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Digital twins are evolving to oversee the entire construction life cycle, with a strong emphasis on sustainability
across environmental, financial, regulatory, and administrative dimensions. This paper introduces a methodol-
ogy for managing existing bridges through an adaptable digital twin. The aim of this research is to develop a
framework for constructing digital twins that, by enabling structural analysis and “what-if” scenario simulations,
supports more reliable maintenance decision-making. Such type of digital twin ensure safety, extend lifespan,

and provide a precise database for managing end-of-life processes within a circular “cradle to cradle” framework.
This methodology also addresses obsolescence issues related to software evolution and the longer lifespan of a
bridge compared to its creator. A case study demonstrates the methodology’s effectiveness, showing that digital
twins can be flexible, cost-effective tools for managing all types of bridges, including small and existing ones.

1. Introduction

Failures in bridges and infrastructure result in significant economic
losses and, in many cases, loss of life [1-3]. Additionally, these failures
often have a profound emotional impact on communities, similar to
other types of traumatic events [4,5]. As illustrated in Fig. 1, except for
unpredictable extreme events, all causes of bridge collapse have known
causes.

Bridges in service are subject to degradation processes influenced by
material properties, mechanical loads, and environmental factors.
[7-9]. Despite safety factors designed to reduce uncertainties and
extensive research aimed at avoiding design errors and ensuring main-
tenance, bridges naturally undergo performance degradation over time.
In principle, for a well-designed structure, the loss of performance is
slow and manageable, but without an appropriate inspection and
maintenance plan, the risk of an acceleration in the deterioration of
performance leading to service and safety problems is amplified
[3,10-12]. Moreover, existing structures were designed under different
conditions and standards that have evolved over time [13-15].

For decades, tools like Finite Element (FE) software have been used
to build digital models of bridges to analyze how performance changes
due to degradation or increased loads. These models have improved the
safety, serviceability, and lifespan of bridges, but they have limitations.
They are software-specific (i.e., they become useless if the software is
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unavailable) and lack interoperability, meaning a model created for
structural analysis cannot be used with other software.

Building Information Modeling (BIM) has partly addressed these
limitations and promoted the development of new models known as
digital twins (DTs). Borrowed from other industries, DTs are digital
representations of physical counterparts, integrating all the character-
istics of the physical entity into a single platform.

This research aimed to develop a methodology for establishing a DT
for existing bridges that can evolve alongside its physical counterpart.
The DT can then be used to manage maintenance operations following a
“cradle to cradle” logic. In this context, adopting a “cradle to cradle”
approach means that, at the end of the bridge’s life, the DT will serve asa
precise database of its composition, facilitating the efficient reuse or
recycling of the bridge.

1.1. Literature review

DTs offer potential for effective maintenance management and are
increasingly recognized among emerging systems. Generally, a DT refers
to a digital version of a system, component, or asset [16]. Although the
definition of DT remains debated, it is commonly described as a “digital
representation of the physical asset that can communicate, coordinate,
and cooperate in the manufacturing process to improve productivity and
efficiency through knowledge sharing” [17]. This broad definition
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Fig. 1. Distribution of causes of bridge collapse [6].

encompasses DTs across various industries but is not specific to civil
engineering. In general, the models developed for bridges often lack
real-time updates and communication with their physical counterparts,
preventing two-way interaction and effectively making them digital
shadows rather than true digital twins. Nevertheless, the term “digital
twins” for these “digital shadows” has become so common in bridge
engineering that it will be used in the following sections. It is important
to note that the extension of the term “digital twins” to “digital
shadows,” as observed in the literature, could lead to confusion or
misaligned expectations in the future.

According to [16], a DT can be categorized by its level of sophisti-
cation/maturity: pre-digital twin, digital twin, adaptive digital twin, and
intelligent digital twin. These categories differ based on the existence of
a physical twin, data acquisition methods, and the use of machine
learning for system/environment interaction. Bridge engineering DTs
are classified as ‘digital twin — level 2,” which means they include per-
formance, health, and maintenance data from the physical twin and
receive batch rather than real-time updates. The essential features of a
bridge DT, as summarized in [18], include: a digital replica of the
physical structure, data as a core component, near-real-time updates,
life-cycle data integration, a common data environment, and its function
as a simulation and visualization tool for risk assessment, collaboration,
and predictive performance. Additionally, it leverages real measure-
ment data to enhance future projects and practices. These characteristics
make DTs particularly suitable for managing bridge structures, which require
continuous monitoring and adaptive maintenance strategies. [19].

Regardless of DT classification, DT models are sometimes seen as an
unnecessary cost, particularly when the owner lacks the expertise and
personnel to use them effectively, and the bridge in question does not
face significant challenges or holds reduced relative importance.
Nevertheless, whether small or large, a bridge remains a crucial part of
the economy and society, with a lifespan likely to outlast the citizens
who use it. Small bridges punctuate the landscape of a country, and their
management by small towns can become challenging, leading to sub-
stantial costs for repairs or strengthening operations necessary to ensure
safety and serviceability. Sometimes, societal changes may require an old
local bridge to support much heavier loads than anticipated at the time of its
construction, as it now falls within a heavy-load transportation route leading
to a motorway. In such cases, a DT can provide a better means to ensure
necessary public service and keep costs under control. Indeed, a DT
enables service life prediction, anomaly detection, seismic collapse
assessment, and structural health analysis [20,21]. These functionalities
are achieved through the integration of FE methods and data-driven
approaches [22].

Recent efforts on DTs focus primarily on geometric reconstruction
and [23] and physical-digital interaction [24]. In terms of geometric
reconstruction, advancements in laser scanning techniques have
enabled scan-to-BIM processes that accurately reproduce the geometry
of existing structures in digital form. However, real-world complexity
often exceeds model representations, making models based solely on
laser scanning generally unsuitable for bridge safety and serviceability
analyses or vulnerability assessments, even with Al-assisted defect
detection through image analysis. Therefore, once the model obtained

Automation in Construction 168 (2024) 105834

from laser scanning is converted into an open format and interoperable
DT, it is essential to incorporate the specific characteristics of the
structure and inspection results [25,26] to achieve an accurate repre-
sentation of the real structure and meaningful prediction of its perfor-
mances. Other advancements concern the interaction between the DT
and its physical counterpart for structural health monitoring, achieved
through the integration of sensors that measure critical metrics [27-29].

However, as stated in [20], challenges remain, particularly in
simulation and the development of “what-if” scenarios for assessing
asset risks and predicting performance. Addressing these challenges
necessitates a comprehensive methodology and appropriate ontology to
ensure interoperability and effective knowledge sharing among stake-
holders [30].

A well-constructed DT can have a synergistic effect that enhances
long-term sustainability. Open formats and interoperability enable more
effective knowledge sharing among professionals working on the same
project. They also allow owners greater flexibility in choosing consul-
tants for various maintenance operations or collaborating with other
owners to optimize life-cycle management costs. Open formats and
interoperability help address software obsolescence issues and ensure
continued use of the DT even if the original developer is no longer
available. Additionally, these features aid owners, especially institu-
tional ones, in sharing knowledge and collaborating to reduce opera-
tional costs while increasing safety, serviceability, and the lifespan of
structures.

Knowledge sharing can be maximized through interoperable formats
like IFC [31,32], which aim to ensure interoperability among AEC/FM
industry software applications. Leveraging semantic modeling at the
intersection of IoT and AI, IFC robustly supports the development of DTs
[33-35]. In bridge engineering, IFC has been used for two main pur-
poses: detecting degradation and real-time monitoring. For example, IFC
has been used for spalling detection from point cloud data [25], damage
visualization through image processing [26] and real-time monitoring
using artificial neural networks based on structural analysis [36].
Despite various efforts to enhance comprehensive knowledge sharing, a
methodology that addresses the challenge of software obsolescence,
while also enabling the creation of “what-if” scenarios, has yet to be
found.

Structures like bridges require ongoing structural analyses to assess
safety and serviceability after exposure to loads and environmental ef-
fects. Therefore, an interoperable DT must be open with an ontology
able to accommodate the effect of degradation phenomena and the re-
sults of monitoring activities [31,37,38]. The DT model should also be
easily transferable to a FE method software specialized for structural
analysis and offer sufficient flexibility to integrate inspection and
monitoring data seamlessly.

1.2. Problem statement

Bridges are owned by a diverse range of entities, from large orga-
nizations like the Swiss Federal Roads Office (FEDRO), which manages
hundreds of bridges, to small rural villages overseeing only a few. These
owners face a common challenge: the need for DTs that are tailored to
the specific characteristics of each bridge and capable of evolving
alongside their physical counterparts by integrating data from regular
inspections and monitoring [20,39]. While these capabilities are
essential for ensuring safety, serviceability, and effective maintenance
planning, existing DTs often fall short in meeting another critical
need—interoperability across various software platforms.

Public entities typically outsource DT development to engineering
firms or universities, resulting in multiple models created with different
software that often become obsolete within a few years. This fragmen-
tation can lead to inefficiencies, particularly when new professionals are
unable to use these models, necessitating the development of new ones.
To address these challenges, DTs must be interoperable and use open
formats, ensuring they remain functional across different software used
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by architects, land surveyors, structural engineers, and others.

Moreover, the longevity of bridges and the evolving nature of their
environments demand flexible DTs that can adapt to new scenarios and
expand as needs arise without altering their core principles. Rather than
merely listing advanced features, the focus should be on developing a
robust methodology for constructing DTs that can be easily updated and
remain relevant over time.

1.3. Research contribution

The overarching goal of this research is to establish a methodology
for constructing Digital Twins (DTs) that support structural analysis and
maintenance decision-making, with a particular focus on enabling
“what-if” scenario simulations. This approach ensures that maintenance
strategies can be explored and optimized without altering the core
working principles of the DT, while also being flexible enough to
accommodate other applications.

To be effective, these models must accurately represent reality and
integrate all relevant data collected during inspections. Such dynamic
models enable professionals to operate the DT using their specialized
software.

The methodology is demonstrated through a real case study of the
Praz bridge, which illustrates how laser scanner technology, combined
with an appropriate BIM ontology, contributes to creating an open and
interoperable DT. This DT evolves over time by integrating observed
degradation effects, serving as a tool for structural analysis and main-
tenance. It also permits the evaluation of structural safety and service-
ability under multiple hazard scenarios based on the potential evolution
of these degradations and facilitates the efficient management of the
bridge’s end-of-life in a circular logic.

Additionally, a low-cost monitoring methodology applied to the
Grandson bridge highlights how software obsolescence and the retire-
ment of engineers had previously hindered the use of valuable tech-
nology. This example underscores the need for open formats and
interoperable DTs and demonstrates how a well-constructed DT can
prevent the loss of critical information.

1.4. Paper organization
The paper is organized as follows:

(i) The ‘Materials and Methods’ section provides a detailed
description of the methodology used to create a DT capable of
conducting  scenario-based  analyses  while  ensuring
interoperability.

(ii) The ‘Results’ section presents and analyzes the application of the
proposed methodology to a real case study involving the Praz
Bridge. This case study evaluates structural simulations under
various hazard scenarios, highlighting the integration of detected
degradation for improved maintenance decisions.

(iii) The ‘Discussion’ section examines how the challenge of obsoles-
cence becomes a critical issue for structures without a DT. The
Grandson Bridge case study highlights the crucial role of DTs in
ensuring long-term viability. It demonstrates that, although low-
cost monitoring systems offer potential, they are ineffective
without a DT to support continuous updates over time.

(iv) The ‘Conclusions and future work’ section summarizes the find-
ings and outlines directions for future research.

2. Materials and methods
2.1. Objectives and the methodology definition
To achieve the objectives and address the gaps highlighted in the

problem statement (see Section 1.2), the project aimed to create a digital
representation of an existing bridge, capturing the shape of each
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element, their characteristics, and their assembly. A key objective was to
consolidate all available data related to the bridge’s structural health
into a comprehensive digital model. Another primary goal was to
develop a digital representation compatible with various specialized
software, including structural engineering, land surveying, and archi-
tectural tools. The digital model needed to integrate relevant data from
specialized analyses seamlessly and be readily updated with future
monitoring and inspection results.

This need for up-to-date data was inspired by the author’s previous
research on structural health monitoring, alarm systems for safety risks,
and maintenance of existing structures. Despite the success of these
studies, many results were lost due to the obsolescence of commercial
and proprietary software and the non-interoperable nature of models
developed with these tools. The impact of analyses on structural
behavior was also limited by outdated FE models, which could not be
easily updated with new data. The envisioned digital representation is,
in fact, a DT created through a general methodology, the workflow of
which is illustrated in Fig. 2.

In the specific case study of the Praz Bridge, the general workflow
outlined in Fig. 2 is tailored to the available databases and the specific
requirements of the scenarios needed for assessing the bridge’s safety
(see Fig. 3). Consequently, the procedure is divided into three steps,
which are detailed in the subsequent sections.

2.1.1. Step 1: Data collection and BIM model creation

The first step in the methodology focused on identifying the best
method for collecting data on an existing bridge. Laser scanners, known
for their high performance, are effective in capturing the shape of a
bridge and its surroundings. However, this digital model must be refined
to isolate each individual element and define their assembly. The tran-
sition from a laser scan model to a BIM model can only occur if relevant
data on the structural materials and elements are available. The defi-
nition of the semantic model and ontology, which completes step 1, must
also consider all foreseeable uses of the DT. For example, while
analyzing the interaction between the soil and the structure might seem
unlikely for a bridge, the BIM model must be prepared to incorporate
geotechnical parameters of the foundation soil into the DT at any time.
Additionally, the BIM model should be operable within specialized
software for soil-structure interaction analysis. Further explanations on
the first step are provided in Sections 3.2 and 3.3, where the “Scan to
BIM” step of the methodology is implemented on the “Praz” concrete
bridge, owned by FEDRO, with detailed characteristics presented in
Section 3.1.

2.1.2. Step 2: From a BIM model to a DT

The second step of the methodology involves transforming the BIM
model into a DT by enriching it with all available information on the
bridge. As mentioned in the first step, the BIM model is prepared to
accommodate all relevant data. Step 2 highlights the fundamental
importance of the information available on an existing bridge. Swiss
Norm 469 stipulates that construction owners must maintain records of
all relevant property information, including original plans, maintenance
operations, and consultant reports [40]. However, not all owners have
complete documentation, particularly for older constructions. In
contrast, large organizations like FEDRO have created comprehensive
databases containing all available information on their structures, which
are constantly enriched with new data collected, reported, and inputted
using strict procedures to ensure quality and usefulness [41]. The exis-
tence and quality of this database are crucial for creating a DT that
evolves over time alongside its physical counterpart. A lack of data or
inconsistently structured data will hinder the conversion of a BIM model
into an evolving DT. Section 3.4 demonstrates how the BIM model of the
Praz Bridge was enriched with data extracted from FEDRO ‘s Kuba
database [41].
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Fig. 2. Optimized workflow of the methodology proposed to construct a DT.
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Fig. 3. Optimized workflow of the methodology proposed to construct the DT of the Praz Bridge.

2.1.3. Step 3: Acquisition of the DT into specialized software

Once the DT is constructed, it becomes possible to import the DT of a
bridge into specialized software for advanced analyses. This use of the
DT is an outcome of the methodology rather than a step within it. In fact,
the analyses conducted with specialized software contribute to the
database, making the DT continuously evolutive. The interoperable and
open-format nature of the DT obtained in step 2 allows for the quick
acquisition of the DT in most specialized software used in bridge anal-
ysis. The model acquired often needs further adaptation for certain an-
alyses, though this process is much quicker than building a model from
scratch. Section 3.5 illustrates this process for the Praz Bridge, where the
DT is imported into a structural FE software, adapted to the specific
analysis, and further modified to account for the loss of performance in
certain structural elements due to ongoing corrosion. If the structural
analysis indicates that the bridge’s safety is at risk due to corrosion, this
will trigger urgent action by the owner to mitigate risks and quickly
prepare a plan to restore the required safety level.

2.2. Hazard scenario analyses using the DT

The characteristics of DTs prepared using this methodology also

allow for the analysis of multiple hazard scenarios in the evolution of
structural health, enabling informed decisions about the timing of spe-
cific maintenance operations. This capability is demonstrated in Section
3.6 for the Praz Bridge. A column exhibiting a certain degree of corro-
sion at the present time does not pose safety concerns. However, a
scenario projecting the progression of corrosion over time is simulated,
and the column’s safety is reassessed. The results show that under this
scenario, safety will not be compromised, indicating that while main-
tenance should be planned, it is not yet urgent.

2.3. Addressing the obsolescence issue

As previously mentioned, the need for this methodology arose from
the authors’ past experiences. The case of the Grandson Bridge, owned
by FEDRO, illustrates how a DT prepared using the presented method-
ology could have prevented the loss of valuable data and models due to
the lack of interoperability in the original digital model. Section 4 dis-
cusses the Grandson Bridge case, highlighting the process of construct-
ing the FE model of the bridge using KUBA data and the implementation
of a low-cost yet efficient monitoring system. It also demonstrates how a
DT similar to the one developed for the Praz Bridge could have
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prevented the obsolescence of the digital model, allowing the owner to
retain and repurpose it for other uses. Finally, Section 4.5.3 presents
further lessons learned from the Grandson and Praz cases, particularly
on how a DT could be adapted to monitor a bridge effectively.

3. Results
3.1. General characteristics of the Praz bridge

The studied bridge is located in Bellaigues (Switzerland), in the
section 31 Vallorbe - Essert-Pittet. The Praz bridge is a continuous box
girder bridge with a width of 14.96 m and a total length of 377.60 m,
comprising a total of 9 spans. In Fig. 4, the original drawings illustrate a
comprehensive depiction, including a plan and elevation view of the
entire bridge, a cross-sectional view of the deck, and details of the direct
foundations between piles 2 and 5. Materials used have been determined
based on the planning and the calculation report. Specifically, concrete
with a feq08 of 44 MPa and steel with a fy, of 400 MPa have been
employed.

3.2. Data acquisition methods for 3D model development

Due to the bridge’s dimensions, laser scanning technology has been
selected for the precise assessment of its geometry. This process gener-
ates a 3D point cloud, with multiple scans required to capture the entire
structure comprehensively. The primary tool used for measurements is a
RIEGL VZ-2000i laser scanner. Additionally, a Leica GS18 GNSS receiver
and a TS16 total station were used to establish a reference point
network. The placement of reference points is crucial, as poor distri-
bution can result in low-quality alignment. Furthermore, the quality of
measurements depends on various parameters reported in Table 1.

SITUATION 1:2000
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Table 1

Measurement parameters for 3D laser scanning.
Parameters Settings
Number of measurements ~500,000/s
Maximum distance 600 m
Precision 3 mm at 100 m
Accuracy 5 mm at 100 m

Laser diameter ~3 cm at 100 m

Fig. 5 illustrates the distribution of scan locations and reference
points during the measurement process of the Praz bridge. The place-
ment of these locations is influenced by both, topography and natural
obstacles. Notably, a deliberate decision was made to position numerous
reference points beneath the bridge at regular intervals. In this instance,
existing points on each pile of the bridge were utilized, supplemented by
the addition of new points around them to enhance network density and
improve alignment.

For this project, the RiSCAN software [42] is used, employing an
additional technique that involves automatic plane detection within
point clouds. This is followed by identifying optimal correspondences
between these planes, aligning with the point-cloud-to-point-cloud
alignment concept. With the known MN95 global coordinates of the
control points, georeferencing the assembled point cloud is straightfor-
ward. Fig. 6 displays the assembled point cloud, where the color of each
point indicates its originating scan. It is important to observe that the
quantity of measured points may exceed the requirements for subse-
quent steps in the process. To avoid unnecessary data usage and reduce
file size, point subsampling is essential. Cyclone 3DR software [43] was
employed for this purpose, utilizing a method that aimed to retain at
most one point every 5 cm.
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Fig. 4. Comprehensive illustration of bridge Praz: plan, elevation, cross-section, and foundation details.
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Fig. 5. Locations of scans and reference points on the Praz bridge.

Fig. 6. Point cloud of the Praz bridge.

3.3. Scan-to-BIM process

As the geometry is obtained, a semi-automated procedure is applied
to create a numerical BIM model in the interoperable IFC 4.3 format.

The three main steps of this scan-to-BIM process are schematically
represented in Fig. 7. These steps include semantic segmentation, 3D
shape reconstruction, and BIM model preparation [38].

The first step involves semantic segmentation, aiming to segment the
built asset by automatically detecting its components. The methodology
used for this purpose is based on the template-matching algorithm.

The template matching technique in computer vision precisely lo-
cates elements in an image, referred to as the “source image.” This
technique requires both the source image and a template image con-
taining the pattern. In our study, source images are cross-sectional views
of the bridge, obtained from subsets called “slices” of the point cloud.

Each slice corresponds to a different source image. Template images
display transversal views of components, defined manually. Once a
component is identified in a source image, points are extracted from the
slice and labeled. This iterative process continues until all slices are
analyzed. The stages of the semantic segmentation process are illus-
trated in Fig. 8, with further details provided in [31].

The second step involves 3D shape reconstruction, for which Rhino
software was utilized as a platform for the DT [44]. After the semantic
segmentation, where bridge components are identified and separated,
the data is imported and structured. Initial geometry creation in Rhino +
plugins “Remesher” produces a preliminary mesh. This mesh is refined
in SketchUp Pro [45], yielding an enhanced mesh that is re-imported
into Rhino to finalize the geometry creation.

The BIM model closely approximates measurements obtained
through laser scanning, with an average deviation of less than 7 cm.
Fig. 9 illustrates the degree of deviation between the BIM model and the
point cloud, expressed in centimeters.

3.4. Enrichment of the BIM model (BIM to DT)

The model was manually enriched with information from the FEDRO
-provided KUBA database, which serves as the primary repository for all
plans, interventions, and documents related to structures owned by
FEDRO [41]. This database also contains regular and extraordinary in-
spection reports. Its purpose is to display the degradation status of
various elements, aiding engineers in assessment. The visualization
model, as illustrated in Fig. 10, indicates the location and severity of

Scan-to-BIM
-
AN
/ \
Semantic 3D shape & - BIM model @'j c
segmentation reconstruction preparation
Point cloud Point cloud 3D shapes BIM model
subsets

Fig. 7. Scan-to-BIM process overview for creating an IFC 4.3 compatible numerical model (Image courtesy of B. Domer, HEPIA).
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degradation using a scale from 1 (good) to 5 (urgent intervention
required), in accordance with FEDRO’s guidelines [46]. It also offers
detailed insights into the causes or agents of specific degradations. In
fact, this model integrates all relevant information from plans and in-
spection reports for each structural element, presented in a user-friendly
manner as depicted in Fig. 11. The proposed approach does not enable
automatic defect detection. Instead, it serves as an integrated visuali-
zation tool within the database. It comprehensively encompasses all
relevant information for analyzing the structural element, including

Pavement (IfcPavement)

Guardrail (IfcRailing)

Bearing device (IfcBearing)

-

Pier (IfcColumn)

.

Fig. 10. Degradation visualization model of the Praz bridge [38] (Image courtesy of B. Domer, HEPIA).

degradation models. This model possesses the capability to integrate a
wide array of file formats, encompassing not only verbal inspection re-
ports but also derived data such as degradation models and information
pertaining to load-bearing capacity.

Once the point cloud collected using the laser scanner is transformed
into a DT model, structural engineers will have the capability to analyze
the structure. By integrating the degradation data, they can assess if and
to what extent the load-bearing capacity of the structure is diminished
due to these deteriorations, and they can also analyze different evolution
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Fig. 11. Degradation visualization model for pile 5 of the Praz bridge (Image courtesy of B. Domer, HEPIA).

scenarios.

3.5. Importation of the DT on a structural finite element model (Praz
bridge)

The FE model is generated by importing the previously generated IFC
file format into SCIA Engineer software [47]. This is a semi-automatic
procedure because the resulting model contains information about ge-
ometry and materials but not about finite elements, boundary condi-
tions, and loads. The creation of the FE model involved a process of
converting “generic volumes” into 1D beam elements, arranging con-
straints, and applying loads. At the foundation level of the piles, fixed
supports were applied as base constraints, while the connection between
piles and beams was achieved by introducing support devices (fixed,
unidirectional, and multidirectional) according to the bridge’s design. In
Fig. 12 is reported the solid and the single-line FE model views. The
average size of a 1D mesh element is set to 200 mm.

For load application, the chosen combination maximized the
moment at the base of the pile 5. The considered loads and their com-
bination coefficients are listed in Table 2 according to [48]. The load
combination corresponding to the Ultimate Limit State (ULS) was then
analyzed statically, determining normal force and bending moment at
the base of the pile 5 as 23,717 kN and 35,289 kNm, respectively.

a)

Table 2
Load and combination coefficient.
Loads Values Safety Combination
coefficient coefficient
Self-weight (structure) 25 kN/m? 1 -
Paving 21.78 kN/ 1 _
m
Central Guard-rail 3.75 kN/m 1 -
External guard-rail 6.45 kN/m 1 -
Wind 0.9 kN/m? 1.5 -
Traffic -lane 1
distributed 27 kN/m 1.5 0.4
Traffic —lane 1 tandem 300 kN 1.5 0.75
Traffic -lane 2
distributed 7:5 KN/m L5 0.4
Traffic -lane 2 tandem 200 kN 1.5 0.75

3.6. Prag bridge: Structural verifications for different hazard scenarios

Based on inspections of pile 5 on the Praz bridge, no corrosive phe-
nomena were found. Consequently, a flexural verification of the actual
state of pile 5 was performed. Due to a lack of material data and the
absence of a testing campaign, safety coefficients for knowledge level 1
(KL1) were applied according to the NTC2018 standard [48] (a factor of
1.35 for KL1). Fig. 13 illustrates the flexural verification of pile 5 under

b)

Fig. 12. FE model (Praz Bridge): a) single-line view, b) solid view.
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Fig. 13. Bending investigation for pile 5 at the normal stress value of
23,717 kN.

real conditions, indicating the failure domain as “failure domain (I).” It
is arguable that the current structure is in good health, at least for the
time being. However, with the realized DT, future inspections and
monitoring can assess structural health.

To demonstrate the capabilities of the DT, an additional analysis was
conducted under degraded conditions. Assuming a 40 % reduction in the
resistant section of the rebars, local corrosion in the longitudinal bars
due to chlorides was postulated, as shown in Fig. 14. Fig. 13 depicts the
flexural verification of pile 5 under degraded conditions, highlighting
the failure domain as “failure domain (D)”.

Structural verification was performed by importing geometry and
material properties into VCA-SLU software [49], where resistance do-
mains were compared with FE model derived stresses. Visualizing
degradation on the DT, which includes inspection data and corroded bar
placement, enables faster implementation than traditional methods.
Additionally, it facilitates future enrichment of the DT model with
structural details, such as resistance domains of various structural
element.

Despite the significant amount of assumed reinforcement loss due to
corrosion, the verification remains satisfactory for the bending moments
in both the longitudinal and transversal directions. However, this sce-
nario could be critical for the stability of the pile, as corrosion of the
longitudinal rebars could compromise the horizontal rebars (functioning
as ties), thus increasing the buckling length of the corroded longitudinal
rebars under both static and dynamic loads.

Bridge inspections typically furnish the essential details to define the
resilient steel reinforcement section. However, they sometimes lack
some of the parameters required for constructing the corrosion model
[50]. Even if such parameters are unavailable from on-site analyses, the
periodically enriched DT, with the results of regular inspections, be-
comes an efficient database for developing a genuine corrosion model.
This involves deriving degradation laws through interpolations of
properties over time, as well as requesting the collection of relevant data
during subsequent regular inspections.

Moreover, the open format and interoperability of the DT empower
bridge owners to conduct analyses using their preferred software or
engage any consultant, all without incurring additional expenses for
model reconstruction or reanalysis.

To further emphasize the importance of scenario modeling using

Corroded longitudinal steel bars

Fig. 14. Disposition of the corroded longitudinal steel bars.
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DTs, the case of the Gerber saddles is considered [51]. Gerber saddles
have been popular for a long time as they allow for a point where
bending moments are forced to be zero. However, a significant issue
with this element arises from the joint placed there, which over time
may develop water leakage containing heavy doses of deicing salts. The
wet/dry conditions will promote a fast corrosion of the reinforcement of
the Gerber saddle and the degradation of the concrete. Since Gerber
saddles are inherently difficult to inspect, any signs of problems in this
element or leakage of the joints should prompt careful scenario analyses
and in-depth inspections, as the failure of the saddle could lead to the
failure of the bridge, as seen in the unfortunate case of the Concorde
bridge [52].

The Gerber saddle and the Concorde bridge serve as examples of a
vast array of elements and cases where a digital twin could help save
lives and ensure the safety and service life of capital cost structures in a
more efficient manner.

4. Discussion
4.1. Technological obsolescence in bridge management

In the past, the challenge of monitoring small bridges that did not
exhibit critical behavior but had surpassed their design life was
addressed through a low-cost methodology. This approach, developed
by land surveyors, was based on diachronic image correlation and could
be easily implemented using a low-cost digital camera and specialized
software called “Mic-Mac,” which provided data on the movements and
deformations of visible portions of the structure. The basic concept
involved installing the camera on an invar perch, equipped with a GPS
system, to capture data at regular intervals that would be transmitted to
a central database. An alarm would be triggered if any deflection or
movement of selected points on the structure exceeded predefined
thresholds. Structural engineers were responsible for identifying these
critical points and setting the parameters for when the alarm should be
activated to trigger an inspection or urgent action. A correct identifi-
cation of these thresholds cannot rely solely on a traditional FE model. It
must also be representative of reality. In fact, when aiming for cost-
effective monitoring and when data on the materials used during con-
struction are unavailable, a level of knowledge 1 (KL1) is assumed. This
also means that in-depth analyses in terms of geometry and/or material
performance are not conducted, often for economic reasons. The stan-
dards [48] permit this type of assumption, provided that more stringent
safety correction factors are applied during analysis. Therefore, an
optimization process is necessary to develop an efficient predictive
model (FEM_U), as outlined in the schema in Fig. 15.

For this purpose, differential evolution (DE) algorithm can be used. It
is a direct parallel search method designed for large-scale optimization
problems [53]. Various applications of this algorithm can be found in
Literature, such as the identification of dynamic parameters of a struc-
ture to update a FE model. With this objective, Bassoli et al. utilized a
calibration process based on an improved surrogate-assisted evolu-
tionary algorithm called DE-S [54,55]. This algorithm combines the
robustness of the Differential Evolution algorithm [53] with the
computational efficiency resulting from the second-order surrogate
approximation of the objective function [56,57]. In bridge engineering,
DE serve various purposes, primarily involving the optimization of
bridge performance [58,59] and the refinement of bridge maintenance
plans [60].

As depicted in Fig. 15, a simplified model identifies objective func-
tions and optimization parameters, while target values are determined
through in-situ vertical deflection measurements. Utilizing three tech-
nologies—two traditional methods and DIC—the most cost-effective
option.

The DE algorithm is then employed to optimize the parameters
defined in the simplified model, which can subsequently be used to
update the FE model. This process enhances the accuracy of structural
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Fig. 15. Overview of methodology adapted for Grandson Bridge.

behavior predictions and establishes threshold values for deflection to
identify anomalies in real-time monitoring. This procedure is particu-
larly effective for small bridges, defined as those under 50 m in span.
Otherwise, the parameters become too numerous for optimization based
on a simplified model, making result control challenging.

This approach is subsequently applied to an existing bridge
(Grandson Bridge), demonstrating both its potential and its limitations.
On one hand, it highlights the capability to monitor smaller bridges with
low-cost instrumentation. On the other hand, it reveals significant
challenges related to the operation and updating of numerous single-
purpose FE structural models, each constructed by different engineers
using various software tools. This case underscores the need to update
the approach to meet current demands by using interoperable DTs that
facilitate direct monitoring of small bridge structures through cost-
effective methods. It also highlights the critical importance of open
and interoperable DTs that can evolve alongside the physical bridge,
demonstrating how many existing monitoring and system identification
methods could be effectively repurposed within this new framework.

4.2. General characteristics of the grandson bridge

The bridge studied is located in Grandson (481 m altitude) and es-
tablishes a junction of the main road of Fiez (RC 260) over the highway

that connects Yverdon-les-Bains with Bienne. It is composed of three
spans. Each bridge span is formed by four prefabricated and prestressed
reinforced concrete box beams with a wheelbase of 2.61 m, connected
transversely by a 16 cm concrete slab. Two different types of pre-
stressing are executed: (1) by bonded tendons for the extreme spans and
(2) by post-tensioning.

Beams are supported by eight V-shaped piles. The latter elements are
connected each other at the base via direct foundation. Figs. 16 and 17
show longitudinal and transversal sections of the studied bridge.

Considering that its opening to traffic dates back to 1987, materials
are classified and defined according to the standards of that time
[61,62]. Table 3 presents the material properties of the bridge, which
were deducted by considering both the design plans and calculation
reports, as well as the constraints imposed by the prevailing regulations
at the time.

4.3. Acquisition systems

The acquisition systems aim to measure the displacement field at a
specific point under various loading conditions. This will define the
target parameters for the optimization model. The load is applied by the
passage of a truck (21.995 tons), and the measurements are taken when
the truck is at the centerline in three different positions, as depicted in
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Fig. 16. Longitudinal section of the Grandson bridge.
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