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Abstract 
Floods pose a critical threat to bridge infrastructure, which plays an 
essential role in transportation networks and economic resilience. This 
review examines state-of-the-art Structural Health Monitoring (SHM) 
technologies tailored to mitigate flood risks, focusing on their real-
world applications in flood-prone bridges. A central feature of this 
review is the extensive use of case studies, illustrating diverse SHM 
methods applied globally to monitor challenges such as debris 
accumulation, hydrodynamic forces, and scour—primary causes of 
bridge failures. These examples provide detailed insights into 
technologies like sonar-based devices, scour probes, photographic 
monitoring, rotation- and vibration-based techniques. By showcasing 
specific case studies—such as bridges monitored using smart 
magnetic rocks, Interferometric Synthetic Aperture Radar (InSAR), and 
fibre optic sensors—the review highlights practical outcomes, 
demonstrating how SHM systems enhance resilience through early 
detection and predictive maintenance. It also explores the challenges 
of implementing these systems, including environmental sensitivity, 
cost, and data complexity, while identifying gaps in integrating 
hydraulic and structural data for holistic risk assessments. This review 
advocates for multidisciplinary collaboration and advanced data-
driven solutions, such as AI-based predictive maintenance, to address 
climate change impacts and increasing flood risks. By bridging 
cutting-edge research with real-world applications, this article 
provides actionable insights into scalable, adaptive SHM solutions, 
inspiring engineers and researchers to develop more resilient 
infrastructure for a changing world.

Plain Language Summary  
Bridges are vital for our daily lives, connecting communities, enabling 
trade, and supporting emergency responses. However, floods, which 
are becoming more frequent and severe due to climate change, pose 
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a major threat to bridge safety. This review explores how new 
technologies help monitor and protect bridges from damage caused 
by floods. It explains why bridges fail during floods, such as when fast-
moving water erodes their foundations, debris piles up against them, 
or powerful water forces overwhelm their structure. The review 
highlights real-world examples from around the globe, showing how 
sensors, cameras, and other tools are being used to detect early signs 
of danger. These technologies, like sonar systems that monitor 
underwater erosion or cameras that track debris, provide real-time 
information, allowing engineers to act before a disaster occurs. The 
article also discusses how combining different monitoring methods 
with advanced data analysis, including artificial intelligence, can 
improve bridge safety. By focusing on practical examples and 
innovative solutions, this review emphasizes the importance of 
preparing our infrastructure for a changing climate, ensuring that 
bridges remain safe and reliable for generations to come.

Keywords 
Structural Health Monitoring, bridge failures, resilient infrastructure, 
scour monitoring, hydrodynamic monitoring, debris impact on 
bridges, flood risk mitigation, climate change
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          Amendments from Version 1
In this revised version, several improvements have been made 
based on reviewers’ feedback. The Introduction has been refined 
for clarity by simplifying lengthy sentences. The Summary section 
has been revised to enhance conciseness and ensure findings 
are directly tied to the study’s objectives.

The “Debris Impact” section now distinguishes between floating 
and submerged debris, incorporating findings from experimental 
studies on how submerged debris alters flow velocity and 
local scour. Formula 2 in Section 3.2 has been clarified with a 
comprehensive explanation of the shape factor (k), its empirical 
basis, and its influence on hydrodynamic force calculations.

We have added a cross-reference in Section 3.2 regarding fibre 
optic sensors to Table 4, where fibre optic sensing technologies 
are further detailed. Additionally, Table 4 has been expanded 
to clarify the differences between Distributed Fibre Optic 
Sensors (DFOS) and Fibre Bragg Gratings (FBGs) and to include 
an additional example of Fibre-Optic Distributed Temperature 
Sensing (DTS).

The discussion on float-out devices has been expanded within 
Section 3.3, detailing their operational mechanisms, real-world 
applications (e.g., SR 101 Bridge, California), and a comparison 
with alternative flood resilience solutions.

Table 6 has been refined to include an economic feasibility 
assessment. This update enhances the study’s practical relevance 
by providing insights into the affordability and long-term 
sustainability of different monitoring methods.

Any further responses from the reviewers can be found at 
the end of the article

REVISED

1. Introduction
Bridges are vital for transportation, enabling the movement of 
people, goods, and services while supporting economic stability,  
social connectivity, and disaster response. Their structural 
integrity is essential for maintaining these functions, as dem-
onstrated by recent events. On September 11, 2024, the partial 
collapse of the Carola Bridge in Dresden, Germany, disrupted 
both car and ship traffic and also caused a citywide hot water  

outage by bursting two large district heating pipes. Fortunately, 
there were no victims, which would otherwise greatly increase  
the damage count.

Floods pose a significant risk to bridges, often causing severe 
damage or collapse. In the United States, data from 1992 to 2017 
show that approximately 55% of bridge collapses, totalling 239 
bridges, were caused by hydraulic factors, including flooding, 
scour, and debris accumulation1–4. Scour, the erosion of sediment 
around bridge foundations by fast-moving water, is the leading 
cause of hydraulic failures in shallow foundations5,6. The risk is 
not limited to the U.S.; for example, scour is recognised as the 
leading cause of bridge failure in the UK and Ireland, account-
ing for 140 railway bridge failures during 65 separate flood 
events between 1846 and 20137. Projections indicate that due to 
climate change, 1 in 20 bridges in the United Kingdom will face 
a high risk of failure within the next 60 years8. In China, 
data from 2007 to 2015 show that floods were responsible 
for 44 out of 102 bridge collapses, accounting for 43.1% of 
failures. Of these, 17 were arch bridges (38.6% of the col-
lapsed bridges), and 18 were beam bridges (40.9% of the 
collapsed bridges)9.

According to the EM-DAT database, which tracks global natu-
ral disasters, 3,977 flood events were recorded worldwide from  
2000 to 2023. While not all of these events directly affected 
bridges, they caused significant damage and loss of life, with 
130,379 fatalities recorded over this period10. Figure 1b shows 
that while flooding follows a cyclical pattern, the frequency has  
increased over the last two decades.

The Paris Agreement of 2015 aims to limit global warming  
to well below 2°C above pre-industrial levels, keeping the  
increase to 1.5°C. However, under current national policies, the 
world is on track for a 2.8°C warming pathway11.

Studies show a strong correlation between atmospheric warm-
ing and increased flood risk on a global scale. At 4°C of  
global warming, countries representing over 70% of the global 

Figure 1. Worldwide flood events from 2000 to 2023, categorised by: a) geographic regions; b) annual distribution.
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population and gross domestic product will face a 500% 
increase in flood risk. Even at 1.5°C warming, global flood risk 
is expected to more than double compared to 1976–2005. 
These changes in flood risk are unevenly distributed, with the  
largest increases projected for Asia, the U.S., and Europe12,13.

As climate change leads to more frequent and intense flooding 
globally, bridges are increasingly at risk of damage or  
collapse due to hydraulic forces. Moreover, bridges in moun-
tainous regions face particularly high structural failure risks, 
as steep topography amplifies water-flow intensity during 
flood events14. This escalating threat underscores the need for 
comprehensive monitoring and assessment of bridge structural 
health. Effective Structural Health Monitoring (SHM) systems 
are essential for identifying vulnerabilities early, allowing for 
timely preventive measures to reduce the likelihood of cata-
strophic failure. SHM systems with advanced sensors for moni-
toring structural changes, can offer real-time data for proactive  
responses during extreme floods15–19.

The role of SHM is especially important in flood-prone 
regions, where SHM systems can be a vital tool for protecting  
infrastructure, reducing maintenance costs, and, most impor-
tantly, saving lives20–22. Current research on bridge monitoring 
focuses on the challenges of data capture and interpretation.

This review aims to provide a comprehensive evaluation of SHM 
technologies applied to flood-prone bridges and related chal-
lenges, highlighting their strengths, limitations, and the poten-
tial for hybrid integration to enhance infrastructure resilience 
under extreme conditions. The main focus is on recent advance-
ments in SHM technologies, specifically those published 
since 2018, to highlight contemporary solutions for monitor-
ing flood-prone bridges. While this approach excludes older 
methods, it ensures an emphasis on state-of-the-art technologies 
and their applicability to current and future challenges.

2. Flood-related bridge failures and risks
Floods pose significant bridge risks, causing immediate and 
long-term structural issues. The primary types of flood-related 
damage include23:

•	 Debris impacts

•	 Hydrodynamic forces

•	 Scour and erosion

While some of these risks can be mitigated through preven-
tive measures, structural monitoring is crucial for detect-
ing and managing vulnerabilities, particularly during extreme 
flood events. Human factors also contribute to flood-related 
bridge collapses, including8,24–26:

•	 Insufficient hydrological data for accurately 
estimating flood magnitudes during design.

•	 Lack of reliable methods for predicting scour at 
bridge piers.

•	 Inability to model and anticipate debris impact and 
accumulation during floods.

Moreover, inadequate maintenance and poor management 
practices exacerbate these risks, further heightening the vul-
nerability of bridges to hydraulic forces. Solutions such as 
flood-resilient designs, improved scour protection, and foun-
dation reinforcements are crucial to ensure bridge stability  
during extreme weather events. The implementation of  
advanced hydrological models, debris control systems, and 
consistent maintenance protocols can further safeguard these  
critical infrastructures from failure during floods. Table 1 sum-
marises a few recent flood-related bridge failures, highlighting 
the diverse impacts of flooding events on bridge infrastructure  
across different regions.

These incidents underscore the urgent need to account for 
increasingly severe flood scenarios in future bridge designs 
and to continuously control the existing ones during floods 
to prevent such catastrophic failures.

Debris impacts
Floodwaters carrying debris present serious risks to bridges, 
both by directly impacting the structure and by altering water 
flow around piers and abutments. Debris and mud flows are 
often characterised by high velocities, occasionally exceeding 
10 m/s, and can have densities up to twice that of water27. Debris 
carried by swift currents, such as trees, rocks, and even vehi-
cles, can collide with bridge components, exerting significant 
impact forces that compromise the structural integrity of the  
piers. Studies examining logs as floating objects have shown 
that their substantial mass, combined with acceleration from 
floodwaters, results in considerable kinetic energy upon impact. 
Empirical evidence highlights the dynamic behavior of logs in  
relation to hydraulic structures, demonstrating their potential to 
exert strong forces on bridge piers, increasing the risk of struc-
tural instability during flood events28. Smaller bridges are par-
ticularly susceptible to debris-induced damage (see Table 1,  
cases #8 and #14). In addition to floating debris, submerged 
objects such as waterlogged logs and cylindrical debris alter flow  
dynamics and local scour effects. Experimental studies29 have 
shown that the position of submerged debris relative to the 
flow surface has a direct impact on scour depth. Specifically, as 
debris is positioned deeper in the water column (up to a relative 
depth of 0.5 of water column), the strength of the down-flow  
jet increases, leading to intensified scour around bridge piers. 
However, when debris is placed near the bed, it can act as a  
protective collar, reducing the strength of the down-flow and 
mitigating local scour. These findings highlight the complex 
role of submerged debris, which can either worsen or alleviate  
scouring effects depending on its position within the flow.

Debris accumulation around piers significantly intensifies 
hydrodynamic forces1, which can be estimated using simpli-
fied empirical models. These models typically use flow char-
acteristics such as water depth, width, velocity, and the size 
of the debris pile to calculate a drag coefficient and, conse-
quently, the drag force acting on the debris jam30. This drag 
force on the debris pile translates into an additional load on the 
bridge pier, increasing the overall hydrodynamic force that 
the structure must withstand. Moreover, debris acts as a par-
tial blockage, disrupting the flow and creating localised pressure 
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variations. This blockage raises the upstream water level, 
increasing pressure on the bridge structure36,37. Simultaneously, 
as shown in Figure 2, the reduced flow area beneath the debris, 
driven by the principle of continuity, accelerates the water, 
increasing its erosive power and promoting local scour around 
the piers. This acceleration and altered flow patterns gener-
ate vortices, which further intensify the scouring effect at the 
bridge foundation38–41. The cumulative effect of debris accu-
mulation, increased flow velocities, and intensified scour 
severely threaten bridge stability. If left unchecked, such  

conditions can lead to progressive structural damage, poten-
tially resulting in partial or full bridge collapse, especially during 
extreme flood events39.

To mitigate these risks, debris deflectors or protective bar-
riers can be installed in front of bridge foundations. These 
barriers (Figure 3) deflect debris, reduce blockages, and 
prevent structural damage42,43. However, their design and place-
ment must be carefully tailored to specific flood and debris 
flow conditions.

Table 1. Some recent bridge damages and collapses due to floods.

# Bridge name, 
location Date Failure cause Description

1
Misasa Railroad Bridge 
and 22 out of 94 
nearby bridges, Japan31

July 2018 Hydrodynamic forces, 
and scour

Flood-induced forces nearly doubled those used in 
seismic design32. 11 bridges had collapsed, 6 had 
localised scour, 4 had abutment erosion, and 1 had 
other damage.

2 Baringin Bridge, 
Indonesia33

November 
2018 Debris impact

Large wooden debris damaged the temporary support 
structure, causing a collapse of the bridge during its 
construction.

3 Jinshajiang Bridge, 
China34

November 
2018 Hydrodynamic forces Seven out of ten spans were washed away when the 

water rose 4 meters above the bridge deck.

4 Catalonia Bridges, 
Spain2

October 
2019 Debris accumulation Flash floods clogged bridges with debris, causing 

collapses and flooding in nearby areas.

5 15 bridges in Thessaly, 
Greece14

September 
2020

Overflowing, debris 
accumulation, scour Various damages following the Cyclone Ianos.

6 Fitzroy River Bridge, 
Australia January 2023 Erosion, debris

Exceptional floods caused by rainfall equalled the 
past twenty years’ worth in 24 hours. Floodwaters 
with debris washed away one of the piers, causing 
significant bridge damage.

7 Randklev Railway steel-
truss Bridge, Norway August 2023

Foundation 
failure caused by 
hydrodynamic forces

Despite the good condition of the bridge, approved 
by regular inspections, the foundation failed on the 
riverbed, sinking two bridge elements into the river. 
Traffic was suspended because of a storm warning, 
preventing injuries or fatalities.

8 Malo Bridge, Italy May 2024 Debris impact Small viaduct collapsed under debris load in 
floodwaters.

9 Visletto arch-type 
Bridge, Switzerland June 2024 Hydrodynamic overload River flow increased from 25 to 2,000 cubic meters per 

second, overwhelming the bridge.

10 Railway bridge, South 
Dacota, US June 2024 Hydrodynamic forces After heavy rainfall, floodwaters surged over the steel 

bridge, ultimately causing its collapse.

11 Shaanxi Bridge, China July 2024 Scour
40-meter deck section of just 6-year-old bridge 
collapsed during flash floods with a maximum inflow 
of 1,640 cubic meters per second; 38 fatalities were 
reported.

12 Phong Chau Bridge, 
Vietnam35

September 
2024 Scour Intermediate support scoured during floods; 13 people 

missing.

13 Kinser Bridge, 
Tennessee, US 

September 
2024 Hydrodynamic forces The bridge was swept away after the water level rose by 

at least 18 meters.

14 Pedestrian Bridge in 
Carcare, Italy

October 
2024 Debris accumulation Logs formed a blockage, increasing hydrodynamic 

forces and leading to damage.

15 Paiporta Bridge, Spain October 
2024 Hydrodynamic forces Bridge destroyed in seconds; rainfall equalled a year’s 

worth in eight hours.
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Hydrodynamic forces
The force exerted by fast-moving floodwaters on bridges can 
cause structural deformations, displacements, and even col-
lapse. This hydrodynamic failure is particularly significant for 
bridges with foundations such as piers with spread footings  
on bedrock, where scour might not be the primary failure mode44.

Stream-crossing bridges are exposed to multiple hydrodynamic 
effects45:

•	 Hydrostatic forces, caused by differences in water 
levels on both sides of submerged bridge components 
(e.g., piers, deck).

•	 Buoyant forces, equal to the weight of the water 
displaced by submerged bridge structures.

•	 Hydrodynamic forces, including drag and lift forces.

•	 Overturning moments, created by uneven forces 
applied to the bridge.

Hydrodynamic forces during floods consist of two primary 
components: drag force and lift force. Drag force acts parallel 
to the flow, pushing the bridge downstream, while lift force 
acts perpendicular to the flow, either pushing the structure 
upward (positive lift) or downward (negative lift). For bridge 
decks, particularly during submersion, lift forces can threaten 
to lift the deck off its supports, leading to failure.

The intensity of these forces is influenced by the velocity of the 
water, with a quadratic relationship between hydrodynamic 

Figure 2. Scour around bridge piers exacerbated by debris accumulation.

Figure 3. An example of protective measure for bridge piers, including barriers to shield against water flow and debris.
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forces and water flow velocity44,46. Additionally, hydrodynamic 
pressure is affected by water depth: as the depth increases, 
the volume of water interacting with the structure grows, 
increasing the pressure exerted on the bridge.

If the bridge deck becomes submerged during a flood, it faces 
increased horizontal forces and greater static water pres-
sure. Submerged decks can act like dams, further increasing 
the load and potentially causing structural failure. There-
fore, hydrodynamic deck failure can occur on all bridges, 
regardless of foundation type44.

Accurately estimating flood-induced hydrodynamic loads, 
especially on bridge superstructures, is critical for design-
ing flood-resilient bridges1,47. For instance, bridge design 
standards in various countries, such as the Eurocode (EN 
1991-1-6), U.S. AASHTO, and Australian AS 5100 codes, 
account for similar types of forces45.

Scour and erosion
Scour is the process of erosion and removal of sediment from 
around bridge foundations, piers, or abutments caused by the 
increased velocity of water flow near the structure. It is the 
leading cause of failures for bridges with shallow founda-
tions during floods, as it undermines the stability of a bridge by 
removing the supporting material, which weakens the founda-
tions and can potentially lead to collapse. As scour progresses, 
it increases the unsupported length of the foundation, reduc-
ing its lateral stiffness, strength, and buckling resistance, 
while also lowering the factor of safety against structural 
instability48.

Interestingly, both bridges recently damaged by scour (Table 1, 
cases #11 and #12) featured round-shaped and oblong-
shaped piers, respectively. Round-nose designs are generally 
considered the standard baseline for scour resistance.

Research indicates that pier shape significantly impacts scour 
depth, with correction factors providing a measurable indicator 
of a shape’s effectiveness against scour49–51. Square and rectan-
gular shapes are the least effective, as they increase turbulence 
and vortex intensity, leading to more severe sediment removal 
around the foundation. In contrast, shapes with a sharp nose 
and curved body, such as lenticular piers, reduce turbulence, 
allowing for smoother water flow around the pier and mini-
mising vortex formation and sediment removal. These 
designs are typically associated with enhanced scour resist-
ance. Correction factors (CF) for various pier shapes are 
summarised in Figure 452,53.

Despite round-nose optimised designs, piers still experienced 
significant scour damage, underscoring that even with favour-
able geometry, bridges can remain vulnerable to extreme 
flood conditions. So, the use of scour protection systems 
and continuous monitoring are always recommended.

Scour is particularly dangerous because it often occurs below 
the waterline, making it difficult to detect without proper 
monitoring systems. A notable example of this occurred in 
November 2000 when a major flood, affected a state road bridge 
crossing the Po River near Borgoforte, Italy. Three months 
after the flood, a bathymetric survey revealed a 15-meter-deep 
scour hole near two central piers in the river’s main  
channel. It is believed that the scour depths could have been 
even greater during the flood event than what was recorded 
post-event54.

Traditional deterministic methods provide qualitative indicators  
of scour risk by combining the likelihood and consequences 
of failure, but they do not offer precise measures of scour  
vulnerability55. Numerous studies focus on the development  
of precise predictive models for scour depth estimation. 
For example, one recent study investigated a prediction 
method for the temporal evolution of local scour depth at 
bridge piers during floods, based on the law of conservation 
of energy56. Another approach utilised Bayesian Networks to 
propagate information from scour probes and gauging stations, 
updating the probabilistic distribution of scour at unmonitored 
bridge foundations across a network57.

High-importance bridges require regular visual inspections, 
especially after hazards57,58. However, the challenge with scour 
is that it is often only detectable after a flood, and sediment 
deposition during the event can obscure the extent of dam-
age. This makes visual inspections prone to errors, complicat-
ing the accurate assessment of scour and increasing the potential 
for human error in interpretation8,59.

Similar to scour but more widespread, erosion involves the 
gradual loss of soil and sediment surrounding the bridge’s  
structural component foundations. Over time, this can weaken 
the support structures, leading to instability, misalignment, or  
collapse. Riverbanks and embankments near bridges are  
particularly susceptible to erosion during prolonged floods or 
high-flow events.

Mitigation measures such as pilings, riprap, revetment, gabion 
mattresses (rock or other material used to protect founda-
tions from erosion)8,60, scour protection devices, and real-time 

Figure 4. Correction factors (CF) for various pier shapes: a) lenticular, b) oblong, c) rectangular.
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monitoring systems are essential for identifying and manag-
ing these scour-associated risks. Furthermore, understanding 
local hydrological conditions and flood patterns is crucial for 
designing effective protective measures that can withstand the 
long-term effects of scour and erosion.

3. SHM technologies and methods for remote 
monitoring bridges during and after floods
SHM plays a vital role in minimising flood risks by providing  
remote monitoring, enabling early warnings, and supporting  
structural evaluations during and after floods. While preven-
tive measures, such as barriers, help mitigate debris impact, 
SHM systems are invaluable for detecting unexpected stress 
or vibrations from collisions. These systems enable rapid 
assessments and timely interventions, such as temporarily clos-
ing the bridge to prevent further damage. Similarly, real-time  
monitoring of hydrodynamic forces during extreme weather 
events allows proactive responses to prevent failures. Due to 
scour long-term and progressive nature, advanced SHM systems  
are essential for detecting early signs of scour, the leading 
cause of flood-related bridge failures. Scour and erosion  
detection strategies can be classified as direct and indirect, 
depending on whether detection and measuring are performed 
directly on scour at a particular location or if they measure the 
effects of scour on the bridge61,62. Technologies like sonar, 
scour probes, float-out devices and smart rocks provide direct 
insights into sediment movement, while vibration-based sen-
sors, tiltmeters, and Interferometric Synthetic Aperture Radar 
(InSAR) offer indirect clues by monitoring the structure’s 
response and environmental conditions. While direct methods  
can detect the presence or progression of a scour hole, an  
additional SHM system is required to assess the overall con-
dition of the bridge63. The following sections discuss and  
summarise recent advancements in monitoring technologies,  
along with illustrative case studies.

3.1. Monitoring of debris accumulation by photographic 
imagery
Numerous studies investigated the effects of debris accumula-
tion, taking into account the shape and position of the debris 
accumulation, on both final scour depth and horizontal loads 
acting on the pier64–66, evaluating these effects as significant. 
According to Eurocode (EN 1991-1-6, 2005) the impact of the 
debris (F

deb
) can be calculated by the formula (1):

2 ,wadeb deb debF k A v= × ×                       ���(1)

where k
deb

 is debris density parameter (kg/m2), A
deb

 is area 
of obstruction presented by debris (m2), and v

wa
 is mean 

speed of the water (m/s).

In the case of fully submerged abutment of single span arch 
bridge, floating debris impact loads on the superstructure  
can be more than 6 times higher than the combination of  
hydrostatic and hydrodynamic loads for the case of no debris67.

The most common approach to monitoring debris accumu-
lation upstream of piers is through photographic or video  

capture, providing a direct and effective method to assess the 
extent of debris buildup and its timing68. This method was  
implemented in the monitoring of the multi-span brick  
masonry Candia Bridge over the Sesia River41 and the  
Borgoforte Road Bridge over the Po River48, both located in 
Italy, using video cameras. For monitoring the Aurence Bridge  
in France69, a HIK Vision 4 MP WDR fixed network camera  
was used to observe the sensors. Following a flood event, 
the camera confirmed that a dead tree had twisted the sensor  
setup, which explained the abnormal data readings.

Image processing techniques, such as calculating the aver-
age grey level for the region of interest in each video frame, 
can further enhance debris monitoring capabilities70. When 
paired with Artificial Intelligence (AI), cameras can alert 
operators to critical levels of debris accumulation that may 
require intervention. Additionally, high-speed cameras enable 
high-resolution image analysis, which can be used to measure 
the velocity of debris flow71.

3.2. Hydrodynamic force monitoring
Hydrodynamic forces are traditionally considered during the 
design phase, but monitoring these forces can be essential dur-
ing operation to provide timely alerts if water levels and forces 
approach or exceed design thresholds. Such monitoring ena-
bles informed decisions regarding bridge closure, evacuation, 
or urgent maintenance. According to Eurocode (EN 1991-1-6, 
2005), the drag force (F

D
) on structures such as bridge 

piers can be calculated by the following formula:

D
2 ,wa waF 0.5 k h b v= × × ρ × × ×             ���(2)

where k is shape factor, which accounts for the influence of 
the pier’s cross-sectional geometry on the hydrodynamic drag  
force, ρ

wa
 is density of water (kg/m3), h is water depth, exclud-

ing local scour depth (m), b is the width of the object fac-
ing the flow (m), and v

wa
 is mean speed of the water, averaged  

over the depth (m/s).

The shape factor k is an empirical coefficient derived from 
experimental and analytical studies to reflect how different cross- 
sectional geometries affect drag forces. According to Eurocode  
(EN 1991-1-6, 2005), commonly used values include:

•   �k=1.44 for objects with a square or rectangular horizontal 
cross-section, 

•   k=0.70 for objects with a circular horizontal cross-section.

The shape factor influences the calculated hydrodynamic force 
by modifying the drag coefficient based on the pier’s geom-
etry. Structures with sharp corners (e.g., square piers) experience  
higher drag forces due to flow separation and turbulence,  
whereas streamlined shapes (e.g., circular piers) reduce resist-
ance, leading to lower drag. This distinction is crucial when 
evaluating bridge stability under high-flow conditions, as an 
underestimated shape factor could lead to non-conservative 
force estimates, while an overestimated value could result in  
unnecessary reinforcement costs.
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In practical monitoring applications, hydrodynamic drag 
forces can be measured directly using load cells and pres-
sure sensors or inferred indirectly from water flow data from 
various other sensors (Figure 5).

Direct measurements provide valuable data on flow-induced 
forces impacting the structure, though these sensors can be  
sensitive to structural vibrations and environmental conditions 
like temperature changes.

Several studies have explored methods to measure hydro-
dynamic pressure. For example, hydrodynamic forces on  
substructures have been evaluated in small-scale laboratory 
experiments and with computational fluid dynamics models45. 
This study used the load cells and torque sensors, such as the 
Interface 3A100-100N-D11 load cell with a 100 N capac-
ity and the Interface MRT2 torque cell with a 10 N-m 
capacity, to capture force and moment loads in three direc-
tions. A customised mounting frame was created to house 
both the load and torque cells, isolating the instruments from 
external vibrations and positioning them well above the water 
surface to prevent submersion-related damage. The load cells 
were connected to the submerged deck via vertical supports, 
which transfer the load from the submerged element. Nota-
bly, the load cell is also suitable for submerged applications 
when enclosed in a waterproof housing, as specified by the 
manufacturer.

For direct measurements of hydrodynamic pressure, pressure  
sensors or transducers are typically mounted on structural sur-
faces and are often manufactured specifically for submer-
sion applications. Numerous laboratory studies have examined  
wave-structure interactions using pressure sensors for meas-
uring wave loads. Examples include studies on wave force 
impacts on rectangular structures using standard pressure  
sensors72, hydrodynamic forces from solitary waves interacting  
with submerged square barriers using pressure transducers73,  
and pressure distributions caused by green water phenomena  
on structures, measured with Kistler 4043A2 piezo-resistive  

pressure sensors, which capture static and dynamic pressures  
within a range of 0 to 2 bars74.

Pressure transducers, however, provide only single-point meas-
urements, making it difficult to capture a comprehensive pres-
sure field. As a result, multiple sensors are typically deployed 
to create a pressure map across the structure’s surface. These 
sensors also require careful calibration to ensure accuracy, 
which can be complex and time-consuming.

Fibre optic sensing is a rapidly growing field, offering 
advantages over traditional electrical strain gauges, such as high 
sensitivity, lightweight design, immunity to electromagnetic 
interference, long-distance detection, and ease of installation75–77. 
A common type, fibre Bragg gratings (FBGs), are widely used 
in civil engineering for strain and temperature point-based data 
monitoring (for examples see Table 4). FBGs contain micro-
structures that reflect specific wavelengths of light, known  
as Bragg wavelengths, which shift when the fibre experiences 
strain or temperature changes. This shift allows precise moni-
toring of structural changes75,78. FBG sensors used for strain 
measurements are sensitive to temperature changes, necessitat-
ing reference sensors to isolate strain data from temperature  
variations79–81. FBGs can also measure parameters like tilt,  
pressure, displacement, and vibration, though their high cost 
and limited end-user familiarity are drawbacks76,82. However,  
studies suggest FBGs could be a cost-effective solution 
for monitoring small- to medium-span bridges due to their  
reliability and low maintenance needs76,77.

Some studies have demonstrated FBGs for flow monitoring,  
using deformations caused by hydrodynamic pressures in  
single- and two-phase flows, as well as to measure substructure  
cross-sectional load for a semi-submersible floating wind 
turbine83,84.

Both load cells and FBG sensors require robust protective hous-
ing and secure mounting to withstand harsh environmental 
conditions and protect against potential debris impact.

Figure 5. Overview of commercial instruments for hydrodynamic force and flow monitoring.
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There remains a gap in the literature concerning real-life 
applications of direct hydrodynamic force measurements in 
bridge monitoring systems.

For flow data, including water depth and velocity, acoustic-based  
instruments, especially Acoustic Doppler Current Profilers  
(ADCPs), are widely used. ADCPs, which emit sonar pulses,  
measure the speed and direction of water flow at different  
depths, offering precise flow velocity and water level data. 
However, ADCPs are costly, and acoustic instruments used 
for velocity measurement are vulnerable to debris damage.  
Their performance may also be limited in high-turbidity  
or flood conditions, as shown in studies monitoring the Rucúe 
Bridge in Chile with ADCPs85 and the Aurence Bridge in 
France, where ultrasonic water level gauges and profilers 
were used69.

Ultrasonic water level gauges measure water level by emitting  
sound waves and calculating the time taken for these waves to 
travel to the water surface and back. Since the speed of sound 
is affected by air temperature, temperature variations can 
cause measurement errors. So, temperature compensation is 
necessary for ultrasonic water level sensors86.

There is another type of pressure sensor, designed for static or 
slowly varying pressure environments, primarily used for water 
level and depth measurements. These sensors are employed in 
hydrodynamic monitoring by submerging them at a specific  
point in the water column to measure absolute pressure, 
which is the sum of water pressure and atmospheric pressure. 
The pressure readings are converted to water depth, as  
illustrated in the Rucúe Bridge monitoring project85.  
However, the accuracy of pressure sensors can be affected by  
factors like water temperature, salinity, and sediment content, 
making them more suitable for controlled environments.

For non-contact water level monitoring, instruments installed 
above the water surface, such as radar level sensors and  
closed-circuit television (CCTV) cameras, provide alternatives 
with fewer environmental vulnerabilities. Radar level sensors  
emit microwave pulses that reflect off the water surface, with 
the time delay of the return pulse used to calculate the water 
level. This method has proven effective in bridge monitoring  
studies, such as at the A71 motorway viaduct over the Loire 
River in Orléans, France87.

Considering the vulnerability of the in-water sensors, and 
that the mean flow velocity can be estimated from the surface 
velocity from an out-of-water sensor, which is a more robust  
solution in a flood context, the non-contact sensors for flow  
surface velocity can be of interest. For example, a hydrologic 
station (RSS-2-300 WL) installed on the bridge over  
Aggitis River, near Simvoli Dam in Greece, has an integrated  
radar surface velocity and level meter for contactless  
measurements of surface flow velocity and water level at the 
current location88.

Similarly, CCTV cameras are increasingly used in real-time  
floodwater monitoring, providing visual assessments of water  

levels and flow patterns. For instance, the Da-Chia Bridge  
in Taiwan employs real-time CCTV imaging in combination  
with the Mask R-CNN deep learning model to monitor  
changes in water levels around bridge structures during 
floods89. In another application, monitoring the hydrodynamic  
behaviour of the Tara channel near Taranto, Italy, a 
camera was installed to capture water flow at the bridge base. 
Using particle image velocimetry (PIV), this setup enabled 
accurate detection of flow patterns and velocities90.

From the non-intrusive PIV data, velocity fields can be used 
to compute the pressure field by solving the Poisson pressure 
equation derived from the Navier-Stokes equations. This  
PIV-based pressure measurement method, validated in controlled 
studies on wave force measurements on rectangular structures72, 
offers a promising approach for calculating hydrodynamic 
forces acting on bridge structures.

When available, flow data from nearby hydrometric stations 
offer a reliable reference point, correlating well with on-site 
sensor data. As seen in the A71 motorway viaduct monitor-
ing study, nearby stations provide useful context, especially 
for long-term monitoring or during periods when on-site 
sensor readings may be less accurate87.

Table 2 presents a comprehensive comparison of various  
indirect water flow monitoring techniques applied in real-world 
cases, highlighting their underlying principles, key parameters  
measured, deployment locations, advantages, limitations, and  
documented applications in case studies.

3.3. Monitoring of scour and erosion
Most formulas for estimating scour depth are empiri-
cal, reflecting the complexity of interactions between flow-
ing water, sediment properties, and structural elements. These 
interactions depend on various factors, including sediment type 
(cohesive or non-cohesive), flow conditions (e.g., clear water 
or live bed), and the geometry of the structure (e.g., pier or 
abutment shape)69. Over 25 different methods for predict-
ing equilibrium scour depth are summarised in the Appendix 
of 91.

The primary limitations of scour depth formulas lie in their reli-
ance on simplifications and limited datasets, reducing their 
accuracy and applicability to real-world conditions. Conse-
quently, direct measurements of scour depth remain the most 
reliable approach. Figure 6 schematically illustrates the vari-
ous instruments used to monitor scour and the associated struc-
tural responses, which are discussed in greater detail in the 
following sections.

In addition to scour depth direct measurements, emerging  
probabilistic frameworks for scour hazard assessment are  
gaining attention. These frameworks use data from monitoring  
systems to update the probability distribution of scour depth  
at the foundations of bridge networks57.

To improve monitoring, it is recommended to measure water 
depth upstream of bridges to identify areas of greatest scour, 
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Figure 6. Instrumentation for monitoring scour and structural responses at bridge piers.

Table 2. Comparison of indirect water flow data monitoring techniques on real bridges.

Technology Principle
Key 
parameters 
measured

Location Pros Cons Application in 
real case studies

ADCP Doppler effect 
(acoustic waves)

Flow velocity 
and direction, 
water level

In-water
High-
precision, 
multi-depth 
profiling

High cost 
Vulnerable to 
debris  
Limited in flood 
conditions

Rucúe Bridge, 
Chile85; A71 
Viaduct, France87

Ultrasonic 
profiler (e.g.  
Ub-flow F156)

Ultrasonic waves
Flow velocity 
profiles, water 
depth

In-water
Detailed 
profiling 
at multiple 
depths

Sensitive to air 
bubbles, debris 
interference

Aurence Bridge, 
France69

Ultrasonic water 
level gauge (e.g. 
LNU06V3-82-3G)

Ultrasonic 
waves (echo 
measurement)

Water level In-water
Non-contact, 
reliable 
in various 
conditions

Requires 
temperature 
compensation

Aurence Bridge, 
France69

Pressure sensors 
(e.g. HOBO U20)

Hydrostatic 
pressure Water depth In-water Affordable, 

compact
Affected by 
temperature, 
salinity, sediment

Rucúe Bridge, 
Chile85

Radar surface 
velocity and 
level meter (e.g. 
RSS-2-300 WL, 
Valeport VRS-20)

Microwave 
reflection

Flow velocity, 
water level

Out-of-
water

Non-contact, 
reliable 
in harsh 
conditions

Limited to 
surface-level data 
at the current 
location

Simvoli Dam, 
Greece88; A71 
Viaduct, France87

CCTV cameras Visual imaging
Water level, 
debris 
presence, flow 
velocity

Out-of-
water

Real-time 
flood tracking, 
cost-effective

Limited in poor 
visibility

Da-Chia Bridge, 
Taiwan89; Candia 
Bridge over the 
Sesia River, Italy,41; 
Aurence Bridge, 
France69, Bridge 
over Tara channel 
near Taranto, 
Italy90,

Hydrometric 
measuring 
stations

Hydraulic 
measurements

Flow velocity, 
water level -

Reliable for 
regional flow 
data

May be located 
far from the site

A71 Viaduct, 
France87; Kupa 
Karlovac Bridge, 
Croatia64
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typically occurring near the noses of bridge piers92. By  
integrating direct measurements with advanced probabilistic 
modelling, a more robust strategy can be developed to manage 
scour risks and improve the resilience of hydraulic structures.

i. Sonar or echo-sounding systems
Sonar or echo-sounding systems use sound waves to monitor  
water depth and detect changes in the riverbed around bridge 
foundations. These systems emit sound waves that reflect off 
the riverbed or sediment, with the return time of these waves 
used to calculate distance. As erosion, or scour, occurs around 
bridge piers, the increasing distance to the riverbed indi-
cates sediment loss. By capturing real-time bathymetric data, 
sonar systems provide critical insights into sediment move-
ment below the waterline. Sonar-based instruments used to 
monitor underwater characteristics are commonly categorised 
into four main types:

•	 ADCP: is typically grouped separately from traditional 
sonar instruments, as it measures water velocity 
profiles, depth, and flow dynamics at multiple points 
in the water column rather than focusing solely on 
bottom mapping.

•	 Single-beam sonar: it emits a single sound beam, 
providing depth information along a line by measuring 
only at a single point in the water column. Though this 
limited measurement area can be seen as a drawback, 
it remains widely used as part of more complex 
monitoring setups. For example, a single-beam 
echosounder has monitored scour around a multi-span 
masonry arch, the Candia Bridge over the Sesia River 
in Italy41. Pier-mounted sonars are also used in the 
permanent monitoring of over 15 bridges in Alaska, 
USA, by the United States Geological Survey (USGS), 
where real-time data is openly accessible92. Another 
example is the Airmar Echorange SS510 ultrasonic 
scour sensor, which was mounted at a 9° angle on 
a rectangular pier of the Rucúe Bridge in Chile for 
scour monitoring85.

•	 Multi-beam sonar: it emits multiple sound beams  
in a fan shape, covering a broader area to create  
detailed, high-resolution riverbed maps. This 
approach is valuable for long-term monitoring, 
enabling comprehensive coverage and high-resolution  
representation of scour62. For instance, the Kongsberg 
Dual Axis SONAR was used to monitor sediment  
around the A71 motorway viaduct over the Loire  
River in Orléans, France87. In another case, a  
Dual-Axis Scanning Sonar System installed 
upstream and downstream of a bridge pier provided 
full coverage of the Hangzhou Bay Sea Crossing  
Cable-Stayed Bridge in China, capturing accurate  
scour development data93.

•	 Side-scan sonar: it uses sensors directed at an angle 
toward the riverbed to create detailed images of  
the underwater environment. Typically towed along 
the river or attached to a boat94, side-scan sonar is  
well-suited for rapid underwater inspections95,96, 
though it may be less ideal for fixed installations  
at bridge piers97.

Sonar-based systems, while powerful for real-time scour detec-
tion by plotting cross-sectional data, which can be used for 
comparison of obtained depth of the scour with allowed lev-
els, share some common limitations. They operate only when 
submerged, making their effectiveness dependent on the water  
level of the river, which can lead to gaps in data during  
low-flow conditions41. Additionally, they are sensitive to air bub-
bles, suspended sediments, turbulence, and debris interference, 
all of which can create gaps in data or false echoes and require 
careful filtering and processing41,92,93,96,98. Table 3 compares dif-
ferent types of sonar systems, highlighting each one’s unique  
strengths, weaknesses and applications in monitoring scour.

ii. Scour probes
Scour probes are a widely used technology for direct scour 
monitoring and have become a significant focus in recent  

Table 3. Comparison of sonar-based systems for scour monitoring.

Sonar 
system

Measurement 
method

Key parameters 
measured Pros Cons Example use cases

ADCP Doppler effect, 
multiple depths

Flow velocity and 
direction, water 
depth

Provides flow 
dynamics, multi-
depth data

Costly Rucúe Bridge, Chile85

Single-
beam 
sonar

Single sound beam Depth at single 
points

Cost-effective, 
simple integration

Limited coverage, 
single-point data 
only

Candia Bridge, Italy41; 
Alaska bridges82

Multi-
beam 
sonar

Multiple beams in fan 
shape

Detailed 
bathymetry

High-resolution, 
broad area 
coverage

Expensive, 
requires a 
complex setup

A71 Viaduct, France87; 
Hangzhou Bay Bridge, 
China93

Side-scan 
sonar

Angled sonar from 
moving vessel

Underwater 
imagery

Detailed 
mapping, ideal for 
inspections

Towed setup, 
limited to fixed 
locations

Rapid site inspections95,96
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research and field applications. These measure the position of 
the bed–flow interface near submerged structures usually by 
physical insertion into the riverbed. However, the insertion of 
probes may induce localised scour depths, potentially up to  
2.5 times the probe’s diameter99. Scour probes are effective in  
environments where direct sediment erosion measurement 

is critical, offering both resilience and precision in harsh  
conditions.

Various types of scour probes, each with distinct measurement 
principles, have been successfully tested in real case studies  
or laboratory settings. Table 4 summarises notable examples 

Table 4. Summary of scour probes used in scour monitoring studies.

Scour probe Measurement principle Pros Cons Example use 
cases

EnviroSCAN probe with 
electromagnetic sensors 
along plastic rod height, 
encased in a protective 
steel sleeve, 10 cm 
resolution

Electromagnetic sensing 
based on capacitance 
measurements. The 
sensor’s LC (L = Inductor, 
C = Capacitor) circuit 
resonance frequency 
changes based on the 
dielectric permittivity of 
the surrounding medium, 
which varies with sediment 
presence and erosion.

Stable during floods, 
accurate even in debris-
prone conditions

Limited battery lifespan; 
the main board’s 
16 channels reduce 
resolution at higher 
water levels

3-span stone 
masonry arch 
A76 200 Bridge 
over River Nith, 
Scotland99,

Micro-electro-
mechanical systems 
(MEMS) sensors, 
packaged in a 
waterproof stainless-
steel ball within a rebar 
cage, spaced at 50 cm 
intervals

Vibration-based based 
on MEMS activation at 
multiple levels

Effectively capture scour 
and deposition processes 
during flood event

Continuous exposure 
to harsh environments 
demands regular 
maintenance

Da-Chia Bridge, 
1.2 km long, 
Taiwan89,

Bed LEvel Seeking 
System (BLESS), 
patented by the 
Politecnico di Milano, 
with many Fibre Bragg 
Gratings (FBGs discussed 
in Section 3.2) placed 
from the bridge deck to 
several meters below 
the riverbed, spaced at 
50 cm intervals

FBG thermal sensing 
based on heat dispersion 
differences between water 
(convection) and ground 
(conduction)

Robust data, especially 
during extreme events; 
is useful as a cross-check 
when echo sounders fail

Placement downstream 
to avoid debris impacts, 
but major scouring 
often occurs upstream; 
may need heating 
for sensitivity; better 
calibration and choice for 
resolution are still under 
investigation.

Borgoforte bridge 
over river Po, 
Italy, 630 m long 
with four of the 
44 permanently 
submerged 
piers54,98,100

Distributed fibre optic 
sensors (DFOS) with 
ultra-weak fibre Bragg 
gratings (UWFBG), 
installed in a spiral form 
on piers and embedded 
in soil

The optical fibre detects 
deformation caused by 
water flow. Wavelength 
changes in the grating 
indicate the transition from 
soil to water, enabling 
scour depth estimation. 
The standard deviation of 
the wavelength signal is 
used as the scour indicator.

DFOS offer the same 
advantages as FBGs, with 
the added ability to provide 
thousands of sensing points 
along a continuous length 
of the fibre, enabling the 
measurement of strain 
distributions in two or three 
dimensions74. Real-time, 
high spatial resolution 
(5 cm). Flow velocity and 
temperature changes have 
minimal impact on the 
method’s accuracy.

Turbulent water 
flow can introduce 
random variations 
in the wavelength, 
potentially affecting 
signal interpretation. 
Susceptible to failure 
if the optical fibre is 
damaged by debris; 
installation is limited to 
new bridges or during 
retrofits.

Laboratory test101,

Fiber-optic distributed 
temperature sensing 
(DTS) device

Utilises temperature 
variations along a fiber-
optic cable to detect 
changes in sediment levels 
around structures.

High spatial resolution; 
real-time monitoring; 
immune to electromagnetic 
interference.

Requires active heating. Laboratory 
testing102
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Scour probe Measurement principle Pros Cons Example use 
cases

Rod with an 
accelerometer at the 
top

Physical detection via 
cantilever model

Quick scour depth 
estimation, easier 
implementation

Rod material flexural 
rigidity must be much 
lower than soil stiffness; 
the water effect grows 
with scour increase

Laboratory 
testing103,

Frequency-based 
scour sensors with 
piezoelectric polymer 
strips

Vibrational frequency 
analysis

The passive system 
operates during extreme 
events even if partially 
damaged

Requires complex 
calculations to account 
for fluid flow effects 
in the scour depths 
back-calculate from the 
obtained fundamental 
frequencies of the 
sensor.

Laboratory test104,

of scour probes, highlighting their measurement principles,  
benefits, and specific use cases.

iii. Embedded sensors and smart rocks
Using embedded sensors for direct scour monitoring is a  
practical, adaptable approach that has seen increasing appli-
cations. A basic form of these sensors includes passive  
“float-out” devices, which are simple yet effective fail-safe indi-
cators for critical scour conditions. These devices, either teth-
ered or untethered, are installed in high-risk scour zones at  
pre-determined depths near bridge foundations and operate  
by floating to the surface when the sediment erodes to their 
depth. Tethered float-out sensors remain attached to the bridge  
structure, making it easy to determine which sensor has sur-
faced through visual inspection. In contrast, untethered devices 
rely on motion-activated transmitters to send alerts when acti-
vated by scour105,106. These devices can be monitored using  
the same data logger and communication systems as other  
automated scour monitoring techniques, such as sonic sensors.  
A key limitation is their dependence on battery life, usually  
8–10 years, which restricts long-term monitoring capabilities.

These sensors have been successfully deployed in ephemeral  
channels and buried in riprap to assess stability. In 1997–1998, 
more than 40 float-out sensors were installed at 9 bridges in 
U.S. A notable example is the SR 101 bridge over the Salinas 
River (California), where a float-out sensor buried at 4 m depth  
surfaced during a 1998 scour event, confirming sediment loss  
but staying above the 6 m critical scour threshold, no emergency 
action was required107.

Float-out devices are a practical option for low-cost, event-
based monitoring but are best combined with other technologies 
for comprehensive scour assessment. While float-out sensors 
are effective for threshold detection, they are not suitable for 
capturing gradual scour progression over time. For continuous 
monitoring, smart rocks offer real-time insights into sediment 
behaviour and scour progression. Designed to resemble natural 
rocks, these engineered sensors are embedded in sediment  
around bridge piers and move with it as it erodes. Smart  

magnetic rocks are a commonly used variant, where erosion  
and deposition patterns are tracked by measuring magnetic 
fields using magnetometers105. By mapping movement and 
positioning, these rocks provide valuable real-time data on  
sediment displacement and scour depth.

A notable validation of smart magnetic rocks was conducted 
on the Masangxi Bridge, a reinforced concrete cable-stayed 
structure over the Yangtze River in China108. Here, smart 
rocks equipped with a neodymium permanent magnet and a  
three-gimbal gyroscope provided reliable scour depth data in 
flood conditions. However, environmental magnetic fields, such  
as those from the bridge and passing vehicles, introduced 
potential interference. Additionally, sediment redeposition  
can bury the smart rocks after a flood, necessitating careful 
placement and periodic maintenance to ensure reliable data.

To mitigate the impact of environmental magnetic fields, 
the use of two smart rocks has been suggested. Field tests  
conducted at the State Highway 1 Bridge (No. 36–0065) over 
Waddell Creek, Santa Cruz, California, USA, demonstrated that 
changes in the dispersion of ambient magnetic fields are more 
pronounced with double smart rocks compared to single ones. 
However, the effectiveness of the double smart rocks depends 
significantly on their relative locations, which influence the 
monitoring range109.

Another example of the smart rock method was tested at the 
I-44 W Roubidoux Creek Bridge in Waynesville, USA110, 
where an unmanned aerial vehicle (UAV)-deployed smart rock  
demonstrated precise measurements, with only a 6% error  
margin compared to sonar scanning. This smart rock consisted 
of a fibre-reinforced concrete shell with an inner and outer glass 
ball, filled with low-viscosity propylene glycol, containing 
two stacked N42 magnets and copper beads for balance. The 
rock’s design, including a vertical polarisation alignment,  
allows it to track flow velocity and water depth effectively.  
However, UAV deployment requires additional calculations for 
location-specific latitude and longitude, as well as assessments  
of nearby ferromagnetic materials.
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iv. Indirect monitoring methods: rotation and vibration- 
based monitoring, and InSAR
Indirect monitoring methods, such as rotation-based and  
vibration-based monitoring, and InSAR, focus on the structural  
response of a bridge rather than directly measuring scour or  
sediment movement. These methods are particularly effective 
for assessing stability and load-bearing capacity when sediment 
erosion, scour, or hydrodynamic forces compromise structural 
integrity. Indirect monitoring approaches, commonly used 
for offshore wind turbine monopiles vulnerable to scour, 
share similarities with bridge pier monitoring. Critical param-
eters like bottom inclination, vibrational modes and natural  
frequency have been identified for scour detection111–113. 
These methods could inform bridge monitoring under similar 
conditions.

Extensive numerical analysis using a finite element model,  
calibrated by operational modal analysis (OMA) of the 
remaining part of the arch-type Rubbianello Bridge over the 
Aso River in Italy114,115, which was partly collapsed in 2013,  
recommended monitoring upstream rotations in piers or  
spandrel walls. For a multi-span brick masonry arch  
Candia Bridge over the Sesia River in Italy, a tiltmeter-based 
monitoring system was implemented to detect and local-
ise structural damage from scour41. Here, 15 uniaxial MEMS  
tiltmeters (SISGEO model 0S541MA0202, accuracy ±0.008°)  
with integrated temperature sensors were installed at the arch  
skewbacks on the upstream side to measure transverse rotations  
in the foundation-pier-arch system, thus protecting the sensors  
from debris. This setup allowed the identification of both local 
and global rotations, revealing an almost linear correlation 
between global rotations and temperature changes. Temperature- 
induced variations were filtered out to isolate abnormal rotational  
patterns, which could indicate structural issues. Tiltmeters 
proved effective in capturing abnormal behaviour during 
a minor earthquake and identifying anomalous patterns in  
global rotations. However, the study highlighted challenges 
in interpreting the data and suggested deploying additional  
tiltmeters on the downstream side to better distinguish between 
anomalies caused by arches and those from pier-foundation 
shifts.

Tiltmeters are primarily suited for quasi-static or slow-changing  
movements, so a new approach in rotation-based monitoring  
was proposed in 7, where a fusion of accelerometers and  
gyroscopes was used to achieve a more accurate and reliable 
estimate of structural rotation and deflection.

Scour affects the modal parameters of a bridge, making  
vibration-based sensors, typically employing accelerometers,  
valuable for monitoring scour55,116. These methods rely on modal 
analysis to detect scour-related changes in dynamic behaviour,  
such as shifts in natural frequencies, mode shapes, and mode-
shape curvatures, rather than measuring scour depth directly117.  
Studies show that temperature fluctuations, both daily and sea-
sonal, can correlate with changes in tilt and natural frequencies, 

and thus filtering and adjusting for these variations are essential 
for accurate structural assessments41,87,118–120. Natural frequen-
cies generally decrease with structural damage121, and numeri-
cal modelling of scour has shown increases in periods of the  
first two bridge modes and localised variations in mode 
shapes around scoured piers55. However, for shallow founda-
tions, natural frequencies are less sensitive to scour and pre-
dicted frequency variations from finite element models are often  
not observed in field testing122,123.

An advantage of monitoring mode shapes is their relative  
immunity to environmental and operational fluctuations, 
making them more reliable damage indicators than natural  
frequencies118. For instance, the Rubbianello Bridge study dem-
onstrated that transverse mode shapes were highly sensitive  
to localised scour at a single pier, even in the early stages  
of erosion, but this sensitivity decreased when multiple piers  
were affected61.

In the monitoring of the A71 motorway viaduct over the Loire 
River in Orléans, France, accelerometers were deployed, 
including one tri-axial PCB 629A11 sensor under the bridge 
deck and two mono-axial PCB 393B31 sensors on the piers 
along the vertical and hydraulic flow axes. However, this 
study revealed challenges in post-processing vibration data 
and found no clear correlation between natural frequencies 
and water levels87.

In the vibration-based monitoring of Baildon Bridge in Bradford,  
UK, during its scour repair program, alternative structural 
response parameters—spectral density and mode shapes—were 
proposed for capturing behavioural changes resulting from 
scour122. Similarly, in the monitoring of the Hangzhou Bay 
Bridge in China, the variation of mode shapes was incorporated 
to qualitatively detect the presence of foundation scour124. 
Comprehensive numerical modelling of a cable-stayed bridge 
tested four scour indicators: frequency change ratio, modal 
assurance criterion, mode shape curvature, and flexibility-based  
deflection. The study concluded that while the frequency change 
ratio can qualitatively identify scour, monitoring changes 
in flexibility-based deflection enables both qualitative and 
quantitative identification of scour in cable-stayed bridges125.

Another notable example is the Z24 Bridge in Switzerland, 
which was monitored for nearly a year before scour was simu-
lated by artificially lowering a pier. This study analysed the 
probability distribution function of natural frequency changes, 
with effective damage detection achieved through the use of 
quality control charts, specifically Hotelling’s T2 statistic, 
implemented with P3P software119,126.

Introduced in 1947, Hotelling’s T2 statistic is a multivariate  
control chart that combines information from the mean and  
dispersion of multiple interrelated variables to detect shifts  
in their collective behaviour. Although its calculations involve 
complex matrix algebra, modern software simplifies its  

Page 16 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025



Table 5. Summary of indirect monitoring methods used in scour monitoring studies.

Method Instruments Measurement principle Pros Cons Example use 
cases

Rotation-
based

MEMS 
tiltmeters 

Measures slight angular 
changes in bridge 
components due to 
foundation settlement or 
undercutting.

Effective for 
identifying 
foundation-pier-arch 
rotations. Easy to 
filter temperature 
variations. Protects 
sensors from debris 
through careful 
placement.

Data interpretation requires 
expertise. Distinguishing 
anomaly sources (e.g., arch 
movement vs. pier shifts) is 
challenging without additional 
sensors.

Candia Bridge over 
the Sesia River, 
Italy41

Rotation-
based

High-
performance 
MEMS 
gyroscopes, 
high-sensitivity 
MEMS triaxial 
and ultra-
sensitive 
piezoelectric 
quartz uniaxial 
accelerometers

Measures quasi-static and 
dynamic measurements. 
Sensor fusion using a 
Kalman filter improves 
rotational measurement.

Provides a more 
accurate and reliable 
estimate of structural 
rotation and 
deflection.

Requires significant expertise 
for setup, calibration, and 
data analysis. Limited field 
application, warrants further 
testing.

Mineral Line 
Railway Bridge, UK7

application. This highlights the importance of advanced 
analytical tools in vibration-based scour monitoring for  
detecting subtle changes that simpler methods might overlook.

Another example of vibration-based scour monitoring is the 
application of time-frequency analysis combined with proba-
bilistic trend change detection. This method, demonstrated 
in studies on the Jintang Bay Bridge and the Anqing Yangtze 
River Bridge (where scour frequently occurs) in China, lev-
erages natural frequency data extracted from long-term 
SHM systems using techniques such as the Hilbert-Huang  
Transform and Short-Time Fourier Transform. Kernel Density 
Estimation is used to model the probability distribution of 
frequencies, which are normalised, and then control charts 
are used for anomaly detection. Continuous frequency  
deviations beyond preset thresholds effectively signal scour 
development, showcasing the method’s ability to detect scour 
without underwater operations and its potential for integration 
with routine SHM systems127.

Interferometric Synthetic Aperture Radar (InSAR) is a remote 
sensing technology that detects ground deformation by  
analysing phase differences between radar images captured 
from satellites. The temporal resolution of InSAR methods can 
be increased providing near-real-time monitoring possibilities  
by combining data from overlapping orbits128. Advanced InSAR 
techniques, such as Persistent Scatterer Interferometry (PSI) 
and Small Baseline Subset (SBAS), allow accurate deformation  
monitoring over large spatial areas, making it particularly  
suitable for bridges under flood conditions or when direct  
monitoring is infeasible.

A notable application of InSAR was its deployment on the 
Tadcaster Bridge in the UK, where it detected deformation 
weeks before the bridge’s partial collapse due to scour129.  
This highlighted its potential as an early warning system,  
complementing traditional visual inspections. However, inter-
preting InSAR data requires accounting for factors like  
expected thermal responses, bridge orientation, and water 
level variations, as seen in studies of the Jacques Cartier and 
Victoria Bridges in Montreal, Canada, and the A22 Po River  
Bridge in Italy130,131.

One key challenge of InSAR is that measured displace-
ments represent one-dimensional projections along the sat-
ellite’s Line-of-Sight (LOS), which may not fully capture  
three-dimensional deformation patterns. Converting LOS data 
into a local reference system (longitudinal, transverse, and  
vertical components) is essential for understanding bridge 
behaviour. While longitudinal and vertical deformations are  
typically influenced by temperature effects and traffic loads, 
transverse deformations can become significant during events  
like landslides or localised scour around piers132.

Table 5 summarises examples of indirect scour monitoring 
methods, highlighting their measurement principles, benefits, 
and specific use cases.

4. Summary and prospects
This review analysed flood-related bridge failures, highlight-
ing real-world case studies and key risk factors such as debris 
accumulation, hydrodynamic forces, and scour. Advancements 
in SHM technologies were explored, focusing on monitoring  
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Method Instruments Measurement principle Pros Cons Example use 
cases

Vibration-
based

Tri-axial and 
mono-axial 
piezoelectric 
accelerometers

Operates based on the 
piezoelectric effect of 
materials to measure 
dynamic changes in 
mechanical variables (e.g., 
acceleration).

Offers real-time 
monitoring and 
global insights into 
changes in boundary 
conditions, such as 
scour.

Highly sensitive to 
environmental factors; requires 
signal filtering to reduce noise. 
Lack of research on a reliable 
scour assessment.

A71 motorway 
viaduct over the 
Loire River, Orléans, 
France87; Kupa 
Karlovac Bridge, 
Croatia64

Vibration-
based

3-axis high-
sensitivity 
QMEMS 
accelerometers

Detects scour-induced 
changes in natural 
frequencies through real-
time ambient vibration 
measurements.

Captures alternative 
structural response 
parameters, such as 
spectral density and 
mode shapes, which 
reflect scour-induced 
behaviour changes.

Scour-induced natural 
frequency changes predicted 
by finite element models were 
not observed using the peak-
picking method.

Baildon Bridge 
during scour repair 
program, Bradford, 
UK122

Vibration-
based

Broad-band 
high-sensitivity 
accelerometers 
with 20 Hz 
sampling 

Monitors scour-
induced changes in 
natural frequencies 
of the structure 
using time-frequency 
analysis combined 
with probabilistic trend 
detection to identify 
anomalies and trends.

Integrates with 
existing Structural 
Health Monitoring 
systems, high 
sensitivity to scour

Requires long-term monitoring 
and robust statistical 
processing. It may need 
initial calibration to filter 
environmental noise.

Jintang Bay Bridge, 
Zhoushan, China 
(simulation); Anqing 
Yangtze River 
Bridge, Anhui, 
China (field study)127

Vibration-
based

Piezoelectric 
acceleration 
sensors, finite 
element model

Uses ambient vibration 
measurements of 
superstructures to update 
finite element models for 
scour identification.

Incorporates mode 
shape variations to 
qualitatively detect 
scour. Accurately 
verifies findings using 
underwater terrain 
mapping.

Quantitative identification 
requires detailed bridge 
information for model updates. 
Effective sensor arrangements 
are still under investigation.

Hangzhou Bay 
Bridge, China124

Vibration-
based

Piezoelectric 
and MEMS 
accelerometers

Uses centrifuge modelling 
to scale soil properties 
and measure natural 
frequency variations 
caused by scour.

Natural frequency can 
be a potential scour 
indicator for integral 
bridges with piled 
foundations.

Low sensitivity of fundamental 
natural frequencies to scour in 
shallow foundations.

Laboratory test123

InSAR Satellite data

Analyses phase 
differences 
(interferograms) in 
multiple SAR images 
acquired over time at the 
same imaging geometry.

Provides millimetre-
scale deformation 
data. Wide-area 
coverage. Effective 
under diverse 
conditions (e.g., 
night, flooding). 
Demonstrated 
potential for early 
warning systems.

Relies on satellite data 
availability and acquisition 
planning. Interpretation of 
displacement data is complex. 
As measurements are based 
on phase changes in the 
radar signal, deformations 
greater than a quarter of the 
radar wavelength between 
consecutive acquisitions is 
difficult to distinguish.

Tadcaster Bridge, 
UK129; A22 Po River 
Bridge, Italy131; 
Jacques Cartier and 
Victoria Bridges in 
Montreal, Canada130

solutions for these risks, including direct methods (sonar, scour 
probes) and indirect approaches (vibration-based sensors, InSAR).

Effective monitoring requires a hybrid approach integrat-
ing these technologies for real-time data analysis and predic-
tive maintenance. However, gaps remain in field validation  
and the integration of structural and hydraulic monitoring. 
Additionally, the economic feasibility of SHM implementa-
tion is critical for real-world applicability. Table 6 provides a 
comparative overview of key SHM technologies evaluating 
their strengths, current limitations, future research needs, and  
cost considerations.

While high-cost technologies like ADCPs, InSAR, and  
multi-beam sonar can provide unparalleled accuracy, lower-cost  
alternatives such as smart rocks, CCTV, and radar-based  
systems offer cost-effective monitoring solutions for spe-
cific applications. The selection of SHM technologies should  
balance performance, cost, which can vary significanty based 
on location and project scale, and practicality, ensuring  
long-term feasibility while addressing infrastructure  
vulnerabilities.

Despite progress, challenges remain in data interpretation,  
environmental influences, and field validation. Future research 
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should focus on AI-driven analytics for automated data  
interpretation, cost-effective sensor deployment, and adap-
tive SHM solutions to address climate change-driven flood risks 
on bridges. Advancing SHM technology through multidisci-
plinary collaboration will improve bridge safety and long-term  
infrastructure sustainability.
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Data availability
No data are associated with this article.

References

Table 6. Comparative overview of SHM technologies for bridge monitoring in flood conditions.

Category Best-suited 
technologies Current limitations Future research needs Cost considerations133,134

Flow & 
water level 
monitoring

ADCP, Ultrasonic 
profilers, Radar 
meters, CCTV 
cameras

High cost (ADCP), debris 
sensitivity, limited 
visibility in adverse 
weather

AI-enhanced image 
processing for CCTV, 
improved debris 
protection for Doppler 
systems

ADCP & ultrasonic profilers: High initial 
cost & maintenance. Radar meters: 
Moderate cost. CCTV: Low-cost but requires 
manual/automated analysis.

Scour & 
erosion 
detection

Sonar-based 
systems, Smart 
rocks, Scour 
probes

Vulnerable to turbidity, 
debris interference, 
limited long-term 
deployment data

Hybrid sonar systems for 
all water levels, better 
sediment redeposition 
tracking

Sonar: High setup & maintenance 
cost. Smart rocks: Cost-effective, low 
maintenance but limited data detail. Scour 
probes: Moderate cost, sensor longevity 
varies.

Structural 
response to 
flooding

Rotation-
based (MEMS 
tiltmeters, 
gyroscopes), 
Vibration-based 
(accelerometers)

Requires expert 
data interpretation, 
environmental sensitivity

Deep learning for 
automated data 
interpretation, sensor 
fusion approaches

MEMS tiltmeters & gyroscopes: 
Moderate cost, low maintenance and 
operation costs, providing long-term 
monitoring benefits. Vibration-based 
methods: Variable cost (low to high, 
depending on sensor network complexity).

Surface 
deformation 
& large-scale 
monitoring

InSAR (satellite-
based)

One-dimensional 
displacement data, 
complex interpretation, 
dependent on satellite 
data availability

Line-of-sight 
displacement conversion 
into local reference 
systems to improve 
applicability

InSAR: High satellite data cost but low 
maintenance, effective for large-area 
monitoring.

1. 	 Kabir SMI, Ahmari H, Dean M: Contribution of debris and substructures to 
hydrodynamic forces on bridges. Eng Struct. 2023; 283: 115878.  
Publisher Full Text 

2. 	 Martín-Vide JP, Bateman A, Berenguer M, et al.: Large wood debris that 
clogged bridges followed by a sudden release. The 2019 flash flood in 
Catalonia. J Hydrol Reg Stud. 2023; 47: 101348.  
Publisher Full Text 

3. 	 Montalvo C, Cook W, Keeney T: Retrospective analysis of hydraulic bridge 
collapse. J Perform Constr Facil. 2020; 34(1): 04019111.  
Publisher Full Text 

4. 	 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.  
Publisher Full Text 

5. 	 Pizarro A, Manfreda S, Tubaldi E: The science behind scour at bridge 
foundations: a review. Water. 2020; 12(2): 374.  
Publisher Full Text 

6. 	 Tubaldi E, White CJ, Patelli E, et al.: Invited perspectives: challenges and 
future directions in improving bridge flood resilience. Nat Hazards Earth Syst 
Sci. 2022; 22(3): 795–812.  
Publisher Full Text 

7. 	 Faulkner K, Brownjohn JMW, Wang Y, et al.: Tracking bridge tilt behaviour 
using sensor fusion techniques. J Civ Struct Health Monit. 2020; 10(4): 543–555. 
Publisher Full Text 

8. 	 Sasidharan M, Parlikad AK, Schooling J, et al.: A bridge scour risk 
management approach to deal with uncertain climate future. Transp Res D 
Transp Environ. 2023; 114: 103567.  
Publisher Full Text 

9. 	 Liu K, Liu J, Yu W: Statistical analysis of bridge collapse caused by floods 
from 2007 to 2015. Urban Roads Bridg Flood Control. 2017; (1): 90–92. 
Reference Source

10. 	 EM-DAT: CRED / UCLouvain. Brussels, Belgium, 2024. 
11. 	 Santos FD, Ferreira PL, Pedersen JST: The climate change challenge: a review 

of the barriers and solutions to deliver a Paris solution. Climate. 2022; 10(5): 
75.  
Publisher Full Text 

12. 	 Alfieri L, Bisselink B, Dottori F, et al.: Global projections of river flood risk in a 
warmer world. Earths Future. 2017; 5(2): 171–182.  
Publisher Full Text 

13. 	 Alfieri L, Feyen L, Dottori F: Ensemble flood risk assessment in Europe 
under high end climate scenarios. Glob Environ Change. 2015; 35: 199–212. 
Publisher Full Text 

14. 	 Loli M, Kefalas G, Dafis S, et al.: Bridge-specific flood risk assessment of 
transport networks using GIS and remotely sensed data. Sci Total Environ. 
2022; 850: 157976.  
PubMed Abstract | Publisher Full Text 

15. 	 Han Y, Chun Q, Gao X: Flood-induced forces and collapse mechanism of 
historical multi-span masonry arch bridges: the Putang bridge case. Eng 

Page 19 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025

http://dx.doi.org/10.1016/j.engstruct.2023.115878
http://dx.doi.org/10.1016/j.ejrh.2023.101348
http://dx.doi.org/10.1061/(ASCE)CF.1943-5509.0001378
http://dx.doi.org/10.3389/fbuil.2023.1268304
http://dx.doi.org/10.3390/w12020374
http://dx.doi.org/10.5194/nhess-22-795-2022
http://dx.doi.org/10.1007/s13349-020-00400-9
http://dx.doi.org/10.1016/j.trd.2022.103567
https://m.fx361.com/news/2017/0216/19469261.html
http://dx.doi.org/10.3390/cli10050075
http://dx.doi.org/10.1002/2016EF000485
http://dx.doi.org/10.1016/j.gloenvcha.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/35964757
http://dx.doi.org/10.1016/j.scitotenv.2022.157976


Fail Anal. 2023; 153: 107564.  
Publisher Full Text 

16. 	 Farneti E, Cavalagli N, Venanzi I, et al.: Residual service life prediction for 
bridges undergoing slow landslide-induced movements combining 
satellite radar interferometry and numerical collapse simulation. Eng 
Struct. 2023; 293: 116628.  
Publisher Full Text 

17. 	 Zheng X, Wang Q, Guan D: Field load test based SHM system safety standard 
determination for rigid frame bridge. SDHM Struct Durab Health Monit. 2024; 
18(3): 361–376.  
Publisher Full Text 

18. 	 Ugalde U, Anduaga J, Salgado O, et al.: SHM method for locating damage 
with incomplete observations based on substructure’s connectivity 
analysis. Mech Syst Signal Process. 2023; 200: 110519.  
Publisher Full Text 

19. 	 Vazquez-Ontiveros JR, Vazquez-Becerra GE, Quintana JA, et al.: Implementation 
of PPP-GNSS measurement technology in the probabilistic SHM of bridge 
structures. Measurement. 2021; 173: 108677.  
Publisher Full Text 

20. 	 Comisu CC, Taranu N, Boaca G, et al.: Structural health monitoring system of 
bridges. Procedia Eng. 2017; 199: 2054–2059.  
Publisher Full Text 

21. 	 He Z, Li W, Salehi H, et al.: Integrated structural health monitoring in bridge 
engineering. Autom Constr. 2022; 136: 104168.  
Publisher Full Text 

22. 	 Nguyen DC, Salamak M, Katunin A, et al.: Vibration-based SHM of railway 
steel arch bridge with orbit-shaped image and wavelet-integrated CNN 
classification. Eng Struct. 2024; 315: 118431.  
Publisher Full Text 

23. 	 Anisha A, Sahu DK, Sarkar P, et al.: High dimensional model representation 
for flood fragility analysis of highway bridge. Eng Struct. 2023; 281: 115817. 
Publisher Full Text 

24. 	 Zhang G, Liu Y, Liu J, et al.: Causes and statistical characteristics of bridge 
failures: a review. J Traffic Transp Eng Engl Ed. 2022; 9(3): 388–406.  
Publisher Full Text 

25. 	 Espinoza Vigil AJ, Booker J: Hydrological vulnerability assessment of riverine 
bridges: the Bajo Grau Bridge case study. Water. 2023; 15(5): 846.  
Publisher Full Text 

26. 	 Makarieva O, Nesterova N, Haghighi AT, et al.: Challenges of hydrological 
engineering design in degrading permafrost environment of Russia. 
Energies. 2022; 15(7): 2649.  
Publisher Full Text 

27. 	 Larcher M, Aronica GT, Ballio F, et al.: Bridges in small basins with intense 
sediment transport and debris flow. Procedia Struct Integr. 2024; 62: 633–639. 
Publisher Full Text 

28. 	 Nasim M, Setunge S: A pioneering integration of structural health 
assessments and dynamic analyses: bridge pier responses to the impact 
of floating objects during extreme floods. J Mar Sci Eng. 2024; 12(4): 526. 
Publisher Full Text 

29. 	 Rahimi E, Qaderi K, Rahimpour M, et al.: Effect of debris on piers group scour: 
an experimental study. KSCE Journal of Civil Engineering. 2018; 22(4): 1496–
1505.  
Publisher Full Text 

30. 	 Ballio F, Viscardi S, Pallavicini P, et al.: Drag coefficients of debris 
accumulations. J Hydraul Eng. 2024; 150(4).  
Publisher Full Text 

31. 	 Inoue T, Yamamura Y, Nihei Y: Study on risk index for bridge failure due to 
heavy rain. J Jpn Soc Civ Eng Ser B1 Hydraul Eng. 2019; 75(2): I_1417–I_1422. 
Publisher Full Text 

32. 	 Ario I, Yamashita T, Tsubaki R, et al.: Investigation of bridge collapse 
phenomena due to heavy rain floods: structural, hydraulic, and 
hydrological analysis. J Bridge Eng. 2022; 27(9): 04022073.  
Publisher Full Text 

33. 	 Fauzan, Rahmania D, Junaidi, et al.: Study on the collapse of the steel bridge 
due to flooding in Baringin Village of Padang City, Indonesia. IOP Conf Ser 
Earth Environ Sci. 2020; 419(1): 012076.  
Publisher Full Text 

34. 	 Zhu H, Chen Y, Liu L: Dynamic responses of bridges under catastrophic 
floods considering fluid–soil–structure interactions. Eng Fail Anal. 2022; 140: 
106596.  
Publisher Full Text 

35. 	 Pashby T: Scour likely underlying cause of destructive Vietnam bridge 
collapse. New Civil Engineer, Accessed: Sep. 11, 2024.  
Reference Source

36. 	 Cantero-Chinchill FN: A guide to the effects of debris accumulations at river 
bridges. University Rd Southampton, SO17 1BJ, UK: University of Southampton, 
2019.  
Reference Source

37. 	 Panici D, Kripakaran P, Djordjević S, et al.: A practical method to assess risks 
from large wood debris accumulations at bridge piers. Sci Total Environ. 
2020; 728: 138575.  
PubMed Abstract | Publisher Full Text 

38. 	 Jin ZH, Wei FF, Wu YW, et al.: Simulations of debris flow impacting on bridge 
pier based on coupled CFD-DEM method. Ocean Eng. 2023; 279: 114532. 
Publisher Full Text 

39. 	 Panici D, de Almeida GAM: Formation, growth, and failure of debris jams at 
bridge piers. Water Resour Res. 2018; 54(9): 6226–6241.  
Publisher Full Text 

40. 	 Lagasse PF, Zevenbergen LW, Clopper PE: Impacts of debris on bridge pier 
scour. In: Burns Susan E, Bhatia Shobha K, Avila Catherine MC, Hunt Beatrice 
E, (Hg.): Proceedings 5th International Conference on Scour and Erosion (ICSE-5), 
November 7–10, 2010, San Francisco, USA. Reston, Va: American Society of Civil 
Engineers. 2010; 854–863.  
Publisher Full Text 

41. 	 Borlenghi P, Gentile C, D’Angelo M, et al.: Long-term monitoring of a masonry 
arch bridge to evaluate scour effects. Constr Build Mater. 2024; 411: 134580. 
Publisher Full Text 

42. 	 Tu XL, Gambaruto AM, Newell R, et al.: Computational fluid dynamics 
analysis of bridge scour with a comparison of pier shapes and a debris fin. 
Structures. 2024; 67: 106966.  
Publisher Full Text 

43. 	 Wipf TJ, Phares BM, Dahlberg JM, et al.: Debris mitigation methods for bridge 
piers. InTrans Project 11-395, 2012; Accessed: Sep. 15, 2024.  
Reference Source

44. 	 Oudenbroek K, Naderi N, Bricker JD, et al.: Hydrodynamic and debris-
damming failure of bridge decks and piers in steady flow. Geosciences. 2018; 
8(11): 409, Art. no. 11.  
Publisher Full Text 

45. 	 Ahmari H, Hummel M, Chao SH, et al.: Identify and analyze inundated bridge 
superstructures in high velocity flood events: final report. FHWA/TX-21/0-
7068-1, 2021; Accessed: Sep.15, 2024.  
Reference Source

46. 	 Li A, Zhang G, Liu X, et al.: Hydrodynamic characteristics at intersection 
areas of ship and bridge pier with skew bridge. Water. 2022; 14(6): 904, Art. 
no. 6.  
Publisher Full Text 

47. 	 Kabir SMI, Ahmari H, Dean M: Experimental study to investigate the effects 
of bridge geometry and flow condition on hydrodynamic forces. J Fluids 
Struct. 2022; 113: 103688.  
Publisher Full Text 

48. 	 Anisha A, Jacob A, Davis R, et al.: Fragility functions for highway RC bridge 
under various flood scenarios. Eng Struct. 2022; 260: 114244.  
Publisher Full Text 

49. 	 Al-Jubouri M, Ray RP, Abbas EH: Advanced numerical simulation of scour 
around bridge piers: effects of pier geometry and debris on scour depth. J 
Mar Sci Eng. 2024; 12(9): 1637, Art. no. 9.  
Publisher Full Text 

50. 	 Vijayasree BA, Eldho TI, Mazumder BS, et al.: Influence of bridge pier shape 
on flow field and scour geometry. Int J River Basin Manag. 2019; 17(1): 109–
129.  
Publisher Full Text 

51. 	 Farooq R, Azimi AH, Tariq MAUR, et al.: Effects of hooked-collar on the local 
scour around a lenticular bridge pier. Int J Sediment Res. 2023; 38(1): 1–11. 
Publisher Full Text 

52. 	 Silvia CS, Ikhsan M, Wirayuda A, et al.: Analysis of scour depth around bridge 
piers with round nose shape by HEC-RAS 5.0.7 software. J Phys: Conf Ser. 
2021; 1764(1): 012151.  
Publisher Full Text 

53. 	 Nazari-Sharabian M, Nazari-Sharabian A, Karakouzian M, et al.: Sacrificial piles 
as scour countermeasures in river bridges a numerical study using FLOW-
3D. Civ Eng J. 2020; 6(6): Art. no. 6.  
Publisher Full Text 

54. 	 Ballio F, Ballio G, Franzetti S, et al.: Actions monitoring as an alternative to 
structural rehabilitation: case study of a river bridge. Struct Control Health 
Monit. 2018; 25(11): e2250.  
Publisher Full Text 

55. 	 Prendergast LJ, Limongelli MP, Ademovic N, et al.: Structural health 
monitoring for performance assessment of bridges under flooding and 
seismic actions. Struct Eng Int. 2018; 28(3): 296–307.  
Publisher Full Text 

56. 	 Chen Q, Huang R, Zhang H, et al.: An energy conservation model for the 
temporal evolution of local scour depth at bridge piers during floods. Int J 
Sediment Res. 2024; 39(4): 654–669.  
Publisher Full Text 

57. 	 Maroni A, Tubaldi E, Val DV, et al.: Using Bayesian Networks for the 
assessment of underwater scour for road and railway bridges. Struct Health 
Monit. 2021; 20(5): 2446–2460.  
Publisher Full Text 

58. 	 Zheng X, Wang Q, Guan D: Field load test based SHM system safety standard 
determination for rigid frame bridge. SDHM Struct Durab Health Monit. 2024; 
18(3): 361–376.  
Publisher Full Text 

59. 	 Maroni A, Tubaldi E, McDonald H, et al.: A monitoring-based classification 
system for risk management of bridge scour. Proc Inst Civ Eng - Smart 

Page 20 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025

http://dx.doi.org/10.1016/j.engfailanal.2023.107564
http://dx.doi.org/10.1016/j.engstruct.2023.116628
http://dx.doi.org/10.32604/sdhm.2024.048473
http://dx.doi.org/10.1016/j.ymssp.2023.110519
http://dx.doi.org/10.1016/j.measurement.2020.108677
http://dx.doi.org/10.1016/j.proeng.2017.09.472
http://dx.doi.org/10.1016/j.autcon.2022.104168
http://dx.doi.org/10.1016/j.engstruct.2024.118431
http://dx.doi.org/10.1016/j.engstruct.2023.115817
http://dx.doi.org/10.1016/j.jtte.2021.12.003
http://dx.doi.org/10.3390/w15050846
http://dx.doi.org/10.3390/en15072649
http://dx.doi.org/10.1016/j.prostr.2024.09.088
http://dx.doi.org/10.3390/jmse12040526
http://dx.doi.org/10.1007/s12205-017-2002-y
http://dx.doi.org/10.1061/JHEND8.HYENG-13865
http://dx.doi.org/10.2208/jscejhe.75.2_I_1417
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001905
http://dx.doi.org/10.1088/1755-1315/419/1/012076
http://dx.doi.org/10.1016/j.engfailanal.2022.106596
https://www.newcivilengineer.com/latest/scour-likely-underlying-cause-of-destructive-vietnam-bridge-collapse-09-09-2024/
https://generic.wordpress.soton.ac.uk/water/wp-content/uploads/sites/297/2018/09/75780-Booklet-Text-PROOF2.pdf
http://www.ncbi.nlm.nih.gov/pubmed/32344221
http://dx.doi.org/10.1016/j.scitotenv.2020.138575
http://dx.doi.org/10.1016/j.oceaneng.2023.114532
http://dx.doi.org/10.1029/2017WR022177
http://dx.doi.org/10.1061/41147(392)85
http://dx.doi.org/10.1016/j.conbuildmat.2023.134580
http://dx.doi.org/10.1016/j.istruc.2024.106966
https://iowadot.gov/bridge/special_projects/debris_methods_4_bridge_piers_t2.pdf
http://dx.doi.org/10.3390/geosciences8110409
https://rosap.ntl.bts.gov/view/dot/60653
http://dx.doi.org/10.3390/w14060904
http://dx.doi.org/10.1016/j.jfluidstructs.2022.103688
http://dx.doi.org/10.1016/j.engstruct.2022.114244
http://dx.doi.org/10.3390/jmse12091637
http://dx.doi.org/10.1080/15715124.2017.1394315
http://dx.doi.org/10.1016/j.ijsrc.2022.07.002
http://dx.doi.org/10.1088/1742-6596/1764/1/012151
http://dx.doi.org/10.28991/cej-2020-03091531
http://dx.doi.org/10.1002/stc.2250
http://dx.doi.org/10.1080/10168664.2018.1472534
http://dx.doi.org/10.1016/j.ijsrc.2024.05.001
http://dx.doi.org/10.1177/1475921720956579
http://dx.doi.org/10.32604/sdhm.2024.048473


Infrastruct Constr. 2022; 175(2): 92–102.  
Publisher Full Text 

60. 	 Akhlaghi E, Babarsad MS, Derikvand E, et al.: Assessment the effects of 
different parameters to rate scour around single piers and pile groups: a 
review. Arch Comput Methods Eng. 2020; 27(1): 183–197.  
Publisher Full Text 

61. 	 Scozzese F, Tubaldi E, Dall’Asta A: Damage metrics for masonry bridges 
under scour scenarios. Eng Struct. 2023; 296: 116914.  
Publisher Full Text 

62. 	 Zhang Z, Du S, Guo Y, et al.: Field study of local scour around bridge 
foundations on silty seabed under irregular tidal flow. Coast Eng. 2023; 185: 
104382.  
Publisher Full Text 

63. 	 Vardanega PJ, Gavriel G, Pregnolato M, et al.: Assessing the suitability of 
bridge-scour-monitoring devices. Proc Inst Civ Eng - Forensic Eng. 2021; 174(4): 
105–117.  
Publisher Full Text 

64. 	 Kosič M, Prendergast LJ, Anžlin A: Analysis of the response of a roadway 
bridge under extreme flooding-related events: scour and debris-loading. 
Eng Struct. 2023; 279: 115607.  
Publisher Full Text 

65. 	 Al-Jubouri M, Ray RP, Al-Khafaji MS: Unraveling debris-enhanced local scour 
patterns around non-cylindrical bridge piers: experimental insights and 
innovative modeling. Sustainability. 2023; 15(22): 22.  
Publisher Full Text 

66. 	 Dias AJ, Fael CS, Núñez-González F: Effect of debris on the local scour at 
bridge piers. IOP Conf Ser Mater Sci Eng. 2019; 471(2): 022024.  
Publisher Full Text 

67. 	 Majtan E, Cunningham LS, Rogers BD: Experimental and numerical 
investigation of floating large woody debris impact on a masonry arch 
bridge. J Mar Sci Eng. 2022; 10(7): 911.  
Publisher Full Text 

68. 	 Panici D, Kripakaran P, Djordjevic S, et al.: A practical method to assess risks 
from large wood debris accumulations at bridge piers. Sci Total Environ. 
2020; 728: 138575.  
PubMed Abstract | Publisher Full Text 

69. 	 Larrarte F, Chevalier C, Battist L, et al.: Hydraulics and bridges: a French case 
study of monitoring of a bridge affected by scour. Flow Meas Instrum. 2020; 
74: 101783.  
Publisher Full Text 

70. 	 Liu KF, Kuo TI, Wei SC: Debris flow detection using a video camera. 
Understanding and Reducing Landslide Disaster Risk. 2021; 141–147.  
Publisher Full Text 

71. 	 Kim Y, Fujita I, Hasegawa M, et al.: Measurement of debris flow velocity in 
flume using normal image by space-time image velocimetry incorporated 
with machine learning. Measurement. 2022; 199: 111218.  
Publisher Full Text 

72. 	 Li J, Kong X, Yang Y, et al.: Computer vision-based measurement of wave 
force on the rectangular structure. Ocean Eng. 2023; 270: 113624.  
Publisher Full Text 

73. 	 Tripepi G, Aristodemo F, Meringolo DD, et al.: Hydrodynamic forces induced 
by a solitary wave interacting with a submerged square barrier: physical 
tests and δ-LES-SPH simulations. Coast Eng. 2020; 158: 103690.  
Publisher Full Text 

74. 	 Lee GN, Jung KH, Malenica S, et al.: Experimental study on flow kinematics 
and pressure distribution of green water on a rectangular structure. Ocean 
Eng. 2020; 195: 106649.  
Publisher Full Text 

75. 	 Ma J, Pei H, Zhu H, et al.: A review of previous studies on the applications of 
fiber optic sensing technologies in geotechnical monitoring. Rock Mech Bull. 
2023; 2(1): 100021.  
Publisher Full Text 

76. 	 Jayawickrema U, Herath CM, Hettiarachchi NK, et al.: Fibre-optic sensor 
and deep learning-based structural health monitoring systems for civil 
structures: a review. Measurement. 2022; 199: 111543.  
Publisher Full Text 

77. 	 Li S, Liang Z, Guo P: A FBG pull-wire vertical displacement sensor for health 
monitoring of medium-small span bridges. Measurement. 2023; 211: 112613. 
Publisher Full Text 

78. 	 Guo Y, Kong J, Liu H, et al.: Design and investigation of a reusable surface-
mounted optical fiber Bragg grating strain sensor. IEEE Sens J. 2016; 16(23): 
8456–8462.  
Publisher Full Text 

79. 	 Ding Y, Yao Q, Zhang Z, et al.: A new method for scour monitoring based on 
fiber Bragg grating. Measurement. 2018; 127: 431–435.  
Publisher Full Text 

80. 	 Liang TC, Wu PT, Huang HS, et al.: Design a bridge scour monitoring system 
by pressing the fiber Bragg grating with a rolling pulley mechanism. 
Microsyst Technol. 2021; 27(4): 1211–1216.  
Publisher Full Text 

81. 	 Anastasopoulos D, De Roeck G, Reynders EPB: One-year operational modal 
analysis of a steel bridge from high-resolution macrostrain monitoring: 
influence of temperature vs. retrofitting. Mech Syst Signal Process. 2021; 161: 

107951.  
Publisher Full Text 

82. 	 Ngiejungbwen LA, Hamdaoui H, Chen MY: Polymer optical fiber and 
fiber Bragg grating sensors for biomedical engineering applications: a 
comprehensive review. Opt Laser Technol. 2024; 170: 110187.  
Publisher Full Text 

83. 	 Baroncini VHV, Martelli C, Da Silva MJ, et al.: Single- and two-phase flow 
characterization using optical Fiber Bragg gratings. Sensors. 2015; 15(3): 
6549–6559.  
Publisher Full Text 

84. 	 Ma Y, Chen P, Yang C, et al.: Development and experimental validation of 
an FBG-based substructure cross-sectional load measurement approach 
for a semi-submersible floating wind turbine. Eng Struct. 2024; 303: 117527. 
Publisher Full Text 

85. 	 San Martin C, Rifo C, Guerra M, et al.: Monitoring scour at bridge piers in 
rivers with supercritical flows. Hydrology. 2023; 10(7): 147.  
Publisher Full Text 

86. 	 Paoletti M, Pellegrini M, Belli A, et al.: Discharge monitoring in open-
channels: an operational rating curve management tool. Sensors. 2023; 
23(4): 2035.  
Publisher Full Text 

87. 	 Chevalier C, Larrarte F, Chollet H, et al.: Scour monitoring on bridge pier: two 
French returns on experience. In: 11th International Conference on Scour and 
Erosion. Copenhague, Denmark, September, 2023; Accessed: Oct. 22, 2024. 
Reference Source

88. 	 Koutalakis P, Zaimes GN: River flow measurements utilizing UAV-based 
surface velocimetry and bathymetry coupled with sonar. Hydrology. 2022; 
9(8): 148.  
Publisher Full Text 

89. 	 Lin YB, Lee FZ, Chang KC, et al.: The Artificial Intelligence of things sensing 
system of real-time bridge scour monitoring for early warning during 
floods. Sensors (Basel). 2021; 21(14): 4942.  
PubMed Abstract | Publisher Full Text | Free Full Text 

90. 	 Lay-Ekuakille A, Telesca V, Giorgio GA: A sensing and monitoring system for 
hydrodynamic flow based on imaging and ultrasound. Sensors (Basel). 2019; 
19(6): 1347.  
PubMed Abstract | Publisher Full Text | Free Full Text 

91. 	 Vonkeman JK, Basson GR: Evaluation of empirical equations to predict 
bridge pier scour in a non-cohesive bed under clear-water conditions. J 
South Afr Inst Civ Eng. 2019; 61(2): 2–20.  
Reference Source

92. 	 Dworsky KL, Conaway JS: Measurement of long-term channel change 
through repeated cross-section surveys at bridge crossings in Alaska. U.S. 
Geological Survey, 2019-1028, 2019.  
Publisher Full Text 

93. 	 Peng L: Design and implementation of realtime scour monitoring of 
hangzhou bay sea-crossing bridge pier based on dual-axis scanning sonar. 
IOP Conf Ser Earth Environ Sci. 2020; 527(1): 012003.  
Publisher Full Text 

94. 	 Jawalageri S, Ghiasi R, Jalilvand S, et al.: A data-driven approach for scour 
detection around monopile-supported offshore wind turbines using Naive 
Bayes classification. Mar Struct. 2024; 95: 103565.  
Publisher Full Text 

95. 	 Hou S, Jiao D, Dong B, et al.: Underwater inspection of bridge substructures 
using sonar and deep convolutional network. Adv Eng Inform. 2022; 52: 
101545.  
Publisher Full Text 

96. 	 Campbell KEJ, Ruffell A, Pringle J, et al.: Bridge foundation river scour and 
infill characterisation using water-penetrating radar. Remote Sens. 2021; 
13(13): 2542.  
Publisher Full Text 

97. 	 Grządziel A: Results from developments in the use of a scanning sonar to 
support diving operations from a rescue ship. Remote Sens. 2020; 12(4): 693. 
Publisher Full Text 

98. 	 Crotti G, Cigada A: Scour at river bridge piers: real-time vulnerability 
assessment through the continuous monitoring of a bridge over the river 
Po, Italy. J Civ Struct Health Monit. 2019; 9(4): 513–528.  
Publisher Full Text 

99. 	 Maroni A, Tubaldi E, Ferguson N, et al.: Electromagnetic sensors for 
underwater scour monitoring. Sensors (Basel). 2020; 20(15): 4096.  
PubMed Abstract | Publisher Full Text | Free Full Text 

100. 	 Crotti G, Manzoni S: In-field assessment of bridge pier scour by means of 
fiber Bragg gratings: system and algorithms. Measurement. 2025; 242(Part 
C): 116030.  
Publisher Full Text 

101. 	 Liu W, Zhou W, Li H: Bridge scour estimation using unconstrained 
distributed fiber optic sensors. J Civ Struct Health Monit. 2022; 12(4): 775–784. 
Publisher Full Text 

102. 	 Hatley R, Shehata M, Sayde C, et al.: High-resolution monitoring of scour 
using a novel fiber-optic distributed temperature sensing device: a proof-
of-concept laboratory study. Sensors (Basel). 2023; 23(7): 3758.  
PubMed Abstract | Publisher Full Text | Free Full Text 

103. 	 Boujia N, Schmidt F, Chevalier C, et al.: Effect of scour on the natural 

Page 21 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025

http://dx.doi.org/10.1680/jsmic.21.00016
http://dx.doi.org/10.1007/s11831-018-09304-w
http://dx.doi.org/10.1016/j.engstruct.2023.116914
http://dx.doi.org/10.1016/j.coastaleng.2023.104382
http://dx.doi.org/10.1680/jfoen.20.00022
http://dx.doi.org/10.1016/j.engstruct.2023.115607
http://dx.doi.org/10.3390/su152215910
http://dx.doi.org/10.1088/1757-899X/471/2/022024
http://dx.doi.org/10.3390/jmse10070911
http://www.ncbi.nlm.nih.gov/pubmed/32344221
http://dx.doi.org/10.1016/j.scitotenv.2020.138575
http://dx.doi.org/10.1016/j.flowmeasinst.2020.101783
http://dx.doi.org/10.1007/978-3-030-60311-3_15
http://dx.doi.org/10.1016/j.measurement.2022.111218
http://dx.doi.org/10.1016/j.oceaneng.2023.113624
http://dx.doi.org/10.1016/j.coastaleng.2020.103690
http://dx.doi.org/10.1016/j.oceaneng.2019.106649
http://dx.doi.org/10.1016/j.rockmb.2022.100021
http://dx.doi.org/10.1016/j.measurement.2022.111543
http://dx.doi.org/10.1016/j.measurement.2023.112613
http://dx.doi.org/10.1109/JSEN.2016.2614009
http://dx.doi.org/10.1016/j.measurement.2018.03.053
http://dx.doi.org/10.1007/s00542-018-4165-y
http://dx.doi.org/10.1016/j.ymssp.2021.107951
http://dx.doi.org/10.1016/j.optlastec.2023.110187
http://dx.doi.org/10.3390/s150306549
http://dx.doi.org/10.1016/j.engstruct.2024.117527
http://dx.doi.org/10.3390/hydrology10070147
http://dx.doi.org/10.3390/s23042035
https://hal.science/hal-04413932
http://dx.doi.org/10.3390/hydrology9080148
http://www.ncbi.nlm.nih.gov/pubmed/34300679
http://dx.doi.org/10.3390/s21144942
http://www.ncbi.nlm.nih.gov/pmc/articles/8309823
http://www.ncbi.nlm.nih.gov/pubmed/30889879
http://dx.doi.org/10.3390/s19061347
http://www.ncbi.nlm.nih.gov/pmc/articles/6471637
https://scielo.org.za/scielo.php?script=sci_arttext&pid=S1021-20192019000200001
http://dx.doi.org/10.3133/ofr20191028
http://dx.doi.org/10.1088/1755-1315/527/1/012003
http://dx.doi.org/10.1016/j.marstruc.2023.103565
http://dx.doi.org/10.1016/j.aei.2022.101545
http://dx.doi.org/10.3390/rs13132542
http://dx.doi.org/10.3390/rs12040693
http://dx.doi.org/10.1007/s13349-019-00348-5
http://www.ncbi.nlm.nih.gov/pubmed/32717822
http://dx.doi.org/10.3390/s20154096
http://www.ncbi.nlm.nih.gov/pmc/articles/7436009
http://dx.doi.org/10.1016/j.measurement.2024.116030
http://dx.doi.org/10.1007/s13349-021-00510-y
http://www.ncbi.nlm.nih.gov/pubmed/37050818
http://dx.doi.org/10.3390/s23073758
http://www.ncbi.nlm.nih.gov/pmc/articles/10099223


frequency responses of bridge piers: development of a scour depth sensor. 
Infrastructures. 2019; 4(2): 21.  
Publisher Full Text 

104. 	 Funderburk ML, Park Y, Netchaev A, et al.: Piezoelectric rod sensors for scour 
detection and vortex-induced vibration monitoring. Struct Health Monit. 
2022; 21(3): 1031–1045.  
Publisher Full Text 

105. 	 Laflamme S: Perspective on structural health monitoring of bridge scour. 
Meas Sci Technol. 2024; 35(5): 051002.  
Publisher Full Text 

106. 	 McGeown C, Hester D, OBrien EJ, et al.: Condition monitoring of railway 
bridges using vehicle pitch to detect scour. Sensors (Basel). 2024; 24(5): 1684. 
PubMed Abstract | Publisher Full Text | Free Full Text 

107. 	 Lagasse PF, Zevenbergen LW, Schall JD, et al.: Bridge scour and stream 
stability countermeasures. Hydraulic Engineering Circular 23, Second Edition, 
FHWA NHI 01-003 Federal Highway Administration, Washington, D.C. 2001. 
Reference Source

108. 	 Jiang SH, Wang QL, Sun WH, et al.: Bridge scour monitoring using smart 
magnetic rock. Measurement. 2022; 205: 112175.  
Publisher Full Text 

109. 	 Li Z, Tang F, Chen Y, et al.: Field experiment and numerical verification of the 
local scour depth of bridge pier with two smart rocks. Eng Struct. 2021; 249: 
113345.  
Publisher Full Text 

110. 	 Zhang H, Li Z, Chen G, et al.: UAV-based smart rock localization for bridge 
scour monitoring. J Civ Struct Health Monit. 2021; 11(2): 301–313.  
Publisher Full Text 

111. 	 Tang D, Zhao M: Real-time monitoring system for scour around monopile 
foundation of offshore wind turbine. J Civ Struct Health Monit. 2021; 11(3): 
645–660.  
Publisher Full Text 

112. 	 Wang X, Lin P, Huang H, et al.: Scour dynamic properties and online 
monitoring of offshore wind power foundation. J Tsinghua Univ Sci Technol. 
2023; 63(7): 1087–1094.  
Publisher Full Text 

113. 	 Zhou L, Li Y, Liu F, et al.: Investigation of dynamic characteristics of a 
monopile wind turbine based on sea test. Ocean Eng. 2019; 189: 106308. 
Publisher Full Text 

114. 	 Scozzese F, Ragni L, Tubaldi E, et al.: Modal properties variation and collapse 
assessment of masonry arch bridges under scour action. Eng Struct. 2019; 
199: 109665.  
Publisher Full Text 

115. 	 Scozzese F, Dall’Asta A, Tubaldi E: Preliminary investigation on the response 
sensitivity of masonry arch bridges subjected to scour. 2023; 1499–1506. 
Publisher Full Text 

116. 	 Wang G, Liang D, Yan J: A vibration-based method for the measurement of 
subgrade soil scaling factor. Photonic Sens. 2018; 8(4): 375–383.  
Publisher Full Text 

117. 	 Zhan J, Wang Y, Zhang F, et al.: Scour depth evaluation of highway bridge 
piers using vibration measurements and finite element model updating. 
Eng Struct. 2022; 253: 113815.  
Publisher Full Text 

118. 	 Borlenghi P, Gentile C, Zonno G: Monitoring reinforced concrete arch bridges 
with operational modal analysis. In: Proceedings of the 1st Conference of the 
European Association on Quality Control of Bridges and Structures. C. Pellegrino, 
F. Faleschini, M. A. Zanini, J. C. Matos, J. R. Casas, and A. Strauss, Eds., Cham: 
Springer International Publishing, 2022; 361–371.  
Publisher Full Text 

119. 	 García-Macías E, Ruccolo A, Zanini MA, et al.: P3P: a software suite for 
autonomous SHM of bridge networks. J Civ Struct Health Monit. 2023; 13(8): 

1577–1594.  
Publisher Full Text 

120. 	 D’Angelo M, Menghini A, Borlenghi P, et al.: Hydraulic safety evaluation and 
dynamic investigations of Baghetto bridge in Italy. Infrastructures. 2022; 
7(4): 53.  
Publisher Full Text 

121. 	 Yang Y, Liang F, Zhu Q, et al.: An overview on structural health monitoring 
and fault diagnosis of offshore wind turbine support structures. J Mar Sci 
Eng. 2024; 12(3): 377.  
Publisher Full Text 

122. 	 Kariyawasam K, Fidler P, Talbot J, et al.: Field assessment of ambient 
vibration-based bridge scour detection. Struct Health Monit. 2019; 374–381. 
Publisher Full Text 

123. 	 Kariyawasam KD, Middleton CR, Madabhushi G, et al.: Assessment of bridge 
natural frequency as an indicator of scour using centrifuge modelling. J Civ 
Struct Health Monit. 2020; 10(5): 861–881.  
PubMed Abstract | Publisher Full Text | Free Full Text 

124. 	 Xiong W, Cai CS, Kong B, et al.: Bridge scour identification and field 
application based on ambient vibration measurements of superstructures. 
J Mar Sci Eng. 2019; 7(5): 121.  
Publisher Full Text 

125. 	 Xiong W, Kong B, Tang P, et al.: Vibration-based identification for the 
presence of scouring of cable-stayed bridges. J Aerosp Eng. 2018; 31(2): 
04018007.  
Publisher Full Text 

126. 	 Peeters B, De Roeck G: One-year monitoring of the Z24-Bridge: 
environmental effects versus damage events. Earthq Eng Struct Dyn. 2001; 
30(2): 149–171.  
Publisher Full Text 

127. 	 Xiong W, Cai CS: Time-frequency-based bridge scour identification by trend-
change detection. J Bridge Eng. 2022; 27(10): 04022093.  
Publisher Full Text 

128. 	 Schlögl M, Widhalm B, Avian M: Comprehensive time-series analysis of 
bridge deformation using differential satellite radar interferometry based 
on Sentinel-1. ISPRS J Photogramm Remote Sens. 2021; 172: 132–146.  
Publisher Full Text 

129. 	 Selvakumaran S, Plank S, Geiß C, et al.: Remote monitoring to predict bridge 
scour failure using Interferometric Synthetic Aperture Radar (InSAR) 
stacking techniques. Int J Appl Earth Obs Geoinformation. 2018; 73: 463–470. 
Publisher Full Text 

130. 	 Cusson D, Rossi C, Ozkan IF: Early warning system for the detection of 
unexpected bridge displacements from radar satellite data. J Civ Struct 
Health Monit. 2021; 11(1): 189–204.  
Publisher Full Text 

131. 	 Tonelli D, Caspani VF, Valentini A, et al.: Interpretation of bridge health 
monitoring data from satellite InSAR technology. Remote Sens. 2023; 15(21): 
5242.  
Publisher Full Text 

132. 	 Farneti E, Cavalagli N, Costantini M, et al.: A method for structural monitoring 
of multispan bridges using satellite InSAR data with uncertainty 
quantification and its pre-collapse application to the Albiano-Magra bridge 
in Italy. Struct Health Monit. 2023; 22(1): 353–371.  
Publisher Full Text 

133. 	 Kazemian A, Yee T, Oguzmert M, et al.: A review of bridge scour monitoring 
techniques and developments in vibration based scour monitoring for 
bridge foundations. Adv Bridge Eng. 2023; 4: 2.  
Publisher Full Text 

134. 	 Briaud JL, Hurlebaus S, Chang KA, et al.: Realtime monitoring of bridge scour 
using remote monitoring technology. Texas A&M Transportation Institute. 
FHWA/TX-11/0-6060-1, 2011.  
Reference Source

Page 22 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025

http://dx.doi.org/10.3390/infrastructures4020021
http://dx.doi.org/10.1177/14759217211018821
http://dx.doi.org/10.1088/1361-6501/ad23be
http://www.ncbi.nlm.nih.gov/pubmed/38475220
http://dx.doi.org/10.3390/s24051684
http://www.ncbi.nlm.nih.gov/pmc/articles/10933975
https://transportation.ky.gov/Maintenance/Documents/Scour Resources/HEC 23 Bridge Scour and Strean Instabilty Countermeasures Experience, Selevtion, and Design Guidance Third Edition Vol 2.pdf
http://dx.doi.org/10.1016/j.measurement.2022.112175
http://dx.doi.org/10.1016/j.engstruct.2021.113345
http://dx.doi.org/10.1007/s13349-020-00453-w
http://dx.doi.org/10.1007/s13349-020-00467-4
http://dx.doi.org/10.16511/j.cnki.qhdxxb.2023.26.007
http://dx.doi.org/10.1016/j.oceaneng.2019.106308
http://dx.doi.org/10.1016/j.engstruct.2019.109665
http://dx.doi.org/10.1201/9781003323020-184
http://dx.doi.org/10.1007/s13320-018-0505-x
http://dx.doi.org/10.1016/j.engstruct.2021.113815
http://dx.doi.org/10.1007/978-3-030-91877-4_42
http://dx.doi.org/10.1007/s13349-022-00653-6
http://dx.doi.org/10.3390/infrastructures7040053
http://dx.doi.org/10.3390/jmse12030377
http://dx.doi.org/10.12783/shm2019/32137
http://www.ncbi.nlm.nih.gov/pubmed/33442503
http://dx.doi.org/10.1007/s13349-020-00420-5
http://www.ncbi.nlm.nih.gov/pmc/articles/7784483
http://dx.doi.org/10.3390/jmse7050121
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0000826
http://dx.doi.org/10.1002/1096-9845(200102)30:2%3c149::AID-EQE1%3e3.0.CO;2-Z
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001940
http://dx.doi.org/10.1016/j.isprsjprs.2020.12.001
http://dx.doi.org/10.1016/j.jag.2018.07.004
http://dx.doi.org/10.1007/s13349-020-00446-9
http://dx.doi.org/10.3390/rs15215242
http://dx.doi.org/10.1177/14759217221083609
http://dx.doi.org/10.1186/s43251-023-00081-6
https://tti.tamu.edu/tti-publication/realtime-monitoring-of-bridge-scour-using-remote-monitoring-technology/


Open Peer Review
Current Peer Review Status:   

Version 2

Reviewer Report 16 April 2025

https://doi.org/10.21956/openreseurope.21477.r52145

© 2025 Nasim M. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Maryam Nasim   
University of Melbourne, Melbourne, Australia 

The authors have fully addressed all the reviewer comments with clear, comprehensive revisions. 
The manuscript has been substantially improved and is now well-structured, technically sound, 
and ready for acceptance. 
 
Sincerely,
 
Competing Interests: No competing interests were disclosed.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 14 April 2025

https://doi.org/10.21956/openreseurope.21477.r52146

© 2025 Alsultani R. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Riyadh Alsultani   
University of Babylon, Babylon, Iraq 

I appreciate the authors' efforts in addressing the reviewers’ comments and incorporating the 
suggested revisions. I have now reviewed the revised version of the manuscript along with their 
responses. 
 
Based on the improvements made — particularly the enhancements in the clarity of the 

Open Research Europe

 
Page 23 of 28

Open Research Europe 2025, 5:26 Last updated: 16 APR 2025

https://doi.org/10.21956/openreseurope.21477.r52145
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-7528-0383
https://doi.org/10.21956/openreseurope.21477.r52146
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1415-8354
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The paper provides a comprehensive review of Structural Health Monitoring (SHM) technologies 
applied to flood-prone bridges, incorporating case studies and discussing various monitoring 
techniques. The authors have successfully highlighted the importance of SHM in mitigating bridge 
failures due to floods, particularly from scour, debris impact, and hydrodynamic forces. The review 
integrates recent advancements and proposes future research directions. 
However, there are areas that require improvements as below. 
 
Detail Comments: 
1- The last paragraph in section 1 (Introduction) would be more suitable for inclusion in a 
summary section rather than the introduction.  
 
2- In "Debris Impact" section, the effect of debris accumulation is described, but the influence of 
submerged objects (such as log, etc) on flow velocity has not been discussed or differentiated. 
 
3- While the paper provides an extensive review, there are some key SHM technologies that are 
briefly mentioned but not fully elaborated upon. For example, fiber optic sensors deserve more 
discussion. 
 
4- Section 3.2 ,Formula 2 introduces several notations that require clearer descriptions. 
Specifically, the 'shape factor' is inadequately defined. The manuscript should provide a detailed 
explanation of the shape factor weather its derivation or empirical basis or analytical and how its 
influence on the calculated outcomes.  
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5- Section 3.3 mentions float-out devices; however, the discussion lacks details on their 
operational mechanisms, specific applications, and suitability for different bridge types. For clarity 
and completeness, it is recommended to include examples of successful implementations, 
potential challenges, and a comparison with alternative flood resilience solutions.  
 
6- One critical aspect that appears to be underrepresented is the cost analysis of the suggested 
methodologies. It is recommended to include a comprehensive discussion on the economic 
feasibility, covering implementation, maintenance, and operational costs, to improve the practical 
relevance and applicability of the study.
 
Is the topic of the review discussed comprehensively in the context of the current 
literature?
Partly

Are all factual statements correct and adequately supported by citations?
Partly

Is the review written in accessible language?
Partly

Are the conclusions drawn appropriate in the context of the current research literature?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: My primary areas of research expertise include Structural Health Monitoring 
of critical infrastructure and the hydrodynamic impacts of flooding, debris, and log accumulation 
on bridge structures. My work extensively covers vulnerability assessments of bridges under 
extreme flood loading, with a particular focus on failure mechanisms, debris-induced 
hydrodynamic forces, and structural resilience strategies. I have conducted comprehensive 
studies that explore the interaction between hydraulic forces and structural responses, 
incorporating both numerical modeling and experimental validation.Given my background, I am 
confident in assessing all aspects of this manuscript, especially those related to the impact of 
debris and flood-induced forces on bridge stability, as well as the application of SHM technologies 
for real-time monitoring and maintenance planning. I believe my expertise aligns well with the 
core topics discussed in this paper, enabling me to provide a thorough and constructive review.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.
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Dear Reviewer, Thank you for your valuable feedback. All recommendations have been 
taken into account and the article has been modified accordingly. Below there are step-by-
step answers for all comments. 
 
Comment #1: The last paragraph in section 1 (Introduction) would be more suitable for 
inclusion in a summary section rather than the introduction. 
Response: We agree with this consideration and we removed the last paragraph of the 
introduction section. 
 
Comment #2: In "Debris Impact" section, the effect of debris accumulation is described, but 
the influence of submerged objects (such as log, etc) on flow velocity has not been 
discussed or differentiated. 
Response: We thank you for this valuable suggestion. We have expanded the “Debris 
Impacts” section to clearly differentiate the effects of floating and submerged debris, and 
added relevant references. Additionally, we have incorporated findings from experimental 
studies that demonstrate how submerged debris influences local scour based on its 
position relative to the flow surface and alters flow dynamics. 
 
Comment #3: While the paper provides an extensive review, there are some key SHM 
technologies that are briefly mentioned but not fully elaborated upon. For example, fiber 
optic sensors deserve more discussion. 
Response: We have reviewed our discussion on fiber optic sensors and made several 
enhancements. We added cross-referencing between Section 3.2 and Table 4 where fiber 
optic sensing is discussed. We added clarification to Distributed Fiber Optic Sensors (DFOS) 
in comparison to Fiber Bragg Gratings (FBGs). As well, we added additional example of a 
Fiber-Optic Distributed Temperature Sensing (DTS) device in Table 4. 
 
Comment #4: Section 3.2, Formula 2 introduces several notations that require clearer 
descriptions. Specifically, the 'shape factor' is inadequately defined. The manuscript should 
provide a detailed explanation of the shape factor weather its derivation or empirical basis 
or analytical and how its influence on the calculated outcomes. 
Response: We apologize for missing important details in that discussion. We have revised 
Section 3.2 to provide a clearer definition of the shape factor (k), explaining its empirical 
basis, how it is derived, and its influence on the calculated hydrodynamic forces. The 
updated text clarifies that the shape factor accounts for the impact of cross-sectional 
geometry on drag, with values taken from Eurocode (EN 1991-1-6, 2005). Additionally, we 
have included a brief discussion on how different shapes influence flow separation and 
turbulence, which directly affects force estimation. 
 
Comment #5: Section 3.3 mentions float-out devices; however, the discussion lacks details 
on their operational mechanisms, specific applications, and suitability for different bridge 
types. For clarity and completeness, it is recommended to include examples of successful 
implementations, potential challenges, and a comparison with alternative flood resilience 
solutions. 
Response: We have expanded Section “iii. Embedded sensors and smart rocks” to provide 
more details on float-out devices. Specifically, we have clarified their operational mechanism 
(tethered vs. untethered, transmitter alerts); included an example of field deployment and 
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scour detection (SR 101 bridge, California); and highlighted their advantages, limitations 
and the need of combining them with other technologies for comprehensive scour 
assessment. 
 
Comment #6: One critical aspect that appears to be underrepresented is the cost analysis 
of the suggested methodologies. It is recommended to include a comprehensive discussion 
on the economic feasibility, covering implementation, maintenance, and operational costs, 
to improve the practical relevance and applicability of the study. 
Response: Following your suggestion, we have expanded the discussion on economic 
feasibility. Specifically, Table 6 now provides a comparative overview of SHM technologies, 
addressing cost considerations. However, we believe that providing a very detailed 
discussion about economic aspects is outside the scope of the article, as well as difficult to 
do because instrumentation, installation, and management of the monitoring system have 
different costs in different parts of the world, also related to the different sensitivities of 
infrastructure management operators.  
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- The introduction is well-structured, clearly stating the background and significance of the study. 
Some sentences are lengthy and could be simplified for better readability. 
- The conclusion section is clear and well-organized, summarizing the main findings of the study. 
However, it can be made more concise by avoiding repetitive phrases and ensuring that 
conclusions are directly tied to the study’s objectives.
 
Is the topic of the review discussed comprehensively in the context of the current 
literature?
Yes

Are all factual statements correct and adequately supported by citations?
Yes

Is the review written in accessible language?
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Are the conclusions drawn appropriate in the context of the current research literature?
Yes

Competing Interests: No competing interests were disclosed.
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 03 Mar 2025
Karina Buka-Vaivade 

Dear Reviewer, We appreciate your insightful feedback. All your recommendations have 
been considered, and the article has been revised accordingly. Below, you will find detailed 
responses to each of your comments. 
 
Comment #1: Some sentences in introduction are lengthy and could be simplified for 
better readability. 
Response: Lengthy sentences in introduction part have been simplified for better 
readability. 
 
Comment #2: The conclusion section can be made more concise by avoiding repetitive 
phrases and ensuring that conclusions are directly tied to the study’s objectives. 
Response: We thank you of this suggestion and we have revised the summary section to 
enhance conciseness, removing redundant phrasing and ensuring that findings are clearly 
tied to the study’s objectives. Additionally, Table 6, which contains a comparative overview 
of SHM technologies for bridge monitoring in flood conditions, has been refined for clarity.  
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