and Hybrid Composites,
5 Woodhead Publishing Series in Composites Science and Engineering; Elsevier: Amsterdam, The Netherlands, 2019; pp. 53–73.
[CrossRef]

54. Maraveas, C.; Bartzanas, T. Sensors for Structural Health Monitoring of agricultural structures. Sensors 2021, 21, 314. [CrossRef]
55. Vijayan, D.S.; Sivasuriyan, A.; Devarajan, P.; Krejsa, M.; Chalecki, M.; Żółtowski, M.; Koda, E. Development of Intelligent
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