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Abstract
Scour has become one of the most significant hazards affecting masonry bridges. Existing scour
monitoring techniques often fail to meet the requirements for continuous and time-domain track-
ing of scour evolution. Moreover, existing scour early-warning systems predominantly rely on
threshold-based risk assessment and management frameworks. A critical limitation of these sys-
tems is the difficulty in accurately defining threshold values, which are often derived from historical
monitoring experiences. Given the variability in foundation conditions and river scour character-
istics across different bridges, standardized threshold setting is highly challenging. Furthermore,
threshold determination often lacks correlation with the health condition of the superstructure,
which is an aspect engineers care most about. These deficiencies highlight the urgent need for
a more intelligent monitoring framework that can integrate multiple monitoring techniques and
facilitate interactive associations between monitoring data and the health condition of the super-
structure.

This study explores the use of digital twin (DT) technology to overcome the shortcomings of current
monitoring and maintenance strategies. By integrating real-world monitoring measurements with
finite element modeling, the DT framework provides the opportunity to simulate ”what-if” scenar-
ios under high-fidelity conditions. Such advancements offer novel prospects for detecting scour-
induced damage and intervening for the maintenance. This study utilizes DT technology within
the context of a scour monitoring project for a masonry bridge in Northern Ireland, United Kingdom.
A digital twin-based SHM and maintenance framework is developed to achieve seamless commu-
nication between the virtual model and the physical structure using sensor data. The developed
model addresses limitations associated with traditional monitoring and maintenance approaches
and demonstrates the potential of digital twins in forward model calibration and backward decision-
making.
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1 Introduction

1.1. Background
Bridges near waterways or oceans are susceptible to the impact of scour, which is defined as
the erosion of bed material caused by flowing water due to local acceleration, turbulence, and
sediment transport imbalances [1, 2, 3]. Scour is a leading cause of bridge failure worldwide, es-
pecially during extreme hydraulic events such as flooding. With global climate change, flood risks
are expected to increase significantly in the future [4]，which will accelerate the scour processes
of bridges.

Masonry bridges serve as transportation mediums and are part of the cultural heritage. Some
representative masonry bridges are shown in Figure 1.1. In regions such as Northern Ireland,
masonry bridges still account for 53% of the total bridge stock [5]. Those masonry bridges are
typically constructed from brick and stone units bonded by mortar and generally have lower resis-
tance to scour compared to reinforced concrete bridges. Moreover, masonry bridges are often
supported by shallow foundations, which are particularly vulnerable to scour during flood events [6,
7].

Figure 1.1: Representative masonry bridges. (a) Servatius bridge in the Netherlands [8]; (b) Ponte Vecchio
bridge in Italy [9]; (c) Charles bridge in Czech [10]; (d) Old Bridge of Gien in France [11]

Masonry bridges are threatened by scour. This concern is proved by global evidence indicating
that scour is a primary cause of bridge failure [12], with studies showing that approximately 50%
to 60% of bridge failures in the United States are associated with scour [13, 14]. In China, ap-
proximately 45% of bridge failures are due to scour [15].In regions like Europe, particular attention

1



1.1. Background 2

should be paid to the risks of masonry bridge failure, as these areas often have a high stock of
historic masonry bridges while facing increasing flood risks. Besides, to better characterize the
impact of scour on masonry bridges, it is important to clarify the concept of structural failure. In this
study, structural failure is defined not as complete collapse but as the loss of serviceability, that is,
the bridge’s inability to fulfill its intended structural and functional roles. As shown in Figure 1.2,
many reported scour failures do not involve full structural collapse; rather, they reflect localized
damage, such as cracking or sliding, that compromises safety and function.

Figure 1.2: Some failure cases of masonry bridges due to scouring: (a) Ballynameen bridge; (b) Samonee
bridge; (c) Brougham Old bridge; (d) Rubbianello bridge [16]

To assess how different scour mechanisms may trigger structural failure, it is necessary to first
classify and understand the dominant types of scour. Scour is typically classified into three types:
general scour, contraction scour, and local scour [1, 17]. General scour refers to the uniform low-
ering of the riverbed caused by natural hydrological and geological processes. Contraction scour
occurs when the flow area is constricted due to the presence of bridge piers, leading to increased
flow velocity and erosion. Local scour develops near bridge piers or abutments, driven by flow
impact and vortex formation. Local scour often causes localized deformation of the riverbed. No-
tably, because local scour acts directly on piers or abutments and poses an immediate threat to
bridge safety, it has been the most extensively studied and closely monitored scour mechanism.

The mechanism of bridge scour is highly complex, involving interactions among soil, structure,
and fluid. At present, for a given flood event, it remains difficult to accurately predict changes in
river boundaries. This challenge is not only due to the complexity of this interaction problem but
also to the fact that different bridges have entirely distinct geometry and material properties [18].
In addition, the failure mechanisms of masonry bridges under scour conditions differ from those
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of modern bridges primarily constructed with reinforced concrete. In modern bridges, failure typ-
ically behaves as a loss of bearing capacity in the vertical direction, bending or sliding of pile
foundations in the horizontal direction, and in some cases, tilting or overturning of the foundation
caused by asymmetric lateral scour [15]. For masonry bridges, although the triggering factor is
also the reduction in soil stiffness around the pier or abutment foundation, the process is more
characterized by stress redistribution within the masonry arch ring. The final failure mode often
presents as local failure between the arch and the spandrel wall [6].

Regarding the scour patterns, as shown in Figure 1.3, both symmetric and asymmetric scour can
occur laterally (x-x direction). In symmetric scour (Case 1), the development of scour holes on
both sides is similar, and the scour primarily results in vertical foundation settlement. In contrast,
in asymmetric lateral scour (Case 2), one side scours significantly slower than the other, such as
the right side in the figure, which leads to a gentler scour pit on that side (reflected by φ4 < φ3),
potentially causing tilting of the pier foundation toward the right. Another scour pattern is longitu-
dinally asymmetric scour along the river flow direction (z-z direction), as illustrated in Case 3 of
the figure. In this case, the upstream face is exposed to stronger hydrodynamic forces compared
to the downstream side, resulting in an asymmetric scour pit (reflected by φ6 < φ5) that may
cause tilting and rotation of the pier. It should be noted that actual scour scenarios are often a
combination of one or more of these three cases.

Figure 1.3: Scour pattern

Due to the aforementioned issues related to bridge scour, the monitoring of scour has long at-
tracted significant attention from both industry and academia. The most traditional method is man-
ual visual inspection, where trained divers perform underwater surveys to observe and measure
the morphology and depth of scour holes. However, this method has several evident drawbacks.
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First, it is labor-intensive and costly; in countries with a large number of bridges, conducting reg-
ular diving inspections for each bridge needs large expenditures. Second, diving is not possible
during flood events, which are unfortunately the periods when the risk of scour-induced failure
is highest. Third, the inspection process itself involves safety risks. And lastly, manual visual in-
spections are discrete, which means they cannot provide continuous time-domain measurement
about the scour depth. As an alternative to underwater inspection, nondestructive testing (NDT)
methods, such as radar and sonar [19, 20], have been applied to scour monitoring. While these
techniques reduce the need for direct human involvement in underwater inspections, they remain
expensive and provide only discrete data. Since local scour is a time-dependent process [18],
such methods are insufficient for capturing the continuous evolution of scour over time.

Recent advances in sensing technologies, including fiber Bragg grating (FBG) sensors and piezo-
electric sensors, have been increasingly adopted for monitoring scour [21, 22]. Additionally, ac-
celerometers have been used to detect scour development through changes in structural modal
properties [23, 24]. Compared to traditional methods, these techniques enable low-cost, low-
maintenance, and continuous monitoring of bridge scour. However, a remaining issue in nearly
all structural health monitoring (SHM) systems (including scour monitoring) is the disconnection
between the monitoring data and the actual structural mechanical response. For instance, while
commonly used sensors can detect strain or vibration at localized points, they do not directly re-
veal whether the global stress state of the structure remains within safe limits. Engineers need to
assess the health state of the structures to support the decision-making process, where actions
such as maintenance are involved. These questions are difficult to answer from the traditional
SHM perspective.

Finite element (FE) models offer a means to simulate internal stress states and evaluate“what-if”
scenarios. However, these models are typically static and rely on manually defined parameters,
making them insensitive to time-dependent changes of geometry, boundary condition, and mate-
rial. This limitation is especially critical for historic masonry bridges, where design documentation
is often unavailable and both geometric and material properties are highly uncertain [25]. In par-
ticular, the geometric uncertainty of such structures manifests in various forms, including severe
shape distortion, cracking or spalling of masonry units, separation between the arch and spandrel
walls, and displacement or rotation of piers [26, 27, 28, 16]. In terms of material uncertainty, the
sources of the uncertainty could be the inevitable aging of materials over time [29], as well as the
spatial heterogeneity of masonry components [30, 31].

Due to the aforementioned limitations of SHM and FEM, bridge maintenance strategies remain
largely reliant on preventive maintenance. This approach involves scheduled inspections and
interventions at fixed time intervals or cycles. Although widely adopted, it is empirical in nature
and often results in two unfavorable outcomes: excessive maintenance, which leads to unneces-
sary costs, or insufficient maintenance, which increases the risk of structural degradation or even
failure.

Recent advances in SHM have led to a gradual transition toward condition-based maintenance
(CBM) strategies [32]. CBM is a maintenance strategy that triggers interventions based on the
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health condition of the structure rather than at fixed time intervals. The difference between preven-
tive and condition-based maintenance is illustrated in Figure 1.4. The figure demonstrates that
the overall structural performance, represented by the global performance envelope, is partially
restored after each maintenance intervention.

In preventive maintenance, interventions are triggered by predefined time intervals (e.g., ∆T ),
regardless of actual structural condition. As shown in Case 1, this may lead to premature main-
tenance during early stages of service life, causing unnecessary expenditure. In contrast, Case
2 illustrates delayed intervention at later stages, which can bring the structure close to its critical
failure threshold. Failure may even occur before the end of the intended design life.

Condition-based maintenance addresses this issue by detecting anomalies using sensor data
and determining intervention timing based on mechanical response quantities. The intervention
is initiated once the measured variables (such as strain, stress, and rotation angle) exceed a
predefined threshold, such as the intervention level in Figure 1.4. This strategy aims to optimize
maintenance by avoiding both premature interventions and failure risks, thereby achieving a more
efficient and reliable maintenance regime. Nevertheless, a fundamental limitation of current CBM
practices is how the intervention level is determined. In most cases, the intervention strain is
determined empirically or based on design codes, introducing considerable subjectivity in practical
engineering applications.

Figure 1.4: The comparison between preventive maintenance and condition-based maintenance in SHM

It is worth investigating how to propose a framework that can address the limitations of monitor-
ing and FE analysis when applied separately to masonry bridges. This framework is proposed
to reduce the subjectivity of traditional preventive and condition-based maintenance. Specifically,
within this framework, the monitoring system provides accurate time-dependent information about
the scour depth evolution in the field. Meanwhile, the FEmodule is capable of simulating“what-if”
scenarios for scour progression and identifying the critical state at which structural failure is im-
minent. This failure condition corresponds to a so-called maximum allowable scour depth, which
represents the critical scour depth under near-failure conditions. By comparing the monitored
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scour depth with the critical depth predicted from simulations, and incorporating an appropriate
safety margin, a more advanced predictive maintenance framework can be developed. Although
previous guidelines and case studies have proposed determining the maximum allowable scour
depth via structural back-analysis [33], these methods have rarely been implemented in practice.
Moreover, the failure criteria adopted in such methods are primarily based on the lateral stability
and vertical bearing capacity of the foundation, however, those principles are not fully applica-
ble to masonry bridges. In the case of masonry bridges, failure is more often governed by the
degradation of foundation stiffness due to scour, which then causes stress redistribution in the
superstructure and triggers equilibrium instability of the arch mechanism [34, 6]. Most importantly,
the maximum allowable scour depth is not a fixed value. It evolves dynamically with the structural
condition of the bridge and varies with changes in geometry, material aging, and boundary condi-
tions. These influencing factors are highly uncertain and time-dependent, especially in historical
masonry bridges [25, 29]. As a result, a static FEM cannot reliably predict the true structural limit
state. Therefore, defining predictive maintenance strategies for masonry bridges under scour
scenarios remains a crucial topic.

In recent years, the emergence of the digital twin (DT) concept has provided a viable solution to
the aforementioned challenges. The term ”digital twin” was introduced in 2005 by Grieves [35].
While definitions of digital twins vary depending on the application fields, in general, a digital twin
is considered a virtual representation of a real physical system, including the physical object itself,
its surrounding environment, and the physical processes it undergoes. The virtual representation
should be dynamically updated using data from the physical system [36]. Although the concept of
digital twins has existed for decades, its application in the field of SHM has only gained significant
attention in recent years. Digital twins have changed the operation and maintenance of structures
to a more intelligent and data-driven level. An ideal digital twin is capable of continuously updating
the virtual model based on monitoring data from the field, such as geometric information and
stress-strain responses. Within the digital environment, simulations of the actual structure can be
performed, enabling feedback on the structural health condition to be transmitted to the physical
asset. At a more advanced level, a digital twin also supports remaining useful life prediction and
predictive maintenance of the structure [37, 38].

1.2. Problem statement
Digital twins can integrate scour monitoring data with numerical models to support predictive main-
tenance strategies [38]. However, existing digital twin applications still largely remain at the con-
ceptual level. In the limited case studies, digital twins often encounter several challenges. One
of the most commonly reported issues is their high computational cost, especially when applied
to large-scale engineering systems that require real-time updates and the assimilation of massive
data streams [39, 40]. Another limitation is that most existing digital twin applications are still con-
fined to the visualization stage [41], whereas the true value of digital twins lies in establishing a
closed-loop interaction between the physical structure and its virtual model. This interaction in-
volves updating the virtual model with sensor data and using simulation results to guide real-world
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maintenance decisions. Research addressing this bidirectional feedback loop remains rare.

Another critical challenge is the fusion of heterogeneous monitoring data, with only a few relevant
case studies reported [42, 43]. Furthermore, to the best of the authors’ knowledge, existing digital
twin frameworks rarely focus explicitly on scour maintenance for masonry bridges. Definitions
of what constitutes a functional DT in this context are vague. Thus, a significant research gap
remains in this area.

The core problem to be addressed in this study is how to transition from traditional monitoring
and preventive maintenance towards a predictive, state-informed approach enabled by a digital
twin framework. This framework integrates sensing data, numerical modeling, and structural as-
sessment to timely evaluate the health condition of bridges and support maintenance decisions.
Specifically, the study investigates the implementation of this framework in the context of masonry
bridges affected by scour.

1.3. Research objective
The objective of this thesis is to propose a digital twin framework for scour monitoring and mainte-
nance in masonry bridges. Building upon existing research, a case study is conducted to demon-
strate the feasibility of the framework. The proposed framework is designed to support a bidirec-
tional physical-virtual loop. In the forward direction, geometric information, structural monitoring
data, and other heterogeneous inputs (e.g., river flow measurements) from the physical entity can
update and synchronize the virtual model, enabling a high-fidelity digital representation of the real-
world system. In the backward direction, the virtual entity, through its simulation and predictive
capabilities, can provide decision support for scour-related maintenance scenarios in the physical
domain, such as structural condition assessment [44], risk evaluation and early warning [45], and
sensor placement optimization [46, 47].

Current monitoring and maintenance systems for masonry bridges often suffer from limited ac-
curacy, delayed decision-making, and insufficient utilization of available data, leading to unnec-
essary maintenance expenditures or elevated structural risks. This thesis aims to harness the
capabilities of digital twin ideas to address and mitigate these limitations. This aim is achieved
through the following objectives:

1. Review the state-of-the-art in scour monitoring techniques and the maintenance strategies of
bridge, the uncertainties in masonry bridges and model calibrations, and the potential scour
failure mechanisms.

2. Perform FE analysis on the calibrated FE model to investigate potential scour failure mech-
anisms and the indicators of a failure. Then simulate the maximum allowable scour depth
which represents the corresponding scour depth when the bridge structure is in its critical
state of failure.

3. Evaluate the performance of a vortex flow-based FBG sensor system by analyzing the sim-
ulation signals and validating its ability to track scour depth evolution.
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4. Propose an improved monitoring and early warning maintenance strategy by integrating re-
sults from calibrated FE models and scour sensing data to achieve quantitative analysis of
the current health state and detection of potential failure signals.

The remainder of this thesis is as follows: Chapter 2 provides a comprehensive literature review
on scour monitoring and maintenance techniques, model uncertainties in masonry bridges, and
the failure mechanisms of bridges under scouring. Chapter 3 introduces the methodology of the
digital twin framework and the background of case study. Chapter 4 presents the FE analysis of
the Regent bridge. Chapter 5 is the structural health monitoring of the Regent bridge. Chapter
6 elucidates the connection layer of the digital twin framework. Chapter 7 starts with a discus-
sion, followed by a summary of study limitations and future recommendations. Finally, Chapter 8
concludes the thesis by summarizing the key findings and contributions.



2 Literature review
This chapter will focus on reviewing the existing literature in four key areas: (1) monitoring tech-
niques of bridge scour; (2) uncertainties in masonry bridge and model calibrations; (3) failure
mechanisms of bridges under scour; and (4) digital twin applications in bridge management.

2.1. Monitoring and maintenance strategies for bridges
2.1.1. Traditional monitoring techniques of bridge scour
Traditional methods for scour assessment rely heavily on visual inspections, which typically re-
quire inspectors to dive beneath the riverbed to observe and measure the degree of foundation
exposure caused by scour. These inspections are conducted on a fixed periodic basis. For exam-
ple, in the United Kingdom, general inspections occur every two years, while principal inspections
are carried out every six years [48].

However, this approach presents several limitations:

1. It provides only discrete snapshots, offering no insight into the temporal evolution of scour.

2. It is unable to capture the scour depth during flooding, since the sediment refilling after
flooding can obscure the scour hole [1].

3. It lacks the capability for early warning and cannot provide real-time data during flood events,
which are precisely along with the highest risk of bridge failure.

4. The inspection outcome is highly dependent on the experience of the inspector, introducing
subjectivity and lacking quantitative support.

5. Manual inspections of large bridge inventories are extremely labor-intensive and costly.

6. Diving operations themselves pose significant safety risks to inspection personnel.

To address the limitations of manual inspections, NDT techniques have been developed. Rep-
resentative methods include sonar [20, 49], radar [50, 51, 19], interferometric synthetic aperture
radar (InSAR) [52], and time domain reflectometry (TDR) [53, 54]. Those NDT techniques have,
to some extent, overcome the limitations of traditional visual inspections, particularly in terms of
safety and accessibility. They offer good performances in detecting scour conditions before and
after flooding. However, they still largely belong to discrete monitoring, which means measure-
ments can only be acquired intermittently, and continuous monitoring is not possible. Futhermore,
since most NDT devices cannot be conducted during flooding, they are unable to capture the
maximum scour depth that may occur under such critical conditions.

2.1.2. Fiber Bragg grating sensor for scour monitoring
To mitigate the issues of traditional monitoring techniques, FBG-based scour monitoring has
emerged as a promising solution that could overcome the temporal and spatial limitations. Since

9



2.1. Monitoring and maintenance strategies for bridges 10

unlike sonar or radar-based systems that provide discrete measurements, FBG sensors are able
to deploy continuous, time-domain monitoring. In addition, while many other existing monitor-
ing devices are effective in detecting the extent of scour, few are capable of capturing the onset
of scour development, thereby limiting their ability to provide early warning of scouring [55]. In
contrast, FBG sensors have demonstrated great potential for tracking both the onset and the
progression of scour.

FBG sensors monitor scour based on the principle of wavelength shift in reflected light, which
occurs due to strain induced by hydrodynamic pressure or flow impact [21, 56, 57]. As FBG
sensors become exposed to water flow due to rising water levels and scour-induced sediment
removal, the resulting strain alters the reflected wavelength. Owing to this sensing mechanism,
FBG has emerged as one of the most promising scour monitoring technologies in recent years.

Lin et al. [56] were among the first to explore the potential of FBG for tracking scour hole devel-
opment. In their experiment, FBG sensors were installed on a cantilever beam and embedded
in a sand layer. When the beam experienced deformation due to water flow impact or sediment
displacement, such as exposure above the riverbed or burial within the sand, the induced strain
was detected in real time via the FBG sensor. This mechanism makes it feasible to monitor the
progression of scour depth. In a later field study, Lin et al. [58] encapsulated FBG sensors in
rubber protective shells and deployed them on an actual bridge. During the monitoring period
under flood conditions, several FBG sensors were gradually exposed due to scour and recorded
flow impact signals. After the flood event, as sediment refilled the scoured area, the FBG signals
returned to a stable state, demonstrating successful monitoring of the full ”scour–refill–re-scour”
cycle.

Xiong et al. [21] proposed three FBG-based scour monitoring device designs and ultimately recom-
mended an open-structure sensor protected with epoxy resin. Laboratory experiments confirmed
that this configuration offered high durability, immunity to electromagnetic interference, and real-
time monitoring capabilities for the entire scour process.

Zhou et al. [57] mounted two FBG sensors on opposite sides of a fiber-reinforced polymer (FRP)
beam, which was secured to bridge piers or riverbeds using steel protective covers or anchoring
devices. Laboratory results demonstrated the device’s capability to track water flow velocities.
Moreover, signal changes under typical scour flow conditions were significantly larger than back-
ground noise, indicating strong anti-interference performance.

To enhance FBG sensitivity to the water–sediment interface, Kong et al. [59] integrated a water-
swellable polymer (WSP) around the FBG. Flume tests revealed that the axial strain induced by
WSP expansion peaked near 500 με, considerably higher than strain levels caused by water flow
impact alone.

Ding et al. [60] developed a distributed FBG-based scour monitoring system that identifies sedi-
ment surface position based on the pressure difference between water and soil. The basic princi-
ple is that when the sensor is in water, the lateral pressure is approximately equal to hydrostatic
pressure (near zero), while in soil, the lateral pressure increases with depth. By identifying the
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location where lateral pressure equals zero, the system can infer the sediment surface depth
and thus enable real-time monitoring of scour and refilling. The feasibility of this approach was
validated through laboratory testing.

Crotti et al. [61] developed a field FBG system called BLESS (bed level seeking system) for bridge
scour monitoring. The system employs an FBG-based sedimentation probe that exploits the dif-
ference in thermal diffusivity between water and saturated soil. By analyzing the FBG’s thermal
response, namely, the temperature rise (ΔT) and time constant (τ), the sensor can determine
whether it is located in water or sediment, therefore indicating the location of the riverbed.

Campbell et al. [62] proposed a novel FBG-based vortex flow sensor that leverages vortex-induced
vibrations (VIV) to detect scour progression. Compared to directly measuring strain with con-
ventional FBG sensors, this new optical design enhances monitoring sensitivity by utilizing the
dynamic response of rubber fins to amplify flow-induced effects. As a result, it enables more ac-
curate detection of scour depth development. The sensor also facilitates time-domain monitoring
of both scour and refilling processes. Its simplified mechanical configuration ensures the durabil-
ity under complex environmental conditions. Additionally, the resolution of this monitoring device
can be quantified by considering the number of the fins and the spacing between each fin. The
larger number and smaller spacing will bring higher resolution, as illustrated in Figure 2.1(C). The
design drawing and on-site installation sketch are shown in Figure 2.1(A) and (B) respectively.

Figure 2.1: The FBG-based VIV sensor monitoring: (A) The design of VIV sensor; (B) The field installation; (C)
The resolution of VIV sensor (edited from [62])

2.1.3. Traditional maintenance strategies in bridges
Early maintenance strategies during the operational phase were predominantly based on a ”reac-
tive maintenance” approach, also referred to as corrective maintenance [63, 64]. In the context of
bridge engineering, this approach involves carrying out repairs only after significant defects have
occurred, essentially representing a post-failure maintenance strategy. However, this approach
is considerably risky for critical infrastructures like bridges, where structural failures can lead to
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severe human and economic consequences [65]. As such, corrective maintenance is inadequate
to meet the performance and safety requirements of long-term bridge service.

Later on, in the maintenance practices, management strategies typically relied on the results of
regular inspections to guide maintenance decisions, evolving into what is known as preventive
maintenance. For example, the U.S. National Bridge Inspection Standards (NBIS) require that
most highway bridges in the United States be inspected at least once every 24 months. Addi-
tionally, NBIS mandates regular underwater inspections, with intervals not exceeding 60 months,
to identify and quantify the extent of scour below the water surface [66]. In another guideline,
the U.S. Federal Highway Administration (FHA) specifies that the frequency of scour inspections
should be determined based on ratings of underwater inspection results, channel conditions, and
scour severity. If these ratings fall below a certain threshold, the scour inspection interval must
be reduced to less than 24 months; if the ratings are favorable, the interval may be appropriately
extended to 48 months or even up to 60 months depending on the score [67]. The United King-
dom adopts a similar approach, requiring general bridge inspections every two years, with the
inspection interval shortened based on scour risk ratings [68].

However, a major limitation of preventive maintenance is that maintenance intervals are typically
based on empirical rules and do not reflect the actual health condition of the structure. This
approach may result in unnecessary costs during the early stages of the structure’s life cycle. In
the later stages, when significant damage or material degradation occurs, it often leads to missed
opportunities for timely and optimal maintenance interventions.

With the development of structural health monitoring, maintenance strategies have increasingly
shifted towards condition-based maintenance (CBM). This approach determines whether mainte-
nance actions are needed based on the actual operational state of the structure. CBM emphasizes
proactive maintenance based on the condition of the structure and advocates for performing main-
tenance only when necessary. Several practical implementations have demonstrated that CBM
can effectively avoid the dual problems of ”over-maintenance” and ”under-maintenance” [69]. In
terms of implementation, there are two main logical pathways. One is to determine the need for
maintenance by comparing current monitoring values against predefined thresholds. The other is
to predict the future state of the structure based on trends observed in the monitoring data and to
schedule maintenance accordingly [64].

The commonly used maintenance strategies are illustrated in Figure 2.2. It can be observed
that bridge maintenance strategies have generally shifted from passive maintenance towards
more proactive approaches. With the development and maturation of SHM technologies, the
widespread adoption of CBM is foreseeable [70], as this strategy has significant advantages in
terms of cost efficiency and maintenance effectiveness compared to other approaches. However,
existing CBM strategies still have several notable limitations: (1) Data management is complex.
The data formats provided by multiple sensors are often heterogeneous, and there is a lack of
unified health assessment indicators among different sensors, resulting in poor data fusion ca-
pabilities. (2) Threshold-based CBM approaches often rely on empirical knowledge or expert
systems to determine the critical value of the monitoring variables, such as strain, temperature, or
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force, which can easily lead to misjudgments. (3) Prediction model-based CBM faces two main
challenges. First, there is often a lack of sufficient training data. Second, the predictive models
themselves require model updating capabilities, meaning that the models must be continuously
retrained with new incoming data. This requirement is difficult to achieve under traditional CBM
frameworks.

Figure 2.2: The assessment of various maintenance strategies

2.1.4. Digital twin-based predictive maintenance in bridges
Digital twins in bridge engineering typically consist of three layers: the physical layer, the virtual
layer, and the connection layer that links them through timely data exchange.

In the physical layer, key aspects include the acquisition, processing, transmission, and storage
of monitoring data. Data acquisition involves selecting appropriate sensor types and specifica-
tions, determining sensor placement strategies in the field, and defining suitable sampling fre-
quencies [71]. Data processing includes procedures such as smoothing, noise reduction, and
filtering [72]. Data are then uploaded and stored via wired (traditional method) or wireless trans-
mission systems [73]. In addition, the physical layer also encompasses the monitored structure
and its surrounding environment. This includes the bridge’s structural configuration and material
composition, as well as external factors such as temperature and humidity, which may contribute
to the aging and localized damage of bridges.

In the context of bridge engineering, there are generally two types of virtual models used in digital
twin systems. The first is semantic building information model (BIM) [74], which emphasizes
visualization and incorporates engineering attributes for virtual inspection. The second type is
finite element-based virtual models, which establish input–response relationships. Those two
types of virtual twins are shown in Figure 2.3.
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Figure 2.3: Two types of virtual twin model: (a) BIM-based virtual twin for bridge management; (b) FEM-based
virtual twin for bridge scour management (case study of this thesis)

The connection layer serves as the critical communication channel between the physical and
virtual layers, enabling data transfer and system synchronization. The timely connection between
the physical entity and the virtual model distinguishes a digital twin from other digital replicas, such
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as three-dimensional models or building information model [43]. Conceptually, this layer facilitates
bidirectional information flow: (1) a forward path from the physical entity to the virtual model and
(2) a feedback path from the virtual model back to the physical system.

Forward transmission delivers collected physical data into the virtual model and establishes a
feature mapping between the two domains. This mapping is typically achieved through model
updating techniques [75, 76]. The reverse path, from the virtual model to the physical system, is
essential for smart decision-making and active control. This functionality allows the digital twin to
issue control instructions or maintenance decisions to the physical entity. Advanced techniques
such as intuitive user interfaces, holographic environments, and virtual reality are increasingly
adopted to facilitate this process [77, 78, 79]. In addition, this reverse feedback should provide
operators and decision-makers with critical structural information, such as threshold exceedances,
localized damage, or settlement warnings. These insights are derived from the simulation and
dynamic evolution of the virtual model, which has been continuously updated using field data
from the physical system.

Current applications of digital twin technology in bridge management are largely focused on bridge
predictive maintenance [80, 42, 81]. For instance, Zhang et al. [82] proposed a digital twin frame-
work applied to the prediction and simulation of vortex-induced vibration (VIV) in bridges, thereby
providing technical support for maintenance decision-making. In this study, VIV field measure-
ments were used to inversely update the parameters of the VIV model, and a mapping relation-
ship between the VIV parameters and wind characteristics (such as wind speed and turbulence
intensity) was established for future predictions. Similarly, Lin et al. [83] proposed a digital twin-
based method for assessing the seismic collapse fragility of bridges. In their work, structural
response data (acceleration and displacement) were first collected through seismic shake table
experiments. Based on these data, model updating was performed, and a nonlinear digital twin
model was developed to predict the collapse process under future seismic events. Furthermore,
Hu et al. [84] systematically constructed a digital twin framework for fatigue life assessment. In
this framework, robotic inspection systems were employed to collect structural data, deep learning
techniques were used for crack detection, and finite element–crack co-simulation was applied for
rapid prediction of the remaining fatigue life. Ultimately, fatigue life contour maps were generated
to support decision-making for predictive maintenance.

In summary, this digital twin-based predictive maintenance approach has transformed the tradi-
tional maintenance strategy landscape. It not only offers high-fidelity simulation and prediction
capabilities but also incorporates more intelligent decision-making mechanisms [85].

2.2. Uncertainties in masonry bridge and model calibrations
A distinctive feature of masonry bridges compared to other bridge types is their high level of
uncertainty, particularly in terms of geometric features and material properties [25]. Geometric
uncertainty occurs due to two factors: first, the lack of historical design drawings; and second,
structural deformations or changes in support conditions caused by long-term service effects, such
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as traffic loading, foundation settlement, and scour [86].

In addition to geometric uncertainty, material property variability presents another significant mod-
eling challenge [87]. These variations include not only differences in mechanical parameters
across different locations of the structure, but also time-dependent degradation effects such as
aging. For instance, Dorji et al. [31] conducted coring and experimental testing on various loca-
tions of a masonry bridge in Australia that had been in service for over 100 years. Their results
showed that the compressive strength of the sampled cores ranged from 8.7 MPa to 13.1 MPa,
while the tensile strength ranged from 0.6 MPa to 2.1 MPa. This variability indicates significant
spatial heterogeneity in material properties. Moreover, the geometry uncertainty is further exac-
erbated by the time-dependent aging behavior of masonry materials [88].

However, obtaining such property data through direct sampling is extremely challenging in practice.
The vast majority of masonry bridges are protected as historical structures, where invasive testing
is strictly prohibited. This constraint further increases the difficulty in obtaining accurate material
parameters for structural assessment and modeling.

Both geometric conditions and material properties of masonry bridges are closely related to their
scour behavior. From a geometric perspective, scour-induced failures are fundamentally caused
by changes in the boundary conditions of the foundation, leading to the loss of structural support.
From a hydraulic standpoint, both the depth and morphology of scour are highly influenced by the
geometry of the pier foundation, particularly the embedment depth of the foundation top and the
ratio between pier shaft and foundation diameter [89]. In addition, the dimensions of local com-
ponents, contact conditions, and geometric imperfections also play critical roles in determining
failure modes. For instance, the interaction between spandrel walls and backfill materials signifi-
cantly affects structural behavior [90], and the thickness of the arch ring is often a dominant factor
in the ultimate load-bearing capacity of masonry bridges [91].

Material properties also have a significant impact on failure risks and mechanisms. For example,
failure modes between adjacent arches are found to depend on the mechanical properties of the
mortar joints, such as cohesion, tensile strength, and friction angle [92]. Furthermore, the global
structural response of masonry bridges is strongly influenced by the density, compressive strength,
and tensile strength of the masonry units and the fill material [93].

In summary, geometry and material uncertainties are the main issues of accurately modeling the
features of a masonry bridge, at the same time these uncertainties have a profound impact on
the mechanical response of the structure. Therefore, it is crucial to calibrate the geometry and
materials of a masonry bridge.

2.2.1. Calibrations in geometry
For historical structures such as masonry bridges, engineering documentation is often unavailable
or incomplete, making geometric reconstruction necessary. Common reconstruction methods
include total station surveying, photogrammetry, and terrestrial laser scanning (TLS) [93].

A traditional manual measurement method for masonry structures is total station surveying. It
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enables the accurate measurement of key parameters such as span length, arch rise, and intrados
radius, and can also be used to locate cracks and surface irregularities. The method offers high
precision for short-range measurements, with a typical distance accuracy of ±2 mm [94]. However,
manual surveying can be limited by accessibility issues, particularly when parts of the bridge are
difficult to reach. In such cases, long-range measurements tend to introduce larger errors.

Photogrammetry is a 3D reconstruction technique based on image processing and geometric
computation. It involves capturing multiple photographs from different viewpoints and orientations,
followed by image alignment and matching with high overlap. Through processes such as image
orientation, dense point cloud generation, and mesh reconstruction, a high-fidelity 3D model of
the structure can be created [95].

The application of photogrammetry methods began with the use of handheld high-resolution cam-
eras. For example, Riveiro et al. [96] employed a Canon EOS 10D to perform photogrammetric
measurements of the Cernadela bridge. Control points were first placed, and their 3D coordi-
nates were determined using a total station. The images were then processed using PhotoMod-
eler software to reconstruct a high-precision 3D model containing approximately 25,000 points.
Stavroulaki et al. [97] combined photogrammetry with ground penetrating radar (GPR) to assess
the same bridge. During image acquisition, the camera’s principal directions were kept at a 90°
convergence angle to optimize stereoscopic coverage. In the data processing phase, internal, ex-
ternal, and absolute orientation steps were applied to reconstruct a globally referenced 3D model.
The general process of geometry reconstruction is illustrated in Figure 2.4.

Figure 2.4: the process of creating the 3D model by photogrammetry [97]

In recent years, the use of unmanned aerial vehicles (UAVs) equipped with high-resolution cam-
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eras for photogrammetry has gained increasing attention. Compared to handheld cameras, UAVs
offer improved accessibility to bridge deck areas and allow for 360° image acquisition without blind
spots. For instance, Pepe and Costantino [98] utilized an Anafi Parrot UAV equipped with a 21 MP
CMOS camera to capture approximately 800 images of the Ponte del Diavolo arch bridge. A total
station was employed to obtain 3D coordinates for image registration and georeferencing. Then,
mesh and texture reconstructions were performed using standard photogrammetric processing
techniques. The notable feature of this study is that each bridge component was modeled indi-
vidually and linked with maintenance metadata to construct a BIM. Other relevant research using
UAVs for the reconstruction of geometry can be found in [99, 100].

Another powerful tool for geometry reconstruction is TLS. TLS provides non-contact, high-density
point cloud data with millimeter-level accuracy, making it superior to traditional total station sur-
veying or photogrammetry in capturing fine surface details and textures. Other key advantages of
TLS include its independence from natural light sources, and the elimination of the need for wiring
or physical markers [101]. Furthermore, TLS offers a higher degree of automation in both data
acquisition speed and post-processing compared to image-based methods [102].

For example, Riveiro et al. [103] conducted a TLS survey of the Cernadela bridge using ten scan
stations, successfully capturing the full 3D point cloud of the entire structure. The data enabled
the identification of key structural features such as span asymmetry and spandrel wall protrusions,
demonstrating the potential of TLS for high-precision geometric measurement of masonry struc-
tures. Similarly, Armesto et al. [104] applied TLS to the Segura arch bridge for geometric modeling
and deformation analysis. Their study also successfully revealed asymmetries between the two
arches.

Talebi et al. [105] proposed a digitally enhanced visual inspection framework for non-contact struc-
tural assessment of masonry railway bridges in the United Kingdom. The framework integrates
multiple technologies, including TLS, UAV, infrared thermography (IRT), and 360-degree imaging.
In this context, TLS was mainly utilized to generate accurate geometric models of the bridge and
to localize surface damage such as swelling, spalling, and cracking.

Willkens et al. [106] integrated TLS with BIM for bridge documentation. A total of 72 scans were
conducted using a laser scanner with an accuracy of ±2 mm to generate dense point cloud data.
The point cloud was imported into ReCap and Revit for model development. The process is shown
in Figure 2.5. The study also highlighted certain limitations; specifically, parts of the bridge, such
as underwater piers, were difficult to capture using TLS. These components were insteadmodeled
using available engineering drawings or other data sources.
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Figure 2.5: The process from laser scanning to BIM [106]

Lubowiecka et al. [107] proposed a nondestructive testing methodology for masonry bridges that
integrates TLS, GPR, and FE analysis. The TLS component involved ten scan stations and em-
ployed a dual-resolution strategy combining high- and low-resolution scans. Post-processing
steps included point cloud registration using the iterative closest point (ICP) algorithm, triangu-
lated mesh generation, orthophoto creation, and CAD output. GPR was used to supplement
information on internal fill materials. The final geometric model was subsequently applied in FE
modal analysis.

2.2.2. Calibrations of material
The material uncertainty of masonry bridges is reflected not only in the variability of mechanical
parameters, but also in the spatial heterogeneity of material distribution. There are two main
approaches to address this uncertainty. The first involves the use of NDT methods to estimate
key mechanical properties and investigate the non-uniform distribution of materials. The second
approach is to apply modal analysis for model updating.

A commonly used nondestructive testing technique for masonry bridges is GPR, which can detect
the thickness of the arch ring, the interface between the arch and the backfill material, and po-
tential voids within the backfill [107, 108]. As previously discussed, GPR is often integrated with
other geometric surveying techniques such as photogrammetry and terrestrial laser scanning [109,
99, 107, 110] to create a complementary system. While photogrammetry and TLS provide high-
resolution external geometry, GPR offers internal subsurface profiles in one or two dimensions,
which is crucial for the completeness of geometric and material data for structural modeling.

Another commonly used NDT method is the sonic or ultrasonic technique. In theory, ultrasonic
testing can be used to estimate the dynamic Young’s modulus of masonry materials, based on
classical wave propagation theory. However, as demonstrated in the study by Brencich and
Sabia [111], where the sonic wave method was compared with core sampling tests, the results of
sonic testing were found to be largely influenced by the heterogeneity and anisotropy of masonry
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materials. This discrepancy highlights the limitations of classical assumptions, which presume
wave propagation in an elastic, homogeneous, and isotropic medium. Therefore, sonic technique
may be suitable only for preliminary estimations of the elastic modulus.

Comparative studies show that only a limited number of NDT techniques are capable of capturing
the spatial distribution of mechanical properties. This limitation is largely due to the high hetero-
geneity of masonry, which complicates the identification of representative material parameters for
numerical modeling.

Due to the challenges in accurately determining material parameters through NDT techniques,
and the limitations imposed on destructive testing by the heritage value of historical structures,
alternative approaches are required. One widely adopted solution is modal updating based on
structural dynamic parameters. This method first measures the dynamic response of the struc-
ture, typically in the form of accelerations [112], under either artificial or ambient excitation. Modal
identification techniques are then used to extract key dynamic properties, including natural fre-
quencies and mode shapes. These modal parameters are compared with the results from finite
element modal analysis [113, 114]. The next step is to minimize the discrepancy between the
experimental and numerical modal characteristics by iteratively adjusting mechanical parameters
using an optimization algorithm [115, 116]. This iterative process allows the structural model to
be calibrated for a more accurate representation of the actual behavior of the masonry bridge.

A clear distinction must be made between operational modal analysis (OMA) and experimental
modal analysis (EMA), as the choice of method can significantly affect its applicability to masonry
bridges. OMA utilizes ambient excitations such as wind, traffic, or water flow, whereas EMA
requires controlled artificial excitations, typically through impact hammer tests. In practice, OMA
is more suitable for masonry bridges, since EMA demands strong and well-controlled excitations.
Such requirements are difficult to achieve due to the high mass of masonry structures and may
even risk causing damage, particularly in heritage assets.

One notable application of OMA in masonry bridges is presented by Scozzese et al. [114], who
employed the stochastic subspace identification (SSI) method to extract modal parameters from
acceleration data for model calibration. Similar ambient-based calibration methodologies have
been employed in other studies as well [117, 118, 119].

2.3. Failure mechanisms of bridges under scour
In the context of bridge structures, failure is defined as the incapacity of a bridge or its components
to perform as intended in the original design and construction [14]. Besides total or partial collapse,
substantial damage or deformation that prevents the structure from fulfilling its intended function
is also considered failure.

In masonry bridges, scour-induced failure may behavior locally as stress redistribution and glob-
ally as overall structural instability, particularly when pier foundations become exposed. Current
research on scour-induced failure mechanisms follows two main approaches. The first involves
analytical models based on classical static equilibrium, as exemplified by Heyman’s work on ma-



2.3. Failure mechanisms of bridges under scour 21

sonry arch behavior under limit conditions [34]; The second relies on finite element analysis to
simulate local and global structural responses under scour-induced boundary changes [114, 120,
6, 121].

2.3.1. Analytic solution
Heyman [34] introduced the four-hinge mechanism based on static equilibrium and plastic theory,
which remains a widely used analytical model for describing arch failure mechanisms. When scour
occurs, it alters the distribution of internal bending moments within the arch. This redistribution
is the fundamental principle behind the four-hinge mechanism. A plastic hinge forms when the
internal bending moment at a specific location reaches the material’s yield threshold. As plastic
hinges form, the arch transforms from a statically determinate structure into a hinge-connected
system that allows rotational movement. This transformation reduces the structural stability and
may eventually result in collapse.

Building upon Heyman’s limit analysis theory, Audenaert et al. [122] formulated differential equi-
librium equations for masonry continuum elements based on fundamental static equilibrium. A
perfectly elastoplastic material model was assumed, accounting for the compressive strength of
masonry while neglecting its tensile capacity. Within this framework, the authors defined a plastic
hinge formation criterion using a normalized axial force–moment space, in which the interaction
between axial force and bending moment is represented through a failure envelope.

Similarly, based on limit analysis theory, George and Menon [123] assumed that masonry struc-
tures are characterized by zero tensile strength and infinite compressive strength, and structural
instability occurs when a sufficient number of plastic hinges form. They classified scour-induced
failures of masonry bridges into four potential mechanisms, as illustrated in Figure 2.6. The first
mechanism, two abutment rotation (TAR), is featured by simultaneous rotation at both abutments,
leading to the progressive formation of a complete collapse mechanism starting from the arch
springings. The second mechanism, one abutment rotation (OAR), involves instability at only
one abutment, along with a partial mechanism that causes localized cracking and deformation
of the arch ring. The third mechanism, two pier rotation (TPR), involves hinge formation within a
three-span structure spanning between two scoured piers. The final mechanism, one pier rotation
(OPR), involves the rotation of a single pier foundation due to scour.
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Figure 2.6: Failure mechanism for a masonry arch bridge by limit analysis: (a) two abutment rotation (TAR); (b)
one abutment rotation (OAR); (c) two pier rotation (TPR); (d) one pier rotation (OPR) [123].

2.3.2. Finite element analysis
FE modeling approaches for masonry structures are commonly classified into two major cate-
gories: micro-modeling [124, 125] and macro-modeling [126, 90]. In micro-modeling, individual
bricks and mortar joints are modeled separately, with interface elements introduced to simulate
cracking between them. While this method offers high fidelity, it demands a high computational
cost. Micro-modeling approaches are generally unsuitable for structures with large dimensions
and complex geometry due to their computational cost. In contrast, macro-modeling treats the ma-
sonry as a homogenized anisotropic continuum, without explicitly differentiating between bricks
and mortar. This approach is widely adopted for large-scale structural analyses due to its compu-
tational efficiency and stability.

As mentioned earlier in Figure 1.3, scour can be classified into symmetric and asymmetric types
in the transverse direction. Symmetric scour occurs when the scour around the pier or abutment
is geometrically symmetric, typically resulting in vertical settlement of the foundation. In contrast,
asymmetric scour arises when the scour pattern is geometrically asymmetric, leading to tilting rota-
tion or inclined displacement [127]. In the other research, Zampieri et al. [6] showed that masonry
bridge failure is mainly caused by global settlement or local stress concentrations. The global fail-
ure mode results from uniform pier settlement under symmetrical scour. In contrast, local failure
occurs when asymmetrical scour induces stress concentrations, especially in critical components
like the arch ring. Both failure modes are represented as rigid body block sliding rather than ma-
terial crushing failure, since it is understandable that masonry usually has a considerably high
compression strength.

Moreover, existing studies typically consider severe damage and loss of serviceability of masonry
bridges as the basis. The focus is on identifying strong indicators from finite element analyses to
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assess and describe structural health state. For example, in the study by Zampieri et al. [6], the
considered indicators included crack propagation in the arch ring, pier settlement, and the shear-
to-normal force ratio (V/H). Among these, V/H (namely, shear force V and normal force H) was
identified as a critical quantitative indicator of failure; numerical simulations revealed that when
V/H>0.6, sliding instability occurs in the arch segments.

Similarly, Scozzese et al. [114] simulated the scour process by simplifying the soil–structure–wa-
ter interaction into a Winkler spring system, sequentially removing springs on the upstream and
downstream sides. In their study, both structural and dynamic response-based indicators were
proposed. Structural indicators included pier settlement, plastic strain in critical regions, VonMises
stress, and the development of diagonal cracking. Dynamic indicators mainly involved reductions
in natural frequencies and changes in mode shapes. Through numerical simulation of the scour-
induced failure process, they determined that a scour depth of 5.5 m corresponded to the critical
structural failure state. In a following study, Scozzese et al. [16] further defined damage states
using the development of plastic strain and crack patterns.

2.4. Summary
This section systematically reviews the current state of research on scour monitoring and mainte-
nance, uncertainty quantification, and failure mechanisms in the context of masonry bridges.

Scour monitoring techniques have evolved from conventional visual inspections to NDT meth-
ods such as sonar and radar. This transition addresses the subjectivity and safety risks associ-
ated with visual assessments. However, most NDT techniques provide only discrete, one-time
measurements and are ineffective during flood peaks, making it difficult to determine the actual
maximum scour depth.

FBGs have been increasingly utilized for scour monitoring. They can track changes in scour depth
over time. When protected by suitable layers, FBGs also enable dynamic monitoring during pre-
flood, peak-flood, and post-flood conditions. Nonetheless, such systems only provide strain in-
formation. Engineers must then infer the position of the water–sediment interface based on the
strain data and use it to estimate how the scour depth evolves. Ideally, FBGs can inform about
on-site scour progression; however, these systems do not directly assess structural performance
or identify the critical threshold for failure. Maintenance decisions are still dependent on empirical
guidelines, such as classifying foundations as shallow or deep and prescribing ”maximum allow-
able scour depths [128],” which often lack physical justification. Moreover, in field applications,
FBGs often face durability issues during flood events. The sensors are vulnerable to damage
from debris impacts and struggle to maintain performance under such harsh conditions [56, 129].

SHM has facilitated the evolution of bridge maintenance strategies from preventive maintenance
to condition-based maintenance. However, existing CBM approaches still rely on SHM systems
that provide structural response data under specific, and often unknown, loading conditions. Typ-
ical response variables include strain, changes in natural frequencies, and mode shapes. It re-
mains unclear whether these responses accurately reflect the safety and serviceability of the
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bridge superstructure. Consequently, CBM often depends either on expert systems with empiri-
cally defined thresholds, which may introduce subjectivity, or on machine learning models trained
on limited datasets, which are prone to overfitting due to insufficient high-quality training samples.

To assess the safety and serviceability of the structure under a given scour depth, FEM serves as
an effective tool. As discussed in Section 2, FE modeling of masonry bridges involves two major
sources of uncertainty compared to other bridge types: geometric and material uncertainties. Ge-
ometric uncertainties arise from the lack of historical design drawings and long-term deformation
due to aging and environmental exposure. To reduce such uncertainties, three geometric recon-
struction methods have been considered: total station-based manual surveys, photogrammetry,
and TLS. Among these, TLS is particularly promising for masonry structures, as it captures finer
geometric details and is less sensitive to ambient lighting conditions [130].

Material properties are also uncertain due to the prohibition of destructive testing and inherent ma-
terial heterogeneity. Although NDT techniques like GPR and sonic testing have been explored,
their effectiveness in characterizing internal variability is limited. Model updating offers an alter-
native. This method corrects the material parameters in FEM through modal identification and
optimization algorithms, improving accuracy in representing structural behavior.

After model calibration, it becomes essential to understand the failure mechanism of masonry
bridges so that FE analysis can be deployed. Classical limit analysis based on the four-hinge arch
theory assumes that the formation of a fourth plastic hinge potentially induced by pier rotation due
to scour, which then destroys the static determinacy of the structure and finally leads to failure.
However, such approaches assume zero tensile strength and infinite compressive strength for
masonry, which are not realistic. Consequently, recent studies prefer FE analysis to simulate
the failure process under scour conditions. Most existing work focuses on identifying effective
indicators to define failure. However, to the best of the author’s knowledge, no study has yet
addressed how these failure indicators can be integrated with SHM systems or how both can be
jointly utilized for predictive maintenance of masonry bridges.

To address this gap, the present study develops a digital twin framework that integrates sensor
data with physics-based FE simulations. Unlike previous approaches that treat monitoring and
modeling in isolation, the proposed framework enables dynamic model updating, allowing struc-
tural behavior to be assessed under evolving scour conditions with enhanced accuracy. To the
best of the author’s knowledge, this study is the first to integrate SHM-based scour monitoring
and FE-based modeling into a unified digital twin system. It is specifically designed for historical
masonry bridges that are at risk of scour failure.



3 Methodology

3.1. DT-based framework for scouring
This section introduces a digital twin-based monitoring and maintenance framework tailored for
scour assessment in masonry bridges. As shown in Figure 3.1, the framework consists of three
main components: the physical entity, the connection layer, and the virtual twin model. These
components collaborate in a closed-loop configuration to achieve timely condition awareness of
bridges under scouring.

Figure 3.1: Digital twin framework for scour

Physical entity The physical entity refers to the actual bridge structural system, including its op-
erational conditions, maintenance activities, lifecycle data, environmental monitoring data (such
as flow data), and structural geometry. In this study, the evolution of the physical entity is primar-
ily characterized by stiffness degradation at the bridge foundations, induced by scour processes.
The physical entity consists of two main modules. The first is the digital twin updating module,
which employs both routine and event-based updating mechanisms, where events are primarily
triggered by hydraulic and scour measurements. The second module is the scour maintenance
module, which integrates finite element analysis with field measurements of scour depth and struc-
tural failure indicators to develop targeted maintenance strategies. A detailed discussion of these
two modules is provided in Section 6.2.

Connection layer The connection layer links the physical system and the virtual model through
two loops:

• Forward loop: Structural response data collected by sensors are used to correct and update
the material parameters of the finite element model, enabling a digital mapping of the phys-
ical system. In addition, point cloud data obtained through laser scanning can be used for
geometric model corrections.
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• Backward loop: This loop aims to utilize the feedback information from the virtual layer to
inform engineering decisions at the physical layer. In this study, decision support includes
two aspects: optimizing sensor placement and predictive maintenance strategies.

Virtual twin The virtual twin is the core component for predictive simulation and comprises the
following modules:

• Scan-to-FEM: Structural geometric modeling based on three-dimensional laser scanning
point cloud data, generating finite element models suitable for analysis.

• Finite element analysis: Construction of a Winkler foundation model with spring boundaries
to simulate structural response variations under different scour depths.

• Output indicators: Outputs include augmented mode shape matrices, maximum allowable
scour depth, and other failure indicators to support the sensor placement optimization, the
establishment of early warning thresholds and the maintenance planning.

This framework establishes a closed-loop system of perception, modeling, prediction, and decision-
making. It enables timely awareness of structural conditions, tracking of scour evolution, and in-
formed maintenance support. In contrast to conventional monitoring and maintenance systems,
this framework offers not only improved predictive capabilities but also supports more intelligent
resource scheduling.

3.2. Engineering background of Regent bridge
The Regent bridge is a three-arch masonry road bridge spanning the River Lagan, located in the
town of Dromore, Northern Ireland, UK, as shown in Figure 3.2. According to historical records,
it was constructed in 1811. Due to its distinctive architectural design and historical meaning, the
bridge has been designated as a protected heritage structure. To date, the bridge still plays a
critical role in regional transportation.
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Figure 3.2: Regent bridge in the Dromore, Northern Ireland, United Kingdom

The key geometric dimensions of the Regent bridge are summarized in Figure 3.3. Due to pro-
longed exposure to water flow, the masonry bridge has experienced significant scour at the base
of its piers. Additionally, localized issues such as cracking between joints and material loss can
be observed on site.
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Figure 3.3: Longitudinal view of Regent bridge

3.2.1. Risk of flooding
Flooding is the external trigger of hydraulic hazards such as scour; therefore, investigation of
the flooding risk is necessary. The Regent bridge is situated in Dromore, spanning the River
Lagan. The River Lagan originates from the western slope of Slieve Croob in eastern Northern
Ireland and flows for a total length of 45 miles (73 km) before emptying into Belfast Lough [131].
The nearest hydrological monitoring station to the bridge is the Drumiller House Station, which
provides continuous measurement of water level.

Flood management in the Lagan River basin follows the three-step process established by the EU
FloodsDirective (Directive 2007/60/EC), which includes preliminary flood risk assessment (PFRA),
flood hazard and risk mapping, and the development of flood risk management plans (FRMPs).
In Northern Ireland, this directive was transposed into domestic legislation through the Water
Environment (Floods Directive) Regulations (Northern Ireland) 2009, and its implementation is
overseen by Department for Infrastructure (DfI) Rivers. The agency has developed the ”Strategic
Flood Map (NI)” [132], which provides comprehensive flood risk information across the region to
support spatial planning and risk management efforts aimed at reducing flood impacts.

According to records maintained by DfI Rivers, the Lagan River basin has experienced multiple
flood events, particularly during periods of intense rainfall. For instance, as shown in Figure 3.4,
the Dromore area has been affected by flooding on several occasions over the past decades,
causing infrastructure damage and transportation disruptions. These historical events reflect the
need for ongoing flood risk assessment and management in the region.
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Figure 3.4: The flooding history near Dromore, based on official data from the Northern Ireland Flood Maps.
Data source: Flood Maps (NI), Department for Infrastructure (DfI), Northern Ireland.

Given its location within the flood-prone zone of Dromore, the Regent bridge is susceptible to foun-
dation scour during flood events. Therefore, it is essential to develop a targeted monitoring and
maintenance framework, along with appropriate technical measures, to ensure the preservation
of this historic structure.

3.2.2. Current monitoring and maintenance system for Regent bridge
Currently, a SHM system integrating multiple sensing technologies has been deployed on the
Regent bridge to enable long-term tracking of scour risk and structural response behavior of this
historic masonry arch bridge, as illustrated in Figure 3.5.

Figure 3.5: Current structural health monitoring system in the Regent bridge

First, a set of triaxial accelerometers has been installed on the upstream spandrel wall of the
bridge to enable long-term vibration monitoring. These accelerometers are connected via LAN
cables to a sink node, allowing real-time transmission of vibration data to a remote server. A
fast Bayesian FFT algorithm is employed to detect changes in lateral modal frequencies from the
measured signals. This setup aims to detect variations in modal parameters when scour occurs.

Second, the bridge is also equipped with FBG-based vortex flow sensors installed within an ex-
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isting scour hole around the pier. The sensor structure consists of three rubber fins embedded at
different depths, each containing an FBG optical fiber. When exposed by flowing water, the fins
undergo vortex-induced vibrations, generating strain responses that indicate the initiation, pro-
gression, and backfilling phases of the scour process. Each time a fin transitions from a buried
to an exposed state, a significant increase in strain is observed and transmitted in real time to
the data acquisition system. However, this monitoring system has not yet accumulated a suffi-
cient volume of long-term historical data at present, and further monitoring and analysis are being
planned.

In Northern Ireland, current bridge inspections are predominantly conducted in accordance with
standards such as CS 450 [133], which categorizes inspections into general inspection, principal
inspection, and special inspection. The typical inspection frequency is once every two years for
general inspections and once every six years for principal inspections. Special inspections are
triggered in cases of high scour risk or abnormal events. Additionally, CS 469 is utilized to classify
the flooding risk level of bridges [134]. Engineers can make maintenance measures according to
the risk level of specific masonry bridges.



4 Finite element analysis of masonry
bridge under scour

4.1. Model calibration
The accuracy and reliability of a DT model depend on an appropriate calibration process that
aligns the virtual representation with the physical structure. In this study, two main calibration
approaches are considered: geometry calibration and material calibration.

Geometry calibration involves acquiring high-resolution point cloud data of the bridge using laser
scanning technology. The point cloud is processed to reconstruct a three-dimensional geometric
model of the structure, which is then used for the development of the FEM. This approach effec-
tively reduces uncertainties in the geometric parameters of conventional structural models; thus,
the high fidelity of FEM-based analysis can be assured.

The laser scanner emits laser beams and receives reflected signals to measure the distance be-
tween the device and the target point while simultaneously recording the horizontal angle and
vertical angle. The spatial coordinates of the target point can be transformed from polar to lo-
cal Cartesian coordinates. Point cloud data acquired from multiple scanning stations reside in
different local coordinate systems and must be aligned into a unified reference frame through
registration techniques. One of the most widely used methods is the iterative closest point (ICP)
algorithm [135], which aims to compute a rigid transformation and a translation vector that best
align the transformed point set to its corresponding reference points. After obtaining the three-
dimensional coordinates via laser scanning and performing coordinate alignment, a 3D point cloud
model can be constructed. This process involves planar or surface fitting, as well as point cloud
denoising, which can be implemented using mainstream commercial software, such as Cloud-
Compare employed in this study.

The second approach is the model updating method for material calibration. This technique in-
volves placing accelerometers at key locations of the bridge structure to extract dynamic features
such as natural frequencies and mode shapes. These experimental modal parameters are then
compared with those obtained from finite element modal analysis to inversely calibrate the mate-
rial properties. This method is considered highly feasible and has been widely applied in the field
of structural health monitoring [117, 136]. However, due to the limited number of accelerometers
currently installed in the present case study, the spatial resolution and accuracy required for ef-
fective modal identification cannot be achieved. As such, this method has not been implemented
in the current work. Nonetheless, it remains a promising direction for future research, particu-
larly when sensor deployment strategies are further optimized and data acquisition systems are
upgraded.
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4.2. Scour progression simulation in FEM
To accurately simulate the scour process of the Regent bridge, a qualitative analysis of potential
scour patterns is required. As illustrated in Figure 1.3, three typical scour patterns can be gen-
erally identified: symmetric lateral scour, asymmetric lateral scour, and asymmetric longitudinal
scour along the river flow direction. The first step is to assess the likelihood of significant lateral
asymmetry. Based on on-site inspections, no distinct asymmetrical scour pits were observed on
either side of the piers. Furthermore, the bridge is located along a relatively straight reach of the
River Lagan and does not sit on the outer bank of a meandering section, which are the conditions
most often associated with asymmetric lateral scour. Based on these observations, this study
considers only the symmetric lateral scour scenario in the direction perpendicular to the river flow.
In other words, scour is assumed to occur symmetrically on both sides of the pier foundations
along the bridge’s transverse axis.

After understanding the lateral distribution of scour and the corresponding scour hole geometry, it
is essential to examine its longitudinal distribution along the pier axis. Various experimental stud-
ies have provided valuable insights in this regard. For example, Pagliara and Carnacina [137]
observed that the front portion of the scour hole has a steeper slope, while the rear part extends
more gently, forming a characteristic ”fish-tail” shape. Dargahi [138] provided a detailed descrip-
tion of the development of local scour around cylindrical bridge piers, summarizing the horizontal
cross-section of the scour hole as a semicircle upstream and an elongated half-ellipse down-
stream. This concept was further simplified by Hoffmans [3], who reported that the upstream
slope is approximately equal to the soil’s natural angle of repose, while the downstream slope is
generally more gradual, typically half that value.

In terms of numerical modeling, the scour geometry is often simplified as an inversed pyramidal
shape in finite element simulations, as seen in the works of Tubaldi et al. [120] and Scozzese et
al. [114]. Building upon these prior studies, the scour simulation concept adopted in this study is
illustrated in Figure 4.1. The overall scour hole is idealized as an inverted pyramid in the longi-
tudinal direction (z-z), where the upstream slope is set to the repose angle of 37◦, based on soil
sampling data from the surrounding site and observation that the angle of repose for loose sand
is usually very close to the frictional angle [139]. The downstream slope is taken as half of this
value. The scour process is simulated by progressively shifting the position of point O (from O1
to O2, then to O3, O4, etc.), with a fixed vertical increment of 0.5 m at each step. Throughout
this evolution, the inverted pyramidal shape is maintained, and each O point corresponds to the
location of maximum scour depth d. The ultimate goal of this simulation is to determine the maxi-
mum allowable scour depth, which represents the critical state at which the upper structure of the
bridge loses its functional performance, that is, a generalized form of structural failure.



4.3. FE Modeling 33

Figure 4.1: Illustration of the scour simulation process. (a) Scour depth = 0.5m (Step 1); (b) Scour depth =
1.0m (Step 2); (c) Scour depth = 1.5m (Step 3); (d) Scour depth = 2.0m (Step 4). Step 0 corresponds to the
initial condition without any scour. The parameter d denotes the maximum scour depth, which progressively
increases with each simulation step. Note that Steps 5, 6, and subsequent stages follow the same procedure,

with further increases in scour depth.

4.3. FE Modeling
Finite element modeling serves as a critical component in this study, enabling the simulation of
scour-induced failure processes and structural degradation in masonry bridges. Macro-models
are adopted for the FE model and analysis because they are capable of effectively capturing the
global failure mechanisms of masonry bridges [140, 141, 142]. The objective of the FE analysis
is to simulate the scour-induced failure process and to identify indicators of structural degradation.
These indicators will be integrated with time-domain scour monitoring techniques, forming the
basis for the maintenance strategy within the proposed digital twin framework. In addition, FE
simulations can provide the critical scour depth associated with structural failure, referred to as
the maximum allowable scour depth in this study. This indicator is combined with field scour
measurements, forming another key component of the predictive maintenance strategy.

4.3.1. Laser scanner data converted to FEM
To construct the finite element model, the geometric input was derived from terrestrial laser scan-
ning (TLS) data of the Regent bridge. The original point cloud was reported in the .xyz file format.
The .xyz format is a plain text (ASCII) point cloud data file that records the spatial coordinates of
each point and, in this case, also includes RGB color information.

CloudCompare is an open-source 3D point cloud processing software [143], which was used in
this study to process the point cloud data through denoising, filtering, downsampling, and reg-
istration. Through this series of procedures, the final meshed file was produced, as shown in
Figure 4.2. It can be observed that the point cloud data miss some information within certain re-
gions, particularly concerning the underwater parts of the piers and foundations. This limitation
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is due to the rapid attenuation of visible light in water, which impairs laser scanner performance.
In this study, the missing sections were primarily supplemented manually through on-site visual
inspections and photographs. Although some uncertainty remains regarding the underwater ge-
ometry, this approach was deemed sufficient for generating a representative 3D model for the
subsequent analysis. Future improvements may consider integrating sonar or underwater LiDAR
to more precisely map the submerged regions.

Figure 4.2: Mesh file generated from raw point cloud (by CloudCompare)

4.3.2. Geometry
The geometric model of the bridge was generated by importing an .obj file, which is obtained
from processed point cloud data, and imported into a 3D modeling software. During this process,
manual refinement was performed, mainly involving the following aspects: (1) Non-structural fea-
tures such as decorations and railings on the bridge were manually removed; (2) As shown in
Figure 4.2, the pier on the left side in the downstream direction showed evident scanning defects,
which were repaired manually; (3) simplification of the foundation shape. Due to the inability of
laser scanning to capture submerged components and the fact that the foundation is embedded
in riverbed sediments, the actual foundation shape remains unknown. The foundation type of
masonry bridges is typically shallow, with common forms including strip and spread footings. Re-
garding embedment depth, existing studies have shown that masonry bridges in Europe generally
feature foundations embedded to depths between 1.5 m and 3 m [144, 145, 146]. As foundation
geometry significantly influences post-scour stress redistribution, this study adopts a conservative
modeling strategy by representing the foundation as an extension of the pier with an embedment
depth of 1.5 m, which reflects the most likely scour-prone condition.

The final 3D geometry is illustrated in Figure 4.3, where the masonry bridge is discretized into
components including the arch, spandrel walls, backfill, piers, and abutments.
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Figure 4.3: 3D geometry of the Regent bridge

4.3.3. Material parameters and constitutive models
Thematerial parameters adopted in this study are partially derived from laboratory tests conducted
on similar masonry bridges [31], and partially from values reported in existing literature [114, 120].
Table 4.1 summarizes the basic mechanical properties assigned in the simulation.

Table 4.1: Elastic material parameters used in the FE model

Material E (GPa) Poisson’s ratio Density (kg/m3)

Abutment 11.0 0.20 1700
Backfill 0.22 0.25 1700
Brick of pier 1.45 0.20 1750
Brick of stone arches 3.10 0.20 1800
Spandrel walls 2.50 0.20 1800

In the masonry structure, the piers and spandrel walls are modeled using isotropic linear elasticity,
which is a simplified strategy that reduces computational cost [147, 148]. However, the arch
serves as the main load-bearing component and is often the critical location where transverse
scour failure occurs [6]. Therefore, a more advanced material model is required. Previous studies
have shown that the Drucker–Prager (DP) model can capture the plastic behavior of masonry [6,
149]. However, the classical version of this model uses a single yield surface and cannot reflect
the significant difference between the tensile and compressive strengths of masonry [150]. Since
masonry is typically much weaker in tension, this study uses the Drucker–Prager Concrete model
in ANSYS, which defines separate yield surfaces for compression and tension to better simulate
the behavior of weak-in-tension materials.

The general Drucker–Prager yield criterion is a pressure-dependent model commonly used to
simulate geomaterials and concrete-like materials. The yield function is defined as:

F = αI1 +
√
J2 − k ≤ 0 (4.1)

where:
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• I1 is the first invariant of the stress tensor,

• J2 is the second invariant of the deviatoric stress tensor,

• α and k are material parameters related to the internal friction angle and cohesion, respec-
tively.

The post-peak softening behavior of masonry is captured using a linear hardening/softeningmodel
HSD6 [150]. This model defines the stress degradation in both tension and compression based
on the hardening variable κ, which evolves during plastic loading. The evolution of κ is governed
by the plastic flow and the current state of the stress field:

dκ =
∑
n

dλn

(
1

RΩ
σ · ∂Q

n

∂σ

)

Here, n denotes the number of active yield surfaces, dλn is the plastic consistency parameter
increment, R is the strength parameter, and Ω is the current value of the degradation function.

The hardening and softening behavior of the material (as shown in Figure 4.4) is governed by two
degradation functions, Ωc(k) for compression and Ωt(k) for tension, both defined as piecewise
functions of the k.

Figure 4.4: Hardening and softening in compression and tension of Drucker-Prager Concrete model [150]

Hardening and softening in compression

Ωc(κ) =


Ωci + (1− Ωci)

√
2κ

κcm

−
(

κ

κcm

)2

if 0 < κ ≤ κcm

1− 1− Ωcr

κcr − κcm

(κ− κcm) if κcm < κ < κcr

Ωcr if κ ≥ κcr

(4.2)
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Softening in tension

Ωt(k) =


1− (1− Ωtr)

k

ktr
for 0 < k < ktr

Ωtr for k ≥ ktr

(4.3)

Here, κcm and κcr represent the onset and ultimate values of compressive plastic strain, while
κtr corresponds to the ultimate tensile plastic strain. The degradation functions are modulated by
residual strength ratios: ωci and ωcr for compression, and ωtr for tension. The model also includes
uniaxial and biaxial strength values to define the yield surface and flow behavior.

For quasi-brittle materials such as masonry, the plastic shear failure process is often accompanied
by non-zero volumetric strain, known as dilation. This phenomenon affects the crack propagation
path and the development of localization zones. To describe the volumetric expansion during
inelastic deformation, the Drucker–Prager Concrete model uses two dilation parameters, C1 and
C2. These parameters control the magnitude of volumetric strain associated with shear failure.
Eventually, the parameters of DP Concrete model used in this study are as follows:

Table 4.2: Material parameters used in the Drucker-Prager Concrete (HSD6) model

Parameter Description Value

fc Uniaxial compressive strength 10.6MPa [31]
ft Uniaxial tensile strength 1.34MPa [31]
fb Biaxial compressive strength 12.72MPa
κcm Plastic strain at fc 0.01026
κcr Ultimate compressive plastic strain 0.05
ωci Residual ratio at κcm 0.5
ωcr Residual ratio at κcr 0.5
κtr Ultimate tensile plastic strain 0.002
ωtr Residual tensile stress ratio 0.3
C1 Tensile dilation parameter 0.005
C2 Compression dilation parameter 0.005

The backfill material of the masonry bridge behaves with pressure-dependent plastic behavior
characteristic of granular media. Therefore the Drucker–Prager Concrete model is also used to
describe its nonlinear shear response and plastic flow under loading. In this study, the ultimate
strength parameters of the backfill material were assigned the following values:

• Uniaxial tensile strength = 20 kPa,

• Uniaxial compressive strength = 200 kPa,

• Biaxial compressive strength = 300 kPa.
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4.3.4. Boundary conditions, load and contact relations
The boundary conditions of the finite element model are defined by constraining vertical displace-
ments at both abutments to zero, which reflects the actual situation. As the abutments of the
masonry bridge are connected to the main roadway, they are constrained only by the overall
stiffness of the roadbed and the process of drainage consolidation. Under scour scenarios, the
portions of the structure located within the river channel may experience relatively considerable
displacements due to reduced foundation stiffness, whereas the abutments have negligible set-
tlement. These areas with abutments predominantly exhibit slow, long-term settlements, namely
secondary consolidation or long-term creep settlements of the subgrade.

A vertical pressure of 1.5 kPa was applied to the bridge deck to represent the weight of the as-
phalt pavement layer. This simplification aims to efficiently simulate deck loading while focusing
computational efforts on the effects of scour.

The definition of contact interactions is important for correctly analysis the interaction between two
or more structural parts. In the ANSYS environment, contact interfaces are classified into Contact
and Target surfaces. During interaction, the contact surface is constrained from penetrating the
target surface, whereas the target surface is allowed to penetrate the contact surface. The general
modeling rule is to assign the contact surface to the component with lower stiffness or a higher
likelihood of undergoing sliding or separation, and the target surface to the stiffer component.

Contact behavior can be broadly categorized into two types: linear and nonlinear. Linear contact
assumes that the surfaces are either perfectly bonded or cannot separate, whereas nonlinear con-
tact allows for separation and potential collision. Since nonlinear contact modeling significantly
increases computational demand, a trade-off strategy is adopted in this study. Specifically, non-
linear frictional contact is defined between the backfill and the arch with a friction coefficient of 0.6,
where strong nonlinear interaction is expected. In addition, critical contact pairs, namely, those
between the arch and spandrel walls, and between the arch and piers, are also defined as fric-
tional contacts with a friction coefficient of 0.3. This choice of friction coefficient is motivated by
field observations of visible existing cracks at these interfaces, which may suggest initial sliding
behavior; hence, a relatively low friction coefficient is assigned to ensure a conservative structural
assessment. In contrast, the remaining contact piers, such as the spandrel wall-abutment con-
tact pier, are assumed to be bonded (linear contact), since those piers are less important to the
analysis of scour, and computational cost can be largely saved by this measure.

To improve the numerical convergence of nonlinear contact analysis, the penalty method is em-
ployed to enforce contact constraints. This method introduces virtual springs between the contact
and target surfaces to establish their mechanical interaction. When no penetration occurs, the
springs exert no force. Once penetration is detected, the springs generate a repulsive force ac-
cording to Hooke’s law to resist further penetration.
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4.3.5. Element and mesh
To accurately represent both regular and irregular domains of the bridge geometry, two main types
of elements were employed in the finite element model. The first is SOLID186, which is a second-
order (20-node) 3D structural solid element and typically used for meshing regular regions. The
second is SOLID187, which is a second-order (10-node) tetrahedral element and usually well-
suited for irregular volumetric domains.

A region-based mesh refinement strategy was adopted in this study. Specifically, a coarse mesh
size of 0.2 m was assigned to the abutment regions, as these components are unimportant, mainly
serving to apply boundary conditions, and do not participate significantly in stress transfer. A
medium mesh size of 0.1 m was applied to the spandrel wall and backfill areas, which are moder-
ately sensitive to load transfer and thus require intermediate resolution. In contrast, a fine mesh
sizing of 0.05 m was used in key structural components such as the arch rings and piers, where
high stress concentrations and deformation gradients are expected, thereby calling for a more ac-
curate mechanical response capture. This mesh configuration aims to ensure sufficient numerical
accuracy while optimizing computational cost.

The final mesh consists of 13,986,319 nodes and 7,900,974 elements, including 6,885,093 second-
order tetrahedral (Tet10) elements, 1,014,377 hexahedral (Hex20) elements, and 1,504 wedge
(Wedge15) elements.

4.3.6. Stiffness of the Winkler model
To simulate the local scour process around the bridge foundation, this study adopts a staged scour
modeling approach. As illustrated in Figure 4.1, an idealized inverted pyramidal scour hole geom-
etry is used, with the slope of the upstream face set to the soil’s angle of internal friction ϕ, and
the downstream slope defined as ϕ/2. The simulation begins from the initial state and incremen-
tally increases the maximum scour depth d, with each stage representing a 0.5 m increment in
depth. At each stage, elements located below the current d level are identified and progressively
deactivated, thereby replicating the gradual degradation of foundation support due to scour.

A key aspect of employing the Winkler foundation method is to determine the coefficient of sub-
grade reaction, among which the axial stiffness of the Winkler springs is the most critical. Gaze-
tas [151] proposed an approximate method for estimating the static stiffness of springs in the
x-, y-, and z-directions based on the foundation’s geometric dimensions, given by the following
expressions:

Kz =

[
2GL

1− ν

] (
0.73 + 1.54χ0.75

)
(4.4)

Ky =

[
2GL

2− ν

] (
2 + 2.50χ0.85

)
(4.5)

Kx = Ky −
[

0.2

0.75− ν

]
GL

(
1− B

L

)
(4.6)

where:
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• G is the shear modulus of the soil, taken as 246 MPa, based on [152];

• ν is the Poisson’s ratio, taken as 0.45;

• ρ is the soil density, taken as 1900 kg/m3;

• L and B are the foundation length and width, respectively, measured as L = 12.34 m and
B = 1.52 m;

• χ is the foundation shape factor, defined as χ =
B

4L
≈ 0.0308;

• D is the foundation embedment depth, which was difficult to measure on-site; thus, following
the modeling assumption in [146], it is taken as 1.5 m, which is a representative value for
masonry bridge modeling.

Substituting the above values yields: a stiffness in the z-direction of Kz = 9.31 × 108 N/m, a
stiffness in the y-direction of Ky = 8.34 × 108 N/m, and a stiffness in the x-direction of Kx =

6.57× 108 N/m.

4.4. Failure pattern and corresponding indicators of scour
In the context of scour, structural failure in masonry bridges is often localized rather than global.
As shown in Figure 1.2(b), bridges in the real world usually did not collapse entirely; instead, sig-
nificant localized structural damage occurred, making the bridge incapable of fulfilling its intended
service performance. Therefore, such localized failure should also be regarded as structural fail-
ure. These findings highlight that failure should not be defined solely based on whether a full-span
longitudinal tensile crack has formed. Even localized tensile failure in the arch may result in sub-
sequent instability of the backfill and compromise the serviceability of the masonry bridge.

Moreover, in masonry structures, localized cracking typically results from a principal stress state
exceeding the material’s low tensile strength [153], as masonry material typically has much higher
compression strength than tensile strength. This material property suggests that identifying po-
tential local failure signals requires first examining the evolution of principal stress distributions
during the scour process.

4.4.1. Stress redistribution during scour and the failure mechanism
To investigate the stress redistribution behavior during scour, this study examines the variation in
maximum principal stress at representative nodes #162036 (left arch) and #216616 (middle arch).
location of measurement points can be seen in Figure 4.6. As defined in Section 4.2, the scour
progression was discretized into incremental stages by sequentially modifying the boundary stiff-
ness of the Winkler foundation. As shown in Figure 4.5, the maximum principal stress remains
approximately constant during the early stages of scour. This response is attributed to the grad-
ual reduction of lateral soil confinement, while the bottom soil support remains relatively intact.
However, once the scour depth exceeds approximately 1.5 m, the maximum principal stress at
the left arch and middle arch sharply increase. This clearly demonstrates the potential stress
redistribution process of the Regent bridge under scour conditions.



4.4. Failure pattern and corresponding indicators of scour 41

Figure 4.5: Maximum principal stress development under scour in the left and middle arch

According to tensile strength measurements of masonry bridges reported by Dorji et al. [31], the
average tensile strength of masonry is approximately 1.34 MPa. As shown in Figure 4.5, the
two arch measurement points are very close to this threshold at Step 3 (scour depth = 1.5 m),
indicating the likely onset of localized failure and a partial loss of load-carrying capacity. At this
stage, the maximum principal stress at both arches initially increases and then decreases with
progressive scour. After scour depth 1.5m, with further scour, the structure likely enters a stress-
releasing or softening state, leading to a decline in principal stress in both measurement points.
This softening behavior corresponds to the material softening stage illustrated in Figure 4.4.

Figure 4.6 further illustrates the maximum principal stress distribution at Step 3 (corresponds to a
scour depth of 1.5 m). At Step 3 of the simulation, continuous plastic stress bands were identified
across the left andmiddle arches. Those stress concentrations were observed in the lower regions
of the left and central arches, considerably higher than in other regions. This stress concentration
phenomenon suggests that, due to the reduction in foundation stiffness and asymmetric structural
geometry, the arch begins to exhibit a potential failure mode dominated by tensile stress at this
stage, indicating a localized cracking risk.

Interestingly, this failuremechanism closely resonates with actual cases, as shown in Figure 1.2(a),
(b), and (c), and is also similar to other numerical research [120, 6]. These cases suggest that
the ultimate failure may involve localized tensile failure on both sides of an arch adjacent to a pier.
The underlying mechanism is that scour progressively reduces the support stiffness of the pier
foundations, leading to substantial vertical displacement in these zones. This stiffness reduction
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creates a stress concentration region between the pier and the adjacent arch, where the arch
intrados experiences combined bending moment and axial force. As a result, localized tensile
stress is concentrated, promoting crack initiation and potential structural failure. Thus, tensile fail-
ure near the piers, typically around the quarter-span regions of the adjacent arches, represents a
characteristic failure mode under scour conditions in masonry bridges.

In this study, the localized tensile cracking in Step 3 evolved from a single-span failure to simulta-
neous large-scale cracking in both side arches. These cracks formed a continuous failure plane,
causing localized structural failure. As a result, the scour depth at Step 3 (1.5 m) is defined as the
maximum allowable scour depth for this structure, beyond which structural safety can no longer
be guaranteed.

Figure 4.6: Stress concentration zones in the left and middle arches under Step 3 scour condition

The observed local failure occurs at the interface between the left and middle arches rather than
on the right side. This asymmetry in failure location is attributed to the geometric asymmetry of
the bridge, as the left span is longer than the right. Under uniform vertical loading on the deck and
stiffness reduction on the piers, the longer left arch develops higher tensile strain at the intrados
due to increased bending moments. This geometric sensitivity becomes more pronounced when
the foundation stiffness beneath the left pier is reduced as a result of scour (Step3). As shown in
Figure 4.7, this results in significant deformation at the left springing region, while the right spans
remain relatively stable.
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Figure 4.7: Total deformation when scour depth is 1.5m

Figure 4.5 and Figure 4.6 highlight the feasibility of using maximum principal stress as a failure
indicator. However, in practical applications, directly measuring this parameter is very challenging.
This limitation suggests the need to identify alternative monitoring quantities that are easier to
measure and can serve as effective indicators of the scour-induced failure process.

4.4.2. Pier settlement and rotation
Scour can be interpreted as a gradual degradation of foundation stiffness. This degradation in-
creases strain at the pier base and behaves as vertical displacement (y-y direction) and longitudi-
nal rotation (z-z direction). Hence, pier settlement and rotation serve as direct indicators of scour
progression. As shown in Figure 4.8, both the left and right piers show measurable settlement
as scour depth increases, and the left shows a more pronounced response. In FE simulation,
after the external loading and self-weight is applied, there is an initial settlement around 10mm,
which is the benchmark value. The settlement is stable before the scour depth of 1 m. As scour
depth increases, a distinct increase in settlement is observed after the scour depth reaches 1.5 m
(Figure 4.9). More specifically, the pier settlement increases about 25% between scour depth 1
m and 1.5 m. This deformation acceleration coincides with the sharp variation in principal stress
(as illustrated in Figure 4.5), further supporting the conclusion that 1.5 m can be regarded as a
critical scour depth with the bridge approaching the failure.
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Figure 4.8: Pier settlement contour as the scour progresses. (a) scour depth 0m; (b) scour depth 0.5m; (c)
scour depth 1m; (d) scour depth 1.5m; (e) scour depth 2m; (f) scour depth 2.5m. And note that the legend is

from -40mm to +10mm, the Y axis is the same direction of the pier settlement

Settlement is relatively easy to monitor in practice. The displacement can be continuously cap-
tured by FBG sensors or strain gauges and can also be obtained from regional monitoring tech-
nologies such as interferometric synthetic aperture radar (InSAR). Moreover, compared to other
monitoring techniques such as the vibration-based monitoring, settlement monitoring is usually
less affected by the environment.

Another critical aspect to consider is the differential settlement. Due to the asymmetrical develop-
ment of scour, the upstream side typically experiences a much faster progression of scour depth
than the downstream side. This phenomenon is simulated in the FEM, where the repose angle
of the upstream scour hole is set to be twice that of the downstream side. As shown in the FE
analysis (Figure 4.9), in the early stage of scour (e.g., at a depth of 0.5m), the differential settle-
ment between the upstream and downstream sides is limited to approximately 2mm. However,
as scour deepens, particularly when the scour depth is beyond 1.5m, the differential settlement
increases dramatically, eventually reaching approximately 16mm.

An interesting observation is that the downstream side shows a slight uplift during the early stage
of scour. This can be explained by the simulation process illustrated in Figure 4.1. The masonry
bridge has an unusually long foundation (12.34m), causing the initial scour to be concentrated
primarily on the upstream side. As a result, the upstream pier experiences noticeable settlement,
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while the downstream side remains largely unaffected at this stage. This leads to a slight rota-
tional behavior of the entire pier foundation, resulting in a minor uplift at the downstream end. As
scour progresses further and the scour pit gradually extends toward the downstream side, settle-
ment also begins to develop there. As shown in Figure 4.9, once the scour depth reaches 2 m,
noticeable settlement occurs at the downstream side as well.

Differential settlement between the upstream and downstream sides can cause longitudinal rota-
tion (along z-z direction) of the pier foundation. This rotation can be effectively captured using
inclinometers. Previous long-term monitoring studies have demonstrated the reliability and accu-
racy of such measurements [154]. More importantly, differential settlement is minimal during the
initial stages of scour development, and no significant rotation is observed at this point. However,
once the scour depth exceeds a critical value (approximately 1.5 m in this case), the differential
settlement increases markedly, indicating the substantial rotation of the pier foundation between
the upstream and downstream sides. This behavior can serve as another strong early warning
indicator of potential structural failure.

Figure 4.9: left pier settlement development as the scour progresses

4.4.3. Modal analysis
Scour can degrade foundation stiffness and affect the dynamic characteristics of structures. For
instance, Prendergast et al. [155] found through experiments and field testing that the natural
frequencies of pile foundations decrease notably as scour depth increases. In structural dynamics,
scour reduces structural stiffness ki, which in turn lowers modal frequency ωi. The fundamental
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relationship for modal frequency is given by:

ωi(ys) =

√
ki(ys)

mi

(4.7)

where ys is the scour depth, and mi is the effective mass corresponding to the i-th mode. Since
scour weakens the foundation support, ki(ys) is generally a monotonically decreasing function,
which can be approximated linearly as:

ki(ys) = ki,0 · (1− αiys), for small ys (4.8)

where ki,0 is the initial modal stiffness, and αi represents the sensitivity coefficient of mode i to
scour.

Taking the derivative with respect to ys, the sensitivity of modal frequency to scour depth is:

dωi

dys
=

1

2
· 1√

ki(ys)mi

· dki(ys)
dys

(4.9)

To more generally express the differences among modal responses to scour, a simplified model
is introduced:

ωi(ys) = ωi,0 ·
√
1− βiys (4.10)

where ωi,0 is the initial frequency of mode i, and βi is the damage sensitivity coefficient, reflect-
ing how sensitively the modal frequency responds to scour depth. A larger βi indicates a faster
decrease in the modal frequency.

In this case study, the evolution of the first six natural frequencies with scour depth was tracked.
Themodal shape at the initial stage (Step 0) is illustrated in Figure 4.10, and the variation of natural
frequencies is shown in Figure 4.11. As seen from the figure, most modal frequencies gradually
decrease as scour depth increases. However, some specific phenomena in Figure 4.11 need
additional interpretation. Notably, a slight increase in the second natural frequency was observed,
which may be attributed to a local redistribution of mass or change in boundary conditions, since
the response of this mode concentrates in the left pier area (as illustrated in Figure 4.10B), which
corresponds to the location where scour develops. Additionally, the fifth mode frequency drops
sharply at a scour depth of approximately 1.5 m, suggesting that this mode is particularly sensitive
to localized stiffness degradation.
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Figure 4.10: Modal shape in the Step 0 (initial state): (a) first mode; (b) second mode; (c) third mode; (d) fourth
mode; (e) fifth mode; (f) sixth mode

Figure 4.11: Natural frequency development as the scour progresses

When selecting modal indicators in practice, a trade-off must be considered between monitoring
feasibility and the magnitude of frequency variation. Overall, the first mode remains the most
suitable indicator due to its considerable variation and the lower measurement requirements com-
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pared to higher modes. However, when monitoring natural frequency in real engineering, the sig-
nal is usually polluted by environmental factors such as temperature, wind and traffic load [156],
those disturbances may seriously influence the successful identification of modal parameters.

4.4.4. Mode localization and transition
An interesting behavior is observed in the fifth mode as shown in Figure 4.11. The frequency is
relatively stable before Step 2 and after Step 4 but drops sharply at Step 3, where it approaches
the value of the fourth mode. This change in modal shape indicates a loss of localized modal
characteristics, and suggests that the reduction in pier stiffness shifts the fifth mode from a local-
ized deformation pattern to a more distributed, coupled response. Correspondingly, the modal
frequency drops from approximately 16Hz to 12Hz. This process clearly reflects the stiffness
degradation and can potentially serve as another indicator for scour damage.

In structural dynamics, ”mode localization” refers to the phenomenon where, due to damage or
boundary condition changes, high-order modes transform from global to local participation. This
transformation confines the modal response to a localized region, rather than engaging the entire
structure. Higher-order frequencies (e.g., the fifth mode in this research) are more sensitive to
local damage and are thus suitable for local damage detection, while lower-order frequencies
(e.g., the first mode) better reflect global stiffness changes.

Specifically, when scour-induced damage occurs at the pier foundations, the structure’s stiffness
matrix undergoes local changes, expressed as:

K(τ) = K0 −
m∑
i=1

αi(τ)Ki (4.11)

where:

• Ki represents the local stiffness change at the i-th support point due to scour;

• αi(τ) ∈ [0, 1] is the scour weight coefficient, increasing with scour depth τ .

Whenαi(τ) becomes sufficiently large, a sudden change in overall stiffness distributionmay trigger
modal reordering, referred to as ”mode transition”. The theoretical explanation of modal transition
is given in Appendix C.

When significant local damage occurs, higher modes (e.g., the fifth mode) experience consider-
able frequency drops, which can be characterized by themode localization factor (MLF)Fj(τ) [157]:

Fj(τ) =

N∑
k=1

[Φj(k, τ)]
4

(
N∑

k=1

[Φj(k, τ)]
2

)2

/ N∑
k=1

[Φj(k, 0)]
4

(
N∑

k=1

[Φj(k, 0)]
2

)2 (4.12)

Here, Φj(k, τ) denotes the displacement of the j-th mode shape at the k-th measurement point
in state τ , and N is the total number of measurement points. The numerator represents the
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compactness index of the current (possibly damaged) state, while the denominator serves as a
reference value in the undamaged state τ = 0.

The MLF quantitatively characterizes the degree of mode localization:

• When Fj(τ) < 1, the vibration energy of mode j becomes more spatially concentrated, indi-
cating the emergence of mode localization.

• A significantly low value (e.g., Fj(τ) ≪ 1) suggests strong localization, often due to severe
structural degradation such as cracks or stiffness detuning, or sudden change of the bound-
ary conditions.

In masonry bridges, the structure can be conceptualized as a serial arch-beam system with dense
modes in higher frequencies. When local scour, cracking, or detachment occurs, coupling stiffness
between adjacent spans weakens, promoting local stiffness weakening and mode localization.

As illustrated in Figure 4.12, during scour stages, local loss of support at cutwaters leads to sharp
reductions in localized stiffness, triggering distinct mode localization (e.g., F ≈ 0.485 of the total
deformation at Step 3). However, as scour progresses and global stiffness uniformly decreases,
mode localization tends to diminish, and F gradually recovers toward 1.0.

Figure 4.12: Mode localization of total and directional 5th mode

Therefore, for the multi-span masonry bridge investigated in this study, scour occurring at the piers
leads to a transition in system behavior from global to localized responses. Notably, the fifth mode
appears to be a highly sensitive indicator for identifying critical stages of scour development, as it
has a distinct signature of mode localization. An important advantage of using this indicator is that
mode localization itself is a parameterized indicator, which can be fully computed, updated, and
output by the digital twin framework in an automated manner. However, this modal localization
also has some drawbacks hindering it from being deployed on-site, such as the difficulty in sens-
ing higher-order modes and the disturbance from noise, which will be discussed in the following
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section.

4.5. Failure indicator-based monitoring
4.5.1. Monitoring principle
Effective predictive maintenance in a digital twin framework requires the identification of structural
indicators that reliably capture scour-induced failure mechanisms. Since both local and global fail-
ures are typically triggered by abrupt changes in boundary conditions, such boundary changes in-
evitably lead to alterations in modal shapes, localized settlements, and other structural responses.
These events can be effectively captured through structural indicators, which tend to exhibit sharp
variations prior to failure [114]. Therefore, this study suggests an indicator-based monitoring ap-
proach. The concept is schematically illustrated in Figure 4.13. The advantage of this approach is
the strong physical correlation between these indicators and the underlying structural mechanics.
Scour tends to cause abrupt shifts in these indicators, making it possible to define critical states
and safety margins (e.g., through a simple safety factor). These thresholds enable more effective
predictive maintenance before local failure develops.

The point at which the indicator exhibits a sudden change can be defined as the maximum al-
lowable scour depth, representing the critical state of local structural failure. To enable predictive
maintenance, a safety margin should be set in advance of this depth, thereby defining an inter-
vention scour depth. Once the on-site scour depth approaches this intervention level, the digital
twin system should automatically issue alerts, then engineers or fully automated systems can de-
velop appropriate scour countermeasures (the specific methods for scour protection are beyond
the scope of this study).

Figure 4.13: Failure indicator-based predictive maintenance (scour failure diagrams modified from [16])

Figure 4.13 also illustrates the two-tier monitoring and early warning mechanism emphasized in
this study. The first tier involves updating the digital twin model either on a regular schedule
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or in response to events. Finite element analysis is then performed to simulate the progressive
development of scour and determine the maximum allowable scour depth. By applying a safety
margin, this allows the definition of an intervention scour depth, which marks the point at which
preventive actions should be taken. The second tier focuses on real-time field monitoring of a
selected failure indicator. A sharp increase or decrease in the monitored indicator signals that the
structure is approaching or has reached a critical failure state.

The two-tier approach has distinct advantages: the first tier enables proactive deployment of scour
protection measures, while the second provides timely warnings that may require immediate re-
sponses such as traffic restrictions and emergency interventions upstream and downstream of
the bridge.

4.5.2. Assessment of failure indicators in practice
From a numerical perspective, two key requirements must be satisfied to implement this two-tier
monitoring and early warning strategy. First, appropriate indicators must be identified that are
sensitive to local stiffness degradation and exhibit pronounced variations as failure approaches.
Second, these indicators must be practically observable, ideally through real-time monitoring tech-
nologies.

According to these criteria, indicators such as maximum principal stress are not suitable for mon-
itoring purposes. Although maximum principal stress directly reflects the stress distribution and
potential failure mechanisms within the structure. However, it is difficult to measure in practice.
This is because stress cannot be obtained directly and must be deduced from strain measure-
ments using constitutive models. However, material heterogeneity and boundary condition vari-
ability make the application of constitutive models very complex because many assumptions may
be violated. As a result, maximum principal stress is mainly suitable for theoretical and numerical
investigations rather than practical monitoring. In contrast, pier settlement and natural frequency
not only show clear responses as the structure approaches a critical state but also offer practical
observability. These characteristics make them more appropriate as failure indicators within a
digital twin framework. The assessment of the five failure indicators in this study is summarized in
Table 4.3. In general, indicators based on displacement and rotation are sensitive to the scouring
process while remaining relatively robust against environmental noise, such as vibrations, wa-
ter flow, and temperature fluctuations. Moreover, commercially available monitoring systems for
these indicators are well-developed, which make them the most practical and reliable options for
field deployment.

In contrast, changes in dynamic characteristics tend to lag behind structural deformation and
are more susceptible to external disturbances. Environmental factors can significantly affect the
identification of modal parameters; for instance, temperature variations alone may introduce an
uncertainty of 5% to 10% in the estimation of natural frequencies [158, 159, 160]. These problems
hinder the deployment of vibration-based monitoring and early warning systems that use dynamic
indications to work well.
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Table 4.3: Comparison of candidate failure indicators for scour monitoring in masonry bridges

Indicator Sensitivity to scour Noise resistance Monitoring feasibility

Pier settlement High (strong signal after
certain level of scour)

Very high (robust
against ambient
disturbance)

High (GNSS, leveling,
etc.)

Pier rotation / incli-
nation

Very high (early sign of
asymmetric scour)

High (resilient to
noise with filtering)

Very high (can be moni-
tored by tiltmeters)

Maximum principal
stress

High (in FE models) N/A (not directly ob-
servable)

Low (requires stress
field modeling)

Natural frequency
(1st or higher)

Medium (changes only
after severe scour)

Low to medium
(sensitive to temper-
ature, humidity)

Medium (usually re-
quires stable excitation)

Mode localization High Medium Very low (needs multiple
accelerometers)

4.6. Maximum allowable scour depth
This section defines the maximum allowable scour depth based on several failure indicators iden-
tified through numerical simulations:

1. Macroscopic arch damage: At Step 3 (scour depth of 1.5m), typical tensile cracking failure
was observed on both sides of a single pier arch. This local failure of the arch ring may
subsequently induce sliding of the backfill, eventually leading to local structural failure. Such
failure patterns have been observed in real-world cases, as illustrated in Figure 1.2(b).

2. Stress redistribution: When the scour depth reaches 1.5 m, the maximum principal stress
in the left and middle arch increases rapidly, and after 1.5 m, the measured areas show soft-
ening behavior which strongly indicate the structural capacity is no longer increasing, but
rather decreasing due to internal cracking and load path disruption (Figure 4.5). This stress
redistribution causes concentrated tension near the pier, eventually leading to cracking fail-
ure between the two adjacent arches.

3. Rapid pier settlement: As illustrated in Figure 4.9, pier settlement accelerates rapidly after
a scour depth of 1.5m, corresponding to a critical state when the bridge structure is near the
failure.

4. Modal response anomalies: Changes in natural frequencies and the localization of mode
shapes are also indicative of localized failure mechanisms.

The determination of the maximum allowable depth in this study is based on several factors. The
most critical feature when the masonry bridge is approaching a failure state is the redistribution
of the maximum principal stress. As shown in Figure 4.5, a clear stress redistribution pattern
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emerges with increasing scour depth. Similar failure phenomena have also been recorded in real-
world engineering cases, as illustrated in Figure 1.2. In those cases, typical local failure modes at
the arch–pier interface are characterized by significant stress concentration and the formation of
plastic strain zones. These features correspond closely with the simulation results, which reveal
similar stress intensification in the middle arch region. The dashed line in Figure 1.2(a) and (b)
shows local instability at the scoured pier, which is similar to the failure scenario observed in the
numerical model. Figure 1.2(c) shows pronounced masonry spalling and collapse at the intrados
of the arch due to scouring. This failure pattern aligns with the simulation result of pier settlement
and the corresponding stress redistribution observed in the middle arch. Figure 1.2(d) is the
complete collapse of the main arch span, that is, the final limit state of global structural instability.
However, the definition of failure in this study is constrained in the loss of serviceability rather than
a macroscopic collapse of the bridge structure.

Figure 4.9 shows that the pier settlement and differential settlement also have a certain degree
of development, particularly after the scour depth reaches 1.5m. Other indicators, such as varia-
tions in natural frequency and mode shape localization index, also have a pronounced variation
after this certain scour depth. Therefore, in summary, once the scour depth exceeds 1.5 m, con-
siderable changes occur in many aspects, including stress distribution, settlement, and modal
parameters. The maximum principal contour of Step 3 (as shown in Figure 4.6) further reveals
localized tensile failure, especially in the quarter-span regions on both sides of the left pier, where
the stress state has gone into the softening area.

In summary, the maximum allowable scour depth should be set at 1.5 m. This threshold provides
a physically informed basis for establishing intervention scour depth levels, ensuring that early
warnings can be issued well before critical failure occurs in a digital twin monitoring framework.

4.7. Sensitivity analysis of material parameters
Given that the modeling process in this study involves a wide range of material mechanical param-
eters, which inherently contain uncertainties, a sensitivity analysis is essential. It helps identify
which parameters most strongly influence the structural response, thereby providing a strong foun-
dation for the model calibration in the future.

This subsection analyzes how changes in two key parameters, namely density and stiffness, affect
the modal behavior of the structure. The focus is on their effect on natural frequencies. Results
for the first-order natural frequency are shown in Figure 4.14. Additional results for higher-order
modes are provided in Appendix D.
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Figure 4.14: Sensitive analysis of material parameters to first mode natural frequency

As illustrated in the figure, the arch stiffness substantially affects the modal properties, followed
by the backfill density, backfill stiffness, and the spandrel wall density. In contrast, the influence
of other parameters, such as the Winkler spring stiffness, is relatively small. Moreover, it can be
observed that density and stiffness show opposite trends in their impact on natural frequencies,
which is consistent with the fundamental solutions of structural dynamic equations.



5 Structural health monitoring

5.1. Scour depth monitoring by FBG-based vortex flow sensor
The vortex flow sensor (VFS) is a passive flow velocity monitoring device based on the principle
of vortex-induced vibration (VIV). In this study, the VFS structure consists of a bluff body, three
vibration-sensitive fins, each equipped with an embedded FBG sensor near its junction with the
bluff body, as illustrated in Figure 2.1.

Traditionally, vortex flow sensors measure flow velocity indirectly by detecting structural vibrations
generated by periodic vortex shedding. In this study, however, we adopt an FBG-based VFS fol-
lowing the design proposed by Campbell et al. [62], in which the FBG directly senses the vibration
signals. As shown in Figure 5.1. When water flows past the bluff body, vortices shed alternately
on either side downstream, forming a Kármán vortex street. Due to the alternating shedding of
vortices, the bluff body experiences periodic lateral oscillations. Each time a vortex sheds from
the bluff body, it exerts an asymmetric transverse force on the structure, with the force direction
perpendicular to the flow direction. This periodic transverse force is referred to as vortex-induced
vibration, and the role of the FBG is to detect the strain generated in the fins by such vibrations.

Compared to classical vortex flow sensors described by Venugopal et al. [161] and Igarashi [162],
which are designed for precise flow measurement, the FBG-based VFS developed by Campbell
et al. [62] focuses primarily on qualitatively identifying the presence or absence of vibration to
track the development of scour.

Figure 5.1: Conceptual diagram of Kármán vortex street

5.1.1. Relationship between vortex shedding and frequency
When a fluid with velocity U flows past a bluff body, alternating vortex structures are formed down-
stream, known as a Kármán vortex street. This vortex shedding generates periodic pressure fluc-
tuations on both sides of the bluff body, inducing vibrations in the sensing beam structure. The
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vibration frequency f can then be extracted by the sensing element. The relationship between
the vortex shedding frequency and the flow velocity is expressed as follows:

f =
St · U
D

(5.1)

where:

• f : Vortex shedding frequency (Hz);

• St: Strouhal number, a dimensionless constant related to the geometry of the bluff body and
the Reynolds number;

• U : Local flow velocity (m/s);

• D: Characteristic width of the bluff body (m).

Within a certain Reynolds number range (typically Re ≈ 103 ∼ 105), the Strouhal number can be
approximately regarded as constant, resulting in a linear relationship between vortex shedding
frequency and flow velocity. Conventional devices such as vortex flowmeters mainly utilize the
linear relationship described in Equation 5.1 to measure the flow velocity.

5.1.2. FBG sensing principle
The pressure differences generated by vortex shedding induce periodic vibrations in the sensing
beam. This vibration bends the beam, and the FBG affixed to the beam experiences periodic
strain. This strain causes a shift in the reflected wavelength, which can be described by the
following equation:

∆λB = λB · (kϵ · ϵ+ kT ·∆T ) (5.2)

where:

• ∆λB: Variation of the Bragg wavelength;

• λB: Initial Bragg wavelength;

• ϵ: Axial strain;

• ∆T : Temperature change;

• kϵ, kT : Sensitivity coefficients for strain and temperature, respectively.

Environmental temperature variations can also cause changes in the Bragg wavelength, as indi-
cated in Equation 5.2. Since conventional measurements primarily focus on strain, it is necessary
to either ensure stable environmental conditions or apply temperature compensation to attribute
the wavelength variation predominantly to strain.
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5.1.3. Pressure difference induced by vortex shedding
During vortex shedding, alternating pressure differences are generated on the upper and lower
surfaces of the bluff body, acting on the sensing beam structure. This pressure difference can be
approximately expressed as:

∆p =
1

2
· ρ · U2 · Cp (5.3)

where:

• ∆p: Pressure difference between the two sides (Pa);

• ρ: Fluid density (kg/m3);

• U : Flow velocity (m/s);

• Cp: Pressure coefficient associated with the bluff body.

The greater the pressure difference, the more pronounced the bending of the sensing beam, lead-
ing to a more significant FBG wavelength shift, which is favorable for signal extraction.

5.1.4. Advantages compared to conventional FBG monitoring systems
Conventional FBG scour monitoring systems typically employ cantilever beam structures (as
shown in Figure 5.2), where scour caused by flowing water gradually exposes the cantilever beam,
leading to strain changes used to estimate scour depth. However, such systems face two evident
challenges during flood events or when floating debris is present:

Figure 5.2: Traditional FBG layout for scour monitoring

Firstly, flood events are typically accompanied by substantial floating debris, including tree branches,
stones, construction materials, and household appliances [154]. An example of debris accumula-
tion after flooding is shown in Figure 5.3. Those debris often collide with the sensors, generating
substantial impact forces that can severely damage the cantilever-type FBG structures. Since
traditional FBG structures are designed to deform under load to sense strain, cantilever beams
(such as the one shown in Figure 5.2) typically require a certain degree of deformation to enable
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effective FBG sensing. However, this also introduces a drawback: they are particularly vulner-
able to damage from sudden large impacts, especially from debris. Those impacts can easily
strike structural components such as piers and arch springings, leading to structural damage or
blockage of bridge openings, and can also readily destroy conventional FBG monitoring systems.
Secondly, floating debris adhering to the sensor surface can alter the projected frontal area facing
the flow, thus affecting the hydrodynamic forces and reducing measurement accuracy.

Figure 5.3: An example of debris accumulation after flooding [154]

In contrast, the FBG-based vortex flow sensing system in this study shows evident advantages in
terms of structural design and sensing mechanisms:

• Non-reliance on deformation of the main body: The measurement is based on the deforma-
tion of fins located behind the bluff body, rather than on the deformation of the bluff body itself.
As a result, the bluff body can be constructed from rigid materials (such as the stainless steel
used in this study), allowing the device to effectively resist debris impact.

• Indirect measurement: Drag force is very easily influenced by environmental factors such
as debris. However, in the proposed device, scour depth is detected qualitatively without
disturbance from drag forces.

• High structural rigidity: The use of stainless steel structures provides strong resistance
against flood and debris impacts.

• Tolerance to debris attachment: Even in the presence of debris, vortex shedding characteris-
tics are largely stable, with only minor effects on the Reynolds number, thus exerting limited
influence on signal integrity.
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Overall, this FBG-based monitoring system demonstrates superior stability and measurement re-
liability under variable hydrological conditions and debris disturbances. These advantages make
it more suitable for long-term monitoring in real-world engineering applications.

5.2. FBG-based vortex flow sensor analysis
In previous work, Campbell et al. [62] conducted laboratory flume experiments to validate the
sensor design. Their results showed that, even under low flow velocity conditions, the rubber fins
experienced certain strain due to the vibrations induced by the vortex shedding. Moreover, the
sensor successfully captured a positive correlation between vibration intensity and flow velocity.

Based on this previous research, this study investigated the performance of the FBG-based vortex
flow sensor through numerical simulation. ANSYS Fluent was employed to model the sensor
under controlled fluid conditions. The aim is to validate its suitability for scour depth monitoring in
the time domain.

5.2.1. Study on the formation conditions of Kármán vortex streets
The formation of a Kármán vortex street mainly depends on the fluid velocity U , the kinematic
viscosity of the fluid ν, and the characteristic length of the bluff body D. The criterion is typically
described using the Reynolds number (Re), defined as:

Re =
UD

ν
(5.4)

where:

• U : Mean inlet velocity (m/s);

• D: Characteristic length of the bluff body (D = 0.02 m in this case);

• ν: Kinematic viscosity, approximately ν ≈ 1.0× 10−6 m2/s for water at room temperature.

For a cylindrical bluff body, a Kármán vortex street forms when Re > 40 [163]. For rectangular
bluff bodies with sharp edges, such as the one in this study, the required Reynolds number for
vortex street formation is slightly lower [164]. This is because sharp corners promote earlier flow
separation, which facilitates the formation of vortex streets. When the Reynolds number further
increases to approximately 103, the vortex street becomes more complex but still exhibits stable
periodic shedding.

In this study, the inlet velocity is set to U = 1.0 m/s, and the characteristic length of the bluff body is
20 cm. Substituting into the equation yields: Re = 20,000. This result indicates that the Reynolds
number far exceeds the critical value for vortex street formation, and thus typical Kármán vortex
street structures are expected to form behind the sensor under the simulated conditions.
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5.2.2. Fluid–solid coupled domain and field setup
The fluid domain setup is illustrated in Figure 5.4. The upstream section (where the sensor is
located) is set to a length of 450 mm to ensure sufficient development of the inlet velocity profile.
The downstream wake region is considerably longer, at 1500 mm, to allow for the full development
of the Kármán vortex street. The height of the fluid domain is set to 350 mm.

Figure 5.4: Fluid domain size and sensor relative position

5.2.3. Fluid field model setup
An unstructured mesh with a grid size of 8 mm and tetrahedral (Tet4) elements is used for meshing.
The total number of nodes is 510,970, and the number of elements is 2,738,758. The mesh quality
check shows that most elements have a quality greater than 0.5. This value means an overall
acceptable mesh quality.

The fluid material is set to default water properties, with ρ = 998.2 kg/m3 and µ = 0.001003 Pa · s.
A flow velocity is set as 1 m/s, reflecting typical river scour flow conditions. The outlet is set as a
pressure outlet, and no-slip wall boundary conditions with a relative roughness of 0.5 are applied.
Other parameters follow default settings, as summarized in Table 5.1.

The flow is modeled as transient and incompressible. The turbulence model adopted is the shear
stress transport (SST) k–ω model, which combines the high accuracy of the k–ω model near
walls with the robustness of the k–ε model in free flow regions [165]. The corresponding control
equations of the SST model can be seen in [166].

The simulation uses 8000 time steps, with a time step size of 0.005 s and a maximum of 20
iterations per step, using residual convergence criteria to ensure numerical stability.
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Table 5.1: Summary of boundary condition settings

Region Boundary type Setting parameters Remarks

inlet velocity-inlet
Velocity: 1 m/s
Turbulence intensity: 5%
Turbulent viscosity ratio: 10

Flow along the x-axis

outlet pressure-outlet Back pressure: 0 Pa (relative) Free outflow

wall-sensor wall
No-slip condition
Standard wall functions
Relative roughness: 0.5

Monitoring wall for calculations

wall-domain wall
Default no-slip condition
Relative roughness: 0.5

Domain boundary

interior-fluid interior – Internal flow region

5.2.4. Solid field model setup
A simplified structural model is employed to simulate the response of the sensor device under
scour conditions. The device consists of a stainless steel main body and three rubber fins: the
top fin, middle fin, and bottom fin. The assumed scour progression is illustrated in Figure 5.5.
Initially, the top fin is fully exposed to the fluid domain, while the scour depth has just reached the
upper edge of the middle fin, this condition is defined as Step 0. Step 1 corresponds to the scour
reaching the mid-height of the middle fin, at which point the sensor FBG 2 is at the critical threshold
of exposure. Subsequently, Step 3 represents the condition where scour has reached the lower
end of the middle fin. This process continues through Steps 4 and 5, until Step 7, in which all three
fins are fully exposed. The aim of this solid-field modeling approach is to demonstrate the potential
of the sensor for scour monitoring by simulating this progressive exposure scenario. During this
scouring process, the function of soil to the sensor structure is simplified as fixing support.

Figure 5.5: The process of gradual exposure of the FBG-based vortex flow sensor. Where (a) to (h) respectively
correspond to Step 0 to Step 7 (8 steps in total)
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Two material models are defined to reflect the mechanical properties of different parts of the sen-
sor: rubber for the fins and stainless steel for the bluff body (as shown in Figure 2.1). The flexible
fins are modeled using the Mooney–Rivlin two-parameter hyperelastic material model, which is
usually suitable for moderate strain levels (not exceeding 200%) [167]. The Mooney–Rivlin strain
energy function is given by [168] as shown in Equation 5.5.The material constants are adopted
from literature, with C10 = 1.5590 MPa, C01 = 0.3118 MPa [169].

W = C10(I1 − 3) + C01(I2 − 3) (5.5)

where C10 and C01 are material constants, and I1, I2 are the first and second invariants of the de-
formation tensor. To ensure material monotonicity and numerical stability, the following conditions
must be satisfied:

C10 + C01 > 0, C01 > 0

The parameters used in this study meet these criteria.

The main support structure (the stainless steel) is modeled as linear elastic structural steel with a
Young’s modulus of 2.1× 1011 Pa, a Poisson’s ratio of 0.3, and a density of 7850 kg/m3.

5.2.5. Fluid field simulation results
Figure 5.6 shows the converged velocity field. Behind the sensor, a symmetric wake develops,
characterized by a central low-speed region and alternating high-speed streaks on both sides.
A clear velocity difference appears between the inner and outer surfaces of the fins, implying a
stagnation zone on the inner side. This creates a pressure gradient (Equation 5.3) that drives the
fins to bend.

Figure 5.6: Section view of the upper fin

5.2.6. Solid field simulation results
This section presents the structural response simulation under vortex-induced flow scour, focusing
on the equivalent strain distribution in key areas to verify the feasibility of using FBG sensors for
scour monitoring.

Figure 5.7 illustrates the maximum elastic strain of the three FBG sensors at different scour depth.
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FBG 1 is mounted on the top fin and fully exposed to the flow domain from Step 0. It consistently
records a strain of approximately 3.24 × 10−3m/m. In contrast, FBG 2 is located on the middle
fin, showing negligible strain at Step 0. At Step 1, when the sensor just starts to emerge above
the sediment surface, a notable increase in strain is observed. By Step 2, where the middle fin
is fully exposed, the strain in FBG 2 rapidly rises and then stabilizes around 1.44 × 10−3m/m in
subsequent steps, indicating its suitability for early-stage scour detection. For the bottom fin, FBG
3 does not show an evident response until after Step 6. At Step 7, its strain sharply increases,
reaching 2.61 × 10−1,m/m, suggesting that the scour depth has reached the same level as FBG
3.

Figure 5.7: The responses of FBG-based vortex flow sensor with the development of scour depth

Collectively, the three-tier sensor layout successfully captures the entire scour progression, pro-
viding effective responses from early detection to late-stage warning. This confirms the device’s
potential for full-process scour monitoring. In real-world applications, the development of scour
depth from Step 0 to Step 7 represents a time-dependent process, during which the current scour
state can be qualitatively assessed by observing sudden changes, gradual increases, and then
stabilization of strain readings from different sensors. Moreover, it should be noted that in on-site
monitoring, the signal may not act exactly the same as in Figure 5.7, since the FBG sensors are
also influenced by the environmental noise and measurement error. However, the general trend
is similar, and engineers can easily use the response of FBG to judge the scour depth level.



6 Connection layer of digital twin
The previous two chapters introduced two main components of the digital twin system, specifically
the FEM module in the virtual twin and the SHM module in the physical entity. The FEM module
simulates ’what-if’ scenarios to assess the structural response during scouring, while the SHM
module provides real-time data from the physical system. This chapter presents the third key
component, the connection layer.

In a digital twin framework, the connection layer links the physical system with its virtual coun-
terpart via two primary mechanisms: forward and backward connections. Forward connections
update the digital twin model to ensure that the virtual twin reflects the real-world conditions. In
contrast, backward connections utilize the results from the digital twin to inform the dicision making
in real world. In this study, the forward connection is implemented mainly through the Scan-to-
FEM geometry updates, as detailed in Chapter 4. Accordingly, the current chapter focuses on
explaining the backward connection and its role within the overall digital twin system.

A key feature that distinguishes digital twins from conventional digital modeling tools such as build-
ing information modeling (BIM) and geographic information systems (GIS) is the backward con-
nection [170]. Conventional digital models mainly provide semantic representations of physical
assets through visualization and documentation. They do not actively support decision-making
or system control. In contrast, the backward connection enables digital twins to derive action-
able insights from simulations or data analysis and apply them to guide operations in the physical
world. Together with the forward connection, which focuses on model updating and synchroniza-
tion, these two connections complete the closed-loop architecture of the digital twin.

In this thesis, two commonly used modules are adopted as examples of backward connections
for real-world decision-making: (1) sensor placement optimization based on the finite element
model, and (2) a predictive maintenance workflow that combines the maximum allowable scour
depth and corresponding failure indicators derived from finite element analysis with real-world
monitoring data.

6.1. Sensor placement optimization
The identification of structural dynamic system parameters is critical for effective model updating
and structural health monitoring. The ability to extract meaningful information from data heavily
depends on both the number and spatial distribution of sensors. However, accurate identification
of modal information often requires a large number of sensors [171]. This section presents an
approach to optimize sensor placement using the first mode shape data under multiple scour
depths (Step 0 to Step 6), based on the Fisher information matrix (FIM).

The underlying concept is to treat the total deformation under different scour conditions as a set of
”modal shapes” and then perform greedy sensor selection by maximizing the determinant of the
corresponding Fisher matrix. Specifically, the modal deformation results from the seven structural

64



6.1. Sensor placement optimization 65

states (Step 0 to Step 6) are concatenated column-wise to form a data matrix. The objective is
to ensure that the selected sensor locations can maximally distinguish the deformation patterns
associated with different scour depths, thus capturing the structural response sensitivity to scour
progression.

At the same time, noted that excessive sensor concentration can lead to information redundancy.
This study adopted two strategies to mitigate this issue. First, information redundancy term is
introduced [172], modifying the sensor placement objective function to simultaneously maximize
the determinant of the Fisher matrix and minimize the information redundancy. Second, a spatial
dispersion penalty term is incorporated to encourage a moderately dispersed spatial distribution
of sensors.

The spatial dispersion term is introduced to address scenarios where the redundancy metric alone
may not prevent excessive clustering of sensors. For example, high-frequency localized modes
can still lead to dense groupings, even when redundancy thresholds are applied. Furthermore,
spatial dispersion helps reduce the risk of interference effects caused by closely spaced sensors,
such as cross-talk in radio-frequency (RF) systems, electromagnetic coupling in electrical sensors,
or spectral overlapping in fiber optic sensors, depending on the sensing technology in use.

In this chapter, the identification of first-order natural frequency is set as an example. And it is
similar for identifying other modal parameters. The detailed procedure is as follows:

6.1.1. Construction of augmented mode shape matrix
For each step s (s = 0, 1, . . . , 6) of scour depth level, let the first-order mode shape be expressed
as

ϕ(s) =


ϕ
(s)
1

ϕ
(s)
2

...
ϕ
(s)
N

 ∈ RN , (6.1)

where N is the total number of extracted surface nodes, and ϕ
(s)
i denotes the mode amplitude of

node i at step s. By stacking the mode shapes from all steps column-wise, an augmented mode
shape matrix is constructed:

Φaug =
[
ϕ(0) ϕ(1) · · · ϕ(6)

]
∈ RN×7. (6.2)

6.1.2. Combined response index
To quantify the total modal response of each node across multiple scour levels, a combined re-
sponse index is defined as

Ri =
6∑

s=0

∣∣∣ϕ(s)
i

∣∣∣ , (6.3)

Nodes are ranked in descending order according to Ri, and the top Ncand nodes are selected as
candidates.
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6.1.3. Fisher information matrix and objective function
Let the selected sensor node set be S ⊂ {1, 2, . . . , Ncand} with |S| = K. where Ncand denotes the
total number of candidate sensor locations, andK is the number of sensors to be deployed which
is determined by engineers. Then the matrix

X = Φaug(S, :) ∈ RK×7 (6.4)

is constructed by extracting rows of Φaug indexed by S. The proxy Q for the Fisher information
matrix is given b:

Q = XXT ∈ RK×K . (6.5)

One of the optimization objectives is to maximize the determinant of Q:

max
S

det(Q). (6.6)

Define the basic information matrix per node k:

Ii = XT
i Xi. (6.7)

The redundancy between nodes k and l is [172]:

Rij =
∥Ii − Ij∥
∥Ii + Ij∥

, (6.8)

6.1.4. Greedy sensor placement algorithm
A greedy search algorithm is employed to identify an optimal set of K sensor locations from the
candidate node pool. The selection process begins with the node that has the largest combined
response indexRi. In each iteration, the algorithm adds the node that maximizes a weighted score
that balances spatial independence with information gain. This process repeats until the desired
number of sensors is selected. The complete algorithmic steps and mathematical formulation are
provided in Appendix B.

6.1.5. Optimization result
In this example, K = 10 sensors were selected with a dispersion term weight of α = 0.1 and a
redundancy termweight of β = 0.2. The redundancy threshold is set to 0.5. The sensor placement
corresponds to the node number shown in FEM software. Thus the resulting optimal sensor
indices are:

[413880, 420923, 413858, 413842, 421415, 408748, 421039, 422526, 420266, 421044],

and their locations are illustrated in Figure 6.1. It can be observed from the figure that the sensor
placements are predominantly concentrated near the upstream cutwater side of the arch and the
spandrel wall. This observation aligns with conventional intuition, as scour typically initiates on
the upstream side, where modal changes are expected to be the most pronounced.
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Figure 6.1: Sensor placement for tracing the first order modal shape

This method effectively constructs an augmented mode matrix using multi-step deformation data,
and determines optimal sensor placements via determinant maximization of the Fisher informa-
tion matrix. This process ensures that the selected sensors capture meaningful first-order modal
responses under varying scour depths. Thus when scour occurs, this optimized sensing system
can provide damage information in a most effective manner.

An important consideration in sensor placement is the selection of an appropriate optimization
algorithm. For small-scale sensor networks, greedy algorithms is effective enough to sequentially
select optimal sensor locations. However, for large-scale or dense sensor layouts, heuristic opti-
mization techniques such as genetic algorithms or particle swarm optimization are more recom-
mended to handle the increased complexity while still meeting the necessary physical constraints,
such as the sensor spacing.

6.1.6. Noise disturbance during modal shape identification
When applying accelerometers on-site to identify modal shape information, one key challenge is
the influence of noise. Under scour monitoring scenarios, the measurement output equation of
an SHM system is given by:

y(t) = Cobsz(t) + v(t) (6.9)

where:

• y(t): vector of measured structural responses (e.g., accelerations);

• Cobs: observation matrix depending on sensor layout;

• v(t) ∼ N (0,R): measurement noise, usually assumed to be zero-mean Gaussian with
covariance R.

Noise and environmental disturbances introduce uncertainty into the modal parameter identifica-
tion process. These uncertainties can be quantitatively evaluated using the modal assurance
criterion (MAC) and modal phase collinearity (MPC) [173]. Moreover, modal frequency is highly
sensitive to environmental and operational conditions (EOCs), such as temperature, humidity,
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wind, and traffic loads. For example, temperature-induced frequency variations may exceed 10%

for bridges [156].

Within the proposed digital twin framework, sensor placement optimization is employed to en-
hance the observability of those modal responses that are sensitive to scour. Nonetheless, the
current optimization algorithm is developed under ideal (noise-free) assumptions, and actual struc-
tural response estimations using limited sensor data may still be affected by real-world measure-
ment uncertainties.

To mitigate the effects of noise and EOCs, various signal processing techniques have been pro-
posed. Wavelet transforms [174] and blind signal separation (BSS) methods [175] are particularly
effective in extracting modal features from noisy datasets. However, detailed implementation of
these techniques is beyond the scope of this study.

6.1.7. Sensitivity analysis of sensor placement optimization
The initially optimized sensor locations on the masonry arch bridge are shown in Figure 6.1
(marked in red). The optimization objective is to capture variations in the first-order modal shapes
under different scour depths with the highest information density, given a limited number of sen-
sors. However, this optimized layout is relatively sensitive to changes in structural parameters.
For example, if the stiffness of the arch or piers decreases (e.g., by 20%), the first-order bending
mode shape changes accordingly, and the algorithm naturally recommends a different sensor con-
figuration to track the new shape. To understand to what extent the sensor placement is sensitive
to changes in material parameters, it is necessary to conduct a sensitivity analysis.

Referring to the previous sensitivity analysis of material parameters on the first natural frequency,
as shown in Figure 4.14, the stiffness of the arch exhibits significantly higher sensitivity than other
parameters. In this subsection, a 20% reduction in arch stiffness is introduced to simulate sce-
narios such as material aging, parameter uncertainty, or structural damage, all of which result in
stiffness degradation. The updated sensor layout optimized using the FIM and greedy algorithm
after the disturbance is shown in Figure 6.2.

Compared with Figure 6.1, sensors numbered 1, 4, 5, 6, and 9 (marked in yellow) demonstrate
high robustness. Other sensors have slight position shifts. This is because the arch’s dynamic
behavior changes following stiffness reduction (e.g., modal shapes may localize or shift in fre-
quency), and previously optimal sensor points lose their advantage. The new optimal set tends to
favor locations that are likely to capture the altered mode shapes, such as moving sensors closer
to the piers or toward different nodal lines of the mode shapes.

The sensitivity analysis result indicates that sensor locations associated with capturing higher-
order or more spatially distributed modes are more susceptible to changes in stiffness assump-
tions, whereas sensors placed near supports or low-mode nodal lines (which are less sensitive to
uniform stiffness changes) remain effective.
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Figure 6.2: Sensor placement after reduction of the arch stiffness by 20%

Another important issue is the practical deployment strategy of sensors in the field. Within a digital
twin framework, material parameters are updated either periodically or in response to events. As
a result, the numerical simulation model also evolves. Changes in material properties (such as the
20% reduction in arch stiffness in this case) may lead to updates in the optimal sensor placement
strategy. This update could lead to different sensor locations over time.

However, relocating sensors on a real bridge can be difficult. For example, sensors embedded
within structural components cannot be repositioned. In addition, relocating sensors may cause
the loss of historical data. Measurements from new locations cannot be directly compared with
previous baseline data from different positions. The limitations in relocating underscore the need
to introduce uncertainties into the sensor optimization in the future, which may improve the robust-
ness of sensor placement under the uncertain material parameters.

6.2. Digital twin-inspired monitoring strategy
6.2.1. Execution of the monitoring strategy
The refined monitoring strategy proposed in this study integrates real-time sensor data with finite
element analysis within a digital twin framework. Data fusion is a major challendge for scour
protection [176]. However, this framework integrates data from the FBG-based vortex flow sensor,
the hydrological data of the observation station, and insights from FE analysis, serving a common
purpose, that is, to inform the predictive maintenance. The execution of the maintenance strategy
is as follows:

1. Physical layer monitoring:
FBG-based vortex flow sensors are deployed onsite to obtain real-time scour depth data;
The hydrological data such as water level and flow velocity are measured and collected as
the trigger for digital twin updating.

2. Virtual layer analysis:
A finite element model is used to determine the maximum allowable scour depth based on
the structural capacity.
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3. Indicator-based monitoring:
Two structural response indicators are used in the digital twin to assess scour risks:

• Pier settlement

• Pier rotation

4. Updating trigger
To manage computational cost while maintaining accuracy, three update modes are pro-
posed:

• Routine update: Regular model updates at a base interval.

• Hydrology-driven accelerated update: Triggered when real-time hydrological data ex-
ceed threshold values.

• Structure-driven update: Triggered when any structural indicator approaches a critical
limit.

This maintenance strategy is also illustrated in Figure 6.3. Note that the safety factor which quanti-
fies the safety margin between on-site scour depth and maximum allowable scour depth is chosen
to be 0.8. This factor can be adjusted based on the importance of the bridges.

6.2.2. Updating triggers of the digital twin framework
A common perception regarding digital twins (DTs) is that they must always be synchronized and
updated in real time. However, this requirement often entails high computational costs and is, in
many cases, unnecessary. In practice, the update frequency of a DT is typically user- or event-
dependent, and depending on the engineering context, it can range from real-time synchronization
to updates conducted once every few years [43]. In the DT framework proposed in this study, three
update strategies are adopted:

1) Routine update mode During the normal operation phase, when the structural condition is
stable and no significant hydrological anomalies are observed, the model operates under a fixed
low-frequency update mechanism, with the update period denoted as Tbase, for instance, once per
month or every two weeks. The specific interval Tbase is made according to the local norms.

2) Hydrology-driven accelerated update When the flow velocity or other external hydrody-
namic indicators exceed a specified threshold, the system switches to a ”flood-sensitive mode”
that reduces the update interval to Thydro:

Tupdate = Thydro < Tbase, if v(t) ≥ vth

This mode can be triggered based on real-time hydrological data, such as flow velocity and water
level. Flow velocity is used here as an example; the threshold velocity vth can be determined
using two approaches. The first approach relies on long-term hydrological observations and his-
torical flood event records. In this context, hydraulic models can be employed to back-calculate
the minimum discharge or velocity required to reproduce observed flood extents, which allows the
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estimation of threshold values associated with specific return periods such as 10-year or 50-year
flood events [177]. In addition, vth can also be estimated using data-driven methods, such as ma-
chine learning models trained on large-scale datasets containing flow velocity and corresponding
flood occurrences [178, 179, 180].

3) Structure-driven accelerated update If a structural failure indicator shows a sudden change
(increase or decrease), the system enters a ”risk-enhanced mode,” where the model undergoes
high-frequency calibration, and the update period is set to Tstruct:

Tupdate = Tstruct < Tbase, if dIf (t)

dt
≥ Ith

Here Ith is the threshold for the indicator’s rate of change. Ith is determined based on FE simulation.
For example, in the context of this study, the variation of pier settlement is approximately 25%
when the bridge is approaching failure, thus the Ith can be determined as 10% to 15% to cover
this variation. If (t) denotes the failure indicator variable, which is monitored on site and includes:

• Pier settlement: sp(t);

• Pier rotation: rp(t);

These indicators can be measured through optical fiber sensors, accelerometers, and other sens-
ing devices. Based on these indicators, when the system enters a risky mode, the digital twin
model must be updated at a higher frequency to capture the evolving trends of structural re-
sponses and to support early warning and maintenance decision-making.

Figure 6.3: Maintenance strategy and the two-level scour warning strategy within the digital twin framework

6.3. Safety warning of the digital twin
To improve the accuracy and robustness of scour risk management, a two-level early warning
strategy is implemented within the proposed digital twin framework (Figure 6.3), combining scour
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depth and failure indicators as the two main methods for safety warning.

6.3.1. Level 1 warning: simulation-based threshold
A Level 1 warning is triggered when the maximum observed scour depth ys, obtained from field
monitoring (FBG-based vortex flow sensors in this case study), exceeds the safety threshold.
This threshold is defined as a fraction of the critical scour depth ycrit derived from the digital twin
simulation:

ys ≥ λ · ycrit (6.10)

where λ ∈ (0.8, 0.9) is a safety factor set to intervene in advance. The critical scour depth ycrit

corresponds to the limit state at which localized structural failure initiates. In this study, critical
scour depth also refers to the maximum allowable scour depth.

6.3.2. Level 2 warning: structural indicator-based warning
The Level 2 warning is based on structural indicators that quantify the degradation of mechanical
behavior under scour conditions. These include excessive displacement and rotation at the pier.
As shown in the simulation, when scour depth increases, structural stiffness degrades and defor-
mation localizes at the arch–pier interface. During this process, several structural indicators, such
as maximum principal stress, pier settlement, pier rotation, and natural frequency, have evident
responses. However, as discussed earlier, pier settlement and rotation are finally adopted as the
primary indicators for on-site monitoring purpose due to their monitoring feasibility.

Level 2 warning is triggered if


dsp(t)

dt
≥ rths

or
drp(t)

dt
≥ rthr

(6.11)

where:

• sp(t) is the pier settlement over time,

• rths is the allowable settlement rate threshold,

• rp(t) is the pier rotation over time,

• rthr is the allowable rotation rate threshold.

These two structural indicators are updated through the digital twin. Once the monitored values
change dramatically and the change rates exceed the defined limits, a Level 2 warning is issued,
indicating urgent intervention is needed. Those rate thresholds are defined based on simulation.

6.3.3. Complementary role of the two warning levels
The two warning levels warning strategies are combined in the digital twin system. The Level
1 warning offers an early indication based on the physical progression of scour, while Level 2
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focuses on the structural consequences of that progression. It should also be emphasized that
Level 1 enables early warning, as scour depth evolution in the time domain can be monitored
on-site. By applying an appropriate safety margin, timely alerts can be achieved before reaching
critical conditions. In contrast, the failure indicators used in Level 2 often show minimal changes
at early stages but show fast variation near the point of structural failure. Therefore, Level 2 is
more suitable for identifying critical failure states.

The two levels of early warning can work as complementary mechanisms in practical applications.
In the early stages of scour, field monitoring of scour depth, combined with finite element model
updates in the digital twin environment, allows for the estimation of the critical scour depth at that
time. By comparing the monitored scour depth with the simulated threshold, the appropriate tim-
ing for early maintenance intervention can be identified. In contrast, failure indicators at this stage
are less effective, showing minimal variations. In the later stages of scour, when the structure
approaches critical failure, real-time updates of the maximum allowable scour depth in the digital
twin model may be constrained by computational limitations. In such cases, direct monitoring of
failure indicators such as pier settlement provides clear evidence of the structural state. This mon-
itoring of failure indicators at the late stage of scour informs engineers of emergency interventions
such as traffic control.



7 Discussion

7.1. Contribution to the state of the art
In previous studies, finite element analysis and field monitoring were often treated as separate
tasks. Although FE models can simulate the mechanical behavior of bridges under different sce-
narios, they usually cannot be updated once built. In particular, they cannot adjust their geometry
or material parameters based on new information. Hence, this static modeling approach is not
suitable for masonry bridges, which often show clear signs of aging after long service periods.

Field monitoring alone is also limited. Engineers can use SHM systems to obtain local measure-
ments, such as strain or foundation settlement. However, these measurements do not directly
indicate whether the structure remains in a healthy state or whether maintenance is required un-
der current scour conditions.

This thesis presents an integrated digital twin framework for scour monitoring and predictive main-
tenance of masonry arch bridges. Unlike previous methods that separate structural modeling from
sensor-based monitoring, this framework allows two-way interaction between FE simulations and
field sensor data. It connects changes in scour conditions with the structural response through
failure indicators that are calibrated by simulations.

A two-level early warning strategy is developed. This strategy combines a physical threshold,
such as the maximum allowable scour depth, with structural indicators like pier settlement and ro-
tation. It overcomes key limitations in existing SHM systems. These include the use of empirical
thresholds and the lack of dynamic model updating. Empirical thresholds are often limited to spe-
cific locations and bridge types, which makes them hard to generalize. In contrast, the threshold
values in this study are derived from finite element analysis. This makes the method applicable
to a wide range of bridges in different locations. As a result, the proposed framework is scalable
and transferable.

7.2. Methodological improvements and practical meanings
This section discusses the innovations introduced by the proposed scour monitoring framework.
Moreover, the framework’s advantages over traditional scour health monitoring and maintenance
strategies are also highlighted.

7.2.1. Bidirectional loop of digital twin
The study establishes a forward model-updating mechanism that links real-world measurements
with high-fidelity simulations, ensuring that the digital representation reflects the evolving condition
of the physical bridge. In terms of update frequency, a hybrid strategy is adopted. With the support
of external data sources, the model combines regular updates with event-based updates. This
approach reduces the computational cost of the digital twin and improves its practicality.
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Forward model updating is particularly relevant for scour monitoring in masonry bridges. First,
most masonry bridges are in the later stages of their service life. They are prone to local damage
or deformation, which requires timely updates of the finite element model to capture structural
changes. Second, scour can progress rapidly under specific hydraulic conditions, such as flooding.
In such cases, the reduction in foundation stiffness can quickly push the superstructure toward
instability and failure. Hence, it is essential to update the model as soon as possible to ensure
the FE model reflects the latest mechanical conditions.

The backward feedback in the digital twin refers to the ability to use simulation results to inform
engineering decision-making. Once the finite element model is updated in real time to reflect the
latest structural state, it can extract physically meaningful failure indicators, such as the maximum
allowable scour depth and settlement thresholds. These indicators provide valuable insights for
maintenance planning. In this way, the digital twin is not merely a passive reflection of struc-
tural conditions, but an intelligent system that actively contributes to operational and maintenance
decisions.

7.2.2. Two-level early warning system.
The first level of warning is based on the maximum allowable scour depth derived from FE simu-
lation. This value is obtained by simulating the full progression of scouring. This threshold is then
compared with field-monitored scour depth to trigger early warning. A safety margin is applied to
allow for advance intervention. The second level of warning is based on structural indicators such
as abrupt changes in boundary conditions (e.g., pier settlement and rotation). These changes are
associated with the structural failure.

The effectiveness of several failure indicators is evaluated in terms of observability, robustness to
noise and environmental disturbance, and sensitivity to scour damage. Pier settlement and rota-
tion are eventually identified as the most suitable indicators, and their monitoring is recommended
for field deployment.

7.2.3. Integration of multi-source sensors and external data.
The framework incorporates multiple sensor types into a unified decision-making system. Ac-
celerometers and laser scanners are used to calibrate geometry and material parameters in the
finite element model. FBG sensors based on vortex-induced vibrations are applied for real-time
scour depth monitoring. By comparing the monitored scour depth with the simulated maximum
allowable depth, the framework provides a basis to inform maintenance decisions.

These innovations ensure both the technical accuracy and practical utility of the system. More
importantly, the proposed framework is adaptable to a wide range of bridge. Although specific
numerical thresholds (such as the maximum allowable scour depth) may vary depending on the
bridge type and hydraulic conditions, the underlying methodology is broadly applicable to other
bridges.
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7.3. Limitations of the current study
The proposed digital twin framework has proved its feasibility and robustness through the case
study of the Regent Bridge. However, there are still several limitations that should be acknowl-
edged:

First of all, due to the absence of underwater geometry data, the current model does not explicitly
include the submerged portion of the bridge foundation. This omission may reduce the accuracy
of scour simulation and limit the reliability of critical scour depth predictions. Future work should
incorporate ground-penetrating radar (GPR) or sonar-based reconstruction techniques to address
this issue.

Another modeling limitation concerns the use of a Winkler spring model in the finite element anal-
ysis, which assumes linear elastic behavior. This is usually adequate for early-stage scour with
small deformations. Nevertheless, nonlinear soil–structure interactions become increasingly im-
portant as scour progresses. Hence, linear springs may become less suitable for the late stage
of scour. To improve model fidelity，future studies should consider nonlinear spring elements.

Furthermore, there are limitations from the use of a homogeneous material model. In this study,
the masonry is modeled as a homogeneous continuum, where the discrete nature of brick–mor-
tar interfaces is neglected. This approach reduces computational cost but may miss local failure
mechanisms such as joint sliding and cracking. Discrete micro-modeling has greater accuracy,
however, as a trade-off, it requires additional computational resources and material input param-
eters.

Sensor layout optimization was based on a deterministic finite element model without consid-
ering parameter uncertainty propagation. Despite a sensitivity analysis, the layout may still be
suboptimal under varying model parameters. More robust layout strategies should consider the
uncertainty and measurement noise in the optimization process.

In conclusion, these limitations do not present fundamental technical barriers to implementation.
In many cases, they reflect practical constraints, such as data availability or field accessibility. In
other cases, they result from methodological trade-offs between modeling complexity and compu-
tational cost.

7.4. Future research recommendation
Corresponding to the limitations, several future research directions are identified to improve cur-
rent work:

The accuracy of the DT framework could be significantly improved in the future by incorporating
geometric information of the submerged substructure. Non-destructive testing techniques can be
powerful tools to reconstruct the underwater portions of masonry bridges, including foundation
depth and type.

The finite element model in this study utilizes linear springs, which assume a constant elastic stiff-
ness. This simplification is generally acceptable under small-deformation assumptions. However,
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in practice, the relationship between structural deformation and spring response is often nonlinear.
In the later stages of scour progression, where large deformations may occur, modeling accuracy
can be improved by incorporating nonlinear springs within the finite element framework (for ex-
ample, using the COMBIN39 spring element available in ANSYS). A similar enhancement may
also be considered in the choice between homogenized and discrete modeling strategies. Dis-
crete modeling treats bricks and mortar separately and uses contact elements to capture sliding
and cracking between blocks. This method achieves a more realistic representation of structural
nonlinearities. However, it also greatly increases computational demand. In summary, finite el-
ement modeling of masonry bridges involves a trade-off between accuracy and computational
efficiency. Future studies should select modeling strategies based on the specific demands of
each application scenario.

Further experimental and field validation of the FBG-based vortex flow sensor is also needed.
Special attention should be given to its temporal sensitivity to scour depth variation, as well as me-
chanical robustness and corrosion resistance under harsh underwater conditions. Moreover, the
sensor placement strategy proposed in this study demonstrates moderate robustness under stiff-
ness perturbations. In order to develop a more resilient and reliable sensor placement algorithm,
future research could incorporate uncertainty propagation into the sensor placement optimization.

The current digital twin model still contains uncertainties in material parameters. Therefore, ambi-
ent vibration tests are needed in the future to perform modal identification and update the model.
This study conducted a sensitivity analysis to identify the most influential parameters affecting the
structure’s dynamic characteristics, serving as a preliminary step for the future model updating.

Last but not least, current efforts remain at the simulation and modeling stage. Future work should
focus on incorporating these components into practical DT platforms, such as Bentley iTwin, Ansys
Twin Builder, or Microsoft Azure Digital Twins, to support a broader application.



8 Conclusions
This thesis developed a digital twin-based framework for the structural health monitoring and pre-
dictive maintenance of masonry bridges subjected to scour. By integrating real-time scour data
from FBG-based vortex flow sensors with physics-based finite element modeling, the framework
enables closed-loop interaction between the physical structure and its virtual representation. For-
ward feedback from the physical layer supports dynamic model calibration, while backward feed-
back from the virtual model informs maintenance decisions and sensor deployment strategies.
The framework addresses critical challenges in existing scour management practices, particularly
the lack of model updating and calibration, mechanical feedback under scour, and limited sensor
optimization methods. The main conclusions are summarized as follows:

1. Design of digital twin framework: A framework was designed for masonry bridge scour, in-
corporating physical, virtual, and connect layers. A closed-loop interaction was designed to
realize both forward and backward feedback.

2. Structural health monitoring at the physical layer: This study explored the potential of FBG-
based vortex flow sensors in scour monitoring. Compared to traditional FBG strain sensors,
this system shows stronger resistance to debris interference during flooding events. Numer-
ical simulations confirmed its capability to capture the scour depth evolution.

3. Finite element analysis at the virtual layer: A Winkler spring-based model was employed to
simulate the scour process. The analysis revealed stress redistribution in the arch ring, from
which the maximum allowable scour depth was determined. Several failure indicators were
also evaluated, including pier settlement, first-order natural frequency, and mode localiza-
tion factor. These indicators exhibited strong responses when the scour depth approached
the structural limit state. For example, pier settlement undergoes a 25% variation when the
bridge is near the failure state. For practical application, those indicators were further as-
sessed, and the final options suggested by this study are the pier settlement and rotation
due to their strong sensitivity to scour and ease of field monitoring.

4. Backward feedback via sensor optimization: An optimal sensor placement strategy was for-
mulated to maximize information gain with a limited number of sensors. The Fisher infor-
mation matrix and a greedy selection algorithm were applied to determine optimal sensor
locations.

5. Trigger-based model updating strategy: A routine, hydrology- and structure-driven trigger
mechanism was proposed to guide model updates, aiming to reduce the computational cost
of the DT system when applied to real engineering cases.

6. Uncertainty quantification: Uncertainties may arise from both finite element modeling and
the intrinsic degradation processes of materials. This thesis used a parameter perturbation
approach to quantitatively identify the parameters that significantly influence the dynamic
characteristics of the masonry bridge. Highly sensitive material parameters were identified,
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providing guidance for selecting appropriate parameters for calibration during future model
updating in digital twin applications. Furthermore, the impact of parameter perturbations
on sensor placement optimization is also assessed. The results show that 60% of the sen-
sor locations are robust to such uncertainties, while the remaining measurement points are
susceptible to parameter variation.

In summary, this thesis develops a digital twin-inspired monitoring and maintenance framework
tailored to scour management in masonry bridges. Through a case study in Regent bridge, this
framework demonstrates its capability of transfering traditional maintenance to predictive mainte-
nance.
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Appendix A. Sensor placement
optimization code

1 """
2 sensor_placement_fim_redundancy.py
3 """
4 import pandas as pd
5 import numpy as np
6 import os
7 from typing import List
8

9 ## Parameters ##
10 step_files = [f "Step{i}.xlsx" for i in range(7)]
11 top_n = 200 # number of candidate nodes
12 k = 10 # number of sensors to place
13 alpha = 0.1
14 beta = 0.2
15 redund_cutoff = 0.5
16 out_csv = "recommended_nodes_fim.csv"
17

18 # Load deformation data from steps
19 def load_steps(step_files):
20 all_data = None
21 for i, file in enumerate(step_files):
22 if not os.path.exists(file):
23 print(f"Missing file: {file}")
24 continue
25 df = pd.read_excel(file)
26 df = df.rename(columns={"Node Number": "Node", "Total Deformation (m)": f"def{i}"})
27 df = df[["Node", f"def{i}"]]
28 df[f"def{i}"] = pd.to_numeric(df[f"def{i}"], errors="coerce")
29 if all_data is None:
30 all_data = df
31 else:
32 all_data = all_data.merge(df, on="Node")
33 return all_data
34

35 # Compute Fisher information determinant
36 def compute_fim(sel, phi):
37 x = phi[sel, :]
38 q = x @ x.T
39 return abs(np.linalg.det(q))
40

41 # Redundancy between two nodes
42 def redundancy(i, j, phi):
43 fi = phi[i]
44 fj = phi[j]
45 Ii = np.outer(fi, fi)
46 Ij = np.outer(fj, fj)
47 num = np.linalg.norm(Ii - Ij)
48 denom = np.linalg.norm(Ii + Ij)
49 if denom == 0:
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50 return 0
51 return num / denom
52

53 # Greedy sensor selection
54 def select_nodes(phi, candidates, k, alpha=0.0, beta=0.0, threshold=0.5):
55 selected = [candidates[0]]
56 rest = candidates[1:]
57 total_nodes = phi.shape[0]
58

59 while len(selected) < k and rest:
60 best_score = -1e10
61 best_node = None
62 for idx in rest:
63 min_r = min([redundancy(idx, s, phi) for s in selected])
64 if min_r < threshold:
65 continue
66 score = compute_fim(selected + [idx], phi)
67 score += alpha * min([abs(idx - s) for s in selected]) / (total_nodes - 1)
68 score += beta * min_r
69 if score > best_score:
70 best_score = score
71 best_node = idx
72 if best_node is None:
73 threshold *= 0.7 # relax the threshold
74 continue
75 selected.append(best_node)
76 rest.remove(best_node)
77 return selected
78

79 # Main process
80 def main():
81 print("Loading deformation data...")
82 df = load_steps(step_files)
83 phi = df.filter(regex="^def").to_numpy(dtype=float)
84

85 # Normalize
86 max_vals = np.max(np.abs(phi), axis=0)
87 max_vals[max_vals == 0] = 1
88 phi = phi / max_vals
89

90 df["sum_def"] = np.abs(phi).sum(axis=1)
91 df_top = df.nlargest(top_n, "sum_def").reset_index(drop=True)
92

93 print("Running greedy optimization...")
94 selected = select_nodes(phi[df_top.index], list(range(top_n)), k, alpha, beta, redund_cutoff)
95 final_nodes = df_top.iloc[selected]["Node"].tolist()
96 print("Selected nodes:", final_nodes)
97

98 pd.DataFrame({"Recommended Node": final_nodes}).to_csv(out_csv, index=False)
99 print("Result saved to", out_csv)
100

101 if __name__ == "__main__":
102 main()



Appendix B. Greedy algorithm
To select K sensors from Ncand candidate nodes, the following greedy algorithm is applied:

1. Initialization: Set the candidate set C = {1, 2, . . . , Ncand}, and the selected set S = ∅.

2. Select first node: Choose the node i⋆ with the largest Ri:

S ← {i⋆}, C ← C \ {i⋆}. (1)

3. While |S| < K, for each i ∈ C:

(a) Form the trial set Si = S ∪ {i}.

(b) Construct
Xi = Φaug(Si, :), Qi = Xi X

T
i . (2)

(c) Define the score:

score(i) = det(Qi) + α · minj∈S d(i, j)

Ncand − 1
+ β min

j∈S
Rij , (3)

where d(i, j) is the distance between nodes i and j, and α is a weighting coefficient, and
(α, β) are the weigh geometric dispersion and information independence, respectively.

4. Update: Choose the node i⋆ with the highest score:

S ← S ∪ {i⋆}, C ← C \ {i⋆}. (4)

5. Repeat until |S| = K.
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Appendix C. Modal localization and
transition

C.1. Mechanism of modal localization and transition
Scour around bridge piers can significantly alter the dynamic properties of masonry bridges by
changing the local stiffness of the structure. Two critical modal phenomena may be observed as
scour progresses: mode localization, where the vibration energy becomes spatially concentrated,
and mode transition, where the order of natural frequencies and their corresponding mode shapes
are altered.

C.1.1. Modal localization: Theory and conditions
Modal localization refers to the phenomenon where vibrational energy becomes spatially concen-
trated in a limited region of the structure, typically due to localized stiffness loss or changes in
boundary conditions. This behavior is especially pronounced in higher-order modes, which are
more sensitive to local irregularities, although not all high-order modes necessarily exhibit this
effect.

Conditions for Modal Lomodal localization include:

• Significant local stiffness degradation, i.e., ∆K/K0 ≫ 0;

• Dense distribution of modal shape;

• Structural discontinuities such as cracks, scour holes, or boundary constraint loss.

Nevertheless, not all higher-order modes necessarily undergo localization. Although higher-order
modes are theoretically more susceptible to modal localization [181], not all higher-order modes
exhibit localization in the presence of local damage. Only those modes with significant energy
distribution near the damaged part will show sensitivity to local stiffness or mass changes.

C.1.2. Modal Transition: Perturbation and eigenvalue reordering
The starting point for modal analysis in structural dynamics is the equation of motion for a linear,
undamped system:

[M ]q̈(t) + [K]q(t) = 0 (5)

where [M ] and [K] are the global mass and stiffness matrices of the structure, and q(t) is the
vector of nodal displacements. Assuming harmonic motion of the form q(t) = u eiωt, the equation
reduces to the classical eigenvalue problem:
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(−ω2[M ] + [K])u = 0 (6)

This can be rearranged into the standard generalized eigenvalue form:

[K]u = λ[M ]u (7)

where λ = ω2 is the eigenvalue corresponding to the squared natural frequency, and u is the
associated mode shape.

For an undamaged structure, we denote the eigenvalue problem as:

[K0]{u0
i } = λ0

i [M0]{u0
i } (8)

Here, [K0] and [M0] are the global stiffness and mass matrices of the intact structure, λ0
i is the

i-th eigenvalue, and {u0
i } is the corresponding eigenvector (mode shape).

When scour-induced local stiffness degradation occurs, the perturbed eigenvalue problem be-
comes:

[Kd] = [K0] + ∆K, [Md] ≈ [M0] (9)

Then the perturbed eigenvalue problem becomes:

[Kd]{ud
i } = λd

i [Md]{ud
i } (10)

Assuming small perturbation, the first-order approximation for the perturbed eigenvalue is [182]:

λd
i ≈ λ0

i + {u0
i }T∆K{u0

i } (11)

And the first-order correction to the mode shape is [182]:

{u1
i } =

n∑
s=1
s ̸=i

{u0
s}T∆K{u0

i }
λ0
i − λ0

s

{u0
s} (12)

Therefore, the updated mode shape is:

{ud
i } ≈ {u0

i }+ {u1
i } (13)

When two eigenvalues λ0
i and λ0

j are initially close, their perturbed values may cross over:

λd
i > λd

j implies modal transition i↔ j (14)



C.2. Higher order of natural frequency in the case study 98

This eigenvalue reordering leads to a switch in modal identity and is a key indicator of mode
transition under evolving structural damage.

C.2. Higher order of natural frequency in the case study
Figure 1 illustrates the evolution of the natural frequencies of the first ten modes as scour depth
increases. In the early stages of scour (from 0 to 1.0 m), the frequency curves exhibit relatively
gradual reductions, indicating a uniform stiffness loss throughout the substructure. However, be-
yond a critical depth of approximately 1.5m, several higher-order modes (notably Modes 5 through
7) experience abrupt frequency drops or curve intersections. These phenomena are characteristic
of modal localization, where vibrational energy becomes concentrated near the locally weakened
region, and modal transition, as evidenced by the reordering of modal frequencies. Meanwhile,
some lower-order modes (e.g., Mode 1 and Mode 2) remain relatively stable, underscoring their
dominance by global structural stiffness and reduced sensitivity to localized damage. Overall, this
pattern confirms that higher-order modal parameters are more responsive indicators for detecting
scour-induced damage in masonry bridge piers.

Modal localization is induced by local damage, such as changes in boundary conditions or stiffness
degradation, and it is more likely to occur in higher-order modes. However, this does not imply
that all higher-order modes are sensitive to such local damage. As shown in Figure 1, the 9th and
10th modes do not show significant abrupt changes in frequency.

Figure 1: Natural frequency of the 10 modes during scouring



Appendix D. Summary of sensitivity
analysis
Summary of the sensitivity analysis of material parameters on the first to sixth natural frequencies
are shown in Figure 2, 3 and 4:

Figure 2: Sensitivity analysis: (a) to the first natural frequency and (b) to the second natural frequency

Figure 3: Sensitivity analysis: (c) to the third natural frequency and (d) to the fourth natural frequency

Figure 4: Sensitivity analysis: (e) to the fifth natural frequency and (f) to the sixth natural frequency
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