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"The life of a bridge, like that of a human, is determined not by its creation but by the
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II Abstract

The implementation of Structural Health Monitoring (SHM) is of paramount importance for the
assurance of the safety and durability of bridge infrastructure, particularly in light of the advancing
age of existing structures and the concurrent increase in traffic loads. The Deformation Area
Difference (DAD) method has emerged as a promising approach for detecting and assessing
structural damage, offering a cost-effective alternative to traditional monitoring techniques.
However, its real-world applicability has been limited by challenges such as sensitivity to noise,
measurement point density, and performance under low-deflection scenarios. It is, therefore,
essential to address these issues to advance the reliability and scalability of SHM solutions.

This doctoral thesis has the following objectives: firstly, to address the limitations of the DAD
method; secondly, to enhance its precision and applicability through complementary techniques;
and thirdly, to extend its functionality to support higher SHM levels. By systematically evaluating
the method's performance and integrating innovative approaches, this work seeks to establish a
comprehensive framework for accurate and practical SHM solutions.

The initial study examines the constraints of the DAD method through a comprehensive parametric
numerical analysis, introducing the Damage Detection Range (DDR) to quantify its efficacy. The
study reveals the impact of various factors, including deflection values, noise levels, and
measurement point distances, on the performance of the DAD method. Additionally, it explores the
influence of local cross-sectional damage for the first time. The second study addresses the method's
noise sensitivity by introducing the Strain Area Difference (SAD) method, which leverages strain-
based curvature analysis to enhance damage detection precision, particularly in low-deflection
scenarios, and demonstrates resilience to noise through laboratory validation. The third study
integrates low-complexity Model Updating (MU) techniques to enable damage level assessment.
The findings demonstrate that the limitations of the DAD method can be effectively mitigated
through the implementation of innovative approaches. The DDR and local cross-sectional analysis
provide new insights into the method's applicability across diverse scenarios. The SAD method
significantly enhances damage detection precision and noise resilience, while MU techniques
enable damage severity assessments. Collectively, these contributions expand the capabilities and
applicability of the DAD method for SHM.

This dissertation addresses pivotal research questions pertaining to the constraints, improvements,
and applications of the DAD method. By incorporating cutting-edge techniques such as the SAD
method and model updating methodologies, it establishes a robust foundation for precise, scalable,
and pragmatic SHM solutions for bridge structures, paving the way for future advancements in the

field.
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Introduction

1 Introduction

1.1 Background and Motivation

Infrastructure maintenance is becoming an increasingly important global challenge, particularly
with respect to bridge structures that are experiencing the effects of aging and are subject to
increased loads from modern traffic [1]. Many of these critical structures were not originally
designed to accommodate the significant traffic volumes they now support. This problem is
particularly prevalent in Europe, where extensive and aging road networks are a major concern.
Two main factors are responsible for the deterioration of bridges: the age of the infrastructure and
the increasing volume of traffic, particularly Heavy Goods Vehicles (HGVs) [2]. These combined
pressures place considerable stress on bridge structures, which were often not designed to
accommodate the weight and frequency of today's traffic.

The European Commission has identified a growing number of maintenance challenges across the
European Union, particularly in the context of road and bridge infrastructure. The convergence of
aging infrastructure and insufficient financial resources has resulted in a significant backlog of
unmet maintenance needs, as outlined in reference [3]. Furthermore, a series of projects has been
initiated with the objective of standardizing maintenance and safety protocols, with a particular
emphasis on the importance of monitoring and predictive maintenance[4]. The limited resources
and capacity for preservation and maintenance have resulted in a growing backlog of maintenance
needs [4]. This growing gap underscores the necessity to address the condition of aging bridges,
with a significant number of road bridge structures built in the post-World War II reconstruction
with an age of over 50 years [5], and more than 35% of EU railway bridges over 100 years old [6]
facing the end of their lifetime. A significant number of these structures are approaching the end of
their design life and require immediate maintenance to prevent deterioration or failure.

The European Union's extensive bridge network constitutes a pivotal component of the continent's
transportation infrastructure, encompassing over 1,234 km of road bridges exceeding 100 meters in
length, thereby ensuring the safety of these structures [7]. Furthermore, the prevalence of freight
traffic has increased twofold from 1995 to 2015 [8], thereby compounding the complexity of the
problem. The rise in heavy vehicle traffic exerts considerable pressure on bridges that are nearing
the end of their design life, hastening their deterioration and necessitating repairs. The confluence
of increased traffic and aging infrastructure presents a challenge to EU countries, who must
reconcile the imperative for immediate maintenance with budgetary constraints and mounting
demands on their infrastructure.

A substantial proportion of the 39,500 federal highway bridges in Germany were constructed during
the post-war economic expansion between the 1950s and 1970s. These structures are now
exhibiting indications of material deterioration as a consequence of their advanced age [9]. This

was tragically exemplified by the collapse of the Carola Bridge in Dresden in September 2024
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shown in Figure 1 [10]. The bridge, constructed in the early 1970s, experienced a partial collapse
into the Elbe River, resulting in the disruption of traffic and public transportation. However, it is
fortunate that no injuries were sustained. Preliminary investigations indicate that chlorine corrosion,
which originated during the bridge's construction in East Germany, may have been a contributing
factor. The issue is further compounded by the exponential growth in traffic, particularly that of
trucks, which has significantly accelerated the deterioration of older bridges. The volume of traffic
on Germany's roads has increased steadily over the decades, and the additional load is contributing
to the deterioration of the country's bridges. Traffic volumes, particularly those of trucks, have
increased twofold over the past three decades [11], exerting considerable pressure on infrastructure
that was not designed to accommodate such substantial and continuous usage. The projected cost
of maintaining and upgrading Germany's highway bridges over the next decade is estimated at €8.4

billion. This figure reflects the combined impact of aging infrastructure and increased traffic.

Approximately €1.4 billion is allocated annually for the modernization of approximately 5,000

bridges by 2032 [12].

Figure 1. Collapse of the Carola Bridge (Radio Dresden)

France is similarly confronted with the broader challenges facing European bridge infrastructure,
including the aging and deterioration of its bridges. France is estimated to have between 200,000
and 250,000 bridges, with approximately 25,000 deemed to be in a state of disrepair. Of these,
approximately 10% require prompt repair due to structural deficiencies[13]. A 2019 Senate report
underscored the chronic underfunding of bridge maintenance, which has resulted in a considerable
number of bridges, particularly those managed by smaller municipalities, being in a state of
disrepair. Despite the French Senate's recommendation of an annual investment of €130 million,

the government has only allocated €40 to €55 million per year, a figure that falls significantly below
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the amount required to address the growing backlog of repairs [14]. This funding shortfall, coupled
with the increasing demands placed on the country's transportation infrastructure, highlights the
urgent need for more comprehensive maintenance strategies to prevent further deterioration of
France's vital bridges and other transportation infrastructure.

Italy's bridge infrastructure, constructed primarily in the mid-20th century, is experiencing
accelerated deterioration due to a combination of factors, including material fatigue, environmental
exposure, and increased traffic demands [15]. The collapse of the Morandi Bridge in 2018
(Figure 2), which resulted in the loss of 43 lives, has brought the fragility of these structures into
sharp focus [16]. In response, the Italian Ministry of Transport and Infrastructure has introduced
new monitoring and assessment guidelines, which are currently in a trial phase [17]. While regular
inspections and comprehensive maintenance strategies are of paramount importance, significant
challenges persist, particularly in regions with high seismic activity, where the risk to bridge
infrastructure is elevated [18], [19]. Despite the introduction of advanced monitoring tools, the

urgent necessity to address the pervasive structural vulnerability of Italy's bridges remains unmet.

Figure 2. Collapse of the Morandi Bridge (St. Galler Tagblatt)

Similarly, in Spain, the condition of bridges and their ability to accommodate increasing traffic
demands has become a key concern in recent years and warrants further study. The rapid
development of rail and road infrastructure, particularly with the expansion of high-speed rail and
urban road networks, has put considerable pressure on existing structures. For example, the Rande
Strait Bridge, built in the late 1970s, experienced a significant increase in daily traffic, reaching
55,000 vehicles in 2006. This increase in traffic resulted in a significant increase in congestion. To
address this issue, a pioneering widening project was initiated that included the addition of two new

external decks to increase capacity without interrupting traffic flow [20]. Similarly, historic steel
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railway bridges in northern Spain, some of which date back to the early 20th century, are now facing
structural challenges. Inspections have revealed significant hidden damage that has required
immediate traffic suspensions, highlighting the growing need for costly retrofits to ensure safety
and service continuity [21]. Increased traffic and aging infrastructure underscore the urgent need
for significant investment in repairs and upgrades to ensure the continued functionality of Spain's
vital bridge network.

In parallel, Poland is also facing challenges with its bridge infrastructure. Growing demand for
transport infrastructure has had a significant impact on the country's bridge network, both in terms
of traffic loads and the condition of existing structures. As the number of vehicles, especially heavy
trucks, has increased, so has the traffic on key bridges. For example, the Grota-Roweckiego Bridge
in Warsaw, Poland's busiest bridge, recorded a daily traffic flow of more than 185,000 vehicles in
2017. This led to a major reconstruction effort to widen and strengthen the structure to meet the
growing demand [22]. The increase in traffic has led to a significant deterioration in the condition
of many older bridges. For example, bridges built 60 years ago that have not yet reached the end of
their design life are already showing signs of fatigue damage due to the increased loads they are
carrying [23]. As a result, managing the backlog of needed repairs and upgrades has become a
pressing issue, with costs rising as Poland attempts to maintain and modernize its aging bridge
infrastructure in the context of increased traffic demands.

Similarly, while Luxembourg's bridges are in good condition, the bridge network is under strain
from increasing traffic demands. The significant increase in traffic, largely due to a large
commuting workforce, has led to a significant increase in the daily traffic volume on Luxembourg's
roads [24]. Consequently, the increase in traffic requires more frequent maintenance and increased
monitoring to ensure the long-term safety and functionality of the bridge network. This trend
reflects a broader need observed across Europe, where increasing traffic volumes require greater
attention to infrastructure maintenance and monitoring to maintain structural integrity [25].
Across the Atlantic, the United States faces a similarly pressing issue. The condition of the bridge
infrastructure has become a matter of urgent concern, with over 617,000 bridges included in the
national inventory. Of these, 46,154 bridges are classified as structurally deficient [26], representing
a significant portion of the nation's bridges in need of urgent repair or upgrade [27]. The American
Society of Civil Engineers (ASCE) estimates that $70.9 billion is needed to address the current
backlog of deficient bridges [28]. Furthermore, the increasing volume of traffic on U.S. bridges,
particularly from heavy freight vehicles, is exacerbating the deterioration of many of these aging
structures, requiring more frequent maintenance and improvements to ensure public safety and
infrastructure resilience [29]. A poignant example of the consequences of inadequate maintenance
is the collapse of the I-35W Mississippi River Bridge in 2007 (Figure 3). This tragedy was attributed
to the use of under-designed gusset plates that succumbed to increased loads and corrosion,

resulting in the loss of 13 lives and injuries to 145 people [30].
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Figure 3. Collapse of the I-35 Mississippi River Bridge (NBC news)

Similarly, Japan faces significant challenges in maintaining its extensive bridge network. Japan has
an estimated 730,000 road bridges, nearly 43% of which will exceed 50 years of age by 2023,
highlighting the urgent need for maintenance and repair [31]. The deterioration of these bridges is
primarily due to environmental stresses, such as the use of deicing chemicals and increased traffic
loads from larger vehicles, which accelerate wear and tear on these aging structures [32]. Local
governments, which are responsible for maintaining many of these bridges, often lack the financial
resources and personnel to perform necessary maintenance and repairs in a timely manner [33]. In
addition, Japan's aging population has led to significant debt and declining revenues, further
limiting the ability of local governments to invest in infrastructure maintenance [34].

China also faces maintenance challenges on a large scale. As of 2013, China had 860,000 bridges,
a number that surpassed that of the United States and is projected to exceed one million by
2025 [35]. By 2011, 689,417 highway bridges had been constructed with a total length of
33,494 km [36]. Long-span bridges often experience performance issues, including deflection,
cracking, and corrosion, which raise concerns about the safety, durability, and life-cycle costs of
such structures [37]. These issues are exacerbated by increasing traffic loads and environmental
factors. Despite government initiatives for new construction and rehabilitation, the extensive bridge
network poses significant maintenance challenges [38]. In 2011, the SIE2011 standard was
introduced to improve the quantitative assessment of bridges; however, further calibration of

empirical coefficients is needed to more accurately assess material deterioration [39].
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Globally, aging infrastructure and increasing traffic volumes are converging to create
unprecedented challenges for bridge maintenance. The increasing prevalence of heavy vehicles
places disproportionate stress on older structures that were not originally designed to handle such
loads. In response, many countries are turning to advanced monitoring technologies such as
Structural Health Monitoring (SHM), photogrammetry, and FEA to detect structural problems early
and manage maintenance more effectively. However, as traffic volumes continue to increase,
ensuring the long-term safety and functionality of bridge infrastructure will require not only
continued investment, but also innovation in monitoring and repair strategies.

In addition to structural risks, bridge deterioration poses significant environmental challenges.
Increased CO- emissions are a primary consequence, particularly due to traffic diversions during
repair and maintenance activities. For example, Ma et al. [40] showed that traffic diversions during
bridge repairs contribute significantly to global warming, with CO2 emissions accounting for over
75% of the total environmental impact, affecting both ecosystems and human health. Similarly,
Pang et al. [41] highlighted that maintenance-related traffic diversions account for about 50% of
the total environmental impact during bridge strengthening, leading to increased energy
consumption and emissions. Gokasar et al. [42] emphasized that CO. emissions from traffic
diversions should be a primary consideration when prioritizing bridge maintenance projects. Yang
and Frangopol [43] further emphasized that bridge failures result in significant traffic delays and
increased vehicle operating costs, exacerbating emissions and environmental degradation.
Furthermore, Hou et al. [44] emphasized that inadequate maintenance can necessitate the
demolition and reconstruction of bridges, resulting in far greater environmental impacts. Even with
advanced low-emission demolition techniques such as Self-propelled modular transporter (SPMT)
technology, the environmental impact remains significant, primarily due to material waste and
emissions. Therefore, timely maintenance is essential to avoid the environmental costs of complete
reconstruction. To mitigate these impacts, it is critical to improve monitoring strategies and
prioritize early damage detection to ensure timely maintenance and reduce the need for

environmentally costly demolition and reconstruction.

1.2 Aim of the study

The aim of this dissertation is to enhance the Deformation Area Difference (DAD) Method for
SHM of bridge structures by addressing its current limitations. The research primarily focuses on
improving the method’s accuracy in detecting local damages by analyzing how key factors—such
as deflection values, noise levels, measurement point density and the type of bridge structures—
affect its performance. By investigating these influences, the study seeks to advance the DAD
method’s practical application for real-world SHM scenarios.

A significant aspect of the research is exploring how the integration of strain-based curvature

analysis can augment the DAD method’s precision. Specifically, the study examines whether
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incorporating strain measurements can enhance damage localization and overall accuracy,
particularly in cases where the DAD method is limited by noise sensitivity and low deflection
values.
Furthermore, the research aims to broaden the applicability of the DAD method to support more
comprehensive SHM frameworks, extending its capabilities to higher-level monitoring. This
includes enabling damage level assessment, which opens for predictive maintenance, which are
crucial for modern infrastructure monitoring. Through these improvements, the study aims to offer
a more flexible and reliable SHM tool, benefiting the field of structural engineering by providing
enhanced damage detection and monitoring capabilities.
The research is guided by the following key questions:
1. What are the limitations of the DAD method regarding deflection values, noise levels,
measurement point distances and bridge structure types in detecting local damages?
2. How can the noise sensitivity of the DAD method be reduced to improve damage
detection accuracy, particularly in low-deflection scenarios?
3. Can strain-based curvature analysis be integrated to improve the precision and
practical applicability of the DAD method in SHM applications?
4. How can the DAD method be extended to support more advanced SHM levels,
including damage level assessment?
These research questions provide a focused pathway for systematically addressing the challenges

and opportunities in optimizing the DAD method for modern SHM applications.

1.3 Outline of the thesis

This dissertation is organized into five chapters, each of which systematically addresses the research
questions and presents the key advancements made in enhancing the DAD method for SHM of
bridge structures. The outline of the thesis is visualized in Figure 4.

The Introduction chapter provides a detailed background on the growing global challenge of
infrastructure maintenance, with a particular focus on bridge structures. The chapter highlights the
global character of the problem and the circumference of the problem. The chapter addresses the
need for reliable damage detection methods and SHM strategies. Additionally, the chapter discusses
the influence of bridge conditions, maintenance, demolition, and rebuilding on the environment.
The Literature Review chapter offers a comprehensive analysis of existing methods for bridge
condition assessment. It begins with a discussion of traditional approaches, including manual
inspection techniques, followed by an in-depth review of modern SHM methods, such as vibration-
based, static load deflection, and strain-based techniques. The review highlights the limitations of
these methods, particularly in their sensitivity to noise and the influence of variable deflection
values on accuracy. A critical evaluation of the DAD method is presented, identifying its strengths

and weaknesses, which form the foundation for the improvements proposed in this research. It
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introduces the levels of SHM, and the use of Close-Range Photogrammetry (CRP), Unmanned
Aerial Vehicles (UAV), and Machine Learning (ML) in SHM. The Literature Review describes the
research gap that this study tries to fill.

The Results chapter is structured around three key studies, each presented in the form of published
papers that contribute to the advancement of the DAD method. Each paper is summarized as
follows:

e Publication I addresses the limitations of the DAD method concerning deflection values,
noise levels, measurement point distances, and different types of bridge structures. The
study provides a detailed analysis of how these factors impact the method’s accuracy in
detecting local damages, and it proposes strategies to mitigate these challenges, improving
the practical applicability of the DAD method in real-world SHM scenarios.

e Publication II explores the integration of strain-based methods into the DAD framework.
By incorporating strain measurements, the research examines whether the precision of the
DAD method can be enhanced, particularly in situations where noise sensitivity and
deflection variabilities pose significant constraints. This paper demonstrates how the
integration of strain data improves the localization of damage and increases the overall
accuracy of the method.

e Publication III investigates the expansion of the DAD method to higher levels of SHM,
with a focus on damage level assessment. The research develops the method further to
support Level 4 SHM and opening predictive capabilities that extend beyond simple
damage detection to lifecycle assessment and proactive maintenance strategies.

The Discussion chapter provides a critical evaluation of the findings from the three studies, drawing
connections between the results and the overarching research questions. It reflects on the
contributions of this research to the field of SHM, particularly in relation to the improvements in
the accuracy and applicability of the DAD method. The discussion also considers the broader
implications of integrating strain-based methods, expanding SHM to level 3, and enabling real-time
monitoring, highlighting the potential impact of these advancements on bridge management.

The Conclusion and Future Outlook chapter summarizes the key contributions of the dissertation.
It reflects on the research questions and discusses how the findings of the thesis address the
limitations of the DAD method. The chapter also provides an outlook on future research directions,
including the potential for further refinements of the DAD method, the integration of Al and
machine learning for automated SHM, and the application of these advancements to broader

infrastructure monitoring challenges.
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2 Review of the Literature

2.1  Bridge Condition Assessment: An Overview

The assessment of bridge condition represents a fundamental aspect of infrastructure management,
being indispensable for guaranteeing the safety, reliability, and durability of bridge networks [45].
Bridges are subjected to increasing traffic loads, more severe environmental loads (e.g., wind,
temperature, snow, and earthquakes), and material deterioration. Consequently, it is imperative to
conduct regular assessments of their structural condition to prevent damages that could result in
closure or collapse, optimize maintenance, and extend the service life of aging infrastructure. The
assessment of bridge condition is a matter of regulatory concern, with different countries adopting
varying standards to ensure structural safety and reliability. In Luxembourg, bridge inspections are
conducted by the Administration des Ponts et Chaussées in accordance with European standards.
In the United Kingdom, the Design Manual for Roads and Bridges (DMRB) CS 450 is followed,
while in Switzerland, the SN 640 820b standard is utilized for civil engineering inspections. In the
United States, the National Bridge Inspection Standards (NBIS) are followed in accordance with
Title 23 of the Code of Federal Regulations. In Germany, inspections are conducted in accordance
with DIN 1076, with the authorities placing a particular emphasis on the necessity for reliable,
uniform, and comprehensive assessment methods to ensure the safety and integrity of the country's
infrastructure as outlined in the Federal Transport Infrastructure Plan [46].

Historically, visual inspections have been the primary method for assessing bridge health. While
these inspections provide a direct, hands-on evaluation of visible damage, they are inherently
limited in their ability to detect early-stage deterioration or structural issues inside the structure.
Engineers are often tasked with identifying surface-level damage such as cracks, spalling, or
corrosion, but internal damage can go unnoticed until it reaches an advanced stage [47].
Additionally, as bridge networks expand and grow more complex, the reliance on manual
inspections alone becomes increasingly impractical due to time, cost, and labor constraints [48].
To address these limitations, advancements in technology have led to the development of sensor-
based SHM systems. These systems allow for continuous or periodic monitoring of critical
parameters such as vibration, strain, and deflection, providing early detection of potential problems.
SHM complements traditional inspection methods by offering objective data and reducing the
reliance on subjective visual assessments. As bridge structures become more complex and traffic
loads continue to increase, the integration of SHM is becoming essential for proactive, data-driven
maintenance strategies [49]. Today, bridge condition assessment is moving towards a hybrid
approach, combining manual inspections with SHM systems. This combination enables more
comprehensive monitoring, with SHM addressing the limitations of manual methods by providing
real-time data on structural behavior. Looking forward, the future of bridge condition assessment

will likely involve further advancements in SHM technology, including the use of machine learning

10



Review of the Literature

algorithms for predictive maintenance and more widespread adoption of non-contact methods like
UAV-based inspections and photogrammetry [50].

For each paper, a literature review was conducted that compliments this chapter.

2.2 Research context on condition assessment of bridge structures

To put the research in the context of the current research, a VOSviewer map shown in Figure 5 was
designed using the key words of over 2,000 publications related to condition assessment of bridge
structures. The search engine of the bibnet.Iu library network was used to analyze the co-occurrence
of key words to creating maps based on network data for visualization. Each node represents a
keyword or topic, with node size indicating its occurrence frequency in the literature. Clusters,
distinguished by color, group related topics based on their co-occurrence and link strength,
highlighting research subfields such as SHM, deformation, and FEA. The proximity of nodes
reflects the strength of their relationship, with closer nodes indicating stronger thematic
connections. This map provides a clear overview of the research landscape, contextualizing the
DAD method within the broader framework of bridge damage detection methodologies. The DAD
method primarily aligns with the keyword ‘deformations’, as it focuses on static deflection analysis
to assess the condition of bridge structures. By analyzing the connected research themes in the
VOSviewer map, including SHM, FEA, and noise processing, it becomes evident how the DAD
method bridges experimental data and computational tools. Each cluster highlights complementary
aspects that enhance the applicability of DAD, from refining deformation measurements to
integrating advanced monitoring and modeling techniques. This interconnected framework situates
the DAD method as a crucial component within the broader landscape of bridge damage detection
methodologies.

The VOSviewer map offers a visual representation of the interconnectivity between research
themes pertaining to condition assessment for bridge structures. Each cluster represents a discrete
focus within the field, offering insights into the manner in which methodologies such as the DAD
method are situated within the broader research universe. By examining clusters such as SHM,
FEM, and measurement techniques, it is possible to contextualize the relevance and role of the
DAD method. This approach illustrates the manner in which the DAD method interacts with and

contributes to these established themes.
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e Structural Health Monitoring
The cluster on SHM emphasizes various methodologies aimed at assessing structural integrity. The
field of SHM encompasses a range of methodologies, including dynamic, acoustic, and static
methods. In this context, the DAD method can be classified as a static load deflection method,
which employs deformation measurements under static loads to assess structural stiffness and
damage.
Static methods, including DAD, offer distinctive advantages when compared to alternative SHM
approaches. In contrast to traditional methods, which often rely on visual inspections or simple
deformations and dynamic property measurements, the DAD method offers a more sophisticated
approach by analyzing local deformation behavior under controlled static loads and comparing the
results with a FEM model. This allows for the precise localization of damage and the assessment
of damage levels.

e FEM and Computational Tools
The cluster on FEM demonstrates the increasing reliance on computational tools for structural

analysis. The DAD method is inherently reference model-based, with FEM calculations forming a
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central component of the approach. By integrating the FEM and comparing the results with
measurements, the DAD is able to localize damage and assess its severity.
This reliance on FEM distinguishes the DAD method from statistical models that do not require a
computational reference. Such models necessitate the acquisition of sufficient data over time and
are therefore unsuitable for use as a sole condition assessment method, as is the case with the DAD
method. This integration serves to illustrate the DAD method's alignment with advanced
computational practices within the domain of SHM.

e Measurement Techniques and Deformation Mechanics
The cluster on measurement techniques and deformation mechanics is concerned with the tools and
principles used to capture structural behavior. Conventional deformation-based methodologies
frequently depend on fundamental instrumentation to monitor deflections, such as levelling or laser
scanning. In contrast, the DAD method employs precise deformation measurements under static
loads to calculate changes in structural stiffness. As it relies on high precision, advanced methods
such as photogrammetry are employed for the DAD method and FOS for the SAD method.
This distinction situates the DAD method within a more advanced category of measurement
techniques. It employs high-precision deformation data for the assessment of structural condition,
thereby bridging the gap between raw measurements and meaningful condition indicators.

e Emerging Opportunities in Monitoring
Although the VOSviewer map includes clusters such as automation and Al these technologies have
yet to be directly applied in the DAD method. Nevertheless, these represent potential avenues for
future investigation. As an illustration, image processing and UAV inspection could serve to
supplement the DAD method, facilitating remote deformation monitoring. Similarly, the
application of artificial intelligence could facilitate more sophisticated data interpretation, although
this remains outside the current scope of the DAD method's implementation.
The VOSviewer map illustrates the interconnectivity of SHM research, demonstrating how the
DAD method unites diverse themes, including static deflection methods, FEM-based modeling, and
advanced measurement techniques. Rather than supplanting traditional methodologies, the DAD
method serves to complement and refine existing approaches, offering a precise and reliable tool
for structural condition assessment. This positions it as a valuable addition to the array of techniques
available for bridge condition assessment, without overstating its scope beyond its current
methodological boundaries. This contextualization underscores its role within the broader
landscape of SHM research. In the following, this will be more detailed and discussed in the
literature review. An overview of the coherence of the presented different research topics is shown

in Figure 6.
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2.3 Manual Inspection Methods

Manual inspection methods have long been the foundation of bridge condition assessment, largely
due to their simplicity and the direct nature of visual evaluations. In practice, these inspections are
typically conducted by experienced engineers who assess the physical condition of bridges based
on observable signs of damage, such as cracks, spalling, corrosion, or misalignment of structural
elements. In Germany for example, inspections are regulated by the DIN 1076 standard, which
requires periodic visual inspections, with more detailed checks scheduled for critical structures or
those nearing the end of their design life [51].

Despite their widespread use, manual inspection methods have inherent limitations, particularly
when it comes to detecting internal damage or early-stage deterioration. Cracks, for example, often
develop from micro cracks inside the structure and may only become visible on the surface once
they have progressed significantly. Similarly, corrosion in steel components can be hidden, making
it difficult to detect without invasive testing [52]. This reliance on surface-level observations means
that internal structural issues may go undetected until they manifest as more severe problems,
potentially compromising the safety of the bridge.

Another major drawback of manual inspections is their subjective nature. The accuracy of an
inspection can vary depending on the experience and expertise of the engineer conducting the
assessment. Studies have shown that even experienced inspectors may overlook subtle signs of

deterioration, leading to inconsistent evaluations [53]. Furthermore, manual inspections are time-
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consuming and labor-intensive, especially for large or complex bridge structures where access to
all areas may be challenging. In many cases, scaffolding or special equipment is required to reach
certain parts of the bridge, adding to the cost and duration of the inspection process [54].

In response to these challenges, many engineers now incorporate non-destructive testing (NDT)
techniques alongside visual inspections to improve the accuracy of their assessments. NDT methods
such as ultrasonic testing, ground-penetrating radar (GPR), and infrared thermography allow
inspectors to identify hidden defects that may not be visible to the naked eye [55]. For example,
GPR can detect delamination in concrete decks, while ultrasonic testing is effective at identifying
internal cracks in steel components. However, these techniques also have their limitations,
particularly in terms of the equipment and expertise required for proper implementation. Moreover,
NDT methods still rely on manual data collection and interpretation, which can introduce variability
and limit their effectiveness in large-scale assessments.

The limitations of manual inspection methods underscore the need for more objective, data-driven
approaches to bridge condition assessment. While manual inspections will likely remain an
important part of bridge maintenance programs due to their regulatory requirements and the
familiarity of engineers with these techniques, the growing integration of SHM systems provides a
valuable complement. SHM technologies can offer continuous, real-time monitoring of structural
health, addressing many of the gaps in traditional manual inspections by providing more accurate,

consistent, and early detection of damage.

2.4 Structural Health Monitoring (SHM) Methods

SHM systems offer periodic, and continuous monitoring of bridges, reducing reliance on manual
inspections and providing real-time data on structural performance. SHM systems are typically
classified into several categories based on the type of data they collect and the method of
assessment. The three main categories of SHM methods are vibration-based methods, static load
deflection methods, and acoustic emission methods, each addressing different aspects of bridge
behavior and damage detection.

a) Vibration-Based Methods: These methods monitor the dynamic response of a structure
by measuring vibrations. Damage such as cracks, stiffness loss, or joint issues often cause
changes in a structure's natural frequencies, mode shapes, and damping characteristics.
Vibration-based methods can be further classified into model-based approaches, Wavelet-
Based Analysis (WBA), and Vehicle-Bridge Interaction (VBI) methods, each offering
unique approaches to damage detection.

b) Acoustic Emission Methods: Acoustic-based SHM methods capture sound waves
generated by cracks or other structural failures. These high-frequency emissions are
particularly useful for detecting internal damage in materials like concrete or steel, where

visual inspections might miss early-stage deterioration.
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¢) Static Load Deflection Methods: These methods involve applying a known static load to

the structure and measuring the resulting deflections. By comparing the deflection response

to baseline data, engineers can assess changes in stiffness and identify potential damage.

Strain-based methods and Influence Line (IL) analysis are often employed alongside
deflection measurements to provide more localized insights into damage.

Together, these methods provide a comprehensive framework for understanding the condition of a

bridge and detecting early-stage damage before it becomes critical.

24.1 Vibration-Based Methods

Vibration-based methods are fundamental in SHM for detecting structural damage by monitoring
changes in dynamic properties. These methods measure how a structure responds to external forces,
particularly vibrations induced by environmental factors like wind, traffic, or artificial excitation.
Any damage to a structure, such as a loss of stiffness or the development of cracks, typically alters
its natural frequencies, mode shapes, and damping characteristics. Vibration-based methods can be
subdivided into model-based approaches, WBA, VBI, and other hybrid approaches.

e Model-Based Vibration Methods

Model-based vibration methods rely on finite element (FE) models that simulate a bridge’s expected
dynamic behavior. Engineers use these models to predict how the structure should respond to loads,
comparing these predictions with real-world data. Discrepancies between predicted and measured
responses can indicate damage. A key advantage of model-based methods is the ability to not only
detect but also quantify damage by updating the FE model as new data becomes available. This
model updating process involves continuously refining the model's parameters to reflect the real-
time condition of the bridge [56]. Gonen et al. [57] explore by means of a numerical model a hybrid
method for bridge damage detection and localization that combines data from conventional
accelerometers and computer vision-based measurements (Figure 7). The study shows that this
hybrid approach improves damage detection accuracy, especially near bridge supports, by
enhancing spatial resolution. Despite that, the method’s accuracy can be affected by the need for
high-resolution sensors and the difficulty in capturing small vibrations near supports. The authors
also state that modelling uncertainties can also affect the damage detection problem in real
applications. Nguyen et al. [58] present a method combining the Gapped Smoothing Method
(GSM), which is a modal curvature-based damage detection method, and Convolutional Neural
Network (CNN) for damage localization in girder bridges. The study demonstrates the effectiveness
of this approach using the Bo Nghi Bridge as a numerical case study, showing that it accurately
detects and localizes damage with up to 30% stiffness reduction without the need of the initial data
of the intact structure. Nevertheless, the method’s reliance on high-quality images for CNN training

with a high number of sensors and sensitivity to noise in the data can affect its accuracy. Model-
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based vibration methods usually struggles with the quality of the FE model, as support conditions,

joints, and other details influence the dynamic behavior significantly.
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Figure 7. Proposed methodology illustrated on an isolated one-span bridge deck. Gonen et al. [57]

e Wavelet-Based Analysis (WBA)
WBA methods are used to detect localized damage by examining how wavelets—mathematical
functions that can capture both frequency and time information—propagate through the structure.
When waves encounter discontinuities, such as cracks or other defects, their characteristics (e.g.,
speed, amplitude, and frequency) are altered. WBA methods are highly sensitive and can detect
small-scale damage that might go unnoticed by traditional vibration analysis. Das et al. [59]
successfully applied WBA to monitor structures, demonstrating its ability to detect early signs of
structural damage. Zhang FL et al. [60] propose an efficient Bayesian Fast Fourier Transform (FFT)
method for bridge damage detection using ambient vibration data. It constructs a likelihood function
and prior probability density function based on Gaussian distribution to integrate modal parameters
and their uncertainties. The method demonstrated high accuracy in both numerical simulations and
real-world applications, such as a simply supported bridge and a steel truss bridge. The numerical
study considers damage with a bending stiffness reduction from 5% to 50%. As there is no outlier
boundary defined, the detectable damage level is not specified. The field tests were conducted
whereas damage on the bridges were successively detected and however no information is given
about damage level or measurement noise. However, the approach’s dependence on accurate prior
information of the undamaged structure for constructing the Bayesian model and the sensitivity to
noise in the ambient vibration data can affect its robustness as a high number of mode shapes is
needed for damage detection, a disadvantage that all WBA methods have in common.
e Vehicle-Bridge Interaction (VBI) Methods

VBI methods leverage the dynamic interaction between a bridge and the vehicles that cross it. As
vehicles induce dynamic loads on the bridge, the structure's response—measured through
accelerometers, strain gauges, or displacement sensors—can reveal changes in stiffness or potential
damage. VBI methods are particularly advantageous because they utilize traffic as a natural source

of dynamic loading, making them well-suited for long-term, non-intrusive monitoring [61]. A
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noteworthy approach by O'Brien et al. [62] employs a Moving Force Identification (MFI) algorithm
within a two-dimensional VBI model. This method entails the simulation of vehicle fleets traversing
the bridge, with subsequent analysis of the resultant force patterns to identify any variations that
may indicate structural damage. By observing shifts in frequency within these force patterns, the
algorithm can identify reductions in stiffness as minor as 6% of the beam depth, thereby
demonstrating a sensitivity that surpasses that of traditional displacement-based methods. However,
O'Brien et al. recognize a significant challenge in implementing this method in real-world settings:
differentiating damage-induced forces from ambient traffic forces. Building on the sensitivity of
VBI-based methods, Zhang et al. [63] propose an innovative approach that focuses on the vehicle's
contact-point response rather than solely on bridge forces or displacements (Figure 8). In their
methodology, the authors utilize Instantaneous Amplitude Squared (IAS) peaks, calculated using
the Hilbert transform, as indicators of damage. This study demonstrates that IAS peaks remain
consistent even when subjected to challenging conditions, such as road roughness, measurement
noise, and multi-damage scenarios. These findings underscore the robustness of this approach in
detecting both localized and distributed damage. However, the study reveals a limitation in
scenarios involving random traffic. The presence of extraneous IAS peaks generated by non-
damaging vehicles may interfere with damage-related signals, thereby impeding the precise
identification of damage locations.

Another contribution to the field of VBI-based damage detection is presented by Mousavi
et al. [64], who introduce a baseline-free, physics-based approach utilizing static condensation
transformation matrices. This method is distinctive in that it does not require a baseline from an
undamaged structure, thereby enabling the analysis of incomplete VBI data and the direct detection
of changes in structural stiffness. By averaging the results of multiple experiments, the method is
able to effectively identify both the location and severity of bridge damage, even when road
roughness and noise are present. While Mousavi et al. emphasize the method's adaptability, a
potential limitation emerges from its dependence on repeated experiments to mitigate noise,
rendering it less suitable for rapid or real-time assessments. While VBI-based damage detection
methods can offer high sensitivity to structural changes, they are inherently susceptible to

environmental noise, road surface variations, and, particularly, random traffic interference.
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Figure 8. Contact point response of a moving test vehicle [63]

e Influence Line (IL) methods
IL-based analysis, traditionally used in static load deflection methods, is also applicable in
vibration-based methods. ILs map how a structure deflects or strains under a moving load, such as
a vehicle, and can be used to assess the dynamic response of bridges. For example, by comparing
ILs over time, engineers can track changes in the structure’s behavior, revealing areas where
stiffness has decreased due to fatigue or damage [65], [66]. In Sun et al. [67], a damage detection
algorithm was introduced which calculates the dynamic curvature of displacement responses
induced by moving vehicles. By isolating the damage-induced component through filtering
techniques that utilize the bridge's natural period, the method can identify both the location and
severity of damage. The algorithm was tested through FEM under simulated noise, road roughness,
and VBI, and it was found to reliably detect single and multiple damage scenarios. However, the
authors identified a potential limitation for future studies, namely the possibility that higher local
modes or torsional modes in real bridges might impact the accuracy of the results. Wang et al. [68]
proposed a method for the extraction of ILs from dynamic bridge responses, which employs a mixed
fitting function comprising piecewise polynomials and harmonic sinusoids. By separating quasi-
static and fluctuating components, the method is able to effectively localize damage through the
identification of deviations in the IL curves. The robustness of the method was validated by means
of numerical simulations and field tests, even in the presence of varying vehicle speeds. However,
the study explicitly noted that noise, road roughness, and vehicle speed variability could
compromise the accuracy of IL extraction, particularly in uncontrolled environments. While

vibration-based IL methods offer significant promise for detecting and quantifying bridge damage
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with high sensitivity, they share common limitations in practical implementation. Both studies
highlight the challenges of noise, road surface irregularities, and environmental variability, which
complicate precise measurement and signal interpretation.
e Strain-Based Methods

Strain-based methods are often used in conjunction with vibration-based methods to measure how
much deformation occurs in response to dynamic loads. Strain gauges or Fiber Optic Sensors (FOS)
are deployed to capture localized strain in critical areas of a structure. Strain-based methods provide
additional insight into areas where vibration measurements alone may not be sufficient, particularly
for detecting early-stage damage in specific components of the structure. By integrating strain
measurements with vibration data, engineers can improve the precision of damage localization and
quantification [69]. This hybrid approach enhances the accuracy of structural assessments and
damage detection. Wu et al. [70] developed a damage assessment methodology that employs long-
gauge Fiber Bragg Grating (FBG) sensors to monitor strain histories under dynamic vehicular loads.
By establishing a correlation between strain history data and stiffness coefficients, the study was
able to effectively quantify structural damage in a bridge-vehicle system that was scaled to a 1:10
ratio. The method exhibited high sensitivity to reductions in stiffness and demonstrated robust
performance under varying loading scenarios. Although this method is effective on a scaled model,
its application to large bridges necessitates meticulous sensor placement and substantial
computational resources for real-time data processing. Furthermore, potential instability in strain
measurements near the supports may present challenges in implementing this technique. In a
separate study, Lee et al. [71] presented a method utilizing distributed fiber optic sensors (DFOS)
for the collection of both static and dynamic strain data. The dynamic strain data were subjected to
analysis using a neural network algorithm that had been trained to detect and localize damage.
Validation on a cracked cantilever beam demonstrated that the method accurately identified both
the location and severity of damage. The distributed sensing approach yielded high-resolution strain
data, thereby enhancing the model's predictive accuracy. Nevertheless, the study identified two
significant challenges: the method's dependence on high-quality strain data and the extensive
dataset necessary to train the neural network. The presence of noise in strain measurements and
variability in operational conditions necessitate the use of robust preprocessing techniques to ensure
reliable application. While fiber optic sensors offer exceptional sensitivity and resolution, both
studies highlight the necessity for extensive sensor arrays and advanced computational techniques,
which can increase the complexity and cost of large-scale bridge applications.

Recent advances in SHM have also focused on integrating machine learning algorithms to analyze
the large datasets generated by traffic-induced vibrations. These algorithms can detect subtle
patterns in the vibration data that may indicate early-stage damage, further enhancing the sensitivity
and accuracy of vibration-based methods [72]. In conclusion, despite the extensive applications of

vibration-based methods for damage detection and their notable advancement in research, all
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studies consistently highlight common challenges: vibration-based techniques typically necessitate
extensive data, are vulnerable to noise interference, and experience global structural response to

dynamic excitation, which complicates damage detection and, more crucially, its localization.

2.4.2 Acoustic Emission (AE) Methods
AE methods are widely used in SHM for detecting internal damage in bridge structures. AE is based
on capturing high-frequency sound waves generated by stress-induced events within the material,
such as crack formation, crack propagation, or material degradation. These sound waves, often
referred to as "emissions," can be detected by strategically placed sensors that monitor changes in
the material’s acoustic behavior. When damage occurs, such as a crack opening or a fiber break in
a tendon, it releases energy that propagates through the structure as an acoustic wave. The detection
and analysis of these waves allow engineers to localize and assess damage before it becomes
critical [73].
AE methods are particularly effective in materials like steel and concrete, where internal cracking
or other forms of damage may not be visible during traditional visual inspections or deflection-
based monitoring. AE has a high sensitivity to active damage, making it a powerful tool for
detecting early-stage deterioration that could otherwise go unnoticed. By capturing and analyzing
the waveform characteristics of acoustic emissions, engineers can determine the location, type, and
severity of the damage [74].
One of the primary advantages of AE methods is their ability to provide real-time monitoring.
Unlike periodic inspections, AE can continuously monitor the structural integrity of a bridge,
allowing for immediate detection of any stress-induced events. This makes AE particularly valuable
for monitoring critical structures, such as long-span bridges or bridges subjected to high traffic
volume, where early detection of damage is essential for preventing catastrophic failure [75]. In
addition, advances in sensor technology and signal processing algorithms are continually improving
the accuracy and reliability of AE methods, making them an increasingly important component of
modern SHM systems [76].

e Steel Bridges
In steel bridges, AE methods have proven to be highly effective in detecting internal fatigue cracks,
which often form at stress concentrations, such as welded joints or bolted connections. A study by
Aggelis et al. [77] demonstrated the use of AE sensors in detecting fatigue crack initiation in steel
bridge components. The sensors captured acoustic emissions generated by micro-crack formations
long before these cracks became visible, allowing engineers to take preventative maintenance

measurcs.
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e Concrete Bridges

In concrete bridges, AE methods are used to monitor the development of cracks caused by factors
such as creep, shrinkage, or thermal expansion. AE can detect the onset of micro-cracking, which
can eventually lead to significant structural issues if left untreated. A comparative study by Ohtsu
et al. [78] compared AE monitoring with strain-based methods in concrete bridges, finding that AE
was more sensitive to detecting early micro-cracking, while strain measurements were more
effective for identifying larger, more developed cracks. This comparison underscores the
complementary nature of AE and other SHM techniques in providing a comprehensive assessment
of a structure's health. In another study, Mahmoudkhani et al. [79] proposed an acoustic emission-
based method for the detection of wire breaks in post-tensioning tendons of bridge structures. The
method employs piezoelectric AE sensors to record acoustic signals generated by the breaking of
wires, cracking of grout, and environmental noise. Subsequently, these signals are processed using
a fuzzy C-means clustering algorithm, which enables the differentiation of wire-breaking events
from other noise sources. To enhance robustness, the algorithm incorporates a pre-recorded
database of environmental noise and grout crack signals from an actual bridge. The study
demonstrated the effectiveness of the method through experimental tests, achieving 100% accuracy
in distinguishing wire-breaking signals from unrelated acoustic events, even under noise-polluted
conditions. However, the authors identified a significant limitation: the approach relies on a well-
curated database of noise and grout-specific signals to achieve reliable clustering. This dependency
presents a challenge for its application in bridges with highly variable environmental conditions or
unique grout properties.

While AE methods offer significant advantages in terms of real-time monitoring and high
sensitivity to active damage, they also have limitations. One challenge with AE monitoring is the
presence of environmental noise, which can interfere with the detection of genuine acoustic
emissions. Traffic, wind, and other external factors can generate acoustic signals that may be
mistaken for damage-related emissions, complicating the interpretation of the data [74]. To address
this, advanced filtering techniques are often employed to distinguish between damage-related
acoustic events and environmental noise.

Another limitation of AE is its reliance on active damage. AE sensors can only detect acoustic
emissions when damage is occurring in real time, meaning that pre-existing damage, such as
dormant cracks or corrosion, may not generate the necessary emissions to be detected. This makes
AE less effective for monitoring long-term, non-active damage compared to methods like static
load deflection or strain-based monitoring, which can assess the overall condition of the structure

without requiring active deterioration [73].
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243 Static Load Deflection Methods

Static load tests have constituted a fundamental methodology for the assessment of structural
capacity since antiquity. Initially, they served to substantiate the robustness of empirically designed
structures prior to their inauguration. By the 17th century, advancements in the fields of statics and
material mechanics transformed these tests into a quantitative tool for validating theoretical models.
In the present era, static load tests are an indispensable tool for assessing novel designs, evaluating
the condition of aging structures, and verifying the efficacy of rehabilitation efforts. Contemporary
applications are focused on both diagnostic load testing, which is employed to refine theoretical
models and evaluate performance under service loads, and proof load testing, which assesses safety
under extreme conditions in non-destructive testing. These methodologies ensure precise insights
into structural behavior, guiding engineering practices across a range of scenarios. These methods
are particularly effective for detecting global structural changes, such as reductions in stiffness or
deformations caused by damage like cracking or corrosion. Deflection measurements, when
compared to baseline data, can provide valuable insights into the health of the bridge, revealing
changes in performance over time [80].

Static load deflection tests often use displacement transducers or non-contact laser sensors to record
the movement of critical elements, such as girders and bridge decks, under load. Recent advances
in optical measurement techniques, such as photogrammetry and Terrestrial Laser Scanning (TLS),
have significantly improved the accuracy and resolution of deflection measurements, enabling
engineers to detect even small changes in structural behavior [81]. However, while static load
deflection methods are effective in capturing global stiffness changes, they may struggle to detect
early-stage localized damage, which can go unnoticed until it affects the overall structure.
Comparative research conducted by Boumechra [82] demonstrated the advantages and limitations
of static load deflection methods compared to dynamic monitoring techniques. While dynamic
methods, such as vibration-based monitoring, are more sensitive to early-stage damage, static load
deflection methods are often more reliable for detecting significant structural changes under real-
world load conditions. In another comparative study, Tian et al. [83] found that static load deflection
measurements were particularly effective for long-span bridges, where challenges such as the
necessity for supplementary scaffolding and the constraints of diverse measurement transducers
exist, and where deflection profiles can reveal distributed damage along the structure. These studies
highlight the complementary nature of static and dynamic monitoring approaches.

Meng et al. [84] proposed a method for identifying corrosion damage in beam-like structures
incorporating shear deformation using Timoshenko’s beam theory, addressing the inaccuracies of
Euler-Bernoulli’s theory. By minimizing an objective function based on the discrepancy between
analytical and measured displacements, the method improved damage identification accuracy. The
approach was validated through numerical tests on a multispan beam structure, demonstrating

significant improvements in detecting corrosion depths. However, the accuracy of damage detection
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can degrade with small data errors, if shear deformation effects are not precisely modeled. Xiao
et al. [85] developed a damage identification method for large-scale truss structures by enforcing
stiffness separation and simplifying the objective function. The high-dimensional structure is
separated in substructures for damage identification reducing the number of unknown parameters
using displacement measurements as additional boundary conditions. Then, strain error functions
are calculated for each subsection. The method was validated on truss structures, showing accurate
stiffness measurements. However, it is currently limited to specific truss structures, necessitating
further research for broader application.
e Strain-Based Methods

Strain-based methods are commonly used alongside static load deflection tests to provide more
localized assessments of structural performance. Strain gauges or FOS are placed on key structural
elements to measure the deformation caused by applied loads, allowing engineers to detect localized
damage, such as cracks or material degradation [86]. The combination of strain-based and
deflection measurements enables a more detailed understanding of how individual components of
a bridge are responding to stress. For example, research by Abdel-Jaber & Glisic [87] compared
strain-based methods with deflection-based measurements in assessing the health of a prestressed
concrete bridge. Their results showed that strain gauges were able to detect localized damage, such
as cracking in the deck, even when global deflection measurements remained within acceptable
limits. The study concluded that strain-based methods could provide early warnings of structural
distress before it significantly impacts overall bridge behavior, making them a valuable complement

to deflection tests.

Figure 9. Optical fiber for strain measurement of a bridge structure [88]

Oskoui et al. [88] introduced a method for distributed damage detection along the lengths of multi-
span continuous bridges using Brillouin Optical Time Domain Analysis (BOTDA) FOS (Figure 9).
The approach effectively identified and localized damage by monitoring and normalizing
distributed strains, comparing them with theoretical influence lines, and formulating a damage
index. Evaluated through load testing on a five-span bridge, the method successfully pinpointed

damage locations verified by visual inspections. However, the method requires careful calibration
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and normalization of strain measurements to accurately detect damage, as on one side the measured
distributed strains include contribution from thermal effects and on the other side also changes in
operation such as e. g. traffic disturbance of other vehicles, varying axle configurations, and varying
axle weights can affect the measurement results.
e IL Methods

IL-based methods, which analyze how a bridge responds to moving loads, are another powerful
tool used in static load deflection testing. ILs provide a representation of how measurement data, -
such as deflection or strain — changes as a load moves across the bridge. By analyzing these lines,
engineers can assess the structure's stiffness and identify areas where damage may have
compromised its load-bearing capacity [89]. IL-based methods are especially effective for multi-
span bridges, where localized damage in one span can alter the load distribution across the entire
structure. Research by Yunkai et al. [90] demonstrated that IL analysis is highly effective for
tracking changes in stiffness in continuous beam bridges. By comparing ILs over time, they were
able to localize areas where stiffness reductions had occurred due to fatigue. In a comparative study,
Boumechra [82] examined the use of IL-based methods alongside traditional deflection tests and
found that ILs provided more detailed information about the distribution of loads and stiffness along
the length of the bridge, making them particularly useful for detecting damage in complex bridge
systems.

Chen et al. [91] present a novel method for damage detection and quantification in beam structures
using Deflection Influence Lines. By reconstructing DIL matrices by applying the matrix
decomposition of the stiffness and flexibility matrices of the structure, the relationship between
structural damage and corresponding changes in DILs was derived. The study shows in numerical
and experimental case studies under laboratorial conditions that this approach accurately localizes
and quantifies the damage level in simply supported, continuous beams through numerical
simulations and laboratory experiments. The drawback in the method’s effectiveness and accuracy
on damage localization again relies on the number and location of sensors and their distance from
the damage position. The authors note that only beam structures were investigated, and complex
bridge structures would bring further challenges with greater matrix size, modelling uncertainty.
The study by Marasco et al. [92] explores a method that combines genetic algorithms and neural
networks to analyze ILs, effectively localizing structural damage in bridges. In this study, midspan
DIL, and support Rotation Influence Line (RIL) were used. The study demonstrates the method’s
robustness through numerical simulations, showing improved performance in terms of
computational time, improved accuracy localization of critical elements using fewer measurement
points, and improved versatility of the approach. However, the approach’s reliance on high-quality
data for neural network training and the complexity of genetic algorithm optimization can affect its

efficiency and scalability.
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In general, IL-based methods rely on analyzing changes in the course of the IL. This is typically
the case for most static load methods. As a result, it is not possible to detect damage that has already
occurred. Only damage that arises when the bridge is already monitored can be identified. This
highlights the need for methods that can assess the structure without requiring knowledge about its

current condition.

2.4.4 The Deformation Area Difference (DAD) Method

In order to address the previously described need for knowledge regarding the condition of bridge
structures and the necessity of long-term monitoring for effective damage detection, the DAD
method was developed as an innovative and efficient technique for the assessment of bridge
structures. This method, belonging to the static load deflection methods, is designed to detect local
stiffness reduction by analyzing the deflection lines of the investigated structure under static
loading. In contrast to traditional visual inspections, the DAD method is capable of detecting
stiffness-reducing damage that is not discernible from the exterior. In comparison to numerous
dynamic monitoring techniques, the DAD method is not influenced by global factors such as
temperature or asphalt layer effects. The DAD method can identify damage without prior
measurements, and a single measurement can already detect damage, making it an effective

approach for rapidly assessing the condition of existing bridge structures.
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Figure 10. Principle of the Deformation Area Difference (DAD) method [93]
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The fundamental tenet of the methodology is founded upon the principles of static load deflection
measurements, as illustrated in Figure 10. A continuous deflection line is measured on the actual
bridge structure under static load. A reference deflection line is then calculated using a numerical
model. The curvature of the two deflection lines, derived from the in-situ measurements and the
numerical reference model, is calculated using the double derivation of the deflection line. Given
that the determined can be expressed as the ratio between the bending moment and the stiffness,
each local change in the stiffness can be identified using the curvature and the bending moment.
The area between the curvature lines is subjected to analysis. The area is then subdivided into
smaller sections. Subsequently, each difference area is squared and divided by the sum of the
squared areas, with the objective of filtering out the known stiffness changes from the reference.
As aresult of this normalization, the effect of damage is reinforced, thereby allowing for an increase
in the sensitivity of the method.

The DAD method is a particularly useful tool for damage detection, as it is highly sensitive to
localized changes. This makes it ideal for identifying cracks, local material degradation, and other
issues that could compromise the bending stiffness of a bridge structure. [94]. The method is further
detailed in the Results section.

The DAD method was initially evaluated on a reinforced concrete beam in a controlled laboratory
experiment. The girder was subjected to incremental loading, the onset of cracking was monitored,
and the DAD method was employed. Deflection measurements were obtained using CRP. The DAD
method facilitated the detection of damage within the serviceability limit state [94].

These experimental findings were further validated through laboratory experiments on another
reinforced concrete beam and on a steel beam. The effect of camera calibration on measurement
precision and, consequently, on damage detection quality was demonstrated, and the smoothing of
the deflection line was introduced using polynomial regression. It was shown that CRP can be used
to achieve highly accurate measurements with a precision of 0.06 mm [95].

Following its successful implementation in laboratory settings, the DAD method has been applied
to a real-world bridge structure. A static load deflection measurement was conducted on a
prestressed concrete slab bridge in Altrier, Luxembourg, utilizing six heavy trucks as the loading
apparatus. To capture the bridge's response, modern deflection measurement technologies,
including UAV-based photogrammetry, laser scanners, levelling, and displacement sensors, were
employed. Given the relatively recent construction of the bridge, it was not anticipated that it would
have sustained any damage. The objective of the study was not to detect damage, but rather to test
the applicability of the method and to assess different techniques for deflection line measurement.
The applicability of the method on real bridge structures was demonstrated, and photogrammetry
in combination with UAV's was shown to have a high degree of precision (0.12 mm) and to be a

highly practical solution for the method's application compared to displacement transducers. [93].
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The primary advantages of the DAD method are its insensitivity to global influences such as
temperature, the absence of a prerequisite knowledge of the bridge condition, and the capacity to
detect damage with a single measurement. Furthermore, the method's foundation in static load-
deflection measurements, coupled with the straightforward yet efficacious photogrammetry-based
measurement technique, enables the DAD method to be deployed with greater ease than dynamic
monitoring systems, which frequently necessitate the use of specialized equipment and more
intricate data interpretation processes [96].

However, despite the evident advantages of the DAD method, it is not without limitations. Previous
studies have demonstrated that the accuracy of the method is contingent upon the precision of the
deflection measurements. To minimize the impact of noise and ensure reliable results, highly
accurate measurements are required. Even minor errors in measurement can affect the outcomes,
reducing the reliability of the method for real-world applications. The deflection value and the
position of the damage have been shown to have an essential effect on damage detection, which
requires further investigation [93].

Although the DAD method offers a promising approach for detecting localized damage in bridge
structures, its reliance on high-precision measurements and the significant influence of various
parameters underscores the necessity for further investigation and refinement. Addressing these
challenges will be crucial for fully realizing the potential of the DAD method in SHM. A more

detailed discussion is located at the end of the literature review.

2.5  Levels of SHM

The classification of SHM into different levels is a widely accepted framework introduced by
Rytter [97]. This classification defines the capabilities of a monitoring system in terms of its ability
to detect, localize, quantify, and assess damage in a structure (Figure 11). Understanding these
levels is essential for selecting appropriate methods based on the complexity of the structure, the

severity of potential damage, and the monitoring objectives.

Levels of SHM
Level 1 Level 2 Level 3 Level 4 Level 5
Damage Detection Damage Localization Damage Quantification Damage Prognosis Lifetime Prognosis

Q9 et

.l

Figure 11. Levels of SHM

e Level 1: Damage Detection
At this basic level, the SHM system is tasked with detecting the presence of damage. The system

signals that something in the structure has changed, but no further information about the location
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or type of damage is provided. Vibration-based methods, such as modal analysis, are commonly
used at this level to detect changes in the structure’s dynamic properties, which may indicate
damage. These changes in vibration frequencies, mode shapes, or damping ratios serve as early
indicators of structural degradation. Rytter [97] originally established Level 1 methods as critical
for early warning systems, which can trigger further investigations if anomalies are detected [98].

e Level 2: Damage Localization
Level 2 SHM extends the capability of detection to include the localization of damage within the
structure. This involves determining the specific area or component where damage has occurred.
Techniques such as the DAD method fall into this category, as they can precisely localize stiffness
reductions within a bridge by comparing deflection curvatures from load tests. The DAD method's
strength lies in its ability to localize damage even when global deflection changes are minimal,
making it particularly useful for identifying local damages [93]. Additionally, strain-based methods
and IL-based techniques contribute to this level, providing localized information about structural
performance under varying loads.

e Level 3: Damage Quantification
In Level 3 SHM, the focus shifts from simply detecting and localizing damage to quantifying its
severity. This is an important step, as knowing the extent of the damage helps engineers determine
whether repairs are immediately necessary or if the structure can continue to function safely for
some time. Techniques such as model updating allow engineers to refine FE based on real-world
data from sensors, such as strain gauges or displacement sensors. By continuously updating these
models, the severity of damage—such as a reduction in stiffness or the extent of cracking—can be
quantified more accurately [99].

e Level 4: Damage Prognosis
Level 4 SHM systems not only quantify damage but also predict how it will evolve over time. This
involves using predictive models to simulate the progression of damage under future load
conditions, providing engineers with a forecast of the remaining service life of the structure.
Prognostic capabilities are particularly useful in long-term maintenance planning, enabling more
efficient resource allocation and proactive interventions. Machine learning algorithms, in particular,
are increasingly being integrated with SHM systems at this level to analyze large datasets and
generate predictive insights [100]. Prognosis at this level helps decision-makers plan more
accurately, thereby reducing both financial costs and the risk of structural failures.

e Level 5: Lifetime Prognosis
The highest level of SHM, Level 5, focuses on the lifetime prognosis of the structure, predicting its
future performance and estimating when and where failure is likely to occur. This requires not only
a comprehensive understanding of the current state of the structure but also sophisticated modeling

of how various factors—such as expected traffic loads, environmental conditions, and material
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degradation—will affect the structure over time. Advanced techniques, including full-scale
simulations and extensive sensor networks, are used at this level to provide a complete assessment
of the structure’s long-term behavior and its eventual failure modes. The application of data-driven
methods, such as semi-supervised learning, is especially promising for addressing the uncertainty

of long-term predictions [101].

2.6  Model Updating (MU) in SHM

Model updating (MU) is a fundamental technique in SHM used to refine predictive models of
structural behavior by incorporating measurement data gathered from sensors. This approach is
essential for improving the accuracy of damage detection, localization, and quantification. The core
principle of model updating is to adjust the parameters of an existing FE model based on
discrepancies between the model’s predicted responses and actual sensor data. By continuously
refining the model in this way, engineers can obtain a more accurate representation of the structure's
real-time condition, enabling more precise assessments of structural health [102].

The primary goal of model updating is to reduce the discrepancies between the predicted and actual
responses of a structure, which often arise due to changes in material properties, environmental
conditions, or errors in the initial design assumptions, especially for support conditions and joint
stiffnesses. By incorporating measurements from SHM systems, such as strain gauges,
accelerometers, and displacement sensors, engineers can continuously refine their FE models to
reflect the current state of the structure [102]. Model updating has been widely applied in bridge
structures for SHM, enhancing damage detection accuracy. In a study by Zong et al. [103], a
response surface-based FE model updating technique was applied to a prestressed concrete bridge,
significantly improving the alignment between predicted and actual structural responses under
operational conditions.

Several studies have demonstrated the effectiveness of model updating in improving SHM systems.
Teughels & De Roeck [104] applied model updating to a prestressed concrete bridge and improved
the localization and quantification of damage by comparing vibration data with the updated model’s
predictions. Sanayei et al. [105] conducted FE model updating on a scale bridge, integrating static
and modal test data, and improved the structural performance model. This helped to detect stiffness
and mass parameter deviations and allowed more accurate predictions for future damage
assessment. Similarly, Garcia-Palencia et al. [106] used dynamic data to update the model of an in-
service bridge, successfully identifying stiffness and damping parameters that reflect the actual
condition of the structure. This protocol offers great potential for regular SHM activities.

Despite the advantages of model updating, several challenges remain. The process can be
computationally intensive, especially for large-scale structures with complex geometries, requiring
significant processing power to continuously update FE models with up-to-date measurement data.

The FE model needs to be designed in such way, that it is suitable for model updating, e.g.
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segmentations and parametrization. Furthermore, data quality is a critical factor. Noisy or
incomplete data can lead to erroneous model adjustments, compromising the SHM system’s
accuracy. Recent advancements aim to address these challenges through optimization techniques.
Zhao et al. [107] proposed an improved response surface method for FE model updating, combining
the radial basis function with annealing algorithms, which significantly enhanced both the
convergence speed and accuracy of the model for a highway bridge.
e Model Updating for increasing SHM Levels

Model updating plays a critical role in various levels of SHM, particularly at Level 3, where the
goal is to quantify the damage level. By integrating measurement data into the FE model, engineers
can assess the extent of damage, such as stiffness loss or crack propagation, in a structure. This
enables more accurate tracking of damage progression and informs maintenance decisions, making
MU a very useful tool for SHM level enhancement.

At Level 4 and Level 5, model updating is critical for predicting future structural behavior and
estimating the remaining service life. By continuously refining the model with up-to-date data,
future loading conditions can be simulated and when and where failures are likely to occur can be

predicted. This predictive capability is crucial for implementing proactive maintenance strategies.

2.7 Photogrammetry in Bridge Condition Assessment

Photogrammetry is a powerful non-contact technique for measuring and monitoring the structural
condition of bridges. By capturing images from multiple angles, photogrammetry allows for the
generation of point-clouds, and three-dimensional models of structures, which can be used to assess
deformations, cracks, and corrosion. Photogrammetry has become particularly valuable in recent
years due to advances in digital photography, image processing algorithms, and the increasing use
of Unmanned Aerial Vehicles (UAVs) for data collection.

Photogrammetry operates by using two-dimensional images taken from different viewpoints to
create a three-dimensional representation of an object. The accuracy of this method depends on the
quality of the camera, the resolution of the images, and the geometry of the object being measured.
The technique involves measuring the displacements and deformations of visible features on a
structure by comparing images taken over time or under different loading conditions [108]. Unlike
traditional sensors, which often only capture one-dimensional measurements, photogrammetry
provides a comprehensive view of a structure’s condition by capturing data from multiple
dimensions. There are different forms of Photogrammetry. One of the most common forms is aerial
photogrammetry, which involves capturing images from aircraft or drones to create detailed maps
and 3D models of terrain and structures. Another popular form is terrestrial photogrammetry, which
utilizes ground-based cameras to capture images from various angles, allowing for precise

measurements and detailed modeling of objects and environments. Close-range photogrammetry is
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another variant that focuses on capturing images from a very short distance, often used in
applications such as architecture, engineering, and cultural heritage documentation to ensure high
levels of detail and accuracy.

e Close-Range Photogrammetry (CRP)
Close-Range Photogrammetry (CRP) is particularly well-suited for bridge condition assessments,
where the distance between the object and the camera is typically less than 300 meters. CRP is used
for detailed deformation measurements, structural modeling, and condition monitoring, offering a
high degree of accuracy at a relatively low cost [109]. In bridge assessments, CRP has proven
effective in capturing small deflections and other changes in the structure under static loads. The
ability to create highly detailed three-dimensional models from CRP data has made it a key tool for
detecting damage in areas that are difficult to access or not visible to the naked eye [110].
A study by Valenga et al. [110] showed that CRP could achieve results comparable to traditional
displacement transducers or LVDTs in bridge monitoring applications while offering greater
flexibility and ease of use. Additionally, the hardware independence of photogrammetry, along with
its rapid data collection and processing capabilities, makes it particularly attractive for large-scale
infrastructure assessments. Photogrammetry systems can be easily mounted on UAVs, providing
an efficient solution for monitoring extensive bridge spans without interrupting traffic or requiring
manual inspections [109].

e Applications in Structural Health Monitoring (SHM)
In SHM, photogrammetry has been applied to measure bridge deflections under load, track crack
development, and monitor structural movements over time. For instance, CRP by Mirzazade
et. al [111] has been employed to monitor geometrical deviations in bridges, as demonstrated in the
Pahtajokk Bridge in Northern Sweden. This method, which involves comparing point cloud datasets
generated from scans taken a year apart, has shown potential for accurately monitoring both large-
scale and small-scale damage, although its accuracy depends on the quality of equipment and
environmental conditions. Similarly, studies of Hu et al. [112] have investigated structural
deformation monitoring using CRP combined with image recognition technology, achieving high
accuracy in calibrating measuring points. Moreover, innovative methods like photogrammetry-
based structural damage detection by tracking a visible laser line have been developed by Xu
et al. [113]. This technique projects a laser line onto a structure’s surface and tracks it to measure
deformations, successfully identifying structural damage by analyzing anomalies in the curvature
mode shapes, whereas the curvature mode shapes are calculated by converting the time-domain
data of the measured laser line into frequency-domain data. The technique requires precise
alignment and calibration of the laser line and camera setup and may be sensitive to environmental
conditions affecting the visibility of the laser line, which can be challenging for bridge structures.
Reagan et al. [108] developed a UAV-based photogrammetry system for bridge deflection

measurements, showing that the technique could provide highly accurate data on structural
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deformations under live loads. Their system was able to capture deflections to an accuracy of within
0.01 mm, demonstrating the potential of photogrammetry as a non-contact method for monitoring
the health of bridge structures. Riveiro et al. [114] validated the use of photogrammetry for
measuring vertical underclearances and beam geometry in bridge inspections. The study found that
photogrammetry was effective in capturing small deformations and provided an accurate
representation of the structure’s geometry, making it a valuable tool for ongoing SHM efforts.
Photogrammetry is also widely used in crack detection. Yang & Xu [115] improved digital
photogrammetry techniques to monitor the development of cracks in concrete bridges. By analyzing
the changes in crack patterns over time, engineers can assess the progression of damage and
determine whether immediate maintenance or further monitoring is required. The method’s non-
contact nature allows for efficient monitoring without interrupting the structure’s operation, which
is a significant advantage over traditional crack detection methods.

Photogrammetry offers several advantages in the context of bridge condition assessment. It is cost-
effective, non-invasive, and capable of capturing detailed data over large areas. Moreover, the
technique can be employed using UAVs, making it easier to monitor remote or difficult-to-access
areas. The use of UAVs also enables photogrammetry to cover larger structures, such as long-span
bridges, while still maintaining a high degree of accuracy [116].

However, there are some limitations to photogrammetry. The accuracy of the measurements can be
affected by environmental factors such as lighting, shadows, and weather conditions, which can
introduce noise into the images. Additionally, the method requires careful calibration of the cameras
and equipment to ensure precision, and post-processing of the data can be time-consuming. Despite
these challenges, ongoing advancements in image processing algorithms and sensor technology are

continually improving the reliability and efficiency of photogrammetry for SHM [114].

2.8 UAVs for Bridge Condition Assessment

UAVs have revolutionized the field of SHM, providing a cost-effective and flexible approach to
bridge condition assessment. UAVs offer distinct advantages, including the ability to access
difficult-to-reach areas without the need for expensive scaffolding or temporary traffic disruptions.
Recent technological advancements have made UAVs a versatile tool for gathering data on various
aspects of a bridge's condition, including deflection measurements, crack detection, and corrosion.
UAVs are remotely or automated piloted aircraft equipped with various sensors, cameras, and non-
destructive testing equipment to capture high-resolution imagery and data. UAV systems consist of
the drone itself, a payload (camera or sensor), a ground control station, and data processing
software. UAVs can either be fixed-wing or rotor-based, with rotor-based systems like quadcopters
being more commonly used in SHM due to their ability to hover and capture detailed images at

close range [117].
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In recent years, UAVs have been integrated with various sensing technologies, including LiDAR,
infrared thermography, and photogrammetry. These technologies enable the collection of highly
accurate data, facilitating the creation of three-dimensional models of the bridge. UAV-based
systems can also be used to monitor structural deflections, measure crack dimensions, and assess
other critical parameters of structural health [116].

e Applications in Bridge Condition Monitoring
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Figure 12. System overview of the UAV equipped with the coplanar laser indicator [118]

UAVs have been extensively used for various applications in bridge inspection. Xu et al. [119]
propose a crack detection method using large-scene images acquired by UAVs. The approach
involves a UAV-based scheme based on the acquisition of large-scene images, followed by a
background denoising algorithm and a maximum crack width calculation algorithm. The method
significantly improved detection efficiency and achieved an accuracy of up to 93.4% in crack
detection. However, this method is a visual method and thus cannot identify damage inside the
structure. Zhuge et al. [118] describe a noncontact deflection measurement using multi-UAV
systems that also can demonstrate high precision in monitoring bridge deflections, showing good
agreement with traditional methods, despite the challenges related to UAV coordination and
environmental factors (Figure 12). A study by Perry et al. [120] demonstrated the use of a UAV
system for non-contact deflection measurement, achieving high precision in monitoring bridge
deformations without interrupting traffic (Figure 13). This method showed excellent agreement
with traditional methods, highlighting the efficiency of UAV-based deflection measurements in
real-world applications. UAV systems have also proven useful in inspecting areas that are typically
difficult to access, such as underneath bridge decks and other remote areas [116]. In crack detection,
UAVs equipped with high-resolution cameras capture images of large areas of the bridge structure.
Peng et al. [121] demonstrated the application of UAVs for detecting cracks in bridge concrete
components, achieving high accuracy using image processing algorithms.

One of the primary advantages of UAVs in SHM is their ability to capture large quantities of high-
resolution data efficiently. UAVs significantly reduce the time and cost associated with traditional
bridge inspections, which often require extensive manual labor and equipment setup. Their
flexibility in accessing hard-to-reach areas and their ability to operate in hazardous environments

make UAVs particularly valuable in bridge inspections where safety and accessibility are concerns
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[117]. However, there are some limitations to the use of UAVs in SHM. UAVs are susceptible to
environmental factors such as wind, rain, and poor visibility, which can impact the quality of the
data collected. Additionally, the battery life of UAVs is limited, restricting the duration of data
collection during a single flight. Another limitation is that while UAVs equipped with
photogrammetry and visual imaging can detect surface damage, they may not capture subsurface
damage without integrating more advanced sensors such as acoustic emission or infrared
thermography [122]. No fly zones and application for flight permission with authorities also needs
to be considered, which can be restricting and time-consuming.

As UAV technology continues to evolve, its role in SHM is expected to expand. Future
developments may focus on integrating UAVs with machine learning algorithms to automate data
analysis, enabling real-time damage detection and assessment. Additionally, advances in UAV
payload capacity and battery life could enable longer flights and more comprehensive inspections.
Combining UAVs with ground-based sensor networks and other SHM technologies will likely

improve the overall accuracy and reliability of bridge monitoring systems [116].
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2.9 Enhancing the DAD method: Addressing key limitations for advanced SHM
applications

The presented literature review highlights the significant advancements and limitations in SHM

methodologies, including the DAD method. While the DAD method demonstrates substantial

potential for localized damage detection in bridge structures, its limitations underscore the necessity

for further research. These constraints primarily relate to the method's sensitivity to noise,
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dependency on deflection values, and challenges in adapting to diverse structural types. This study
is based on the need for innovative approaches to address these challenges.

Although it has been demonstrated that the DAD method is theoretically capable of detecting a
reduction in bending stiffness of 1%, the influence of noise was identified as a limiting factor.
Additionally, [93] demonstrated the limiting nature of the deflection value for damage detection.
These limitations present a significant obstacle to the practical implementation of the method in
real-world applications. Accordingly, the initial objective is to gain insight into the current
limitations of the DAD method with relation to deflection values, noise levels, measurement point
distances, and the influence of damage position along the longitudinal axis. Although the method
has been successfully tested in a laboratory setting on reinforced concrete and steel girders, its
application to bridge structures and the influence of local damages within these cross-sections
remains unexplored. Given that real bridge cross-sections exhibit a far more complex load-bearing
behavior than simple beam girders, it is essential to investigate precisely how local damage affects
the curvature.

In consideration of the identification of noise as a critical limiting factor, particularly in scenarios
with low deflection values, this study aims to enhance the damage detection potential of the DAD
method. However, the current approach relies on curvature lines derived from measured deflections,
which amplifies the influence of noise. To address this limitation, the study aims to eliminate the
need for derivation by exploring alternative methods for obtaining curvature lines, particularly
through strain measurements, thereby enhancing the method's precision.

Furthermore, the current implementation of the DAD method has primarily concentrated on its
application at the detection and localization levels of SHM. Although the method is effective in
identifying damage and its location, its capability to quantify the severity of damage remains
underexplored. The size of the damage is necessary for determining the residual load-bearing
capacity and for determining the remaining service life. Therefore, this study will also focus on
enhancing the DAD method to a higher level of SHM.

In conclusion, this study addresses the principal shortcomings of the DAD method, with the
objective of transforming it into a more sophisticated SHM tool, capable of being deployed on
actual bridge structures in realistic conditions. By enhancing its precision and expanding its
capabilities, this research contributes to making the DAD method a modern and powerful SHM tool

for condition assessment.
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3 Results

This chapter will introduce the papers that have been published containing the results and
studies related to this research project. The outcomes of this research are documented in a total
of three journal articles. Collectively, these publications offer in-depth insights into the findings
and investigations of this study.

3.1 Introduction to the publication I

The first paper addresses the inaugural research question by investigating the limitations of the
DAD method to achieve a comprehensive understanding of its potential and to inform subsequent
research strategies. This investigation is conducted through a numerical parametric analysis,
focusing on parameters such as deflection values, noise levels, and measurement point distances.
Additionally, the paper examines the applicability of the DAD method for different bridge structure
types to explore its full potential. For the first time, the influence of local changes within the cross-
section on the performance of the DAD method is explored. This novel aspect provides deeper
insights into how structural characteristics affect damage detection capabilities and informs

strategies for optimizing the method.
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3.2 Publication I: Potential and limits using the DAD method for condition

assessment of bridge structures

T. Camo, D. Waldmann, “Potential and limits using the DAD method for condition assessment of bridge structures”,

Engineering Structures, vol. 308, 1 June 2024, 117972, doi: https://doi.org/10.1016/j.engstruct.2024.117972
AUTHORS CONTRIBUTIONS:

T. Camo, Conceptualization, Methodology, Software, Validation, Formal Analysis, Investigation,
Resources, Data Curation, Writing - Original Draft, Visualization, D. Waldmann,
Conceptualization, Methodology, Validation, Resources, Writing - Review & Editing, Supervision,
Project Administration, Funding Acquisition

ABSTRACT:

In the last years, the age of the bridge contingent is in all countries constantly increasing while in
addition the bridges are solicited by an increased load level and an increased load frequency. This
leads to an urgent need for defining efficient bridge structure condition assessment methods. Here,
the Deformation Area Difference (DAD) method has already proven to be reliable and practicable.
This has been shown in recent research in which it has been tested on real bridge structures using
photogrammetry and compared with other highly precise measurement techniques.

In order to further develop this method and to analyze the potential and limits of the DAD method
in practical experiments, in the present study different parameters are varied such as e.g., the loading
position along the longitudinal axis of the bridge structure, the damage position along the
longitudinal axis of the bridge structure and the damage position in the cross-section. In addition,
the method is analyzed on different bridge structure types. The results of the current study allow to
determine set-ups for in-situ experimental investigations of existing bridge structures using the
DAD method. A novel DAD Influence Line (DAD IL) is introduced to identify necessary load
positions for the experiments. The Damage Detection Range depends on different damage levels,
precisions, and deflection values. It is found that for local damage only one measurement line for

the cross-section is not sufficient.

3.21 Introduction

Bridge structures are connecting the world and are essential for a functional infrastructure of a
country. Due to aging and increased loading generated by augmented needs of transport, existing
bridges are highly challenged. As the bridge structures were not designed for these high
solicitations, their lifetime is highly affected [123]. This has resulted in over 70 collapsed bridges
over the last decade, e.g., the Fern Hollow bridge in Pittsburgh (01/2022) [124], the Mexico City
Metro overpass collapse (03/21) [125], the Caprigiliola bridge in Aulla (04/2020) [126] or the Ponte
Morandi in Genoa (08/2018) [127]. Studies worldwide highlight the insufficient condition of bridge
structures. The US national Bridge Inventory database categorizes 7.6% of the included bridges as

“structurally deficient” [128]. In Germany, 15.7% of the highway bridge structures received the
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category “not sufficient” in terms of their condition [129]. Similar findings have been reported for
several other countries around the world [126].

Thus, the need for bridge inspections and structural health monitoring is increasing [130]. Bridge
inspections are still mainly executed by visual inspection [131]. The usual inspection methods can
detect mainly damages which can be seen externally or which are close to the surface however, they
do not allow to detect internal damage, which might lead to failure of the structure.

Therefore, new methods for Structural Health Monitoring (SHM) are intensively investigated. The
studies can be split into methods based on static loading tests, based on the analysis of the influence
line, and based on modal parameters. In the field of SHM, modal parameter-based methods are
gaining popularity due to their effectiveness in detecting structural changes and practicality in
utilizing environmental excitations available in real-world scenarios. Koo et al. [132] developed a
unique approach for detecting damage-induced chord-wise deflection (DI-CD) in beam-like
structures using a Positive-Bending-Inspection-Load (PBIL) able to identify the location with the
maximum deflection and an abrupt change in slope. The approach utilized modal flexibility
matrices obtained from acceleration measurements. Although the study was verified through
numerical and experimental studies, it only investigated beam-like structures, leaving a gap in
knowledge for other types of structures. Bungard et al. [133] aimed to bridge the gap by analyzing
the in-situ conditions of concrete structures, specifically through the analysis of bending modeshape
curvature. The authors successfully identified discontinuities at positions of reduced stiffness and
introduced the Modeshape Area Differences (MSAD) method as a tool for quantifying these
changes. However, they also noted the method's sensitivity to environmental conditions,
particularly temperature, which affects the dynamic properties and complicates the detection of
minor stiffness changes. This highlights the need for methods that can withstand such global
conditions. Catbas et al. [134] used Modal Flexibility-Based Deflection and Flexibility-Based
Curvature methods for damage detection and localization. These methods utilize modal flexibility
to calculate deflection and curvature for more precise damage indication. Experimental studies have
validated the theory and practical application of large-scale laboratory structures and a three-span
highway bridge, but the practical application of these methods requires consideration of their
complexity in real-life applications, as they require extensive data collection and signal processing
and the determination of the optimal sensor location combining expertise in data science.
Bernagozzi et al. [135] also provided insights into truncation errors related to modal flexibility-
based deflections. The authors used a Load Participation Factor (LPF), which is a factor derived
analytically, to determine the relative contribution of each mode to the overall deflection and to
indicate early signs of truncation effects. This method was validated through numerical models and
experimental data from a steel frame structure, demonstrating its practical applicability. However,
the practical application of their findings may be constrained by challenges posed by irregular
structures. Sung et al. [136] proposed a Normalized Uniform Load Surface (NULS) curvature
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method for damage detection, which successfully localized damage in both numerical and
experimental studies of beam-like structures. The method which is based on modal flexibility uses
NULS curvature changes as an indicator for damage, which only occur at damaged elements. It is
important to note that this method has limitations and is only applicable to beam-like structures.
However, a significant challenge persists for modal parameter-based methods: accurately detecting
damage in complex structures and under varying environmental conditions. Although these
methods show promise, the investigation of influence lines is becoming a crucial research area,
providing complementary insights into SHM methodologies. OBrien et al [137] have developed a
method using bridge-weigh-in-motion (B-WIM) to detect damage from rotation. In their approach,
a B-WIM system is designed to estimate axle weights of passing vehicles, while rotation is
measured at the support to provide information for the B-WIM. By calculating the influence line
for rotation, this method allows for the detection and localization of damage However, there are
certain drawbacks associated with this method. Firstly, the effectiveness of the method to detect
damage decreases with increasing distance from the supports. Additionally, reliable results require
a substantial amount of data to be analyzed over an extended period. A study combining Moses’
method [138] and Quilligan’s method [139] to create a unit influence line is carried out by Heitner
et al. [140]. In this research, a bridge experiment is performed with a WIM system and strain
transducers measuring random traffic data without the information of calibrated axle weights.
Initially, a preliminary influence line is based on engineering judgement, iteratively, the Moses’
algorithm is applied to calculate the axle weight, which is used to recalculate the influence line with
the Quilligan's method. However, this study is limited to data collected from a single lane, and the
presence of traffic in other lanes affects the obtained data significantly, leading to errors. While the
method is developed to track changes in the condition of the bridge structure, it is not able to detect
damage through single measurement. Martinez et al. [141] analyzed damage with means of a
numerical bridge model in case of drive-by monitoring, which describes the monitoring by sensors
at different locations on passing vehicles. Their approach utilizes a dynamic vehicle-bridge
interaction model for deflection determination and employs a damage detection algorithm using the
unit load method. However, in contrast to the usual unit load method, this study considers the
variable virtual bending moment due to the moving load. The Flexural Rigidity (FR) of each finite
element of the bridge’s numerical model is back-calculated with absolute deflections, allowing for
the calculation of FR by comparing deflections between a healthy and damaged bridge.
Nonetheless, it is important to note that the method proposed by Martinez et al. is only applicable
to bridges with a constant FR over the entire length of the structure. While methods based on the
influence line offer valuable insights, they face challenges related to measurement noise effects
which makes it necessary to make an assessment over an extended period to ensure reliable
outcomes. He et al. [142] present a noteworthy approach in the realm of influence line-based

methods. Their study uses a two-stage method: a quasi-static moving load is used to induce
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displacement responses in beam structures. The two-stage process combines damage localization
using the area of the region encircled by the displacement influence line change (DILC) in the first
stage, and damage quantification based on the area between the DILC and the beam (ADB) in the
second stage. While He et al.'s method has been successful in both numerical and experimental
settings, however it has a significant limitation. Specifically, it requires a substantial number of
measurements to accurately construct the DILC from quasi-static loads. This need for extensive
data collection could lead to challenges in practical applications, particularly in scenarios where
obtaining numerous measurements is impractical or too resource-intensive.

Static load deflection-based methods have demonstrated effectiveness detecting damage,
characterized by a change in stiffness. Ha et al. [143] analyzed two different damage detection
methods based on the displacement of a structure for determining damage in bridge structures. The
first method, known as the Displacement Assurance Criterion (DAC) is used to identify the damage
severity and the Displacement-Based Index (DBI) to localize damage. DAC uses the normalized
displacement at an observation point and shows the degree of the relationship between the damaged
displacement curve and the displacement curve of a different state of the structure resulting to a
DAC, which is able to describe a stiffness loss without localization of damage. The DBI describes
the point-relation degree at different points of the deteriorated and intact girder. It reaches the
highest value at the position of damage. In this study, the DBI was calculated on a numerical
destructive test on a prestressed concrete beam and could clearly identify damage. In their approach,
noise was also simulated, and it was found that noise with a value of less than 0.1 % of the nodal
displacement difference will not lead to misinterpretation of results. Another parametric study by
Ono et al. [144] analyzed the DBI in comparison with the Grey Relational Coefficient Method
(GRC). The GRC assesses the similarity of a reference sequence (undamaged displacement
influence line) and a deteriorated sequence using the displacement values (damaged displacement
influence line). The study found that both methods yield similar results; however, the DBI was
found to minimize effects of noise and torsion through standardization, and the detectability of
damage with a single measurement has a wider range for the GRC compared to the DBI.

Recent technical development facilitates the possibility to perform static load-deformation tests
with a continuous deflection line and, thus, opens up resources for new condition assessment
methods. A method using a continuous deflection line is the deformation area difference (DAD)
method [94]. With a single static load deflection measurement, the DAD method can detect and
localize damage from the deflection line. This changes the effort for reliable damage detection
tremendously. Apart from theoretical and analytical studies, the method has been tested under
laboratory conditions on a single span concrete beam and proved to be able to detect and localize
damage. The method has been further developed in [95] dealing with noise removal and was also
already tested on a real bridge experiment, namely a prestressed concrete slab bridge with a span

of 27 m in Altrier (Luxembourg) [93]. The deflection line was measured, and the DAD method was
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carried out with the aim of the study not to detect damage, but rather to show the applicability of
the method on real bridge structures using photogrammetry and a drone. It was shown that the
reached precision with photogrammetry amounts to 0.12 mm and realistic experimental data was
successfully generated. Overall, studies of the DAD method provide evidence of a reliable damage
detection method. However, these studies remain narrow in focus dealing with influences from
loading position and damage position respecting noise.

The current paper presents the investigation of the potential and limitations of the DAD method in
condition assessment. One of the key objectives of this study is to explore the applicability of the
DAD method on different types of bridge structures. To analyze different influencing factors a
parametric numerical study with the finite element (FE) software SOFiSTiK and the non-uniform
Rational B-Splines (NURBS) computed aid design (CAD) software Rhinoceros is carried out. In
this study, different parameters are varied such as e.g., the loading position along the longitudinal
axis of the bridge structure, the damage position along the longitudinal axis of the bridge structure
and the damage position in the cross-section. So far, very little attention has been paid to the role
of influence of local damage. Previous studies in the field of damage detection based on static load
deflections have only focused on damage in the whole cross-section. As damage usually impacts
only local parts of the structure, this paper analyzes the impact of local damage on the method. A
novel influence line, the DAD Influence Line (DAD IL), is introduced to investigate how many
loading positions are needed for the condition assessment of a bridge structure. Furthermore, the
Damage Detection Range is established to get an estimation in which range which damage level is
detectable with certain parameters. Subsequently, the results for each parameter are shown and
discussed. Finally, the results of the parametric studies are evaluated and their influence on the
DAD method and application are assessed for consideration in future experiments. This study
advances the current understanding of the DAD method and of damage influence on static behavior
of bridge structures by providing the first comprehensive analysis of its application across different
bridge structures and with local damage consideration, filling a critical gap in existing research.
33 Deformation Area Difference (DAD) method

As the DAD method can detect damage within the service limit state (SLS), the method can be used
as a non-destructive method. The method aims to detect damage in structures with only one single
measurement and it can be applied on different bridge types and construction materials (see section
Position of the damage in the cross-section in transversal direction). The DAD method is based on
the fact that damage is affecting the bending stiffness of a structure leading to changes in the
deflection line [93], [94], [95]. Thus, the DAD method identifies local stiffness changes as damage.
For the application of the DAD method, a reference deflection line from the undamaged system is
required to which the deflection line of the damaged system is compared. However, for existing
bridges, the initial reference line through measurement of the undamaged system is usually not

available. In this case, a deformation line from a FE model can also serve as a reference. Among
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the advantages of the method counts that the FE model does not have to be calibrated as the exact
deformation is not needed. As the DAD method only analyses stiffness changes, this FE model
needs to consider all planed bending stiffness changes like e.g., changes in the cross-section or
stiffeners.

The deflection curve w(x) of a structure contains information about its stiffness. The first derivative
of the deflection curve results in the inclination angle (Eq. (1)) of the deflection curve (¢(x)) and
the second one for small deflections, which applies for most structures, in the curvature (Eq. (2))
(x(x)). The curvature of the structure can be expressed as the ratio of the bending moment to the
bending stiffness (Eq. (3)). As the curvature can be obtained by formulating the second derivation
of the deflection (Eq. (4)) and as the bending moment can be obtained from the numerical reference

model, stiffness changes can be identified and localized with the known information.
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However, as deflection measurements are subject to noise effects, the measured curvature line can
lead to incorrect identification of damage. Furthermore, double derivation causes further noise and
planned stiffness changes of the structure’s cross section also lead to a change in the curvature line.
However, the DAD method can distinguish discontinuities in the curvature line caused by damage
from the ones caused by noise or planned stiffness changes [94].

This research study deals with the optimization and verification of the method using a parametric
FE analysis without experimental measurements. All results are theoretical results obtained with
FE software. In Figure 15 the principle of the DAD method is demonstrated on a typical bridge
structure. This is a steel bridge consisting of a deck-girder system with 9 girders sharing a steel
plate as upper flange. Cross-girders are connecting the main girders in the quarter points of the
longitudinal direction. The bridge structure is a single span with a span length of 27 m. Damage is
simulated with a reduction of 10% of the bending stiffness (red area in Figure 15 shows the position
of damage). In a first step, the deflection line is obtained from a static load measurement wy(x) and
from a FE model as reference deflection of an undamaged system wy(x). In Figure 15 a difference
between the two deflection lines becomes apparent. However, this difference is not necessarily an
indication that the structure is damaged as it can also result from the assumption of different material
properties, of different cross-section dimensions or of different loading. Then, in Figure 15 in a next
step the first derivation of the deflection is depicted which leads to the inclination angles (@i(x);

@(x)). In this case, slight kinks become visible in the area of stiffness changes and in the area where
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loads are applied. In a third step, the curvature lines (x4(x) and x(x)) are calculated with the second
derivation of the deflection line, represented below in Figure 15. Here, stiffness changes become
clearly visible, whereas stiffness changes due to damage can already be better distinguished from
other stiffness changes: the undamaged structure indicates only planned stiffness changes in the
curvature line while the one from the damaged system shows additional stiffness changes from
damage.

In the case shown here, the curvature line was already able to indicate the damage as the chosen
damage level was very high. However, for less severe damage, the curvature line is not appropriate
to be used to clearly localize damage. Therefore, in a final step, the DAD method is applied which
uses the enclosed area between the damaged and undamaged curvature lines (Eq. (5)). This enclosed
area is divided over the length of the structure into small sections Ax;. Then, the identified area of
each section is squared to reinforce the effect and divided by the sum of the enclosed area of all
squared sections (Eq. (6)). This represents a normalization which allows to further highlight the

effect of damage. For additional details regarding the method, refer to [93], [94], [145].
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The DAD method has been primarily developed to assess the condition of bridge structures and can
be applied to various structures. The following will provide a detailed explanation of how the
method is applied based on real bridge tests.

The DAD method's central aspect is a static load deflection measurement on a real bridge. To
perform this crucial measurement, heavy trucks (as shown in Figure 14a) are strategically
positioned on the bridge according to the numerical reference model. To ensure an undisturbed
bridge environment and obtain a clear contrast between the bridge's deflected state under load and
its natural, unloaded state, traffic control is essential during this process.

While different deflection measurement methods can be used for the DAD method,
photogrammetry was found to be a particularly effective method [93]. Using a drone-mounted
camera, a series of photographs has to be taken of the bridge in both loaded and unloaded
conditions. To facilitate precise bundle adjustment in image processing, targets are placed at certain
intervals along the bridge (see Figure 1b), along with reference targets on the abutments. This setup
enabled a continuous deflection line to be extracted by subtracting the unloaded state from the
loaded state. While other methods, such as total stations, levelling, and displacement sensors, were
also used in [93], photogrammetry was preferred for its ability to comprehensively cover the entire
bridge with high precision. Since the method requires both, a continuous deflection line and high

precision, photogrammetry was the preferred method.
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Figure 14:a) Figure lof [93] — Loading of the bridge by six trucks, b) Figure 74 of [93] — Installation of the targets

3.3.1 Application of the DAD method

The applicability of the DAD method has already been proven [93] showing that the DAD method
is independent of the construction material used, the structure and the cross-sections. This makes
the application of the DAD method independent from a specific bridge type. However, for a
successful application the method still needs to be further developed which can be obtained based
on a profound analysis of its potential and limits. To achieve this goal, the present study focuses on
numerical models, including the undamaged reference model and a simulated damaged model,
without the need for experimental measurements. This research enhances the fundamental
knowledge around the DAD method by addressing the gap in understanding its effectiveness on
various bridge structures and in scenarios involving local damage. This study makes a significant
contribution to the field of SHM by offering a comprehensive analysis of the before mentioned
parameters. Therefore, in the following different parametrized numerical models are presented and
discussed.

Figure 16 shows the flowchart of the procedure for the parametrical study via a numerical analysis
tool allowing for a high number of different study cases. In a first step, the numerical models are
built up based on real bridge structures, using the execution statics, the structural design
calculations, and the execution plans (Figure 16 (A)). They are parametrized to investigate the
influence of different parameters on the applicability of the DAD method (B), which will be
described in Investigated parameters of the numerical models. Depending on the parameter, several
structural beam models as well as 3D models are designed (C). However, to cover relevant
parameters, further models are built based on different bridge types whereas also their static systems
are varied.

The numerical models will be further discussed in the following section. For each designed
structure, two numerical models are prepared: one without any damage which serves as a reference

model and one with simulated damage in a specific area (Figure 16 (C)).
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In case a real field experiment could be performed, only the undamaged FE model would be needed
to be created as reference model. In the current study, also a numerical model for the damaged
structure is used in order to be able to perform the intended parametrical analysis. Different damage
types were analyzed and will be discussed in the following section. The two numerical models with
loading are built with the NURBS CAD software Rhinoceros using visual programming
environment Grasshopper and transferred via SOFiSTiK -Rhinoceros-interface to the structural
analysis software SOFiSTiK (D). The models are calculated in the structure analysis software
SOFiSTiK (E). The deformations of the structure for different load cases are extracted from the
SOFiSTiK database (CDbase) (F) of the structural analysis software back to the software tool
Grasshopper (G) and the deformation curves are analyzed at different positions along the
longitudinal axes of the bridge. The deflection curves of the damaged and the undamaged models
are compared, and the DAD values of the curvature are determined (Figure 16 (H)). As the models
are all parametrized, a large parametrical study can be performed, and several variations can be
investigated.
3.3.1.1 Investigated parameters of the numerical models
To further develop the DAD method and determine its potential and limits for practical experiments,
based on the flowchart presented in Figure 16 a parametrical study is performed by varying the
following influencing factors:
o the damage position along the longitudinal axis,
o the loading position along the longitudinal axis,
o the position of the damage in the cross-section depending on the bridge structure type,
o the damage level,
e the number of spans of a structure (isostatic versus hyperstatic systems),
o the mesh size and measurement point density,
e the measurement precision,
o the order of magnitude of the deflection.

In the following subsections all these different influencing factors are discussed.
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Figure 15. Principle of the DAD method

wi(X)
wad(x)
ou(x)
Pa(x)
K(X)

Kd(X)

Axi
yellow area
green area
red area
AAxi
DADx;

Deflection line reference model (theoretical)

Deflection line measurement

Inclination angle line reference model (theoretical)

Inclination angle line measurement

Curvature line reference model (theoretical)

Curvature line measurement

Distance between measurement points

The enclosed area between theoretical and measured deflection line

The enclosed area between theoretical and measured inclination angle line
The enclosed area between theoretical and measured curvature line
Enclosed area difference between theoretical and measured curvature line

Deformation Area Difference (DAD) value from curvature line

47



Results

A Creation of ) //
numerical model )
g <
N\
Rhinoceros
Grasshopper Parametrization B
reation of :
reference
model
v
e D Import to Import to
SOFiSTIK SOFiSTIK
5
*
“ ' '
SOFiSTiK E Executiop of Executiop of
calculation calculation
F Database Database
reference damaged
model model
G Import to Import to
Grasshopper Grasshopper ) / /,
= oy
Rhinoceros
GraSShopper H Application of DAD method

Figure 16. Flowchart of the procedure for the parametrical study via a numerical analysis tool allowing for a
high number of different study cases

e Position of damage along the longitudinal axis

The first parameter which is varied to determine the potential and limits of the DAD method is the
damage position. A beam model based on a prestressed slab bridge with a single span of 27 m is
built, with the loading applied to the structure (Figure 17). The bridge structure has a width of
16.3 m and a maximum height of 930 mm. It is prestressed with 19 post-tensioned tendons. For the
FE model built in the Software SOFiSTiK the structure is simplified to a prestressed concrete beam.
The loading is modeled by single loads representing the axle load of the trucks from a previous
field experiment. Supports are modeled as springs and connected with point constraints to the beam

structure. Damage is simulated by reducing the bending stiffness by 30% over a length of 0.50 m
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in longitudinal direction and over the whole width of the cross-section in transversal direction.
Previous studies have already shown that that in theory the DAD method is able to detect and
localize already a bending stiffness reduction of 1%[145]. Here, the damage is varied along the
longitudinal axis to investigate the influence of the damage position. The DAD values for several
damage positions are calculated and the respective damage detectability is analyzed.

<8 SOFISTIK

damaged cross-section

Figure 17. Beam FE model of the bridge structure with a reduction of the bending stiffness by 30% over a length of
0.50 m in longitudinal direction and over the whole width of the cross-section in transversal direction

e Position of loading along the longitudinal axis
The same model as described in the previous section is used to examine the potential and limits of
the DAD method by analyzing the impact of different loading position along the longitudinal axis.
A moving load is applied to the structure and damage is simulated again by reducing the bending
stiffness by 30% over a length of 0.50 m in longitudinal direction and over the whole width of the
cross-section in transversal direction. The DAD values for every load position are calculated and
the detectability of the damage depending on the loading position is analyzed. A novel influence
line representing the maximum DAD values in function of the different loading positions, the DAD
IL, is introduced in order to show the impact of this parameter along the longitudinal axis. It can be
understood like a conventional influence line, which shows the maximum DAD value for the

loading position instead of a specific force or deformation value.

e Multi-span span bridge structures
To investigate the influence of the load position in relation to the damage position the previously
discussed model is modified by adding more spans. Furthermore, different load positions and
damage positions are investigated. The DAD IL is further used to investigate how damage in other
spans influence the DAD values in the investigated span and to investigate how many spans can be
analyzed while loading is limited to one single span.

e Position of the damage in the cross section in transversal direction
This section investigates the DAD values for different bridge types, the position of damage in
transversal direction, and the measuring positions. While in previous studies, the stiffness of the

cross-section has been reduced over the whole width of the bridge structure, here the bending
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stiffness is only partly reduced in transversal direction. In the first application of the DAD method
[93], the deflection measurement was carried out at the edge of the bridge structure as the targets
for photogrammetry were applied at the edge to make the deflection measurement accessible. So
far, very little attention has been paid to the role of the position of the damage in transversal
direction and whether it is sufficient to have a single deflection curve measured at the outside front
of the cross-section. Here, this influence revealing the potential and limits of the DAD method is
studied on two bridges, where in situ measurements were performed. They are considered as case
studies in the paper for performing only numerical analyses:

e Prestressed concrete slab bridge structure in Altrier, Luxembourg (see Prestressed concrete

slab);,
e Steel multi-girder bridge structure in Luxembourg (see Plate girder bridge structures).

The two bridge structures are discussed in the following subsections.

4 SOFiSTIK

Figure 18. Quad FE model of the bridge structure for the analysis of the impact of damage position in the cross-section
in transversal position

¢ Prestressed concrete slab
In the previous study, it was assumed that the damage reduces the bending stiffness of the whole
cross-section. In reality, the impact of the damage of a bridge structure does not always influence
the whole cross-section, but rather influences the bending stiffness of a locally limited part of the
cross-section. However, the position of the damage along the cross-section also plays a major role
in the detectability of the damage. As the DAD method is investigated by photogrammetry and
deformations are measured with photogrammetric targets on the bridge structure, usually, the
deflection curve will be analyzed on the outer side of the cross-section. To investigate for which
damage position in transversal direction this approach is sufficient, a surface model of the same

bridge structure of the previous sections is used. However, here the dimensions of the damage are

50



Results

now limited in length and width. Furthermore, the damage is applied randomly to the structure and
the DAD values of the curvature at different positions are analyzed to study whether the DAD
method is still able to detect the implemented damage. Prestressed bridge structures are typically
engineered to prevent the occurrence of tensile forces and the expectation of cracks. In the case of
damage leading to cracks in the bridge structure, the damaged model needs to be calculated non-
linearly. This is only necessary for the simulated damaged model, as the reference model is
considered undamaged. The bridge structure is modeled with QUAD elements in SOFiSTiK

(Figure 18) with a non-linear material definition for concrete in state II[ 146].

¢ Plate girder bridge structures
The second investigated structure is a single span steel bridge with span length of 30 m. The steel
bridge consists of a steel plate that serves as upper flange of 9 identical I-sectioned girders
(Figure 19). It contains stiffeners in transversal direction at the supports and in the quarter points.

The bridge structure is modeled in detail with all components and connections.

damage
position
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Figure 19. FE model steel bridge structure with damage position (dimensions shown in m)

Damage is simulated by reducing the flange thickness which could e.g., be caused by corrosion
(stiffness reduction to 85% of the bending stiffness). The damage is simulated to a length of 1 m at
the flange N° 3 according to Figure 19. Another aim of the study is the influence of the local damage
to the curvature of the other girders. Therefore, the DAD method will also be applied with deflection

values of the other girders, obtained from the FE model.
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e Impact of Mesh size and measurement point density
As the DAD method compares the enclosed area differences within a defined small section Ax;, the
mesh size needs to match this length which also corresponds to the spacing of measuring points
within an in-situ measurement. As already discussed in [95] the spacing of the measurement points
influences the outcome of the DAD method. This will be further discussed here by varying the mesh

size and investigating the influence of the measurement point spacing on the damage detection.

e Impact on DAD values by combination of the effects generated by a variation

order of magnitude of measurement precision, damage level and deflection value

The DAD method requires high precision and is sensitive to measurement noise. This requires
further investigation on the order of magnitude of the precision required within a measurement
campaign which still allows the detection of damage. This also includes an analysis on which
damage level can still be localized for a given damage position along the longitudinal axis. With
the help of the parametric study described in chapter Application of the DAD method, it is possible
to combine several precision levels, damage levels, and deflection values to analyze a very high

number of variations.

3.3.2 Results and influence on the assessment

3.3.21 Different parameters

e Position of damage along the longitudinal axis

Previous studies showed that in theory, a stiffness reduction of only 1% is detectable with the DAD
method [95]. This study now examines the influence of the position of damage on its detectability.
Therefore, the damage position has been varied and the generated DAD values analyzed. Figure 20
shows exemplary the DAD bar graph for a simulated damage at midspan. The horizontal axis shows
the total length of the structure with gridlines in the tenths points whereas the vertical axis shows
the DAD value. The darker the color of the DAD value bar, the higher the value. The DAD values
are displayed as bars for every discrete section Ax;. As a reminder, the DAD values are normalized,
so that the theoretical maximum is 1.0, which is shown in the figure as the theoretical maximum
limit. It is clearly visible that although the damage is simulated by a stiffness reduction of only 30%,
the method can reliably detect and localize damage. Below the DAD bar graph, the enclosed areas
differences of the reference model and the damaged model are shown for the deflection line, the
inclination angle, and the curvature. For these areas, only the courses are given as the values are
not really of interest here.

In the following, the determination of DAD values was carried out for several damage positions
located at a regular distance of every 50 cm in longitudinal direction, resulting in a bar graph for
each damage position. To summarize the results in one graph, in Figure 21 the given DAD value at
the position of damage is represented as one point for each damage position resulting in a line graph

with values for every damage position. As already discussed in previous studies, the detectability
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near the supports is limited. In theory, only damage close to supports cannot be detected. As damage
is simulated as being constant within a given segment Ax;, damage can be clearly localized even in
the first segment next to the supports (see Figure 21). So, the maximum DAD value increases to a

value of 0.66 at 1/10 on both sides of the span and remains stable towards midspan.
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Figure 20. Comparison of the DAD values (shown in the bar graph) for damage at midspan with stiffness reduction of
30% to nearly invisible area differences for deflection, inclination and curvatures highlighting the effectiveness of the
DAD method

However, the representations of Figure 20 and Figure 21 are only valid for a noise-free deflection
curve. In case the DAD values are calculated from curvature, noise can falsify the results, so that
discontinuities within the measurement standard deviation must not be interpreted as damage. As
noise cannot be avoided in experimental test campaigns and has a significant influence on the
results, it is important to find ways to consider the influence of noise. So, in the following an
artificial noise has been applied on the deflection curve resulting from damage at midspan and for
a stiffness reduction of 30% (see detailed description in Impact on DAD values by combination of
the effects generated by a variation order of magnitude of measurement precision, damage level
and deflection value). Noise with a standard deviation of 0.01 mm is chosen in order to make the

resulting DAD-outlier clearer visible. Under laboratory conditions a precision up to 0.01 mm was
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reached [94]. By comparing the maximum DAD value in Figure 22 to the maximum DAD value of

the noise free study in Figure 20, it becomes apparent that the detectability is significantly reduced.

DAD Values [-]

» Total length [-]

Figure 21. Maximum DAD values for different damage positions along the longitudinal axis for a stiffness reduction of
30%

The question is which level of damage can still be detected. This question will be further analyzed
in the following. Here, it becomes clear that an outlier boundary condition must be defined, which
specifies the level at which the DAD value indicates damage or must simple be attributed to noise
effects. In the following, the outlier boundary condition is defined according to the box plot method
[147]. In a first step the interquartile range (/QR) is calculated with the lower 25% quantile value
(Q1) and the upper 75% quantile value (Q3). Inner and outer boundary (/B and OB) values are
calculated according to Eq. (7) and Eq. (8).

IB=Q3+ 15 XIQR @)

OB =Q3+3.0 XIQR ®)

The DAD values exceeding the outer boundary are considered as localized damage. In Figure 22
and Figure 23, this is applied where the outer boundary is displayed as a black curve. As can be
seen from Figure 23, damage in the first 1/5 span on both sides from the supports cannot be clearly
detected. In Figure 23, also a new indicator is introduced: The Damage Detection Range which can
be defined as the length where the DAD values are exceeding the outer boundary and thus, damage
can be clearly identified.

Due to noise effects, the results can be falsified. This can be improved by smoothing the measured
deflection line and thus using only discontinuities outside the standard deviation range for the
determination of the DAD values (see Figure 24). Here, the smoothing is processed with the
polyline smoothing function of rhinoceros software. Adjacent vertices of the polyline segments Ax;
connecting the deflection curve are averaged resulting to a smoother polyline. What is striking about
the data in Figure 25 is that the Damage Detection Range in relation to the span is 10% larger than
without smoothing. Further numerical studies showed that smoothing can improve the Damage
Detection Range up to 30%. However, the localization of damage at midspan by the DAD values

is now increased to a larger area (see Figure 24).
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e Position of loading along the longitudinal axis
As a next step, the damage position is varied for a structure with an increased span length of 50 m
to reinforce the effect. For each damage position, the DAD values are calculated and the DAD
influence line (DAD IL) representing the maximum DAD value for a given loading position is

derived. Figure 26 shows the DAD IL for damage at midspan calculated from
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Figure 22. DAD values for damage at midspan for a stiffness reduction of 30% including artificial noise
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Figure 23. Maximum DAD values for different damage positions along the longitudinal axis for a stiffness reduction of
30% with artificial noise

the curvature lines including artificial noise. Below the graph, the longitudinal bridge section is

shown with an indication of the damage position. As an example, for the loading position at 2/3 of
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the span, the load vector is represented with its corresponding DAD values reflected as bar graph.
In the same figure, also the outlier boundary is shown as a curve. Finally, the intersection points of
the DAD IL and the outlier line define the load positions leading to a successful damage detection
of a certain damage, here damage at midspan. It can be clearly seen that the load position leading
to the highest DAD values is at midspan. As at this position the deflection value is the highest for
the given load position, this result was to be expected. Previous studies have already shown that
high deflection values lead to better damage detection [93].
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Figure 24. DAD values for damage at midspan and stiffness reduction of 30% with smoothed artificial noise

DAD Values [-]
A

1.0

Damage Detection Range

Value at position of damage

© © © ®

©un o

Total length [-]

Figure 25. Maximum DAD values for different damage positions along the longitudinal axis for a stiffness reduction of
30% with smoothed artificial noise
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As already shown in Position of damage along the longitudinal axis, damage detection becomes
more difficult when damage is located close to supports [95]. Figure 27 shows the maximum DAD
value for damage at 1/5 of the span length with DAD values generated for a load position at %4 of
the span length. It is noticeable that the value is high in the area of damage and decreases along the
longitudinal axis. This means that damage could be detected for a loading position at % of the span
length while it cannot be detected for a loading position at midspan loading position, where the
deflection is the highest, however.

From the previous findings, it becomes clear that for a bridge structure with a higher span, it is
necessary to analyze how many loading positions need to be considered in an in-situ experiment to

ensure that all possible damage in the longitudinal
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Figure 26. DAD IL for damage at midspan with DAD values generated for a loading position at 2/3 of the span
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Figure 27. DAD IL for damage at 1/5 of the span length with DAD values generated for a load positioned at 1/4 span

axis of the structure is recorded. For this example, a minimum number of 3 load positions,
respectively in the thirds points of the span, are needed to cover the whole length of the bridge
structure. Therefore, preliminary studies, similar to those presented in this chapter, must be
processed to define the required loading positions allowing for a sustainable condition assessment

of the bridge structure.
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e  Multi-span span bridge structures
Previous studies have already shown that the DAD method is also valid for multi-span structures
which are indeterminate systems [94]. In the following, the bridge model is now modified to a
multi-span structure with four spans of equal length. At midspan of the second span, the bending
stiffness is reduced to 30% to generate a high deflection and the DAD IL is calculated. The results
are shown in Figure 28. Here, the DAD values for a load position located at the last span are
visualized in a bar graph to show that the DAD method can also locate damage in non-loaded spans.
The aim of this study here is to define the potential and limits of the practical use of the DAD
method. The fact that damage in other spans can be detected would mean that, even for multi-span
bridges, a single measurement could theoretically be sufficient. However, in order to achieve this
goal, a noise-free deflection measurement would be a prerequisite, which is not possible. Therefore,
to account for measurement inaccuracies also in this study, an artificial noise is again applied to the
deflection values as described in the previous chapter. Figure 29 shows the DAD IL with DAD
values as bar graph for a load position close to the damage position. As already discussed
previously, the load positions leading to successful damage detection is defined by the intersection
points of the DAD IL and the outlier boundary. As expected from the analysis in Position of loading
along the longitudinal axis, damage can only be localized if the loading position is in the middle

range of the same span. Load positions in other spans are neither able to localize, nor detect damage.
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Figure 28. DAD IL for damage at the second midspan whereas loading is applied at last span
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Figure 29. DAD IL for damage at the second midspan, whereas loading is also applied at the second span inculding also
articicial noise effects
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Again, a smoothing of the deflection values generated with artificial noise is applied and the
corresponding DAD values are calculated. Interestingly, the localization of damage is still possible.
These can still be clearly detected even if they occur in a field adjacent to the loaded field. However,
the load should be positioned at midspan of a field, as higher deflections usually deliver more

reliable results.

e Position of the damage in the cross-section in transversal direction
Different types of cross-sections, a prestressed concrete slab and a steel-girder bridge, were
analyzed to investigate the evolution of the DAD values for the different bridge structures in

function of a varying damage position in transversal direction.

¢ Prestressed concrete slab

In order to assess the impact of the damage position within the cross-section of the structure from
Position of damage along the longitudinal axis, a surface model of the same bridge structure is
created and analyzed. A stiffness reduction of 60% over a width of 1 m of the cross-section and a
length of 0.5 m is introduced, which results to a total damage of 20% of the whole cross-section.
This specification is based on empirical findings on the effects of corrosion in concrete structures.
The study by Castel et al. [148]shows that corroded concrete beams have an overall stiffness
reduction between 53% and 75% compared to their uncorroded counterparts. Complementing this,
the study by Malumbela et al. [149] specifically reports a stiffness reduction of approximately 60%
in corroded reinforced concrete beams.

Configuring the model with a 60% reduction in bending stiffness reflects these documented effects
of corrosion and ensures that the simulated damage scenarios are realistically representative of
typical structural damage. This parameter choice facilitates a robust evaluation of the DAD method,
assessing its effectiveness in detecting damage under conditions that closely resemble those found
in actual SHM cases. The DAD values are analyzed for several positions across the cross-section.
Figure 30 shows the DAD values for several axes for damage in the middle of the cross-section and
the middle of the span length. From the DAD values in Figure 30a) which shows all DAD axes in
a 3D visualization, it becomes apparent that the DAD values are able to clearly indicate the position
of damage in the axis of the damage position as a clear peak in damage position can be observed.
With increasing distance from the damage position along the cross-section, the DAD values become
smaller and less narrow, but localization is still possible. Figure 30b) to Figure 30d) show the DAD
values in the middle of the cross-section (damage position), in ¥4 of the cross-section, and the edge

of the cross-section respectively.
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Figure 30. a) DAD values in all analyzed axes of the prestressed concrete slab over the cross-section in transversal
direction,; b) DAD values at the middle of cross-section; ¢) DAD values at %" of cross-section and d) DAD values at the
cross-section edge in transversal direction

In Figure 31a) to f), the same structure with same damage is analyzed. Here however, in addition
again measurement noise is considered. A comparison between Figure 30a) and Figure 31a) shows
that damage detection becomes in this case more challenging. While damage localization is still
possible for the DAD values obtained from measurement in the axis in which the damage is located
(Figure 31b)), damage detection is no longer possible for the other axes (Figure 31c)).

A significant improvement can be obtained by smoothing the DAD values (Figure 31d) and
Figure 31e)). However, the smoothing cannot increase the detectability of damage in other axes
(Figure 31f)), but it helps to remove wrong peaks and helps to avoid false damage identification.
These results suggest that damage which is influencing the structure only locally within the cross-
section can only be detected in the axis where the damage is located. The false peaks near the
support in Figure 31d) result from the high inclination angle at this position which leads to an
increased length of the curvature line. As previously discussed in Position of damage along the
longitudinal axis, the method is unable to accurately detect damage close to the support and false

outliers can appear.
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Figure 31. a)-c) DAD values from measurement with noise; d)-e) DAD values with smoothing of the deformation line

In the following, a non-linear analysis is performed to assess the behavior of a prestressed structure
affected by damage leading to cracking and non-linear behavior. Damage is simulated again by
reducing the bending stiffness by 60% over a length of 0.5 m and a width of 1.0 m. The damage is
indicated in Figure 32 with a small area, close the edge of the cross-section nearly at 1/3" of the
width. The DAD values clearly localize the damage position indicated by peaks (Figure 32 right).
Assuming now an additional tendon failure, shown in Figure 33, the cross-section is not anymore
under compression and cracks may occur when reaching the tensile resistance of the concrete. The
left side of Figure 34 illustrates the DAD values for the cracked system, while the right side shows
the cracks in the structure. It should be noted that the cracks observed in the structure, as shown on

the right side of Figure 20, are a result of tendon failure. These identical cracking patterns are also
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present in the system without simulated damage, as indicated by the 60% reduction in stiffness
demonstrated by the red area in Figure 34. This suggests that the reduced bending stiffness alone
does not contribute to crack formation in this scenario. It can be observed that the DAD values
match with the cracks that occur in the structure. It is noticeable that the DAD values clearly indicate
the crack location and the cracked area. However, no clear identification is possible for the area
with decreased bending stiffness as this area remains uncracked. So, the DAD values in the axes
without cracks appeared to be unaffected. These results suggest that for structures reaching state II,
the localization of damage such as cracks is clearly possible. However, it must be mentioned that
the cause of the damage (here: tendon failure) can only be detected indirectly by the occurrence of
cracks. In conclusion, while detection of cracks for concrete structures reaching state I becomes
easier, the condition assessment becomes more challenging as the method fails to accurately

localize in this case the cause of the damage.

¢ Steel-girder bridge
In the next, the position of the damage in the cross-section in transversal direction is also analyzed
on the steel-girder bridge shown in Figure 19. A damage is applied to girder N° 3 of the cross-
section in the form of a thickness reduction of the flange over a length of 1 m in longitudinal
direction. The DAD values are analyzed using the deformation values from the FE model at the
edge of all lower flanges. This point of the cross-section was chosen as in in-situ tests, this position
offers good applicability for the measurement targets. Damage is simulated only in one girder at a
time to enable a clear identification of the influence on the DAD values. In order to analyze the
efficiency of damage detection, the DAD values of all girders are represented in Figure 35 at their
respective girder. Only for the damaged girder a clear localization of damage was possible. The
DAD values of the adjacent girder only indicate a disturbed curvature pointing out damage, but the
localization of the damage is not possible. With a closer look to the DAD values of the following
girders, it becomes apparent that the identification of damage is not possible anymore.

Consequently, a localization of damage was possible.
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damaged area

middle of cross-sect

Figure 32. Damaged structure of the prestressed concrete slab(left); DAD values of the prestressed concrete slab
(right)

damaged tendon

Figure 33. Tendon failure of the prestressed concrete slab shown in the Rhino model

middle of cross-section

damaged area

Figure 34. DAD values of the prestressed concrete slab in all analyzed axis in state 11 (left); numerically analyzed
crack distribution of the prestressed concrete slab (right)

The DAD values of the adjacent girder only indicate a disturbed curvature pointing out damage,
but the localization of the damage is not possible. With a closer look to the DAD values of the
following girders, it becomes apparent that the identification of damage is not possible anymore.
Consequently, a clear identification and location of the damage is only possible for the damaged

girder if DAD values are obtained from measurements of this same damaged girder.
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Figure 35. DAD values from curvature of all girders of the steel-girder bridge structure (exploded view)

The results make clear, that for a multi-girder bridge, it is necessary to analyze the curvature of
every girder to detect every possible damage. Only by doing so, damage from all girders can be
detected and localized. However, Figure 35 shows also that the application of the DAD method can
clearly detect damage on one girder while generating noise effects on other girders, so, the
interpretation should be done carefully, and only by analyzing the DAD values from all girders, a
clear damage detection becomes possible. With the information from all girders, it is also possible

to locate more than one damage.
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Figure 36. DAD values of the prestressed concrete slab for measurement point density of 0.5 m(top), 1.0 m(middle) and
2.0 m(bottom)

e  Mesh size and measurement point distance
Previous studies dealt with the mesh size and the influence of the measurement point distances [95].
It was found that the denser the measurement grid, the more accurate the damage detection while
denser measurement point distances are more prone to measurement noise. Thus, an optimum ratio
needs to be defined based on the damage/noise effects [150]. Therefore, in this study the DAD

values are analyzed for different damage positions along the longitudinal axes with different
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measurement point distances with the aim to determine the Damage Detection Range. The same
model with a reduction of 30% of the bending stiffness as already described in Position of damage
along the longitudinal axis is used in addition, the precisions of the defection data is varied between
0.01 mm and 0.1 mm for several damage positions along the longitudinal axis. As already discussed
in Position of damage along the longitudinal axis, damage is detected when the DAD value at the
position of the damage is exceeding the outlier value. Figure 36 shows the DAD values for the
damage positions similar to the graphs from Position of damage along the longitudinal axis,
extended by the inclusion of different precision levels ranging from 0.1 mm (highest precision) to
0.01 mm (lowest precision) including also the consideration of artificial noise. In Figure 36, only
the Damage Detection Range is represented with the values above the outlier boundary. The
Normalized Damage Detection Range can be determined by the ratio of the Damage Detection
Range to the total length. Comparing the Normalized Damage Detection Range of the different
curves, Figure 36 provides a good representation of which damage can still be detected in function
of varying measurement point distances (shown in the different graphs) and in function of varying
precisions (shown in each case in the same graph for different measurement point distances). The
graphs in Figure 37 summarizes the results of Figure 36 and show the Normalized Damage
Detection Range for different precisions, for different measurement points distances and the
equivalent maximal DAD value. The results clearly prove that the impact of precision is higher for
smaller measurement point densities. However, a higher measurement point density enables also a
more accurate damage location while a smaller measurement point density is less affected by noise.
Figure 37 indicates that the same Normalized Damage Detection Range can be achieved with half
the precision by halving the measuring point density. Therefore, it is recommended to choose a high
density of measurement points for the in-situ tests, whereas afterwards the data analysis can be done
with different densities by skipping measurement points. However, it must be considered that more
measurement points lead also to more expenses for the installation of the measurement points and
the photogrammetric calculation.
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Figure 37. Normalized Damage Detection Range (left) and maximal DAD values (right) for the different measurement
point densities
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e Impact on DAD values by combination of the effects generated by a variation
order of magnitude of measurement precision, damage level and deflection value
The influence of the three parameters, the order of magnitude of the precision of deflection data, of
the damage level and of the deflection value have already been investigated [93]. Here now, a
parametric study is performed in order to combine these different parameters and to determine the
Normalized Damage Detection Range for different damage positions allowing so to analyze the
least detectable damage level for a given precision and deflection value. According to [93] the
deflection value should be chosen as high as possible. For street bridges no general deflection
limitation is given. However, a needed clearance profile, the bridge road joints, or asphalt cracking
might limit the application of a high deflection level [151]. Further, the maximum deflection value
can be limited by the serviceability limit state respecting different proofs for different materials e.g.
decompression proof or limitation of stresses [152], [153], [154]. In addition, here also a discussion
on which position of a DAD peak represents damage and which position leads to wrong damage
identification is presented.
Several models, based on the beam model from Position of damage along the longitudinal axis, are
damaged with a length of 0.5 m at different positions. Artificial noise is generated with a normal
distribution pseudo value produced with the Numerical Python (NumPy) function

‘numpy.random.normal’ [155] according to Eq. (31).

1 _=w?
p(x) = e 207 )
V2ma?
p(x) probability density for the Gaussian distribution
G standard deviation
u mean deviation

10 different series of noise are applied, and the DAD values are analyzed. Figure 38 shows the
DAD values at the position of the damage for simulated bending stiffness reduction 30% and a
precision of 0.01 mm. The different noise series are shown as dots. The median of the 10 different
series is calculated and shown as a continuous line. The outlier is calculated for every model
according to the previously described box plot method in Position of damage along the longitudinal
axis, and shown at every position of the damage resulting to a curve (Figure 38). The DAD values
for damage at midspan are shown exemplary as a bar graph in Figure 38. When the DAD value
curve intersects the outlier curve, damage can be considered as detected. The Normalized Damage
Detection Range is determined in numerous models with damage levels between 10% and 70% of
bending stiffness reduction, for different deflection values between L/500 and L/2000. The
Normalized Damage Detection Ranges for different damage severities, precisions, and deflection
values are shown in Figure 39. The graphs allow to define the necessary data precision in function

of a given deflection value and of different damage levels. The results are combined in a bee swarm
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plot in Figure 40, where the horizontal axis represents the data precisions, the vertical axis
represents the different deflection values. The results of the different damage levels are shown as
dots, each representing a different precision and deflection value, with the Normalized Damage
Detection Range represented by the size of the dots and the maximum DAD value written inside of
the dots. So, the bigger the dot, the higher the Normalized Damage Detection Range. In case damage
detection was not possible, no dot is represented in the graph. By combining the results in a bee
swarm plot, the influence of the three different parameters on the detectability becomes more
apparent and comparable. Overall, the results show that higher deflection values can compensate
for lack of precision. For example, with a 50% reduction in bending stiffness with a deflection value
of L/500, the same Normalized Damage Detection Range is achieved as with a 70% reduction in

bending stiffness with a deflection value of L/2000.
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Figure 38. DAD values at the position of damage with exemplary DAD bar graph for damage at midspan for the
prestressed concrete slab with a stiffness reduction of 30% with 10 different noise levels

3.3.2.2 Recommendations for the application of the DAD method

The parametric numerical FE analyses aim to investigate different parameters on the influence of
the DAD method and figure out the potential and limits for the execution of in-situ experiments. As
already shown in previous studies, the closer the damage is to the supports, the less likely it is to be
detected. Considering the influence of noise on the DAD values, damage detection becomes more
challenging, and the Damage Detection Range decreases noticeably. Smoothing is shown as very
effective for extending the Damage Detection Range. High DAD values near the supports should
be treated carefully as they might be leading to a wrong interpretation. However, as the curvature
line is very steep at the supports, small deviations in the curvature lines already lead to a high area
difference due to the length of the curvature line. Therefore, to avoid false peaks, values close to
the support can be omitted for the DAD method. In summary, damage is more likely to be detected

the farer damage is distant from the supports leading to more reliable results.
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Figure 40. Damage Detection Range with maximal DAD value for different damage levels, precision, and deflection level

The novel DAD IL provides a good understanding of the correlation between the damage detection

and the loading position for both, single span and multi-span structures. As shown in Mesh size and

measurement point distance a high deflection value is reinforcing damage detection. Thus, it is

obvious that a loading position somewhere in the middle of the span delivers a reliable damage

detection for different damage positions. The different DAD ILs show that different loading

positions should still be considered for damage detection in different parts over the span length,

especially for longer spans to improve the Damage Detection Range of the structure. Although the
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studies on continuous multi-span structures show, that damage detection is still possible with the
DAD method for damage in other spans than the loaded span, it is highly recommended to
investigate every span separately considering noise in the measurement data.

The next big section of the studies deals with local damage in different structure types. Two
different structure types are presented in this paper, a prestressed concrete slab bridge and a multi-
girder steel bridge. It is shown that every bridge structure behaves differently and should be handled
differently. A focus is put on necessary measurement positions for different damage positions.
Overall, the more compact the cross-section is, the more likely damage can be detected at many
measurement positions. For the structure of the multi-girder steel bridge, it was shown that every
girder behaves very independently and that damage influences only the DAD values of the damaged
girder. Therefore, measurements should be taken at every girder to be able to detect damage at all
positions. It becomes apparent that the more compact a cross-section is, the fewer measurement
positions are necessary. The testing and analysis effort for a T-Beam section, which behaves in a
more compact manner, is therefore significantly lower than for a multi-girder system, where all the
different girders have independent curvature curves in case of local damage. Also, the density of
the measurement points should be varied during data analysis to identify the best results considering
the measurement noise and damage localization accuracy. As a higher density can localize more
precisely the damage and as a lower density is less effected by noise, it makes sense to analyze with
both, higher and lower measurement point density.

Analyzing several models with varying data precisions, deflection values, and damage levels
highlight the importance of precision. It is a prerequisite for a successful damage location for a
maximal possible Damage Detection Range. The higher the deflection value is, the less precision
is needed for leading to the same results. These findings suggest that for bridge experiments, the
deflection should be increased as far as possible. Then, the presented parametric model can be used
to analyze the Damage Detection Range for an expected precision and deflection value for different
damage levels. Thus, when damage is found with the DAD method, the minimum damage level

which can still be detected, can be estimated.

3.3.3 Conclusion

The current study aims to determine the potential and limits of the DAD method for bridge
assessment. The DAD method relies on a single static load deflection measurement to detect and
locate damage. The findings of this study significantly contribute to the body of knowledge on SHM
by providing a deeper understanding of the DAD method's potential and limitations across varied
bridge types and damage parameters. This research not only validates the method's effectiveness
but also illuminates its applicability in more complex and realistic scenarios, thereby advancing the
field of bridge structure assessment. The method is further investigated using a parametric FE model

where different parameters and different bridge structure models are analyzed. The position of
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damage along the longitudinal axis is varied to analyze the Damage Detection Range for given

damage positions and damage levels considering a given precision. The influence of the loading

position on the DAD values is shown with the novel influence line DAD IL. The presented study

examines the position of the damage in the cross-section for a prestressed concrete bridge structure

and a steel-girder bridge structure. Further, the mesh size the measurement point distance, data

precision, the damage level and the deflection values are varied to investigate their influence on the

Damage Detection Range.

The following main conclusions can be drawn:

For every bridge structure, a previous analysis is necessary to prepare the experimental setup.
With the help of a parametric model, possible damage detection can be located, and the Damage
Detection Range and detectable damage level estimated.

The Damage Detection Range can be analyzed for different damage levels, precisions, and
deflection values. Based on the expected precision and the selected deflection value, the
detectable damage level can be analyzed for every area. This enables an estimation of minimum
damaged level for detected damage. The nearer the damage to the support, the less detectable it
is. Smoothing the curvature line can improve the Damage Detection Range up to 30% of the
span length.

The novel DAD IL can identify the load positions necessary in an in-situ experiment to get a
reliable damage localization. It has been demonstrated that, depending on the static system and
damage position, one load position is not sufficient, and a minimum number of load positions
has to be determined based on the span length of the structure and the deflection value.

The study shows that for local damage only one measurement line for the cross-section is not
always sufficient. The number of necessary measurement lines for the different cross-sections
can be determined from a parametric model. The more compact the cross-section is, the greater
is the influence of local damage on the overall cross-section needing fewer measuring positions.
A higher measurement point density can localize more precisely damage, but a lower density is
more affected by noise. So, the same Normalized Damage Detection Range can be achieved
with half the precision by halving the measuring point density. When combining the effects
generated by a variation order of magnitude of measurement precision, damage level and
deflection value, it becomes apparent that the precision of the measurement has a major role in
the damage assessment with the DAD method. However, the results show that higher deflection
values can compensate for lack of precision. For example, with a 50% reduction in bending
stiffness at a deflection value of L/500, the same Normalized Damage Detection Range is

achieved as with a 70% reduction in bending stiffness at a deflection value of L/2000.

The DAD method is an interesting method which can detect damage based on a single static load

deflection measurement. The potential of the method is that a calibration of the existing bridge
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structure is not necessary. It can be applied to every bridge structure and can already detect a
damage level corresponding to 1% bending stiffness reduction. Theoretically, every damage
position can be located with the method. However, this study also points out the limits of the
method. The measurement requires high measurement precision. Measuring noise reduces the
Damage Detection Range leading to the fact that only high damage level can be detected, especially
for small deflection values. The research has also shown that smoothing has a major influence on
the study and can improve damage detectability. Overall, the study shows a reliable application of

the DAD method for condition assessment when considering the limitations discussed in this study.
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34 Transition to publication I1

The first paper successfully identified the limitations and potential of the DAD method, thereby
addressing the initial research question. It highlighted that measurement precision represents the
most limiting parameter for the method's performance. Building on these findings, the subsequent
paper focuses on overcoming the noise sensitivity of the DAD method to improve damage detection
accuracy in low-damage and low-deflection scenarios. This transition addresses the second research
question by investigating strategies to mitigate noise sensitivity and enhance the method's reliability

and effectiveness.
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3.5 Publication II: Enhancing SHM with the extension of the Deformation Area
Difference (DAD) Method into the Strain Area Difference (SAD) Method

T. Camo, E. Apostolidi, and D. Waldmann, “Enhancing SHM with the extension of the deformation area difference

method into the strain area difference method,” Structural Concrete, 2024, doi: https://doi.org/10.1002/suc0.202400779
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ABSTRACT:

This study contributes to the fields of Non-Destructive Testing (NDT) and Structural Health
Monitoring (SHM), which are pivotal for extending the service life of infrastructure and aligning
with sustainability goals in construction. The study emphasizes an advanced application of the
Deformation Area Difference (DAD) Method, focusing on the comparative analysis of curvature
lines derived from photogrammetry-assisted deflection measurements and direct strain
measurements. The novel Strain Area Difference (SAD) Method is presented.

The research includes numerical simulations and practical experiments. A laboratory experiment
with a steel beam demonstrates the method's effectiveness by comparing curvature lines from strain
and deflection data. Additionally, an on-site application on a composite bridge using
photogrammetry and drone technology is described with a comparative numerical analysis.

The investigations' results shed light on the potential of integrating diverse data sources in
NDT/SHM practices. For instance, the integration of deflection measurements and strain
measurements for SHM. The comparative analysis provides crucial insights into the accuracy and
applicability of the DAD and SAD method in various structural scenarios, improving the precision
of condition assessments in reinforced concrete structures.

The findings have significant implications for the sustainable maintenance and operation of
infrastructure. They support efficient decision-making in the maintenance and repair of structures,
contributing to their longevity and reducing the need for extensive interventions. They present a
robust framework for decision-making in predictive maintenance.

KEYWORDS: Deformation Area Difference Method, Non-Destructive Testing, Structural Health

Monitoring, Photogrammetry, Drone-Assisted Monitoring, Sustainability in Construction

3.5.1 Introduction

Bridge structures are critical components of infrastructure, and their timely and proper maintenance
is essential for their longevity that also ensures public safety. However, aging bridges often suffer
from various forms of deterioration that cannot be easily detected through visual inspection, making

accurate and efficient condition assessment vital. Traditional inspection methods can be labor-
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intensive, costly, and sometimes detect the problem when the asset is already in a very bad structural
condition, highlighting the need for innovative techniques to enhance Structural Health Monitoring
(SHM).

Studies on SHM can be categorized according to the applied methodologies and test methods.
Interesting literature can be subdivided as follows: (i) SHM with dynamic excitation analysis based
on modal parameters, (ii) SHM based on influence lines under moving loads as well for static as
for dynamic analyses, and (iii) SHM based on static in-situ loading tests. Soo Lon Wah et al. [156]
explore a regression-based method for structural damage detection that uses modal parameters, in
particular natural frequencies. The study demonstrates the method's effectiveness in accurately
detecting damage in both a numerical beam model and the Z24 Bridge in Switzerland, even under
varying operational and environmental conditions. However, the method's accuracy depends on
precise initial measurements and relies on the availability and quality of vibration data. However,
this method is not able to localize the exact position of the damage. Delgadillo et al. [157] explore
non-modal vibration-based methods for bridge damage identification using empirical parameters.
The study demonstrates the robustness of these parameters for detecting and localizing damage
under ambient and vehicle-induced excitations. However, these methods face challenges such as
sensitivity to environmental and operational conditions, which can impact their accuracy. Methods
based on modal parameters usually show high sensitivity to noise.

Methods based on Influence Lines (IL) of moving loads also play a crucial role in SHM. Yunkai et
al. [158] investigate a multi damage identification method for multi-span bridges using deflection
influence lines (DILs). The study finds in numerical analysis and a small-scale experiment that by
analyzing their first and second derivatives the location and severity of structural damage can be
effectively identified. However, the accuracy of the method relies to a large extent on the precision
of measurement instruments and the complexity of data processing, particularly for the second
derivative. Zhang Y. et al. [159] present a method for multi-damage identification in multi-span
bridges using DILs. The study demonstrates the effectiveness of DIL and its derivatives for
accurately detecting and localizing damage in continuous beam bridges in a numerical simulation.
The method’s accuracy can be affected though by low measurement precision and complexity of
interpreting the IL differences.

Static experiments without a need of a moving load provide another reliable approach to SHM. Ma
and Solis [160] proposed a two-step model-independent method for identifying multiple nearby
cracks in beams. First, they use trend filter functions to locate damage by comparing deflection
lines of undamaged and damaged systems. Second, they determine crack depths using rotational
spring models. The method, validated experimentally via close-range photogrammetry,
successfully detects cracks of varying depths, and accurately differentiated nearby cracks. Minor
modeling discrepancies were noted but had minimal impact and the method requires an initial

measurement Le et al. [161] devised a damage identification method based on changes in static
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deflection lines of Euler-Bernoulli beams, avoiding optimization algorithms or FE modeling. The
method, applicable for both short- and long-term monitoring, effectively localized and quantified
single damage but struggled with double damage of varying magnitudes as only one damage was
localized, and the damage level was overestimated. Furthermore, the method is limited to the
application on simply supported (SS) Euler-Bernoulli beams.

Strain-based SHM methods also show significant potential and are used for all three aforementioned
categories. Ayad et al. [162] conducted a study on damage identification in reinforced concrete
bridges using strain-based methods and visual inspections. They employed eigenfrequency change,
eigenstrain change (using the Coordinate Modal Assurance Criterion — CO-MAC), and strain
energy change methods on a 3D finite element model. Strain sensors were used to capture detailed
dynamic characteristics. The study demonstrated that strain energy change effectively localized
damage. However, a high number of sensors covering the whole bridge is necessary for the method
and the accuracy is influenced by environmental noise, similar to other methods relying on modal
parameters. Rageh et al. [163] propose an automated strain-based, output-only framework for
bridge damage detection using continuous stream of SHM data. The study utilized measured strains
from an optimized sensor set deployed on a double track steel railway truss bridge. The
methodology focuses on the deterioration of the connection between stringers and floor beams, a
common deficiency, but can be applied to various structural elements and details. The framework
used Proper Orthogonal Modes (POMs) as damage features and Artificial Neural Networks (ANNSs)
to infer damage location and intensity from the POMs. The proposed method successfully detected
artificial deficiencies imposed on measured signals under operational conditions, demonstrating its
robustness against noise and variability in input data, though it requires high-quality strain data,
accurate positioning of the sensors strategically chosen based on a numerical sensitivity analysis,
and substantial computational resources for ANN training and data analysis. The study was also
conducted without accounting for modelling errors and environmental variability.

The integration of photogrammetry and drones into SHM has emerged as a powerful technique,
offering non-contact, high-resolution measurements of structural deformations. (Mirzazade et. al
[111], Hu et al. [112]) However, CRP based methods rely on the quality of the photogrammetric
equipment and the accessibility of a bridge structure.

The usage of drones or Unmanned Aerial Vehicles (UAV) further enhances these capabilities,
enabling efficient data collection over large areas. For instance, UAV-based crack detection
methods, which acquire large-scene images and apply algorithms for noise reduction and crack
width calculation, have significantly improved detection efficiency and accuracy. (Lorenz et al.
[119], Zhuge et al. [118])

The integration of these methods in SHM has led to significant advancements in damage detection
and localization. Among these [164], [165], the Deformation Area Difference (DAD) method has

been introduced as a robust approach for assessing bridge health, focusing on the analysis of
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deflection lines under static loads. The DAD method, introduced by Erdenebat et al. [94], offers a
novel means of detecting local damage by comparing deflection lines derived from theoretical
models and actual measurements. Initial studies demonstrated its effectiveness in laboratory
settings, particularly in identifying stiffness reductions in reinforced concrete beams. In [95] the
DAD method was further refined by addressing the impact of measurement noise. Through
theoretical analyses and laboratory experiments, this study introduced data smoothing techniques
that enhanced the sensitivity and robustness of the DAD method. Building on this foundation, in
[93] the DAD method was extended to real-world applications, examining its efficiency in a
prestressed concrete bridge. This study highlighted the practical challenges and advantages of using
photogrammetry and UAV-based data acquisition, which were found to be essential for achieving
the necessary precision in measurements. Most recently, a comprehensive parametric numerical
study was conducted to optimize the DAD method for different bridge types [166]. This research
introduced concepts such as the DAD Influence Line (DAD IL) and Damage Detection Range
(DDR), which expanded the method’s applicability across various structural configurations and
damage scenarios. The study’s findings underscored the versatility and effectiveness of the DAD
method, emphasizing the need for tailored experimental setups to maximize its utility in diverse
bridge structures. However, the recent study also showed the limits of the DAD method: although
achieving high accuracy, the measurement noise still limits the method to the detection of high level
damage.

Methods based on modal parameters often face challenges due to global and environmental
influences and modeling uncertainties. In contrast, methods utilizing static parameters are generally
more robust against these issues. Methods based on ILs under moving loads are typically restricted
to simple beam structures, require continuous measurements, and are affected by operational
environments. Static methods, however, are capable of detecting damage with fewer such
limitations. The DAD method stands out by detecting damage with a single measurement, without
needing prior knowledge of the bridge structure's condition. So, unlike many other methods, the
DAD method does not require the reference model to be calibrated or initial measurements of the
undamaged structure. It combines CRP and UAVs to provide a simple and cost-effective
measurement technique, leveraging the advantages of static load experiments.

The current paper introduces the Strain Area Difference (SAD) method, which compares the area
between the curvature line of a damaged structure and the curvature line of an undamaged reference
structure, as in the DAD method. The difference lies in how the curvature line is obtained. The two
methods are compared with a parametrical numerical Finite Elements (FE) model of a steel girder
using the DDR concept, presented in [166]. The results of the numerical analysis are verified
through a laboratory experiment on a steel girder. Finally, the DAD method is carried out on a real
bridge structure in Vianden (Luxembourg) with a numerical comparison between the DAD and the

SAD method.
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3.5.2 Extension of the DAD into SAD method

As already mentioned above, the DAD method is an innovative Non-Destructive Testing (NDT)
method developed to detect damage in structures, particularly bridges, within the SLS. The core
idea of the DAD method is that damage affects the bending stiffness of a structure, which
consequently locally changes its deflection line. By identifying local changes in stiffness, the DAD
method can localize areas of damage.

The DAD method can be categorized as short-term SHM technique as it requires only one single
in-situ measurement of the deflection line [167]. As, the application of the DAD method requires
however a reference deflection line from an undamaged system, an initial measurement of the
undamaged structure, if such measurements are unavailable, or alternatively the deflection line from
a FE model of the undamaged structure can be used. It is important to note that the reference model
does not require precise calibration to the actual deflection. However, it is necessary that the model
accurately reflects the planned stiffness variations inherent to the structural design. This approach
ensures that any observed deviations can be attributed to unplanned stiffness changes that may have
been caused by damage. By concentrating on relative differences in curvature patterns rather than
absolute values, the DAD method is able to identify local stiffness reductions, so that the FE model
does not need to be finely calibrated to the exact deformation [94]. A calibration using Model
Updating (MU) could yield an improved damage detection, especially for low damage levels at
early stage with low measurement precision.

The SAD method is similar in principle to the DAD method, with the only difference in its approach
to obtain the curvature line. In the SAD method, the curvature is derived from strain measurements.
In Figure 41, both methods are presented on the example of an end span of a bridge structure under
the static loading of two trucks. The main steps are described in sections 2.1 und 2.2 for DAD and

SAD, respectively.
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Figure 41. Principle of the DAD method (left) and the SAD method (right)

wi(x) Deflection line reference model (theoretical)

Win(x) Deflection line measurement

or(x) Inclination angle line reference model (theoretical)

On(X) Inclination angle line measurement

eur(X) Upper strain line reference model (theoretical)

eum(x) Upper strain line measurement

er(x) Lower strain line reference model (theoretical)

elm(x) Lower strain line measurement

Kr(x) Curvature line reference model (theoretical)

Km(X) Curvature line measurement

Axi Distance between measurement points

Ay i Enclosed area difference between theoretical and measured curvature line
3.5.21 DAD Method

In Figure 41 the main principles of the DAD method are shown, and they involve the following

steps:

Step 1 (a) - Deflection Measurement: A continuous deflection curve wy(x) of the structure
under a static load is measured. A practical application involves performing a static load
deflection measurement on a bridge structure using heavy trucks as loading.
Photogrammetry, particularly when combined with drones, has proven effective in
capturing high-precision continuous deflection lines. This method involves taking a series
of photographs of the bridge under loaded and unloaded conditions, using photogrammetric
targets placed along the bridge with certain distances and reference targets on the abutments

(as presented in Section 3.5.5). The coordinates of the photogrammetric targets are
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calculated with photogrammetric software for the loaded and unloaded state. The
continuous deflection line is then extracted by subtracting the unloaded state from the
loaded state.

Step 1 (b) - Reference Deflection Curve Calculation: A linear FE model is designed
considering all planned stiffness changes and the loading applied on the static load
deflection measurement. The deflection line w,(x) is calculated with numerical analysis
software.

Step 2 - Curvature line calculation: The calculated deflection curve contains critical
information about the structure's stiffness. The first derivative of the deflection curve
provides the inclination angle ¢(x), and the second derivative gives the curvature x(x), as
shown in Eq. (10) to Eq. (12). The curvature lines x,(x) and x.(x) are calculated from the
second derivative of the deflection lines of the measured and the calculated deflection,
respectively. The curvature of the structure can also be expressed as the ratio of the bending
moment to the bending stiffness (Eq. (13)). Therefore, any stiffness change should be

reflected on the respective curvature line.

o Ow(®)
W =05 =90 (10)
0
¢'(x) = (;"((;;) = (x) (1
w'(x) = ¢’ (x) = k(x) (12)
M(x)
K(x) = EICO) (13)

Step 3 - DAD Calculation: The DAD method calculates the area between the curvature
lines of the damaged and undamaged structures. This area, divided into small sections 4x;,
is used to identify, and quantify damage (Eq. (14)). The size of Ax;, which also needs to
correspond to the measurement point distances, have to be chosen dense enough to be able
to localize the damage precisely, but also not too dense so that the influence of noise can
be kept to a minimum (25, 26). The stiffness changes within the area Ax; are compared to
the stiffness differences of the whole structure’s length. The area difference for each section
(AA.,) is normalized to further highlight the effect of damage and squared to reinforce the
visibility of damage effects through Eq. (15). High DAD values pinpoint damage.

1 i
AAy; = Jrcd,i (x)dx — JKt‘i (x)dx (14)
ic1 it1
DAD, ; = A (15)
“ L1 AAL

The method's robustness lies in its ability to differentiate between discontinuities caused by damage

and those due to noise or planned structural changes.
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3.5.2.2 SAD Method

Figure 42. Bending Curvature and Bending Rotation for an infinitesimal element. Adopted from [168]

r Radius

K Curvature

M Bending moment

dy Angle between two infinitesimal elements
h Height of the cross-section

dx Infinitesimal element length

eu Upper strain

el Lower strain

Although in theory the DAD method can already detect a bending stiffness reduction of 1%,
measurement noise has a big influence on the damage detectability [166]. Therefore, a measurement
method less prone to noise is needed to improve the method and detect smaller levels of damage
even for small deflection values.

The term local strain refers to a dimensionless quantity that describes the lengthening/shortening of
a beam, which can be described as the proportion of the change in length to its original length. In
addition, for linear systems the strain can also be defined via the Hooke's law as the quotient of the

normal stress to the Modulus of Elasticity [169]. Eq. (16) describes both strain-relations.
e=2L_2 (16)
Ly E
The stress at any point in the cross-section is calculated using the bending moment (/) and the
section's moment of inertia (/), as presented in Eq. (17), where z is the distance from the neutral

axis.

M
g:TxZ 17)

81



Results

For the simplified case of a beam or girder with a constant cross-sectional area 4 and predefined
bending stiffness EI, it would experience a curvature in the case of a bending load as visualized in
Figure 42 on a global scale (left) and as an infinitesimal element (right) [168]. The curvature (x=1/r)
can be derived by Figure 42 and is expressed by Eq. (18) above:

1 g—¢g
k= o (18)

This way the curvature can be obtained with strain measurements that can be compared to the

reference curvature and lead to the SAD values though the application of the SAD method, similarly
to the DAD method.

The process is again described on the same example of a bridge structure in Figure 41 right) and
the key steps and principles of the SAD method are as follows:

e Step 1 (a) - Strain Measurement: Strain is measured at two points over the height of the
cross-section of the structure. In practice, strain measurements can be obtained using strain
gauges placed along the span of the bridge with given sensor distances or using advanced
Fiber Optic Sensors (FOS). These sensors provide high-resolution strain data essential for
accurate curvature calculation and damage detection.

e Step 1 (b) - Reference Strain Calculations: A FE model is designed considering all planned
stiffness changes and the loading applied on the static load deflection measurement. The
strain lines are calculated with a numerical analysis software.

e Step 2 - Curvature Calculation: The curvature (x) of the structure is derived from the strains
at the top and the bottom of the cross-section using Eq. (18).

e Step 3 - SAD Calculation: The SAD method calculates the area between the curvature lines
of the damaged and undamaged structures. This area, divided into small sections Ax;, is
used to identify, and quantify damage. The area difference for each section (A44y;) is
squared and normalized to enhance the visibility of damage effects, as shown in Eq. (19).
High SAD values pinpoint damage.

AA%;

SAD,; = =t (19)
D Y BY.V ER

The SAD method can also be used as short-term SHM method, although it could be classified as a
long term SHM method with strain measurement systems like strain gauges or FOS providing real-

time-data for an application of a data-driven solution.

353 Numerical Verification and Comparison of the DAD and SAD Methods on a Steel
Beam Model
To evaluate and compare the effectiveness of the DAD and SAD methods, a parametric model of a

steel beam was developed using Rhino's Grasshopper plugin and was further analyzed with
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SOFiSTiK software. The steel beam model has a cross-section of HEB 220 and a steel grade S355.
The beam is simply supported, with a span of 5.60 meters and a total length of 6.00 meters.
For this study, a beam made of steel was selected to enable precise control of damage and simplify
the analysis within a linear elastic system. Damage was simulated by reducing the bending stiffness
by 30% over a length of 20 cm. Various single damage locations were applied along the longitudinal
axis of the beam for all locations over the whole length. The load was applied at midspan, chosen
to produce a deflection of w= L/300. This setup allows for a comprehensive comparison of the DAD
and SAD methods under controlled conditions.
To quantify and assess the efficiency of the DAD and SAD methods, DAD and SAD values were
calculated for each simulated damage position in the numerical steel beam model, as described in
section Extension of the DAD into SAD method. For the DAD values, different noise levels were
applied to the calculated deflections, with a chosen feasible range based on literature values ranging
from 0.01 mm to 0.1 mm [93] and [170]. For the SAD values, the highest possible precision and
accuracy in strain measurements had to be ensured. Several studies demonstrated that the accuracy
of strain gauges can achieve precision levels of around one micro strain (1 pe = 0.000001) whereas
Lee et al. [171] report among others, this to be an optimal strain measurement accuracy. Middleton
[171] highlights stable performance under high strain conditions for Digital Image Correlation
(DIC) systems, thereby validating the accuracy of 1 pe for multiple measurement techniques to
accurately perform strain - measurements. Eichinger-Vill [ 172] postulates that the accuracy of strain
gauges is between 1 pe and 50 pe. Consequently, for the presented numerical model, an artificial
noise level of 50 pe was selected on the safety side and generated using a normal distribution
pseudo-random value with the numpy.random.normal [173] function. To describe damage
detectability, an outlier boundary was defined using the box plot method [174]. In the initial stage
of the process, the interquartile range (/QR) is determined by calculating the lower 25% quantile
value (Q1) and the upper 75% quantile value (Q3). Subsequently, the inner and outer boundary (/B
and OB) values are calculated in accordance with Eq. (20) and Eq. (21), respectively. Damage was
considered to have been detected when the outlier boundary was exceeded.

IB=Q3+15 X IQR (20)

OB =Q3+3.0 X IQR (21)
Figure 43 to 5 illustrate the DDR for the DAD method considering a simulated bending stiffness
reduction of 30% at noise levels of 0.02 mm, 0.04 mm, and 0.1 mm, respectively. The study by
Valenga et al. [175] demonstrated that a precision of 0.03 mm can be achieved in photogrammetry,
justifying the use of 0.02 mm and 0.04 mm noise levels in this study. These two values are chosen
here also to demonstrate the huge difference for the DDR when applying these two noise levels of
small difference. The 0.1 mm was chosen as a realistic value of in-situ experiments, which was
reached in previous studies [93]. Several cases were conducted with damage introduced at every

section along the longitudinal axis of the structure. For each case, the DAD value at the position of
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the damage is calculated. These DAD values for all damage positions are plotted as a blue curve,
while the black curve represents the outlier boundary corresponding to each position. Given that
noise exerts a greater influence on DAD values at the supports than at the midspan, and that different
noise series were calculated for each damage position, the outlier boundary is subject to change
depending on the position of the damage. This implies that the noise's impact on DAD values varies
with the location of the damage, with noise sensitivity being higher at the supports. Furthermore,
for each specific damage position, a separate noise series was employed, which explains the
observed variation in the outlier boundary curve. When the DAD value exceeds the outlier
boundary, damage can be detected. This indicates that in the range where the max DAD value-curve
exceeds the black outlier boundary curve, damage is detectable. This range is referred to as the
DDR (26). In correlation, a respective Figure 46 with the DDR for the SAD method at an artificial

noise level of 50 pe is presented.

DAD values [-]
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DAD values as bar graph damage position of
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Figure 43. Damage Detection Range for DAD method for a damage of 30% reduction of bending stiffness with artificial
noise of 0.02 mm
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Figure 44. Damage Detection Range for DAD method for a damage of 30% reduction of bending stiffness with artificial

noise of 0.04 mm

For example, the cyan bar graph in Figure 43 to Figure 45 shows DAD values for damage located

60 cm away from the midspan on the right-hand side of the girder as indicated with the red area.

For Figure 43 to Figure 45, the following observations could be made regarding the influence of

the noise levels on the numerical results of the DAD method:

e At a noise level of 0.02 mm (Figure 43), damage near the midspan is clearly detectable.

However, detectability decreases toward the supports due to the fact that smaller deflection

values are more affected by noise.

e With a noise level of 0.04 mm (Figure 44), the Damage Detection Range decreases

significantly, indicating a less reliable damage detection area.

e Atanoise level of 0.1 mm (Figure 45), which is realistic for in-situ experiments, no damage

positions led to successful detection, highlighting the need for high precision in damage

detection and the limitations of the DAD method with current precision levels for small

damage. However, smoothing the deflection line and measurement repetition can

significantly improve the method [93].

As far as the noise influence in the SAD method is concerned, Figure 46 demonstrates that nearly

every damage at each position can be located using the SAD method, indicating a significant
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improvement over the DAD method. The higher precision of the SAD method in detecting damage

underscores its potential for more accurate structural health monitoring.
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Figure 45. Damage Detection Range for DAD method for a damage of 30% reduction of bending stiffness with artificial
noise of 0.1 mm

354 Experimental Verification and Comparison of the DAD and SAD Methods on a Steel
Girder in the laboratory

3.54.1 Description of the experiment

To validate the results obtained from the parametric numerical model, a laboratory experiment was
conducted. The experimental setup is depicted in Figure 47. The setup involved a steel beam HEB
220, consistent with the numerical model described in Section Numerical Verification and
Comparison of the DAD and SAD Methods on a Steel Beam Model, with a span length of
5.60 meters. Photogrammetric targets were placed every 20 cm along the beam's flange using
stickers. Additional reference targets (see Figure 47) were placed on rigid parts within the
laboratory, and auxiliary targets for enhanced bundle block adjustment were affixed to extra steel

plates on the top and bottom of the girder.

86



Results

SAD values [-]

4

0.6
max SAD value at
/_ position of damage
damage damage
detection detection
not possitle Damage Detection Range not possible
outlier boundary for
each damage position
=

SAD values as bar graph
for shown damage position

damage position of
shown SAD bar graph

Total length [-]

Figure 46. Damage Detection Range for SAD method for a damage of 30% reduction of bending stiffness with artificial

noise of 50 ue

Strain gauges were installed on one half in the longitudinal direction of the steel girder (leveraging

the system's symmetry) on the top and bottom flanges every 20 cm. Three displacement transducers

(DT) were also used to verify the deflection values at midspan and at the third points of the right

half. A point load was applied at midspan of the girder in five loading steps outlined in Table 1.

The maximum load of 80 kN resulted for the undamaged girder in a deflection of approximately

w= L/300, ensuring that the steel girder remained within the Service Limit State (SLS).
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damage level step 1
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Figure 48. Damage level 1 applied and damage level 2 Figure 49. Damage level 3 applied by cutting the lower
and 3 sketched on lower flange flange
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Table 1. Load steps with deflection values

Load steps Measured deflection Deflection value
Undamaged girder
10 kN 2.2 mm ~1/2.550
20 kN 4.5 mm ~1/1.240
40 kN 9.4 mm ~L/600
60 kN 14.4 mm ~L/340
80kN 19.4 mm ~L/290
Damage level 1
10 kN 2.2 mm ~1/2.550
20 kN 4.6 mm ~1/1.220
40 kN 9.5 mm ~L/590
60 kKN 14.4 mm ~L/390
80kN 19.4 mm ~L/290
Damage level 2
10 kN 2.2 mm ~1/2.550
20 kN 4.6 mm ~L/12.20
40 kN 9.5 mm ~L/590
60 kN 14.6 mm ~L/390
80KN 19.7 mm ~L/290
Damage level 3
10 kN 2.4 mm ~L/2.330
20 kN 5.0 mm ~L/1.120
40 kN 10.2 mm ~L/550
60 kN 15.7 mm ~L/360
80kN 21.7 mm ~L/260

After unloading the undamaged reference stage, damage was induced in three levels by cutting
triangles from both sides of the lower flange, creating a 2 cm, 5 cm and 10 cm deep and 4 cm, 10
and 16.8 cm long notch, respectively, 60 cm away from midspan. The damage levels’ introduction
is shown in Figure 48, with orange, yellow and blue areas, respectively. Figure 49 illustrates the
final damage state. This damage configuration resulted in a maximum bending stiffness reduction
of 12% at the tip of the triangle for the first damage level. While the flange is cut out in a triangular
way, the damage is the highest in the middle of the damage, as here the biggest part of the flange is
missing, and the bending stiffness increases constantly towards the end of the cut. By averaging the
stiffness reduction linearly, the average reduction results to 4% over the whole damaged length. In
Table 2, the maximum and average stiffness reduction values for all three steps are presented. To
show the influence of the stiffness reduction, the increase in deflection for load step 80 kN is

presented in Table 2.
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Table 2. Damage level steps with damage values

Depth of Maximum Length of Average Increase in
the cut (per reduction of the damaged reduction of deflection for
flange side) bending stiffness section bending load step 80 kN

stiffness
Damage level 1 2 cm 12 % 4 cm 4% 0%
Damage level 2 5cm 28 % 10 cm 9% 1.5%
Damage level 3 10 cm 73 % 16.8 cm 24% 11.9%

3.54.2 Results
e Results of DAD method

For each loading step and each damage level, images were captured using a Fujifilm GFX 50S from
various positions (see Figure 47). These images were analyzed using bundle block adjustment with
the photogrammetric suite Elcovision. The software provided coordinates for each
photogrammetric target. By subtracting the coordinates of the loaded girder from the unloaded
girder, the deflection line was obtained. The measurements of the DT confirmed the
photogrammetric measurements in submillimeter range. The DAD method was then applied for
each load step according to Table 2 and each damage level. The results are presented in Figure 50.

e First Damage Level: No damage was detected using the DAD method regardless of the
loading step due to the minimal damage level.

e Second Damage Level: Damage was detectable and locatable for load steps of 60 kN (with
deflection w=L/390) and 80 kN (w= L/290). Lower load steps resulted in small deflection
values, which were insufficient for damage detection.

e Third Damage Level: Damage was detectable already at a load step of 40 kN
(approximately w~= L/600).

Figure 51 presents the load deformation diagram for damage level 3 of strain gauge 19, located
adjacent to the damage on the bottom of the lower flange. At a load of about 40 kN, the girder began
to yield. At higher loads between 60 kN and 80 kN, the photogrammetric sticker near the damage
started to peel off (as shown in Figure 49), making photogrammetric analysis for the last load step
impossible. This peeling is caused by the observed buckling of the girder’s web. The deflections
measured with photogrammetry are presented in Figure 52 and Figure 53 for the load steps of
60 kN, respectively 80 kN for the undamaged girder and damage levels 1 and 2. As previously
mentioned, no photogrammetric measurements were performed for damage level 3 at 80 kN.
Figure 53 shows the deflections measured with the DT for damage level 3. The deflection lines for
the undamaged girder, damage levels 1 and 2, exhibit only small differences. However, a more

pronounced divergence is evident in the deflection line for damage level 3.
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DAD values from deflection measurement
Load step 10 kiN Load step 20 kiN Load step 40 kiN Load step 60 kiN Load step 80 kiN
! ! ! ! outiier
outlier ————— outier ! | outier L———— !
- | | | I |
3 | | outlier ————— | |
>
% 0z : 0.23 . 01 ! |
o ! 0.18 — ! 020 pb——
g | | | |
& | | I |
Q | | i |
I L | |
| A | | | _
| | | 045 | |

outier L I I | i |
~ 1 1 outlier T | outier &————
8 | outlier T | outiier  §————— |
> s 023 ! | I
2 \ | ]

g 016 — [
2 [ ! |
£ | ! |
©
a | | |
I 7 I '
] 1 J 1
I ] I 0.49 —
| outlier  —————— | | {~ max DAD value
itlier— -
- | 1 outier | outer—g— |- outlier boundary
ke | | 034 I i
i —_— 031 - -
[ outler | [ damage position
[}
© | | ]

0.22 .
= | | no measurements available
g | | for damage level 3
a | | and load step 80 kN

| I
| t ——

Figure 50. Overview of DAD values of all damage levels and load steps
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Figure 51. Load-deformation-graph of strain-gauge next to the damage on the lower flange for damage level 3
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Figure 53. Measured deflection line for all damage levels at load step 80 kN (only half of the girder)

e SAD Method Results

The strains were measured with the strain gauges on the upper and lower flange of the girder. With

these measured strains, the SAD method was applied for each load step and each damage level.

Figure 54 shows the SAD values for each load step and damage level step. The results demonstrate

that:
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e Even at the lowest damage level and deflection value, the SAD method successfully located
the damage, highlighting its superiority over the DAD method.

e For damage level steps 2 and 3 and load step 80 kN, increased SAD values, although still
below the inner boundary, were observed. This anomaly could indicate a secondary damage
or a malfunctioning strain gauge.

The experiment clearly underscores the advantages of the SAD method, showing improved
performance and reliability compared to the DAD method. The ability of the SAD method to detect
damage even at lower deflection values and damage levels makes it a more robust tool for damage
detection. Here, the same DDR was achieved for the SAD method as for the DAD method with a
noise of 0.01 mm. It is important to note that these results of the SAD method are limited to a linear
elastic state. Further investigation is required to understand the influence of nonlinear behavior in
the cracked state on concrete structures. Cracks can significantly impact strains at the crack position,
making interpretation challenging. In contrast, the DAD method relies on deformation and is not

sensitive to the behavior of concrete in a cracked state. It has been successfully applied to concrete

structures.
SAD values from stain measurement
Load step 10 kN Load step 20 kN Load step 40 kN Load step 60 kN Load step 80 kN
| 1 | |
0.40 0.41
iy 0.36 035 | 0%
©
>
K]
Q
g) i outlier
€ outler outlier
8 outlier outlier
t t t
| | 0.54 0.55 |
0.48 0:50 0.59 |
N
©
H outlier
()
oD
©
£
©
[a]
outlier outlier outlier outlier
L L 1 L 1
059 059 059 0.60 damage 088
I I I position  / I
/
max /
% SAD value
>
k)
) outlier
E boundary
©
[a]
*outlier
outlier outlier outlier. outlier
] - -

Figure 54. Overview of SAD values of all damage levels and load steps

3.5.5 Case Study on a real bridge structure in Vianden
The DAD method is also applied on a real bridge structure for a sensitivity analysis. The bridge to
be studied was built in 1960 and is a road overpass over the river Our with two tracks and two

pedestrian lanes (Figure 55). It is a continuous bridge with two spans of 17.5 m. The superstructure
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is a RC — structural steel composite, with a cross-section as shown in Figure 56. The cross-section
consists of three steel girders completely concreted within reinforced concrete beams connected
through two concrete slabs of 16 cm thickness. The height of the bridge cross section is 1.0 m and
the total width 9.5 m. The bridge is supported at the three girders and has cross members in the third

points. The concrete and the steel grade are not documented. The skew angle of the bridge compared

to the alignment of the river is 45°.

Figure 55. The Vianden bridge during the execution of a measurement with a UAV

3.5.5.1 Experimental Set-Up and Loading of the Bridge

For the application of the DAD method a continuous deflection line is needed. Previous studies
[166] have shown that three measurement lines would be required for an analysis of the complete
bridge structure, one for each girder, and it would be optimal to obtain additional measurement
lines, one for each bridge edge. Due to time constraints, only one outer girder is equipped with
measurement targets over the entire length and the inner girder only for one span. Previous studies
have also shown that two load positions need to be applied and measured, one for each span,
respectively. However, time constraints due to minimal road closure, only one span was loaded.
The positions of photogrammetric targets are shown in Figure 56 and Figure 57. They have been
applied on steel plates, which are bolted on the structure. The outer targets are directly bolted on
the girder, while the inner targets were attached with rods, to be lower, so that they are still visible
from a height (Figure 58). Additional reference targets are attached to the bridge abutments and on
the bridge pier, as they are required for the reference coordinate system of the photogrammetry
software.

As already mentioned, and demonstrated in the previous sections of the current paper, accurate
deflection values have a great influence on the detectable damage level [166]. However, the loading
level is limited on bridge structures, as the structure needs to remain within the SLS. As heavy
trucks are usually used to load bridges, especially for the smaller bridges, the area of the bridge is
limited which leads to a limitation of the trucks that can be positioned on the bridge deck. In this
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experiment, four heavy trucks could fit on one span, (see Figure 59) with each truck having eight
tires and a total load of 35 tons. The position of each tire was measured and used to simulate a
realistic loading in a FE reference model. A by-product of the photogrammetric survey is a detailed
point cloud, which can also help to more easily transfer the geometry of the structure to the FE
reference model. Furthermore, the point cloud is also used to confirm the exact position of the

loading on the bridge structure.
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Figure 56. Cross-section of the Vianden bridge
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Figure 57. Elevation of the bridge with experimental set-up
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Figure 58. Photogrammetric targets attached on outer and middle girder with bolts

3.5.5.2 Finite Element Model of the bridge

A reference model is required for the application of the DAD method. Therefore, a numerical FE
reference model of the structure is developed using the commercial software SOFiSTik. The girders
of the bridge are modelled as composite I-beam cross-section, whereas the concrete plate is realized
in addition as an orthotropic surface slab structure without normal force stiffness and without
Elastic Modulus in longitudinal direction so that the slab only bears loads in transversal direction.
In addition, the slab is designed with no self-weight to ensure that the dead weight of the concrete
slab is not applied twice. The load was applied as point loads for each tire of the four heavy trucks.
The position of the trucks was measured, and, additionally, the position of the loading has been
verified with the Point Cloud of the bridge structure (Figure 59). The bridge model does not have
to be calibrated for the application of the DAD method. However, the model needs to be a realistic
representation of the static system with the respective span lengths and to include all stiffness
changes as variation of cross-section dimensions or other local stiffness variation. The deflection
results of the model are determined at the positions of the photogrammetric targets to achieve the

best possible comparison with the UAV measurements.
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FE model -

calibrating loading position
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Figure 59. Point cloud of the bridge overlayed with FE-model

3553 Experimental results

The effectiveness of the DAD method has been previously validated in laboratory experiments [94],
[95] and its applicability has also been demonstrated on a real bridge structure in Altrier,
Luxembourg [93]. Parametric studies [166] have shown that bridges with a more coherent cross-
section like the Vianden bridge are more suitable for the DAD method as less measurement lines
are needed as mentioned in Experimental Set-Up and Loading of the Bridge. In Figure 60, the DAD
values for the outer girder and first span from direction northeast are shown. It can be observed that
the highest DAD value does not exceed the lower outlier boundary. The following process have
been applied to smooth the deflection line: First, a polynomial regression is determined based on
the deflection curve, which is affected by noise. Subsequently, the raw deflection curve is filtered
within the measurement standard deviation, resulting in a smoothed deflection curve. The detailed
process is described in [95].However in this case, the described smoothing process did not improve
the results. Further smoothing of the deflection line by averaging adjacent vertices as described in
[166] and repeating the measurements, which reduces the outlier caused by measurement noise by

averaging values from different measurements according to [93] could improve the results.
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Increasing the deflection value would also have a significant influence on which damage level
would be detectable as shown in previous studies [93], [166].
DAD values [-]
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maximal DAD value does not exceed
the outlier boundary -no damage detection
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0.1

DAD values from curvature obtained from —
experimental deflection measurement
and numerical reference model

Figure 60. DAD values of the experimental deflection measurement and the FE reference model for the first span and the
outer girder

3.5.54 Numerical analysis of the DAD and SAD method with artificial noise

To better classify the experiment's results, a numerical finite element (FE) reference model with
simulated damage at midspan was developed. The experiment reached a deflection level of about
w= L/2500 with a standard deviation of 0.08 mm. The damage levels were varied, starting with a
10% reduction in bending stiffness in 10% increments, until the DAD method was able to localize
the simulated damage. Due to the low deflection value and in agreement with previous studies [93],
[166] (Figure 61), a high damage level with 80% reduction in bending stiffness was reached in
order to detect the damage with the given deflection value and a precision of 0.08 mm. The
corresponding DAD values are shown in Figure 62. Visual inspection of the bridge confirmed the
absence of any such high-level damage. Although the experiment’s precision was high, damage

levels below 80% bending stiffness reduction could not be detected with the achieved precision.
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With an increased deflection value, the detectable damage level would decrease significantly as

shown in Figure 61.
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Figure 61. Damage identification based on deflection size and measurement precision. [93]

The strains from the numerical model with simulated damage were further analyzed using the SAD
method for different damage levels, starting from a reduction of 10% in bending stiffness, with the
same deflection value as reached in the in-situ experiment and an artificial noise of 50 pe
(Figure 63). A damage level of 20% was sufficient to successfully localize the damage, showcasing
the superior precision of the SAD method. The height between the upper and the lower strain
measurement position significantly influences the results—the greater the distance, the higher the
strains and the better the precision. This is usually limited by the height of the cross-section and the
accessibility of the bridge structure. The optimum sensor placement would be the lower and the top
surface of the cross-section. While the lower surface should be well accessible, the top surface is

located under the bridge deck. Here, the position below the bridge deck would be a good position.
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Figure 62. DAD values with deflections of numerical models with simulated damage of 80% and artificial noise with a
standard deviation of 0.08 mm for the first span and the outer girder
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Figure 63. SAD values with strains of numerical models with simulated damage of 20% and artificial noise with a
standard deviation of 0.00005 for the first span and the outer girder

3.5.5.5 Comparative Analysis

Compared to the high performance of the SAD method, the information obtained from the

deflection line measurements appears to

be limited and less useful for this bridge structure.

Figure 64 illustrates the relationship between the information provided by the two measurement
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techniques. Using photogrammetry and drones, the deflection line can be measured, and then the
DAD method is applied. Strain measurements and the obtained yield strain values enable the
application of the SAD method. From both techniques the curvature line is derived, either through
double derivation of the deflection line or by using strain measurements (see section 3.5.2).
According to Bertola et al. [176], the value of information (Vol) can be assessed for each type of
measurement technique used in structural performance monitoring. For direct measurements, such
as non-destructive testing, the detection ranges are primarily influenced by measurement precision
and repeatability. For indirect measurements, such as those derived from inverse analysis after
bridge load testing, the posterior parameter distributions are determined by the structural
identification process, which links sensor data with model predictions. Additional benefit can be
achieved by updating the numerical finite element (FE) reference model using the results from these
measurements, thereby refining the model and enhancing the accuracy of structural assessments.
In contrast to the measurement of strains, the DAD method can be performed at a relatively low
cost. For cost and time reasons, no strain measurements with strain gauges or FOS were carried out
during the in-situ bridge test. However, the strains can be calculated by measuring the distance
differences between the points according to Eq. (16), whereas the distance difference is calculated
by subtracting the distance between two targets in the unloaded measurement from the loaded

measurement.

Figure 64. DAD and SAD method data correlation

The maximum expected strain from the experiment, based on the numerical reference model, is
approximately 0.00012. With a standard deviation of 0.08 mm for the measurement points, the
calculated strain deviation at point spacing differences of 1.0 m is approximately 80 pe, which is
high compared to the expected strain value. At distances of 4.0 m, the expected deviation is 20 e,
which offers greater precision but results in fewer strain values and a less accurate strain line. It is
noteworthy that with FOS a precision of up to 1 pe is reachable as previously mentioned.

Figure 65 shows the strain values at the bottom of the cross-section over the first span of the bridge.
The strain values originate either from point-to-point spacing differences of the photogrammetric

targets at the bottom of the cross-section with measurement distances of 1.0 m (rectangular marker)
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and 4.0 m (triangular marker) or from the finite element (FE) reference model with strains
calculated at the bottom of the cross-section and extrapolated to the position of the photogrammetric
targets (dashed marker). The curve with the triangular markers, which was derived from
measurements at a distance of 4.0 m in longitudinal direction, deviates from the calculated strain
curve due to the limited number of measurement points. However, when comparing the polynomial
trend line of the measured strain values at a distance of 1.0 m with the numerical model, a better
agreement with the calculated strain curve can be obtained. The numerical reference model assumes
a pinned support at the bridge abutment, while the extrapolated trend line of the measurements
indicates a small restraint at the support. Using the information from the deflection measurements,
the numerical model was updated by adjusting the spring stiffness of the restraint until the deflection
value of the numerical reference model matched the deflection measurement. The strain curve of
the updated reference model (thombic markings) agrees well with the trend line of the
measurement. Consequently, the deflection line measurements obtained from the experiment can
help eliminate modelling uncertainties and thus increase the value of the monitoring technique.
However, it is worth repeating that the strains measured here with photogrammetry do not reach a
high accuracy, and therefore the results of the strain measurements must be considered with care.
If the strain were measured with strain gauges or FOS, the accuracy would be much higher.

By combining deflection measurements with strain measurements, the application of the SAD
method with an updated reference model can improve its effectiveness, aiding in the detection of
smaller damage. The updated reference model, informed by direct and indirect measurement

outcomes, allows for a more precise and effective structural assessment.
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Figure 65. Comparison of measured strains, calculated from point distance differences of the photogrammetric targets
at the bottom of the cross-section and strains of the reference FE-model

3.5.6 Discussion

The comparative analysis of the DAD and SAD methods reveal several significant advantages for
each technique in terms of SHM.

The DAD method is recognized for its cost-effectiveness and practical applicability. It is a low-cost
solution, making it feasible for projects with budget constraints. The method provides a clear
deformation line, which is useful for various damage assessment methods and for model updating.
The use of drone technology in the DAD method allows for efficient visual inspections [177], [178],
[179]. Additionally, the use of drones for the DAD method can also be used to generates detailed
point clouds through photogrammetry, which are valuable for high-resolution 3D modeling and
analysis [180], [181]

Another significant advantage of the DAD method is its simplicity in data management. Unlike
methods that generate large volumes of data requiring extensive storage and processing, the DAD
method produces manageable data sets, making it easier to handle and analyze, and therefore, is in
that aspect also less cost intensive [182], [183]

The SAD method, on the other hand, if the strains can be directly measured in situ, stands out for
its high precision, allowing to the detection of smaller damage levels with lower deflection values
compared to the DAD method. This precision is crucial for identifying minor structural issues that

might not be apparent through deflection measurements alone. Using FOS could even improve the
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precision of the strain measurements. [184], [185]. Furthermore, the ability of the SAD method to
provide real-time data is a major advantage. As a continuous monitoring system, the SAD method
offers the potential of providing near-real-time alerts whenas deterioration mechanisms evolve
[167]. This is essential for proactive maintenance to enhance the safety and longevity of
infrastructure.

In this study the SAD method is only applied for the steel girder under laboratory conditions. For a
concrete structure, the applicability of the SAD method still needs to be verified. The positioning
of'the strain sensors could influence the results, as the position of cracks affects the results, and thus
influences the measured strains locally and makes interpretation more challenging. A crack
influences the strain mainly at the position of the crack. Further investigations on concrete structures
are necessary to ascertain the applicability of real bridge structures, while the DAD method has
already been demonstrated to be independent of the material and suitable for use in real bridge

structures.

3.5.7 Conclusions

This study comprehensively examined the effectiveness of the DAD and SAD methods in structural
health monitoring. Initially, these methods were evaluated and compared through a parametric
numerical FE model, observing and comparing the damage detection range. This was verified
through a laboratory experiment on a steel girder. Subsequently, an in-situ experiment on a real
bridge structure was conducted, measuring deflection with photogrammetry and UAVs. The DAD
method was applied, and additionally, strains were analyzed with the measured points. A model
updating was performed based on the deflection line and validated through the comparison of
measured strains and calculated strains of the reference model.

The comparative analysis of the two methods highlighted several key advantages for and practical
applications:

e The SAD method was introduced as an extension of the DAD method using strain
measurements.

e To achieve a similar damage detection range as the SAD method, an accuracy of 0.01 mm
is required for the DAD method.

e The SAD method demonstrated in numerical investigations and in a laboratory experiment
high precision in strain measurements, and its insensitivity to noise allowing it to detect
smaller damage levels with lower deflection values compared to the noise sensitive DAD
method

e In a laboratory experiment, the SAD method could identify a bending stiffness reduction
of 12% with a deflection value of w=L/2550. In contrast, the DAD method could only
detect a damage of 28% with a deflection value of w=L1/390 and a damage of 73% with a
deflection value of w=L/600.
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e In the presented in-situ experiment on the Vianden bridge with a small deflection value of
w=L/2.500, a damage of 80% would be necessary to be located with the DAD method for
the reached precision, while the SAD method could already localize a damage of 20%.
e For cross-sections with an increased height (e.g. box girder bridges with a height of over
2 m), strains can be obtained with photogrammetry. The measurement precision remains
significantly inferior to that of strain gauges or FOS.
e The DAD method provides a clear deformation line, which is useful for various damage
assessment methods and modal updating.
e The DAD method is recognized for its cost-effectiveness and practical applicability. Its
low-cost nature makes it accessible for projects with budget constraints.
In conclusion, the findings of this study underscore the unique advantages of both the SAD and
DAD methods. The SAD method’s high precision and real-time monitoring capabilities make it
ideal for continuous structural health monitoring, while the DAD method’s cost-effectiveness and
detailed visual data collection are valuable for routine inspections. By integrating both methods, a
comprehensive and efficient Structural Health Monitoring (SHM) strategy can be developed,
enhancing the reliability and safety of infrastructure. This approach ensures early detection and
effective management of potential structural issues, ultimately contributing to the sustainable
maintenance and operation of critical infrastructure.
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3.6 Transition to publication I11

The second paper, which introduced the SAD method, notably enhanced damage detection
capabilities by integrating strain-based curvature analysis into the DAD framework. Furthermore,
the second paper addressed both the second and third research questions, thereby demonstrating
how strain-based methods enhance the precision and applicability of the DAD method.

The third paper represents a further advancement of the DAD method, with the objective of
enhancing its capacity to support more sophisticated SHM levels. In particular, it investigates the
integration of model updating techniques, with the aim of enabling detailed damage severity
assessments and aligning numerical models with real-world structural behavior. By addressing
these aspects, the third paper seeks to demonstrate the DAD method's potential for supporting high-

level SHM frameworks and broader structural evaluation processes.
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3.7 Publication I1I: Damage Level Assessment using DAD method and model
updating

T. Camo and D. Waldmann, “Damage level assessment using DAD method and model updating,” Engineering Structures,
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ABSTRACT:

Aging infrastructure, particularly bridges, requires reliable methods for assessing structural
integrity. Structural Health Monitoring (SHM) provides a proactive approach to damage detection
and maintenance, but traditional methods often lack the capability to assess the severity of detected
damage. This paper introduces an enhancement to the Deformation Area Difference (DAD)
method, specifically designed to enable Level 3 SHM for damage severity assessment.
Traditionally, the DAD method focuses on detecting and localizing damage by analyzing the
deflection of structures under static loads, but it does not provide a means for quantifying damage
severity. To address this limitation, a model updating (MU) technique is integrated into the DAD
method, allowing for assessment of the severity of localized damage. The method involves deriving
curvature differences from the deflection data and applying an inversion-based MU algorithm to
quantify the extent of structural damage. The research includes numerical simulations and
experimental investigations, showcasing the potential of the enhanced approach for real-world
applications. The results highlight the potential of the enhanced DAD method for damage level
assessments while maintaining computational efficiency. However, real-world applications remain
influenced by noise and deformation magnitudes, requiring further refinement. These findings
suggest that the enhanced method has potential for SHM applications, particularly in assessing
structural integrity and guiding maintenance decisions in real-world applications.

AUTHOR KEYWORDS: Structural Health Monitoring (SHM), Bridge condition assessment,
Static load deflection experiment, Model Updating (MU), Photogrammetry, Deformation Area
Difference (DAD) method
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NOTATION LIST:
DAD,; DAD values from curvature lines
El(x) Flexural rigidity
IB Inner boundary
L Total length of span
M(x) Bending moment
OB Outer boundary
Wm(X) Measured deflection line
wi(X) Reference deflection line
AAx1 Area difference between curvature lines
Axi Incremental length for DAD calculations
@m(Xx) Inclination angle line derived from measured deflection line
©r(x) Inclination angle line derived from reference deflection line
K m(X) Curvature angle line derived from measured inclination angle line
K (X) Curvature angle line derived from reference inclination angle line

3.7.1 Introduction

Bridges are indispensable elements of transportation networks, facilitating economic activity and
public safety by enabling the movement of goods and people. In the United States, there are over
617,000 bridges, with approximately 42% of them being over 50 years old and more than 46,000
classified as structurally deficient (American Society of Civil Engineering [186]). Similarly, in
Europe, the issue of aging infrastructure is becoming increasingly pressing. A significant number
of bridges constructed in the post-World War II era are now in need of substantial repairs. In
Germany, for instance, nearly 46.8% of bridges are overdue for maintenance, with an estimated
annual maintenance backlog of €7.2 billion (European Commission [187]). The combination of
aging infrastructure and increasing traffic loads, along with environmental stresses, such as
corrosion of steel parts or of reinforcement steel, has given rise to concerns regarding the safety and
serviceability of these structures.

Traditionally, the assessment of bridge condition has relied on visual inspections and periodic
evaluations. While these methods have proven useful, they are often limited by subjectivity,
infrequency, and the inability to detect internal or early-stage damage. Structural Health Monitoring
(SHM) for bridge structures addresses these limitations by providing continuous, real-time
assessment of the structural integrity and performance of bridges. In the context of aging
infrastructure and increasing load demands, SHM offers a proactive approach to bridge
maintenance. This is achieved through the use of sensors, data acquisition systems, and advanced
algorithms to detect damage, assess deterioration, and predict future performance.

A method of classifying different categories of SHM is through the utilization of three principal
categories: Vibration-Based Methods (i), Static Load Deflection Methods (ii), Acoustic Emission
(AE) Methods (iii) and Vision-Based (VB) methods (iv). Among these, vibration-based methods
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(1) can be further subdivided into model-based methods, and data-driven approaches. Model-based
approaches rely on the utilization of predefined structural models for the analysis of changes in
dynamic characteristics, such as natural frequencies or mode shapes, for the identification of
damage. Conversely, data-driven approaches extract information directly from measured response
data, thus obviating the necessity for an underlying physical model. Often used within data-driven
approaches, Wavelet-Based Analysis (WBA) employs wavelet transforms for the purpose of
damage detection in structural response signals. Vehicle-Bridge Interaction (VBI) methods, which
utilize vehicle response data for the indirect assessment of bridge conditions, can incorporate both
data-driven and model-based elements depending on the methodology applied. One example of
model-based methods is the work of Teng et al. [188], who employed a one-dimensional
Convolutional Neural Network (1-D CNN) for the purpose of vibration-based structural damage
detection. This approach entailed the establishment of a population of bridges with single damage
scenarios, pre-training of a CNN model, and subsequent application of Transfer Learning (TL) for
the adaptation of the model to diverse damage scenarios. The results demonstrated that TL enhanced
accuracy by approximately 47% and accelerated convergence by a minimum of 50%. However,
while TL has the potential to enhance the generalization ability of CNNs, the paper underscored the
challenge of insufficient training samples, which can limit generalization when applied to new or
significantly different data domains. This highlights the complexity of adapting machine learning
techniques for SHM when data from different bridge types or conditions are limited. Similarly,
Umar et al. [189] investigated a sensor clustering-based methodology for damage detection using
time-series data from ambient vibrations, which were modelled by Nonlinear Autoregressive with
EXogenous Inputs (NARX) models. The approach demonstrated success in detecting and localizing
damage in a scaled steel arch laboratory model, exhibiting high sensitivity to damage severity.
However, as with numerous methodologies that necessitate dense sensor networks, the precision of
this approach depends on the sensor density and the quality of the NARX model. In environments
where sensor distribution is sparse or subject to environmental noise, the applicability of such
methods is limited. In contrast to these model-based methods, WBA employs wavelet transforms
to analyze dynamic responses and identify damage. For example, Soleymani et al. [190] employed
wavelet analysis to examine modal excitation responses of reinforced concrete beams, successfully
identifying and localizing damage. However, the researchers discovered that selecting an
appropriate wavelet function was of paramount importance to the accuracy of the analysis,
representing a potential complication in the overall process. To address some of WBA’s challenges
like noise sensitivity and calculation complexity, Miao et al. [191] integrated wavelet analysis with
a neural network optimized by genetic algorithms, thereby improving both the speed and accuracy
of damage detection in beam structures. Although this integrated approach yielded improved
results, its increased complexity restricts its practical applicability in scenarios where computational

simplicity is paramount. Another approach is offered by VBI methods, which focus on the
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interaction between vehicles and bridge structures for the purpose of detecting damage. In a separate
study, Zhan et al. [192] presented a method for identifying damage in adjacent box-beam
connections using VBI analysis and Model Updating (MU). The method was found to be effective
in identifying damage based on the height of cracking and residual bending stiftness. However, this
approach is highly sensitive to factors such as vehicle speed, path, and road conditions, which limits
its applicability to specific bridge types. Similarly, Zhou et al. [193] investigated various damage
modeling techniques for beam-like structures, concluding that the crack spring element method had
the most pronounced impact on VBI responses. This indicates that selecting an appropriate damage
model is essential when employing VBI-based health monitoring. However, VBI methods are
frequently constrained by their reliance on vehicle response data, which may not always be
accessible or sufficiently detailed for precise monitoring. Although Vibration-Based methods
provide valuable insights, they typically require extensive dynamic data and are often sensitive to
environmental factors such as temperature, traffic, and wind. This sensitivity can affect the accuracy
and reliability of the results, especially when used in real-world conditions where such factors vary
significantly.

AE Methods (iii) are capable of detecting acoustic signals generated by structural damage, such as
crack propagation, thereby providing real-time monitoring of damage progression. For example,
the work of McCrory et al. [194] and Boniface et al. [195] demonstrated how AE methods could
track crack development. However, one limitation of AE techniques is that they can only monitor
damage progress in real time and are unable to detect pre-existing damage. Furthermore, signal
attenuation over distance can make AE signals difficult to interpret, thereby complicating their
practical use in large or complex structures. VB methods (iv) use computer vision and image
processing techniques to non-invasively assess structural health, offering a promising alternative to
traditional sensor-based monitoring. Recent advances in real-time video processing and edge
computing have significantly improved the feasibility of vision-based SHM for large-scale
applications (Peng et al. [196]). Despite their advantages, vision-based SHM methods are inherently
limited to surface-level assessments, making them ineffective for detecting subsurface or internal
structural damage - a critical drawback when compared to techniques such as ultrasonic or acoustic-
based methods (Feng et al. [197]).

In contrast, Static Load Deflection Methods (ii) provide a more straightforward approach to damage
detection by measuring the structural response under static loads. For example, numerous methods,
such as those based on Influence Lines (IL), frequently rely on static parameters to detect structural
changes. Yan et al. [198] introduced a frequency-domain approach for the extraction of ILs from
static measurements, employing Bayesian inference to address uncertainties inherent to both data
and model errors. This approach reduced the computational complexity of the method, but it was
contingent upon the availability of a high-quality reference IL. Furthermore, IL-based methods

typically necessitate a multitude of loading positions, rendering them more data-intensive in terms

110



Results

of measurement configuration. In recent times, there has been a notable increase in the popularity
of Strain-Based Methods, which have been enabled by advancements in measurement techniques
such as Fiber-Optic Sensors (FOS). This is due to the high precision with which they can detect
damage and their ability to provide localized detection. Ghahremani et al. [199] combined static
strain measurements with Finite Element Analysis (FEA) to monitor bridge health, successfully
detecting damage over a two-year period. However, the reliance on high-quality baseline data,
along with sensitivity to environmental interference, represents a significant challenge for the
widespread adoption of this approach. Furthermore, the cost and volume of data produced by these
strain-based systems can be prohibitive for large-scale deployment.

Traditional deflection measurements remain a fundamental aspect of SHM applications, with the
advent of new approaches serving to enhance their utility. For example, Lu et al. [200] employed
sparse regularization and eigenparameter decomposition for damage identification, while Wu et al.
[201] used a stochastic approach with homotopy analysis to account for measurement errors and
model uncertainties. Both methods have demonstrated high accuracy in detecting damage.
However, the reliance on sparse data in the Lu et al. approach may limit its effectiveness for
complex structures and damage scenarios. Furthermore, the complexity of the Wu et al. approach
may restrict its application, particularly when dealing with large-scale structures or extensive
datasets.

The Deformation Area Difference (DAD) method (Erdenebat et al. [94]) is a static load deflection-
based technique developed for the purpose of detecting and localizing damage with a single
measurement. Furthermore, when used with photogrammetry, the DAD method eliminates the
necessity for an excessive number of sensors by providing deflection measurements over large,
continuous areas making it well-suited for complex structures. Nevertheless, attaining the requisite
high precision for the DAD method necessitates the utilization of photogrammetric targets.
Furthermore, the procurement of a continuous deflection line demands a substantial number of
targets distributed evenly, which can be a laborious undertaking. However, other measurement
techniques could be used to provide the required deflection data. The DAD method, as proposed by
Erdenebat et al. [94], compares deflections from in-situ measurements with a numerical reference
model. Its efficiency has been demonstrated through validation in both laboratory and real-bridge
structures (Erdenebat et al. [93], [94], [95]). By analyzing the area between the curvature lines of
the measurement and reference systems, the DAD method identifies reductions in stiffness which
are an indication of damage. In a first application, Erdenebat et al. [94] tested the method on a
reinforced concrete beam subjected to increasing loads. The primary objective of the experiment
was to facilitate the identification and precise location of the damaged area through the analysis of
deflection values. The DAD-values enabled a reliable localization of the crack pattern. Notably, the
identification of the cracked area was achieved even at the load steps beneath the SLS, thereby

validating the DAD-Method's efficacy as a non-destructive inspection technique for assessing the
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condition of bridge structures. Photogrammetry revealed the DAD method's considerable potential,
exhibiting a standard deviation of 0.17 mm, while the measured deflection was recorded at 9.3 mm
for a load step of 20 kN under the SLS. Consequently, the impact of the measurement technique's
accuracy was found to be minimal, with an influence of only 2%. A subsequent study by Erdenebat
et al. [95] validated the method through two experiments: one on a reinforced concrete beam and
another on a steel beam. The reinforced concrete beam was tested to evaluate the stiffness reduction
due to cracking, confirming that the method is applicable to reinforced concrete structures. In the
steel beam experiment, predefined damage was introduced at three locations, gradually increasing
in severity to evaluate how damage intensity affects detection accuracy. The results showed that
larger damage was consistently detected, while smaller damage was more difficult to detect,
especially under high noise levels. This observation was conducted for the damage combination of
49% for the initial damage and 23.8% for the secondary damage, and 71.5% for the primary damage
and 49% for the secondary and tertiary damage. However, the precise transition of the detectable
degree of damage, contingent on the achieved measurement accuracy ranging from 0.06 to
0.11 mm, is situated within the range of 23.8% to 49.0%. The study also demonstrated that for a
measurement point density of 30 cm the influence of the standard deviation is reduced to 23.7 %
compared to the measurement point density of 10 cm, while the localization accuracy is limited to
smaller than 30 cm. In addition, the study proposed polynomial regression smoothing to mitigate
the influence of noise. The recent study by Erdenebat et al. [93] was the first application of the
DAD method to a full-scale bridge structure. The structure studied was a prestressed concrete slab
bridge with a span of 27 m, tested under static load-deflection conditions. Loads were applied using
six heavy trucks, and deflections were measured using UAV-based photogrammetry, laser
scanning, total stations, and displacement sensors. The primary objective of the study was to
evaluate the achievable measurement accuracy on a full-scale structure under outdoor conditions.
The results confirmed that stiffness variations could be detected in real conditions, but the accuracy
of localization was affected by measurement precision and small deformation magnitudes.
Numerical simulations with artificially introduced noise showed that smaller deformations lead to
higher relative measurement errors, reducing the accuracy of damage localization. For instance,
when a maximal deflection of L/600 is considered, the reliable identifiable damage degree
commences at a 60% reduction in bending stiffness, with a measurement accuracy of 0.09
millimeters. Conversely, for a deflection of L/2,000, the identifiable damage degree initiates at
80%. This study confirmed the findings of previous work and emphasized that, while the DAD
method is effective, high-precision measurements are critical for reliable real-world applications.
The influence of different parameters such as influence of local damage, noise, deflection value and
bridge structure type are extensively investigated in [ 166]. A key contribution is the introduction of
the Damage Detection Range (DDR), which describes the range, where damage can be detected

using the DAD method considering a given deflection value, precision, and damage level. It also
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highlights that for localized damage, a single measurement line across the cross-section may not be
sufficient. The findings provide a structured approach for designing in-situ tests and assessing the
method's applicability to different bridge types. Traditionally, curvature is derived from the second
derivative of deflection; however, the DAD method can also incorporate strain data from across the
cross-section, a process known as the SAD method [202]. This hybrid approach enhances noise
resistance and improves the method's overall reliability in damage detection. A numerical study and
experimental validation on a steel beam demonstrate the method’s effectiveness compared to DAD.
Additionally, an in-situ case study on a composite bridge in Vianden evaluates the feasibility of
both methods in real-world conditions. The results suggest that while DAD is cost-effective and
practical, SAD provides higher precision, particularly for low deflection scenarios and early-stage
damage detection.

Rytter [97] present a framework for the progression of damage detection and assessment in
structures with different levels of SHM:

e Level 1: Damage Detection — This level identifies whether damage is present in the
structure, without specifying its location or severity.

o Level 2: Damage Localization — This level identifies the specific location within the
structure where damage has been detected.

e Level 3: Damage Severity Assessment — Quantifies the extent or severity of the localized
damage, thereby providing insight into the level of structural degradation.

e Level 4: Prognosis — This level of structural health monitoring predicts the remaining useful
life or future performance of the structure based on the damage identified and its
progression over time.

e Level 5: Decision Support — Furnishes actionable data for maintenance or repair decisions,
prioritizing interventions based on risk or cost-benefit analysis.

Each level provides increasingly detailed information, with Level 3 (Severity Assessment) being of
particular importance for understanding the extent to which a structure's integrity has been
compromised, and for informing necessary repairs or interventions (Falcetelli et al. [203]). Many
existing methods focus on one or two SHM levels, but there is a need for more integrated techniques
that encompass multiple levels (Gres et al. [204]). To illustrate, while the DAD method is able to
detect and localize damage (Level 2), its integration with model-updating techniques could enable
it to reach Level 3 (Severity Assessment), which is a critical step in assessing the degree to which
a structure's integrity has been compromised.

MU refers to the application of algorithms that refine structural models based on observed data,
thereby rendering them valuable tools for the assessment of damage severity. Bud et al. [205]
integrated numerical data with machine learning algorithms for damage classification,

demonstrating that such methodologies can evolve from damage detection to severity classification.
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Nevertheless, the dependence on numerical data for training introduces constraints, as real-world
damage scenarios frequently exhibit greater complexity. In a related study, Nguyen et al. [206]
employed strain data obtained from static load tests to update the finite element model of a
reinforced concrete bridge using a genetic algorithm, thereby enhancing the accuracy of load limit
predictions. Although this method is effective, its reliance on precise strain data and the
computational intensity of genetic algorithms present challenges for widespread real-time
application. Although methods based on the FEM can offer significant insights into the severity of
damage, the accuracy of these methods is contingent upon the quality of the input data. This quality
is itself susceptible to noise. Errors in the measurement of deflection data can introduce
uncertainties in the updated model. Furthermore, the methods themselves are computationally
intensive, as they necessitate iterative optimization to refine stiffness parameters and minimize
discrepancies between measured and simulated structural responses. Integrating them with static
load deflection methods may help overcome some of these challenges, but further research is
needed to fully realize their potential.

Despite the recognized potential of DAD for damage detection and localization (Levels 1 and 2 of
SHM), there remains a critical gap in quantitatively assessing damage severity (Level 3). While
traditional Finite Element Model Updating (FEMU) methods are capable of severity estimation,
they frequently necessitate highly refined FEMs and become computationally prohibitive for large-
scale applications (Ye et al. [207], [208]. Additionally, measurement noise has been shown to
compromise the reliability of damage severity estimation (Tu et al. [209]). In addressing these
challenges, this paper presents an extension of the DAD method to enable Level 3 of SHM. This is
to be achieved by the introduction of a simple MU technique for damage level assessment. The MU
technique presented in this paper is inversion-based and specifically designed for damage level
assessment that simultaneously (i) keeps computational demands low by using simplified "sub-
models" of the structure, and (ii) explicitly quantifies the influence of measurement noise on
severity assessment. The method functions by means of an iterative adjustment of the bending
stiffnesses of discrete segments of a surrogate numerical model. The surrogate model is a simplified
representation of the structure, comprising finite segments corresponding to the distances between
measurement points. The process commences with the construction of an initial surrogate model,
wherein the bending stiffness values for each segment are established as the initial parameters.
Subsequently, these values are adjusted iteratively using an optimization solver. The solver's
objective is to minimize the discrepancy between the curvature lines of the surrogate model and the
numerical reference model. The fitness function that guides this optimization process is defined as
the absolute difference in curvature areas. Convergence is achieved when the area between the
curvature lines of the surrogate model and the reference model matches the area between the
curvature lines of the measurement and the numerical reference model. The output of this approach

is the updated bending stiffness values for each segment of the surrogate model. A reduction in
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stiffness corresponds to the presence and severity of structural damage. The proposed method,
which integrates static load deflection measurements with low computational complexity, is
demonstrated through numerical and laboratory experiments. Finally, two case studies on real
bridge structures are presented to demonstrate the practical application of the enhanced DAD

method.

3.7.2 Deformation Area Difference (DAD) method

The DAD method represents a sophisticated analytical approach that has been developed with the
objective of detecting and localizing structural damage through the assessment of changes in
bending stiffness [94]. This method assesses the deflection curve of a structure under static load,
providing a systematic procedure for accurate damage identification while effectively mitigating
the influence of noise and planned structural stiffness changes. The method will be illustrated using
the example of a steel bridge structure with the cross-section presented in Figure 67, which will
later be further described in a case study. The DAD method can be divided into three steps, which
are shown in Figure 68.

e Step 1: Measurement and Calculation of Deflection Curves

The initial step in the DAD method is to measure the structure's deflection curve, which is denoted
as wm(X) under a known static load. High-precision techniques, such as photogrammetry—often
augmented with drone technology—are employed to capture continuous deflection lines. A
comparative study by Erdenebat et al. [93] demonstrated that photogrammetry achieved a precision
of 0.1186 mm in an in-situ measurement on a real bridge structure when using a drone-mounted
medium-format camera, making it one of the most accurate non-contact measurement techniques
available for deflection monitoring. This level of precision renders photogrammetry particularly
well-suited for applications requiring detailed deflection analysis, such as the DAD method. For
instance, in bridge assessments, a sequence of photographs is taken in both loaded and unloaded
states using photogrammetric targets strategically positioned along the bridge. The comparison
between these states yields the continuous deflection line, which is essential for subsequent
analysis.

Concurrently, a reference deflection curve, designated as wi(x), is calculated using a linear Finite
Element (FE) model of the structure. This model incorporates planned stiffness variations and the
applied loading conditions, thereby ensuring that the reference curve accurately represents the
structure's behavior in an undamaged state. It is noteworthy that precise calibration of the FE model
is not required, as the DAD method is designed to detect relative changes in stiffness rather than

absolute deflections.
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e  Step 2: Derivation of Curvature Lines

The deflection curve of a structure is fundamentally connected to its stiffness characteristics. By

deriving the deflection curve, the inclination angle ¢(x) is obtained through the first derivative (Eq.

(22)), and the curvature #x(x) through the second derivative (Eq. (23) and Eq. (24)).
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The curvature is of particular significance as it is directly proportional to the structure's bending
moment and bending stiffness, according to the relationship between the bending moment M(x) and
the flexural rigidity EI(x) (Eq. (25)).

M(x)

El(x)

The curvature lines xu(x) and x,(x) are derived from the measured and reference deflection curves,

k(x) =

(25)

respectively, and provide valuable insight into local stiffness changes, which may indicate the
presence of damage. In order to obtain curvature from discrete deflection points (x;w;), it is first
necessary to interpolate a single continuous, piecewise polynomial curve C(?), where ¢ is the internal
curve parameter used to evaluate derivatives Although ¢ is not identical to the physical coordinate

x, it follows the same ordering and spacing, and the curve is constructed to respect the geometry of

. . o dc d?c
the measured deflection profile along the beam axis. The first and second derivatives o and o)

are then computed at each parameter value ¢. This parametric approach inherently smooths out local
fluctuations in the raw data, thereby reducing the noise that can occur if one calculates derivatives
dw Wit1—Wi

directly from consecutive data points (— ~
dx Xi+1—Xi

). Consequently, the curvature estimates
remain more stable and consistent for the damage detection process.

Eq. (4) reflects the baseline (elastic) relationship between curvature and bending stiffness. In a real
structure with cracking or other inelastic effects, the measured curvature typically exceeds what the
purely elastic reference model predicts, thus signaling a local stiffness drop. If a crack is very small,
that local curvature increase may be slight—so small cracks may not be flagged as damage unless
they produce a sufficiently large curvature deviation relative to noise levels. Conversely, more
severe cracking or inelastic effects generate a visible jump in curvature relative to the elastic
baseline, as shown in Figure 66, a difference that is discerned by the DAD method. In principle,

when considering inelastic behavior, a distinct k characterized by its varying EI in relation to

cracking is employed.
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Figure 66. Relationship between crack state, bending stiffness EI, bending moment M and curvature x (adopted from
Zilch and Zehetmaier [210])

In summary, the DAD method remains applicable with an elastic reference model whose curvature
is computed according to Eq. (4), even for inelastically behaving structures. However, once
inelasticity manifests, the actual curvature, as measured, is larger. This discrepancy from the
reference, irrespective of its origin, is identified by the DAD method. Consequently, minor cracks
or inelastic effects result in only minor curvature changes. Conversely, significant damage leads to
substantial stiffness reductions and substantial curvature deviations, which the method can detect.

e Step 3: DAD Calculation

The fundamental principle of the DAD method is the calculation of the area between the measured
curvature line, designated as x.,(x), and the reference curvature line, represented by #,(x). This area
difference, denoted as 44, is calculated for discrete sections 4,; along the length of the structure
Eq. (26). The size of these sections is selected to be sufficiently dense to accurately localize damage
while avoiding the amplification of noise. The area differences are squared to enhance the
detectability of damage-related effects and normalized across the entire structure Eq. (27). The

following equations express this process:

1 i

AAy; = fkm‘i (x)dx — fkm- (x)dx (26)
i-1 is1

DAD,; = A 27)
o T AAZ

Normalization is a vital step in this process, as it allows for the accentuation of areas where the
squared area differences are disproportionately large, thereby signaling potential damage. The
resulting DAD values serve as a clear indicator, with higher values indicating locations where there

has been a significant reduction in stiffness within the structure. To evaluate the detectability of
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damage, an outlier boundary is established using the box plot technique (Williamson et al. [174])
Initially, the interquartile range (/QR) is determined by subtracting the 75 percentile (Q3) values
from the 25" percentile (Q7). Subsequently, the inner and outer boundaries (/B and OB) are
computed based on Eq. (28) and Eq. (29), respectively. Damage is considered detected when the
outlier boundary is surpassed.

IB=Q3+15 X IQR (28)

OB =Q3+3.0 x IQR 29)
The DAD method is robust in its ability to differentiate between discontinuities in the curvature
line caused by actual damage and those due to noise or planned structural modifications, such as
changes in cross-sectional dimensions or material properties. The versatility of the method is
demonstrated by its applicability to a range of bridge types and construction materials. Furthermore,
the efficacy of the DAD method with a single deflection measurement underscores its utility as a
non-destructive tool for SHM. The DAD method thus allows for the assessment of the structure,
identification of potential damage, and informed decision-making regarding maintenance and
safety. The method's precision in detecting even minor changes in stiffness ensures its reliability

for maintaining the structural health of bridges and similar infrastructure.
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Figure 67. Cross-section of steel bridge in Soleuvre [m]
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3.7.3 Damage assessment using Inversion-Based MU

Although the DAD method is an effective means of detecting and localizing damage within a
structure, it does not inherently provide information regarding the severity of the damage due to the
normalization of DAD values. To enhance the SHM capabilities of the DAD method, the curvature
area between the measured curvature line and the numerical reference model can be employed to
assess damage severity. This section presents a straightforward algorithm designed to quantify
damage severity using the existing data from the DAD method, as illustrated in Figure 70.

The algorithm is comprised of three distinct steps, visualized in Figure 71. The DAD method is
initially applied using in-situ measurements and a numerical reference model (Step I). To establish
a baseline (undamaged state) for the structure, a reference numerical model is employed that reflects
the nominal, undamaged configuration. This reference captures the essential global geometry,
boundary conditions, and expected material properties without incorporating damage or localized
deterioration. It is built with the NURBS CAD software Rhinoceros [211] using the visual
programming platform Grasshopper[212] and calculated with the FEA software SOFiSTiK [213].

Subsequently, a surrogate numerical model is generated (Step II). This model is a simplified beam

representation, developed using the parametric engineering tool Karamba3D [214], which is
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implemented inside the Grasshopper environment. In practice, a simplified beam representation of
the structure is implemented, with each segment of the beam corresponding to a measurement
interval and assigned the nominal cross-sectional properties of the undamaged state with the
corresponding bending stiffness EI(x). This approach omits secondary details and intricate bracing
elements, reducing computational complexity while retaining the core deflection behavior. By
subsequently varying the segment stiffnesses to match measured deflections, localized damage can
be pinpointed. This streamlined model is considerably less complex than a full 3D representation,
yet it retains sufficient fidelity to detect deviations from the undamaged baseline. The beam is then
divided into discrete sections, each corresponding to the measurement point distances. The cross-
sectional properties of each section are varied using the optimization tool Galapagos. This tool
adjusts the cross-sections iteratively—defined as "genomes"—until the curvature line of the
surrogate model closely matches with the curvature line of the detailed undamaged reference model,
minimizing the area difference between two undamaged systems. Once the substitute cross-sections
representing local stiffness of the bridge are determined, the surrogate model is established,
allowing the algorithm to proceed to the next step. The local stiffness includes not only the stiffness
of the girders themselves but also the contribution of the transversal beams, which influence the
overall bending stiffness. An initial cross-section is defined for each section, and the height of the
cross-sections for each segment is introduced as individual variable parameters in Galapagos. The
fitness function, defined as the area difference between the curvature lines, serves as the guiding
principle for the optimization process. By employing an evolutionary solver, the algorithm engages
in an iterative search to adjust these heights and minimize the fitness function. In the field of
optimization, the term "objective function" is frequently employed, as evidenced by the extensive
literature on the subject (Re et al. [215]). Within the paradigm of evolutionary algorithms, the term
"fitness function" traditionally signifies the metric by which the efficacy of a candidate solution is
evaluated. Evolutionary algorithms emulate biological principles such as mutation, selection, and
inheritance. Virtual individuals, representing potential solutions, are generated, and evaluated based
on their performance. High-performing individuals are "bred" to produce offspring with improved
characteristics, with stochastic elements guiding the selection and variation processes. A schematic
representation is shown in Figure 69 representing the progression of an evolutionary solver within
a phase space. The term "phase space" represents all possible solutions to a given problem, while
the boundaries indicate the evolving population of solutions across generations. In the initial
generation (Generation 1), the population is dispersed throughout the phase space, exploring a vast
range of potential solutions. As the algorithm progresses through subsequent generations
(Generation 2 and Generation 3), the boundaries contract, indicating a shift in focus towards
increasingly refined regions of the phase space. This contraction is a consequence of the
evolutionary solver's progressive optimization of solutions based on the fitness function, whereby

"high performing" candidates that better satisfy the objective are favored. In the final generation, a
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concentrated cluster of solutions is observed around the most optimal regions, reflecting the
algorithm's ability to converge towards a peak in the fitness landscape. This process is analogous

to natural selection, whereby only the best-performing solutions (individuals) survive and "evolve
through iterative breeding, mutation, and selection
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In the final step, the bending stiffness of the surrogate model is adjusted iteratively until the area
difference between the updated surrogate model and the reference model is equal to the area
difference between the reference model and the in-situ measurement (Step III). This approach
while similar to traditional model updating, can be considered an inversion technique since it uses
measured data to directly infer changes in bending stiffness. This localized refinement allows for
the precise identification of damage severity. While this study focuses on single damage scenarios
previous research has investigated multiple damage cases using the DAD method [95]. These
studies indicate that the method primarily detects the most prominent damage, while the DAD value
of the smaller damage may not exceed the outlier boundary. However, the DAD value still shows
superior prominence compared to other values and a damage can be assumed by looking at the
DAD values more closely zooming in the vertical axis. Further, excluding the already detected
damage from the analysis, would lead to the detection of the second highest damage. So basically,
a multiple application of the DAD method, excluding the detected damage will lead to the detection
of multiple damages as long as they are detectable under the given precision, deflection value and
measurement point distances. Since the proposed approach follows a sequential process - first
damage detection and localization, followed by severity assessment - only the detected damage is

considered for quantification. In principle, however, the model updating approach remains
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applicable to multi-damage scenarios, as it is based on comparing the area between curvature lines.
If multiple damages are detected, the severity assessment can still be performed.

By implementing this algorithm, practitioners can enhance the SHM framework, providing not only
the location of structural damage but also a quantitative measure of its severity based on bending
stiffness reduction. The proposed method quantifies damage based on changes in bending stiffness,
which is primarily influenced by bending damage. However, other structural failure mechanisms,
such as web buckling or shear failure, can also lead to a reduction in overall stiffness. In such cases,
the DAD method would still detect a reduction in stiffness, but it does not inherently distinguish
between different types of failure. This is a common characteristic of SHM-based damage detection
methods (An et al. [217]; Svendson et al. [218]). The integration of model updating using
optimization tools facilitates the efficient and precise calibration of the surrogate model, ensuring

that the damage severity is accurately captured and can be effectively used in structural assessments.
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3.74

An in-situ measurement is achieved through the utilization of photogrammetry. The

Mitigating missing points in photogrammetry with nonlinear regression

photogrammetric software is capable of automatically recognizing the photogrammetric targets and
subsequently generating the 3D coordinates through the utilization of a bundle block adjustment.
In the event of inadequate image quality or the presence of obstacles in the line of sight of the
targets, some targets may not be automatically recognized. Nevertheless, the option exists to add
these targets manually. One disadvantage of this method is that the quality of the measured point
coordinates is relatively poor. Such an outcome may result in erroneous damage detection. This
issue can be overcome by either not analyzing the part of the structure where the target is not
recognized or by increasing the measurement point distance. However, these results are
unsatisfactory in cases where the area of interest is the target area and the damage detection is
narrow, or when the measurement point distance should not be enlarged. A methodology for
addressing the issue of points that are not automatically recognized is illustrated in the following
with a numerical example from a steel beam experiment.

The steel beam was subjected to experimental investigation in [202]. The beam has a total length

of 6 meters and a cross-section of HEB 220, comprising steel grade S355. The beam is simply
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supported and loaded with a point load at midspan, with a load of 80 kN, resulting in a deformation
of 19.4 mm, which corresponds to a deflection value of L/290. The experimental setup is illustrated
in Figure 72. The damage was simulated by reducing the bending stiffness by 30%. A simulated
noise of 0.04 mm, which was reached in the laboratory experiment, is applied with a Gaussian
distribution. For a measurement point in the quarter point, the noise level is increased to 2 mm,
which simulates the imprecision of a manually added photogrammetric target in case the target
would not have been recognized. The augmented noise level results in a larger area between the
curvature lines of the undamaged and the damaged system, leading to an erronecous damage
detection by the DAD method, as illustrated on the left-hand side of Figure 74. To avoid
misdetection of damage, a fitted curve will be incorporated using nonlinear regression. The 3D
coordinates of several deflection values are employed as input for nonlinear regression, which is
used to predict the correct position of the missing measurement point. The measurement point is
then projected onto the fitted curve, thereby avoiding the incorrect damage detection and localizing
the simulated damage with the DAD method (right side of Figure 74). However, it is important to
note that if the damage is precisely at the position of the target which is not automatically
recognized, the damage will not be detected. A review of the damage level assessment reveals that
the erroneous detection of damage has no impact on the damage level assessment. However, the
conspicuous nature of the incorrectly identified damage means that the actual damage is not

detected using the DAD method. Consequently, the damage level assessment is more likely to be

classified as noise than as bending stiffness-reducing damage.
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Figure 72. Experimental set up of steel beam HEB 220 S335 [202]
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3.7.5 Noise influence on damage level error

In theory, a reduction in bending stiffness of 1% can be localized using the DAD method [93]. In
practice, the impact of measurement noise on the detection of damage is considerable, as
demonstrated by [166]. So, for the specific case of the steel beam HEB 220 and a deflection value
of L/290, a minimum reduction in bending stiffness of 50% is necessary to detect the damage with
a precision of 0.1 mm using the DAD method and a single measurement. This chapter will
investigate the influence of measurement noise on damage level assessment. Although noise-
induced errors in stiffness estimation are well documented (Sotoudehnia et al. [219]), our
parametric studies explicitly quantify the extent to which damage severity can be misestimated for
different noise levels. Furthermore, this study demonstrates practical smoothing techniques to
mitigate these errors.

The numerical reference model of the steel girder, which was previously outlined in detail in
chapter 3.7.4, will be employed for the assessment. The MU methodology previously described
enables a precise estimation of the damage level in a theoretical model. Ten distinct noise levels,
ranging from 0.01 mm to 0.1 mm, will be artificially applied to the numerical deflection values.
The reached precision in the in-situ experiments ranges from 0.06 to 0.12 mm. Subsequently, the
damage level assessment algorithm, described in chapter 3.7.3 will be employed. Figure 75 and
Figure 77 present the outcome of the numerical investigation. Figure 75 illustrates the residual
bending stiffness of the various series at different noise levels in the damaged position at x = 3.60m
with a residual bending stiffness of 70 %. The box plot method is employed, with the mean value
indicated by a horizontal line and the average value represented by a cross. Figure 77 illustrates the
damage level error, which quantifies the extent to which the residual bending stiffness at the
damaged position of the steel beam has been either underestimated or overestimated. The damage
level error demonstrates a linear increase with elevated noise levels. While the damage error is 6%
for a noise level of 0.04 mm, it increases to 21% for a noise level of 0.1 mm, which is not useful
for damage level assessment. The application of a smoothing technique to the deformation line has
already demonstrated its efficacy in the context of the DAD method, as evidenced in [166].
Subsequently, a smoothing technique will be employed, whereby the adjacent values of the
deformation line will be averaged. The resulting graph is presented in Figure 76 and Figure 78. The
damage error is observed to decrease significantly, reaching a value of only 1% for a noise level of
0.1 mm. It is noteworthy that this is the mean value derived from 10 artificial measurements. The
number of measurements required to achieve a favorable outcome is inversely proportional to the
damage error. The damage error increases significantly when only one measurement is used, as no
mean value can be calculated. For example, for a noise level of 0.1 mm, the highest damage level
error is 23% (see the lowest circle in Figure 78). Consequently, in an unfavorable situation, the
damage level error with only one measurement is still high, despite the use of a smoothed deflection

line. It is important to acknowledge that the findings of this study are applicable only to the specific
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case under investigation and therefore cannot be extrapolated to other structures or conditions. The
assessment of damage level is contingent on numerous factors, including the type of structure, the
precision of measurements, the magnitude of deflection, and the density of measurement points.
However, the observed trend, which suggests that smoothing and repeated measurements enhance
the consistency of damage level estimation significantly, remains valid across different cases. This
finding is consistent with previous research, which demonstrates that noise reduction techniques
and measurement optimization techniques enhance the reliability of damage assessment. Additional
influencing parameters for the damage level error are the deflection value and the ratio between the
length of the simulated damage and the length of the real damage (Eq. (30)). Only if the length of
the simulated damage has the same length as the real damage, the damage level assessment is exact.
If the length of the damage is simulated longer or shorter, the damage is over-, respectively
underestimated. Figure 79 illustrates the determined bending stiffness for different simulated to real
damage ratios. The damage level is only accurate when the length is identical. As the ratio increases,
the damage level error rises until it reaches a plateau at a ratio of 3. An increase in the length of the
simulated damage with the same damage level results in the formation of higher curvature areas
within the damaged segment. However, it should be noted that only the stiffness of the adjacent
segment influences the curvature of the damaged segment. Segments situated further away from
the damaged segment do not exert any influence on the curvature of the damaged segment.
Consequently, the smaller the length of the simulated damage with the same damage level, the
smaller the curvature area of the damage segment. In order to achieve the same curvature area, the
damage must be higher, which consequently results in an overestimation of the damage.

length of simulated damage

simulated to real damage length ratio = (30)

length of real damage
In the laboratory experiment, which was presented in [202], a controlled damage was applied over
a length of 10 cm, as illustrated in Figure 73. The measured noise was between 0.04 and 0.08 mm.
The average remaining bending stiffness was determined to be 76%. For the load step of 60 kN,
which yielded a deflection value of L/340 and thus remained within the Service Limit State (SLS),
the damage level was investigated with the presented algorithm. A remaining bending stiffness of
75% was determined, resulting in a damage level error of 1%, which correlates with the numerical

results.
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Figure 75. Influence of noise level on damage estimation
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3.7.6 Importance of MU for damage level assessment

The DAD method uses the analysis of small segments of the area between curvature lines, thereby
ensuring that the method is largely unaffected by global parameters. Consequently, the reference
model does not require precise calibration for effective damage detection. However, if the global

stiffness of the structure is underestimated, there is a potential risk that the curvature line may shift
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by a distance that coincides with the gap between the damaged and undamaged curvature lines. In
such cases, this alignment can lead to poor damage localization.
Figure 80 depicts the deflections, inclination angles, and curvatures of a damaged steel girder
compared to an undamaged girder, together with the corresponding DAD values derived from the
curvature analysis. As a consequence of the underestimated bending stiffness in the reference
model, the curvature line is shifted, resulting in a minimal area difference at the actual damage
location. This shift can lead to the damage remaining undetected. Additionally, the damage level
assessment indicates that the remaining bending stiffness is analyzed incorrectly, exhibiting full
bending stiffness at the location of the damage. However, a closer analysis of the curvature line and
the DAD values makes it possible to draw conclusions about the stiffness change at the damaged
point.
To enhance the detection of such subtle shifts, the Relative Differences (RelDif) of the DAD values
are calculated and presented in the middle column of Figure 80. RelDif expresses the absolute
difference as a percentage of a DAD value to the DAD value of the previous segment according to
Eq. 31).
DAD, ;11 — DAD,;
DAD, ;

RelDif = G1)

The DAD RelDif enables more accurate damage localization. However, when accounting for
measurement noise, damage localization using the DAD RelDif can still be challenging.
Furthermore, the damage level assessment remains erroneous and cannot be enhanced with the
DAD RelDif.

An alternative approach to addressing this issue is through MU based on the measured deflection
line. The right column of Figure 80 demonstrates damage detection using the DAD method after
the reference model has been updated using MU methodology. By employing the MU methodology,
the curvature lines of the measured deflection and the updated reference deflection now exhibit
complete overlap, with only the damaged section remaining. This leads to a discernible damage
localization, as evidenced by the clear discrepancy in the area between the curvature lines and
therefore a successful damage level assessment. Beyond adjusting the bending stiffness, other
parameters such as support conditions can be used for the MU methodology in the reference model.
The influence of constrained support conditions on the deflection line is significant, and
incorporating the measured deflection data allows for the refinement of the numerical model,

thereby improving the accuracy of damage detection.
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Application on real bridge experiments

stinct case studies were conducted on real bridge structures in Soleuvre and Ettelbréck,

Luxembourg to evaluate the effectiveness of the DAD method with MU methodology and the

damage level assessment. The experimental workflow for these studies is outlined as follows:

Photogrammetric target installation: While the proposed method requires displacement
measurements, these can be obtained using a variety of techniques, including
photogrammetry. In this study, photogrammetry was used because of its ability to provide
dense, non-contact displacement data, but the method itself is independent of the specific
measurement approach. The bridges were equipped with photogrammetric targets, placed
at 50 cm intervals along the structure. Additionally, reference targets were installed on the
abutments to serve as the reference coordinate system for the photogrammetry software
Elcovision 10 [220]. The experimental setup for the Soleuvre bridge experiment is depicted
in Figure 81. The photogrammetric targets were glued on steel plates, which were then
attached to the lower flanges using flange clamps and bolted directly to the abutments
(Figure 82 for Soleuvre bridge, Figure 87 for Ettelbréck bridge).

Image acquisition using Unmanned Ariel Vehicle (UAV): A series of images were captured
using a large UAV equipped with a full-frame camera. The UAV, a DJI Matrice 600 Pro,
was outfitted with a Ronan gimbal and a Fujifilm GFX 50S camera, featuring a sensor

resolution of 8256 x 6192 pixels with a sensor size of 43.8 x 32.9 mm, leading to a pixel
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size of 5.30 um. The images were taken from various positions and distances along the
bridge, as illustrated in Figure 83 and Figure 87. The influence of camara quality and
camara calibration on the precision of the DAD method can be found in [221]

e Measurement of the bridge under different loading conditions: The bridge was measured
twice: first without any load, and subsequently under a known static load applied using
heavy truck, shown in Figure 84 and Figure 88.

e Development of the reference model: A FE reference model of the bridge was developed
with SOFiSTiK using existing drawings, with supplementary in-situ measurements taken
where necessary.

e (Calibration of the reference model: The FE reference model was subjected to the same
loads as those experienced by the actual bridge. The loading positions were calibrated using
the point cloud data, as illustrated for Ettelbréck in Figure 90.

e Updating of support conditions and bending stiffness: The rotational stiffnesses of the
support conditions and the bending stiffness of each segment of the reference model were
updated based on the course of the measured deflection line as described in chapter 3.7.6.

e Application of the DAD method with damage level assessment based on MU methodology:
Ultimately, the DAD method was employed to identify and localize potential damage
within the bridge structures.

3.7.71 Case Study on Soleuvre bridge structure

The road bridge in Soleuvre is a steel bridge with two lanes, with unknown construction year. The
structure is a single span bridge structure, measuring approximately 30 meters in length and 11
meters in width. The cross-section consists of nine identical I-sections with a common upper flange,
with transverse beams connecting the girders at the fourth points of the span. The height of the
cross-section is 1.0 meter. On top of the bridge deck, there is a layer of pervious concrete and an
additional non-bearing concrete slab, added in 1990, though the purpose of this design—potentially
related to the dynamic properties of the bridge—remains unclear. The specific grade of steel is not
documented while the concrete has a concrete grade of B35.

Prior research has demonstrated that for local damage, each girder exhibits independent curvature
behavior, necessitating the measurement of each girder for comprehensive damage detection across
the entire cross-section. However, due to temporal and financial limitations, only the first and third
girders from the eastern side were assessed. The reference model for this bridge was developed
using the numerical FEA software SOFiSTiK (see Figure 85), where the flanges and webs of all
girders were modeled as shell elements. Furthermore, web openings were incorporated into the
model to explicitly capture their influence on local stiffness and load distribution. The concrete
layer was only added as additional load with no bearing capacity due to its classification as a non-

structural, non-bonded element. This high-fidelity model ensures that the global and local load-

133



Results

bearing behavior of the bridge is accurately represented. Given the absence of documented data
regarding the precise steel grade of the bridge, an assumption was made based on the typical values
(S355) observed for analogous structures. This assumption impacts the absolute stiffness of the
model; however, it does not influence the damage detection process, as the DAD method is based
on relative curvature differences rather than absolute stiffness values. The introduction of a global
error by the assumed material properties does not affect the ability to localize damage, as this error
is uniform across the structure. The MU process, which adjusts the bending stiffness and support
conditions based on the measured deflection line, helps to eliminate damage levels that are falsely
detected due to over- or underestimation of material properties. This phenomenon is demonstrated

in chapter 3.7.6.
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Figure 82.Photogrammetric targets set-up Soleuvre Bridge
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Figure 83. Image acquisition using a UAV Soleuvre

bridge; unloaded state Figure 84. Heavy trucks serve as loading for the

Soleuvre bridge experiment
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Figure 85. FE model of the Soleuvre bridge, view from below

3.7.7.2 Case study on Ettelbréck bridge structure

The road bridge in Ettelbréck represents a concrete-steel composite bridge, constructed in 1992.
The bridge features two lanes for vehicular traffic and two lanes for pedestrians. The bridge is a
single span bridge structure, measuring approximately 22 m in length and 12 m in width. The cross-
section consists of four I-section girders integrated into a concrete slab using of stud shear
connectors. Transverse beams are used to connect the girders at the third points of the span. The
steel girders are 80 cm in height, while the concrete slab is 28 cm thick. The materials used include
S355 steel and B35 concrete.

As with the Soleuvre bridge, measurements were restricted to one outer girder and one inner girder
due to limitations, such as cost and time constraints for the application of the photogrammetric

targets. The reference model for the Ettelbréck bridge, visualized in Figure 89, was also developed
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using shell elements to represent the flanges, webs, and transversal girders, as well as the concrete

slab, ensuring that both longitudinal and transverse stiffness contributions were included. The steel

girders were modelled with couplings to the concrete slab using constraints between the two beams

as infinite stiff elements that are numerically stable, thereby ensuring full composite action. This

approach accurately captures the load distribution effects and overall structural response of the

bridge. To accurately represent the global structural behavior and load distribution, the FE model

incorporates all four girders and the concrete slab, despite the fact that deflection measurements

were obtained from merely one outer and one inner girder.
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Figure 86. Cross-section of the concrete-steel-composite bridge structure in Ettelbréck [m]

Figure 87. Image Acquisition of the unloaded state of the Ettelbréck bridge
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4 SOFiSTIK

Figure 89. FE model of the Ettelbréck bridge, view from below

137



Results

Figure 90. Point clout overlayed with the structural model to validate geometry and calibrate loading positions

3.7.8 Results of the real bridge experiments

3.7.8.1 Soleuvre bridge

In the case of the Soleuvre bridge, only two of the nine girders were subjected to measurement.
This section presents the results for the third girder from the east side, as the first girder did not
yield any significant findings since it did not present any damage. Figure 91 depicts the
implementation of the DAD methodology with MU and damage level assessment on the Soleuvre
bridge. The deflections derived from both the numerical model and in-situ measurements are
presented below the FE model, with the inclination angle lines, curvature lines, with the respective
enclosed areas, corresponding DAD values with maximum DAD value and outlier boundary and,
and residual bending stiffness of each segment.

As illustrated in the first column of Figure 91, the DAD values were derived from the unsmoothed
curvature lines. It is noteworthy that a DAD value, exceeding the boundary line is observed at the
second fourth point of the girder. The peak near the support is not considered as actual damage but
is attributed to the higher influence of noise in these regions. Like other damage detection methods
(Zhou et al. [222] Cai et al. [223]), the DAD method is more sensitive to measurement noise close
to the supports, making damage identification in these areas more challenging. This effect has been
extensively analyzed in previous research, particularly in [166]. In the present study, only the most
prominent peak was considered for evaluation, ensuring that noise-induced anomalies near the
supports did not affect the results. To enhance accuracy, the deformation line from the measurement
was smoothed using nonlinear regression. A fitted curve was applied through nonlinear regression,
followed by shifting each measurement point within its precision range towards this fitted curve.

The detailed smoothing process is described in [93]. The key difference between this process and
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the aforementioned one is the use of nonlinear regression instead of polynomial regression due to
the influence of stiffness from the transverse girders. In the case of a simple beam or plate, the
deflection line can be approximated by a linear polynomial regression. However, the influence of
transverse girders results in local stiffness jumps that prevent this approximation. In such instances,
anon-linear regression must therefore be used, which is a statistical technique that helps to describe
non-linear relationships in data. Non-linear regression models are parametric, where the model is
described as a non-linear equation.

The second column of Figure 91 illustrates how the smoothing of measurement points with high
noise levels can prevent false damage detection. The curve was further refined by averaging
adjacent vertices, which reinforced the damage detection. The lower row presents the results after
MU. In this case, the structure's stiffness and support conditions were adjusted to account for the
influence of the concrete slab's bending stiffness, but no further improvement in the results for the
damage detection was observed. Notwithstanding its classification as a non-load-bearing slab, it
exerts a notable influence on the bending stiffness of the structure and possesses load-bearing
capacity. This was demonstrated by the significantly reduced deflection observed in the in-situ test
in comparison to that of the numerical model. However, due to the global influence of the slab's
bending stiffness, the course of the curvature line does not have relative changes in the different
discrete evaluation segments, and therefore, the bearing capacity of the concrete slab can be
disregarded without compromising the accuracy of damage detection using the DAD method.

The overlaying of the DAD values with the point cloud data facilitated the precise localization of
the detected damage, as illustrated in Figure 92 and Figure 93. For purposes of clarity, the bars with
a color gradient from light blue to black, representing increasing DAD values, with light blue
indicating the lowest and black the highest DAD value, have been inverted. A detailed examination
of the damage site revealed the presence of corrosion in the lower portion of the web and the lower
flange of the transverse girder, accompanied by scratches from vehicular impacts that exceeded the
clearance profile of the bridge (Figure 94). The DAD values suggest that these damages have
resulted in a reduction in the bending stiffness of the structure. However, due to the low deflection
values observed, the results should be interpreted with caution, as noise can also contribute to false
damage detection under such conditions.

As previously discussed in chapter 3.7.5, the damage level can be quantified through the process of
inversion-based MU. The determined residual bending stiffnesses of each segment is shown below
the indicated DAD values in Figure 91 as percentage of the full bending stiffness. It is important to
note, however, that the influence of noise is correlated with both the damage level and the deflection
value. In this experiment, the loading applied to the bridge was limited, resulting in a deflection
value of only L/3,750. The low deflection value resulted in a notable increase in the influence of
noise, with noise levels ranging between 0.04 mm and 0.08 mm, representing the standard deviation

for each measurement point as determined from the bundle block adjustment in the
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photogrammetric software. Figure 95 depicts the damage level error for a numerical 30% bending
stiffness reduction damage scenario across 10 artificial measurements, with a mean damage level
error of 12% for a noise level of 0.04 mm and 26% for a noise level of 0.08 mm. Due to time
constraints, only a single measurement was conducted for the in-situ experiment, which may have
introduced an increased damage level error. The unsmoothed curvature line shows a high degree of
damage level error due to the presence of elevated noise peaks. The application of nonlinear
regression for the smoothing of the deflection line yields provides a noticeable improvement in
local regions where the noise level is exceptionally high. This phenomenon can be observed in the
midspan region of the bridge structure. The further smoothing of the data through the averaging of
adjacent values effectively eliminates the peaks, thereby enhancing the accuracy of the damage
level assessment. Consequently, the residual bending stiffness reaches its minimum value at the
location of the detected damage. Using the method described in chapter 3.7.3, a remaining bending
stiffness of 50% was determined, which appears to be below the expected range given the visible
damage. While the MU did not enhance damage detection through the adoption of structural
stiffness and support conditions, it did facilitate more accurate damage level assessment, as
evidenced in chapter 3.7.6. The residual bending stiffness increased to 65%, which remains below
the anticipated residual bending stiffness. The combination of noise levels, low deflection values,
and expected low damage level led to an inaccurately determined damage level, indicating that this

method may not be suitable for cases with similar constraints.
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column), smoothing of the deflection curve using nonlinear regression (second column), and with further smoothing by

averaging adjacent vertices (third column), without (first row) and with MU of the materials stiffness and the

Figure 91. Results of the DAD method for Soleuvre bridge without and without smoothing of the deflection curve (first
constraints (second row)
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Figure 92. Overlay of calculated DAD values with the generated point cloud. The DAD values are mirrored on the
horizontal axes for better representation
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To validate the applicability of the method, a numerical study is conducted in which the load was
increased until a deflection value of L/300 was reached. This ensured that the bridge structure
remained within SLS. An artificial noise of 0.08 mm, representing the maximum measurement
noise observed in the in-situ experiment, is applied. A bending stiffness reduction of 40% is
simulated around the detected damage position in the in-situ experiment, and the DAD method with
damage level assessment is applied. However, it is important to note that the results of this study
cannot be generalized, as the position of damage influences its detectability. A comprehensive
parametric study has previously been conducted on the influence of damage position along the
longitudinal axis [166]. This study systematically examined how damage location affects detection
accuracy and provided a thorough analysis of damage location along the span. Figure 96 illustrates
the outcome of the DAD method and damage level assessment for the deflection value of L/3,750,
which was attained in the Soleuvre bridge in-situ experiment and L/300. The figure illustrates the
analysis based on the smoothed deflection line subsequent to MU. As illustrated on the left-hand
side of the figure, the damage detection process was unsuccessful, and the damage level assessment
of the segments was unable to produce accurate results, as the values displayed for most segments
were exceedingly high. Upon increasing the deflection value to /300, the damage localization was
successful, and the damage level assessment, based on a single artificial measurement, yielded a
residual bending stiffness of 65%, resulting in a small damage level error of 5%. This demonstrates
that, with the achieved precision, the presented damage level assessment method is applicable
within the SLS.

The DAD values indicated a probable damage location in the third beam near the second fourth
point, consistent with visible corrosion and scratches from vehicle impacts. Application of the
inversion-based MU algorithm yielded an initial estimated residual bending stiffness of
approximately 50%. However, when the global stiffness and support conditions were partially

updated (reflecting the non-negligible effect of the "non-supporting" concrete slab), the residual
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bending stiffness increased to about 65%. These steps demonstrate how the MU process can refine
the damage assessment. Additional measurements or higher loading may reduce noise and improve

severity quantification.
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3.7.8.2  Ettelbréck bridge

Similar to the Soleuvre bridge, only one outer and one inner girder were measured for the Ettelbréck
bridge. In this paper, we focus exclusively on the results from the inner girder, as this component
is subjected to a greater load under the applied loading pattern. Consequently, it exhibits a higher
deflection value than the outer girder. Figure 97 presents the application of the DAD method using
the smoothed deformation line and the updated reference model, which revealed damage near the
support.

Upon closer inspection of this section of the bridge structure (see Figure 98), significant corrosion
was observed. The bridge is located at a low elevation above the river, as shown in Figure 87, and
is subject to frequent flooding during heavy rainfalls, which is likely to contribute to the high levels
of corrosion. This corrosion could have caused a localized reduction in bending stiffness.

The recorded deflection value was L/2,450, which is relatively low. Consequently, the results of
the DAD method should be interpreted with caution. Notwithstanding the low deflection value and
the presence of noise, the method was able to successfully identify the location of visual damage.

This serves to illustrate the robustness of the DAD method in detecting potential damage even under
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conditions that are not ideal for experimental validation. In light of the low deflection value and the
limited scope of measurements, the determination of the damage level will not be presented in this
paper. It is recommended that more comprehensive studies will be conducted with higher deflection
values and multiple measurement series to ensure a more accurate assessment of the damage

severity.
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model
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Figure 98. The heavily corroded area at the northern support of the middle girder

3.7.9 Conclusions

This paper presents a comprehensive extension of the DAD method, with a particular focus on its
application for Level 3 of SHM. This is achieved by integrating a simple MU-based inversion
technique for damage level assessment. The proposed MU approach, which has low computational
intensity, has demonstrated significant improvements in damage severity detection by refining
numerical models to align with real-world measurements in both, numerical and experimental
studies.

A significant contribution of this paper is the method developed for handling missing measurement
points, which is essential when data quality is compromised due to noise or other factors. The
integration of a curve-fitting technique to replace missing points avoids false detection of damage.
Another important finding was the impact of noise on damage level estimation. The results
indicated that increased noise levels resulted in increased error in the calculated damage severity,
highlighting the necessity for noise mitigation strategies. In particular, the paper quantified the
noise-induced errors and demonstrated how they can influence the interpretation of damage severity
in SHM applications.

It is of paramount importance to emphasize the significance of MU in improving damage level

assessment. Through numerical experiments, it was demonstrated that MU substantially enhances
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the precision of damage detection and damage level estimation, thereby establishing it as a key

component for advancing SHM methods to higher levels of functionality.

The principal findings of this study are presented as follows:

MU-based inversion technique for Damage Level Assessment: The incorporation of a low-
complexity MU-based inversion technique resulted in an enhanced Level of SHM and the
accuracy was shown in both numerical and laboratory settings. However, real-world bridge
applications revealed challenges related to noise and low deformations, which need further
investigation.

Replacement of Missing Measurement Points: The application of a nonlinear regression
approach to replace missing data points resulted in enhanced overall accuracy of deflection
and curvature analyses, thereby mitigating the adverse effects of poor data quality on
damage detection.

The influence of noise on damage level error was also investigated. It was demonstrated
that noise has a significant impact on the accuracy of damage severity assessments.
Therefore, effective noise reduction is essential for more reliable SHM applications.

MU plays a crucial role in aligning numerical models with actual structural behavior,
enabling more precise damage detection and damage level assessments and supporting the
overall reliability of SHM systems.

The outcomes of the case studies demonstrated the efficacy of the DAD method in detecting
and localizing damage in real bridge structures. While the case studies did not fully validate
the MU technique for damage level assessment, numerical analysis indicated that with
different constraints (higher damage level, higher deflection value, repeated
measurements), a damage level assessment is applicable to in-situ experiments.
Furthermore, the case studies provided an opportunity to evaluate the method’s
performance under conditions that are encountered in practical assessments, providing
valuable insights for further development and demonstrating the method's potential in real-

world scenarios.

In conclusion, this study illustrates the increased capabilities of the DAD method for SHM,

particularly in advancing to higher levels of SHM using an inversion-based model updating

framework. By adopting sub-models in lieu of high-fidelity FE meshes, a substantial reduction in

computational overhead is achieved. This advancement signifies a substantial enhancement in the

efficiency of damage assessment and severity evaluation in practical applications, particularly in

the context of real-world bridge structures. The efficiency of this approach is contingent upon the

successful mitigation of noise-related challenges, which if addressed, will ensure the effective and

reliable utilization of the proposed technique in bridge engineering applications without incurring

excessive computational demands.
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Future work will concentrate on the refinement of the MU approach for damage level assessment
and the extension of its validation on real-world structures. In subsequent experiments, slender or
lower-stiffness bridge structures will be selected to induce higher deflection levels, thereby
enhancing the sensitivity of damage detection. Further destructive testing, analyzing and comparing
the damage severity will be conducted. Additionally, the MU procedure will be integrated with the
SAD method, which demonstrates reduced noise sensitivity through direct strain measurements.
Through the combination of larger deflections from suitably chosen test structures with the
inherently lower noise characteristics of the SAD approach, it is anticipated that more robust and
earlier damage detection outcomes will be achieved.
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4 Discussion

This thesis aimed to enhance the applicability of the DAD method for SHM in bridge structures by
addressing both its theoretical and practical limitations. This chapter presents a synthesis of findings
from three individual studies, discussing the broader implications of the research and its
contribution to the understanding of key parameters, including deflection values, damage level,
noise sensitivity, bridge structure types, and technological integration. Furthermore, the potential
of strain-based measurement techniques and model updating is investigated, with particular
attention paid to their limitations and avenues for future research.
4.1 Findings from Study 1: Deflection values, damage levels, precision, and
bridge structure types
The primary findings of the initial study pertain to the analysis of deflection values, damage levels,
measurement precision, and the influence of bridge structure types. The objective of this study was
to examine the impact of deflection values and noise levels on the accuracy of damage detection
using the DAD method. The findings indicated that elevated deflection values consistently
enhanced damage detection outcomes and could offset deficiencies in data quality. This finding
highlighted the difficulty presented by stiffer bridge structures, which typically exhibit lower
deflection values, thereby reducing the reliability of damage detection. Uncertainties regarding the
materials and the structure further limit damage detection, as the proof load needs to be defined
carefully, not to damage the structure. Therefore, the DAD method would benefit through a
thorough investigation of the existing structure and materials to increase the deflection value. As
the study revealed that the DAD method is highly sensitive to noise, its presence can impede the
ability to discern essential structural alterations, thereby limiting the efficacy of the method.
Furthermore, the initial study illuminated the influence of bridge structure types on the intricacy
and financial outlay associated with the implementation of the DAD method. The method proved
to be more efficient and cost-effective in the context of simpler structures, such as those comprising
large beams, due to the reduced number of required deflection measurements. In contrast, more
intricate structures, such as those comprising multiple girders, necessitated a greater number of
deflection measurements, thereby increasing both the financial burden and the intricacy of
implementing the method in actual scenarios. This underscores the pivotal role of bridge structure

type in determining the viability of the DAD method for practical SHM applications.

4.2 Findings from Study 2: Strain-Based Approach for Improved Precision

The second study introduced a strain-based approach to address the limitations identified in the first
study, particularly concerning noise and precision in low-deflection scenarios. In contrast to
deflection-based methodologies, this approach directly measured curvature from strain, thereby

providing a more accurate and reliable means of detecting localized damage. The laboratory
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experiments demonstrated that this strain-based method was highly resistant to noise, thereby
establishing it as a promising solution for monitoring structures where low deflection values would
otherwise limit the effectiveness of deflection-based approaches. Nevertheless, the study did not
extend this method to real-world bridge structures due to the high cost of strain sensors.
Notwithstanding this limitation, the strain-based approach offers considerable promise for future

real-time monitoring applications, particularly as sensor costs decline over time.

4.3  Findings from Study 3: Model Updating for Damage Quantification

The third study aimed to further extend the DAD method by introducing model updating techniques
that would enable Level 3 SHM, which would facilitate not only damage detection but also the
quantification of damage severity. This constitutes a substantial theoretical advancement, as the
capacity to quantify damage is indispensable for determining the extent of intervention required in
maintenance and repair operations.

While the model updating framework provided a robust theoretical foundation for damage
quantification, real-world experiments were constrained by the precision of the measurements and
the influence of noise. Although laboratory experiments validated the potential of the model
updating technique, the challenges encountered in field measurements prevented its full validation.
Nevertheless, the theoretical development of model updating represents a promising step toward
more advanced SHM systems in the future, especially when combined with more precise

measurement techniques.

4.4 Technological Integration and Future Potential

Although previous studies have demonstrated that the DAD method can be enhanced through the
use of contemporary technologies, such as UAVs and CRP, the current achievable precision in
photogrammetry still exhibits certain limitations, particularly when dealing with low deflection
values. This is evidenced by the real-world experiments. To investigate the influence of different
parameters, including measurement precision, deflection value, damage level, and bridge structure
type, the use of a parametric numerical model proved valuable. The parametric model enabled the
investigation of a significantly larger number of combinations than would have been feasible
without it. The parametric study yielded valuable insights for the preparation of in-situ experiments,
including the requisite deflection value for the desired precision and the suitability of a bridge
structure for the application of the DAD method.

As the initial study demonstrated that the DAD method is highly susceptible to noise, the
incorporation of strain measurements for curvature calculation proved to be highly advantageous.
This is because the SAD method, which employs curvature derived from strains rather than

deflections, exhibited resilience to noise. The SAD method would be further enhanced by the
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incorporation of FOS for strain measurement, as the measurement point density is exceptionally
high (less than 1mm). The utilization of FOS also facilitates real-time monitoring, as the data can
be directly processed.

Nevertheless, it is expected that forthcoming advances in UAV sensor resolution and image
processing will address these limitations, thereby rendering UAV-based SHM a more effective
instrument for the detection of minor structural alterations in bridges.

Another essential aspect for improving precision, particularly in practical applications, is the
repetition of measurements. Although noise was identified as a limiting factor, the repetition of
measurements can assist in the averaging out of noise, thereby producing more reliable results. This
suggests that the constraints encountered during this investigation, such as road closures that limited
the number of measurements that could be conducted, may be less pronounced in actual SHM
scenarios, where repeated measurements are more viable. In practical applications, the capacity to
undertake repeated measurements can markedly enhance the precision of deflection-based
methodologies. A higher number of measurements would also allow for the implementation of
noise filtering strategies using machine learning and predictive analysis. Furthermore, machine
learning and Al could be employed for automation in UAV data collection, processing, and DAD

analysis.

4.5 Theoretical Contributions and Implications

The findings presented in this dissertation contribute to the theoretical understanding of SHM using
the DAD method in a significant manner, thereby advancing the field of SHM. The initial study's
examination of deflection values and noise sensitivity reveals the limitations of the method in
discerning localized damage in stiffer bridge structures. The findings pertaining to the assessment
of local damages within a cross-section across different bridge structure types facilitate an
understanding of the influence of local damages on the overall cross-section behavior. These
insights refine the criteria for selecting bridge structures where the DAD method can be most
effectively applied and provide guidance for future SHM methodologies that rely on static
deflection measurements.

The second study broadens the theoretical framework of the DAD method by introducing a strain-
based approach, resulting in the SAD method, which enhances precision and noise resistance. This
method provides a reliable solution for the detection of localized damage in low-deflection
scenarios, thereby increasing the applicability of the method to a wider range of structures.

The third study's introduction of inversion-based model updating for damage quantification
represents a significant advancement in the field of SHM theory. This new approach allows for
assessment of damage level (SHM level 3), which is crucial for further levels of SHM and for

informing maintenance decisions.
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This dissertation makes significant advancements to the DAD method, establishing it as a more
effective and versatile tool for SHM of bridge structures. By addressing its limitations, extending
its applicability, integrating complementary approaches, and extending its SHM level, this work
enhances the method's performance in real-world scenarios, paves the way for higher SHM levels,
and strengthens its practical relevance. The synthesis of findings from the three included papers is

presented below.

4.6  Evaluation of Findings in Relation to Research Questions

4.6.1 Key Insights from publication I: Addressing the limitations of the DAD method
The initial paper examined the potential and limitations of the DAD method for condition
assessment through comprehensive parametric numerical studies. Notable contributions include the
introduction of the DDR and the DAD IL, which enhance comprehension of the interrelationships
between measurement precision, damage location, and deflection values and their impact on the
method's performance. The primary findings are as follows:

e Experimental Setup: A parametric analysis tailored to each bridge structure is essential
for the design of effective experiments. Such analyses enable the identification of potential
damage locations, estimation of the DDR, and determination of damage detection
thresholds based on expected measurement precision.

e Damage Detection Range: The DDR is defined as the range for which damage can be
reliably identified. The DDR is subject to the influence from a number of factors, including
damage severity, measurement precision, and deflection values. Damage located near
supports is less readily detectable. The application of a smoothing curvature line can result
in an expansion of the damage detection range (DDR) by up to 30% of the span length.

e Load Position Optimization: The DAD IL identifies optimal load positions for reliable
damage localization, with the number of load positions often depending on the structural
system and damage location.

e Measurement Point Density: While an increased measurement density enhances the
precision of damage localization, it simultaneously elevates the susceptibility to noise.
Nevertheless, elevated deflection values may serve to offset, at least in part, the constraints
associated with lower measurement precision.

e Deflection-Damage Relationship: An increase in deflection values facilitates the
detection of damage resulting from a reduction in stiffness. To illustrate, a deflection of
L/500 with a 50% stiffness reduction is equivalent to a DDR of L/2000 with a 70% stiffness

reduction.
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4.6.2 Key Insights from publication II: Integrating Strain-based Curvature Analysis
The second paper introduced the SAD method, which represents a strain-based extension of the
DAD method. This method employs strain measurements from two lines with a vertical distance to
derive curvature. The approach was validated through a combination of numerical studies,
laboratory experiments, and model-updating techniques. The principal findings are as follows:

e SAD Method Introduction: The SAD method enhances noise resistance and precision by
relying on strain measurements in lieu of deformation lines for curvature analysis.

e Enhanced Damage Detection: In both numerical and laboratory experiments, the SAD
method exhibited greater sensitivity to smaller damage levels in comparison to the DAD
method, even at lower deflection values. For example, laboratory tests demonstrated that
the SAD method was capable of detecting a 12% reduction in stiffness at L/2550, whereas
the DAD method required L/390 for the detection of a 28% reduction.

o Noise Insensitivity: The SAD method exhibits a markedly reduced sensitivity to noise,
thereby enabling damage detection at lower deflection levels.

o Photogrammetry for Large Cross-Sections: Photogrammetry represents a viable
alternative for strain measurements in large cross-sections, such as box girders. However,
it is less precise than strain gauges or FOS.

e The practicality of the DAD method is as follows: Notwithstanding its inherent
constraints, the DAD method continues to offer a competitive advantage in terms of cost-
effectiveness and straightforward implementation, rendering it a viable option for budget-

conscious projects.

4.6.3 Key Insights from publication III: Extending SHM to Advanced Levels

The third paper presented an extension of the DAD method for Level 3 SHM (damage severity
assessment) using a low-complexity MU technique. This integration aligns numerical models with
experimental data, thereby enhancing the detection of damage severity. The principal findings are
as follows:

e Advancing SHM Levels: The MU technique markedly enhanced the DAD method to
Level 3 with the detection of damage severity by improving the alignment between
numerical models and observed structural behavior.

e Data Quality Enhancement: Nonlinear regression was successfully employed to replace
missing measurement points, thereby enhancing the accuracy of deflection and curvature
analyses.

e Noise Mitigation: The study underscored the considerable impact of noise on damage

severity assessments, emphasizing the necessity for robust noise reduction strategies.
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4.6.4

Real-world Applications: The case studies demonstrated the applicability of the DAD
method on real bridge structures; however, further validation of the MU approach in diverse

conditions is recommended.

Integrated Contributions to SHM

The collective findings from the three papers contribute to a comprehensive advancement of SHM

practices.

4.6.5

Optimizing Noise and Measurement Precision: Systematic approaches were developed
with the objective of optimizing DDR and mitigating the effects of noise by adjusting
measurement density and deflection values.

Strain-measurements Integration: The SAD method provides a noise-resistant extension
to the DAD framework, thereby enhancing precision and expanding the DDR in
challenging scenarios. Further, the SAD method can be used as long-term real-time
monitoring, where the DAD method is used for periodical short-term monitoring.
Advancing SHM Levels: The incorporation of low-complexity inversion-based MU
technique facilitate enhanced damage severity detection and opens for lifecycle planning
and predictive analysis, positioning the DAD method for advancement toward SHM

Levels 4 and 5.

Addressing the Research Questions

This dissertation addressed the core research questions in an effective manner, as follows:

What are the limitations of the DAD method regarding deflection values, noise levels,
measurement point distances and bridge structure types in detecting local damages?
The introduction of the DDR, DAD IL, and parametric modeling provided a systematic
approach to addressing challenges related to noise sensitivity, deflection variability, and
measurement density.

How can the noise sensitivity of the DAD method be reduced to improve damage
detection accuracy, particularly in low-deflection scenarios?

The SAD method demonstrated superior precision in the presence of noise, offering a
reliable alternative to traditional deflection-based curvature derivation.

Can strain-based curvature analysis be integrated to improve the precision and
practical applicability of the DAD method in SHM applications?

A hybrid DAD-SAD framework was developed, demonstrating enhanced accuracy and
broader applicability through numerical, laboratory, and in-situ validations.

How can the DAD method be extended to support more advanced SHM levels,
including damage level assessment?

Integration of MU techniques enabled expansion of the DAD method's scope to encompass

damage severity analysis and Level 3 SHM.
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This research bridges the gap between theoretical innovation and practical implementation,
providing a scalable, adaptable, and reliable SHM tool. The enhanced DAD framework addresses
immediate safety concerns while supporting long-term sustainability objectives, marking a

significant step toward more advanced and resilient SHM systems for bridge structures.
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5 Conclusion and Outlook

5.1  Conclusions

This dissertation represents a significant enhancement of the DAD method, addressing the
principal shortcomings and transforming it into a more sophisticated SHM tool for bridge
structures. By addressing the inherent limitations of the method, expanding its applicability, and
integrating innovative approaches, this work establishes the method as a practical solution for real-
world applications and a foundation for advanced SHM levels. By synthesizing findings from three
studies, this research bridges the gap between theoretical insights and practical implementation.
The initial study concentrated on elucidating the constraints of the DAD approach through a
comprehensive parametric numerical analysis. The introduction of concepts such as the DDR and
the DAD IL has enhanced the understanding of how factors such as measurement precision, damage
location, and deflection values influence performance. Parametric analysis tailored to specific
bridge structures was identified as a crucial element in the design of effective experiments. The
DDR, representing the range within which damage can be reliably identified, was demonstrated to
be contingent upon parameters such as damage severity and deflection levels. Damage in the
vicinity of supports was observed to be less readily discernible. The application of smoothing
techniques resulted in an expansion of the aforementioned range by up to 30% of the span length.
The DAD IL identified optimal load positions for reliable damage localization, depending on the
structural system and damage location. It was demonstrated that measurement density affects both
the precision of localization and the susceptibility to noise. This limitation can be partially
addressed by increasing the deflection values. A proportional relationship was observed between
deflection values and damage detection sensitivity, whereby higher deflections facilitated the
identification of smaller stiffness reductions.

The second study expanded the DAD framework by introducing the SAD method, which is a strain-
based approach that derives curvature using measurements from two vertically spaced lines. This
method exhibited substantial enhancements in noise resilience and damage detection precision. The
greater sensitivity of the SAD method to smaller damage levels, even at lower deflection values,
was confirmed by numerical and laboratory tests. To illustrate, while the DAD method necessitated
a deflection value of L/390 to discern a 28% reduction in stiffness, the SAD method identified a
12% reduction at L/2550. The SAD method's resilience to noise further enhanced its reliability in
challenging scenarios. Additionally, the study underscored the potential of photogrammetry for
strain measurement in expansive cross-sections, such as box girders. However, it should be noted
that the precision of this method may not reach the same level as that of strain gauges or FOS.
Notwithstanding its shortcomings, the DAD method was validated as a cost-effective and
straightforward solution for projects with limited resources, complementing the SAD method's

advanced capabilities.
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The third study advanced the DAD method toward Level 3 SHM by integrating a low-complexity
MU technique. This approach aligned numerical models with experimental data, thereby enabling
reliable damage severity assessments and paving the way for predictive maintenance. Nonlinear
regression was employed to supplant absent measurement points, thereby enhancing the precision
of curvature and deflection analyses. The study highlighted the considerable influence of noise on
the assessment of damage severity, underscoring the necessity for the implementation of robust
mitigation strategies. The practical applicability of the DAD method was demonstrated in real-
world case studies. It was recommended that further validation of the MU approach across diverse
conditions be conducted to enhance its generalizability.

In sum, the findings of these studies represent a unified advancement of SHM practices. By
optimizing methodologies for the attenuation of noise and the enhancement of measurement
precision, the DDR was expanded, thereby facilitating the more reliable detection of damage under
varying conditions. The incorporation of strain-based methodologies constituted a noise-resistant
extension to the DAD framework, thereby facilitating its application in both long-term real-time
monitoring and short-term periodic assessments. The integration of MU techniques permitted the
assessment of damage severity and facilitated the implementation of lifecycle planning and
predictive maintenance, thereby positioning the method for advancement to SHM Levels 4 and 5.
Collectively, these contributions illustrate the evolution of the DAD method into a versatile and

scalable solution for modern SHM, offering sustainable and reliable infrastructure management.

5.2 Outlook

The challenges addressed in this dissertation provide a steppingstone for further developments in
SHM, particularly in integrating advanced monitoring techniques into a unified framework for
infrastructure management. While the DAD method has been significantly refined, the next steps
lie in real-world validation, automation, and integration with complementary methodologies.
Despite the advancements made in this research, several limitations remain, which provide avenues
for future research. A significant challenge associated with the DAD method is its sensitivity to
noise, particularly in real-world experiments. This is especially problematic when dealing with low
deflection values, which can make accurate measurements difficult. Nevertheless, technique is
constantly improving which indicates the potential for overcoming this issue. The impact of new
camera and UAV technologies should be further analyzed. Further, alternative methods for
deflection measurements, such as profile laser scanning, or advanced radar-based displacement
sensors should be investigated for the application of the DAD method.

Another critical area for future research is the exploration of the SAD method in real-world
experiments, particularly focusing on concrete behavior. Real-world application on concrete
structures using the SAD method will require distinguishing between cracks that do not compromise

structural integrity and actual damage that necessitates intervention. Laboratory and field
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experiments will be essential to validate these capabilities under realistic environmental and
operational conditions. By combining SAD with FOS, the reliability of this approach can be further
enhanced.

Automation is another crucial frontier for SHM. The DAD method, while powerful, currently
requires considerable manual effort for data acquisition, processing, and analysis. Leveraging
machine learning and Al, future research should focus on automating these processes, enabling the
method to operate autonomously. This includes developing Al-driven frameworks for noise
filtering, data analysis, and anomaly detection. Automated deployment using UAVs for data
collection represents a particularly promising avenue, offering scalability and efficiency for large-
scale monitoring projects.

To maximize its utility, the DAD method must also be integrated into comprehensive SHM systems.
No single method can provide an absolute assessment of a structure's condition. A combined
approach, integrating static, dynamic, and acoustic methods, can provide a more holistic perspective
on structural health. This hybrid framework should be designed to leverage the strengths of each
method, providing reliable condition assessments that account for both localized and global
structural behaviors. It needs to be identified which methods are suitable to combine with the DAD
method and complement each other.

The incorporation of the DAD method into digital twin (DT) frameworks offers a further potential
for transformative change in the field of SHM. As dynamic virtual representations of physical
structures, DTs facilitate real-time updates and advanced simulations. Nevertheless, their capacity
to furnish immediate insights into a structure's condition remains constrained in the absence of
efficacious condition indicators. The DAD method addresses this limitation by offering precise,
measurement-based indicators, such as reductions in bending stiffness, that transform raw data into
actionable insights. The integration of the DAD method within a DT environment would facilitate
real-time localization and quantification of structural damage, enabling the seamless translation of
field measurements into interpretable health metrics. Furthermore, this integration would facilitate
continuous updates to FEM models, thereby enhancing their accuracy and predictive capabilities.
By combining the DAD method's robust condition assessment capabilities with the predictive
strengths of DTs, this approach aligns SHM capabilities with the demands of modern infrastructure
management. It would facilitate proactive maintenance strategies, improve lifecycle assessments,
and optimize the performance of critical infrastructure, thereby driving significant advancements
in sustainability and resilience.

Achieving higher SHM levels, including Levels 4 (Damage Prognosis) and 5 (Lifetime Prognosis),
remains a critical goal. These advancements require the integration of service life assessments and
predictive analytics into SHM frameworks. Statistical models and machine learning algorithms

must be employed to quantify the uncertainties inherent in material degradation and environmental
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impacts. By addressing these gaps, SHM can evolve from a reactive to a fully proactive discipline,
capable of forecasting and mitigating potential failures before they occur.

Finally, improved diagnostics and monitoring strategies can play a pivotal role in infrastructure
management. The enhanced precision of the DAD method can guide the selection of monitoring
techniques tailored to specific diagnostic needs. For example, the integration of photogrammetry
and UAV-based approaches can complement traditional sensors, providing comprehensive data for
decision-making. Collaboration with standardization bodies, such as road and bridge administration
(Administration des Ponts et Chaussées) in Luxembourg or the federal highway research institute
(Bundesanstalt fiir StraBenwesen) in Germany, can ensure that these advancements align with
existing guidelines, promoting their adoption in practice.

In summary, the outlook for this research emphasizes the need for interdisciplinary collaboration,
technological innovation, and real-world validation. By addressing these challenges, future work
can ensure that the advancements achieved in this dissertation continue to contribute to safer, more
efficient, and more sustainable infrastructure management. These efforts will bridge the gap
between academic research and practical application, realizing the full potential of SHM in

safeguarding critical infrastructure.
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