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Introduction

Large infrastructure facilities enable the transportation of
people and goods. During operation and maintenance
(O&M), failure could endanger public safety or increase
material usage and pollution. Therefore, their reliability,
availability, and accessibility are crucial during the O&M
phase (Sabatino et al., 2015).

Bridge management (Brighenti et al., 2024), Structural
Health Monitoring (Ko and Ni, 2005), and bridge life-
cycle (Frangopol et al., 2017) contribute significantly to
its reliability. Heterogeneous information spans from the
inner (structure, workers) to the facility's outer scope
(traffic users, vessels). Hence, it is vital to manage
incoming and outgoing information properly.

The project adopts the concept of Digital Twins (DTs). It
enables bi-directional data flow between the physical
facility and its virtual counterpart (Fuller et al., 2020). The
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project aims to develop a structure (Boje et al., 2020;
Pregnolato et al., 2022) for the data management and
semantic enrichment for the O&M projects using the
Linked Data (LD) and Industry Foundation Classes (IFC).
This way, the IFC Schema is explored for the maintenance
scenarios, which would synergize with Semantic Web
Technology, already validated in academic research of
built environment.

The aim opens the hypothesis: It is possible to define an
open system architecture of DTs for large infrastructure
facilities that are reusable and scalable using open data
standards and LD principles.

Methodology

The methods consist of the four main steps, with a
continuously present activity throughout the project
collaborative inquiry and feedback sessions with the
experts from the Sund & Belt.

IFC Schema assessment in the context of O&M
Objective Means and output
Contextual inquiry with Current practices of AM of large
the Great Belt bridge —>» facilities, taxonomy, workflows,
Asset Management (AM) information exchange between systems.
l Model the current state of the facility data
Requirements or current e model with Linked Data and convert
data model to IFC to IFC (LD -> IFC) with IfcOpenShell.
Closing the loop of IFC -> LD conversion.
-—
Bi-directional conversion IFC <-> LD allows for more control
of as-is geometries for O&M until renovation and decommissioning.
4

Holisting framework development of Digital
Twins for large infrastructure

Objective Means and output

Combine different data formats, such as|
Heterogenity of information —3- simple text, semantic and geometrical model,
time-series, photogrammetry obijects, etc.

Referent vs. necessity of
reference in life-cycle
of the infrastructure

facility

Means to gauge the importance of the data
——>» and information across different stages of
the project, procedures, and tasks.

Support the standard layer system from hardware
System framework with to content, enable embedding digital artifacts
Layered Modular —3  to the physical objects without restructuring
architecture The entire system, through the means of Semantic
Web Technology and an i bility layer.

Figure 1: Methodology steps demonstrating objective, means and output of each part of the research



The first step is to review ontologies used in facilities for
O&M according to the standard categories in the domain.
The second is to investigate the capabilities of the IFC for
O&M. The third is to facilitate gaps from the previous
study using bridge ontologies. The fourth is to combine
findings to enable data and schema integration for DTs
framework. Figure 1 illustrates the steps and subtasks that
need to be achieved.

Results

Some of the steps have been already completed (Table 1).
The outline and the results of the preliminary step are
summarized in Figure 2.

In the first step, the results of the ontology review for
O&M, based on the method of De Andrade Pereira et al.
(2022), , are contained in a paper that is currently under
review. The main O&M categories are covered by at least
one ontology. Majority of the proposals have not been
published on the Web. IFC 4.3 is the most suitable for
comprehensive O&M coverage.

In the second step, analysis of IFC 4.3 Schema
(International Organization for Standardization, 2024) in
workflows in O&M, such as planning or changing
equipment, was carried out. Ownership, asset history,
document reference, and time-series were successfully
included in the IFC.

In the third step, the group used a custom converter for the
round-trip IFC-RDF (Resource Data Framework) to study
the feasibility of a bi-directional workflow by leveraging
LD without the risk of outdating the IFC file considerably.
The potential use of IFC 5 (van Berlo et al., 2025) is still
to be analyzed.

In the fifth step, IFC and ifcOWL (Beetz et al., 2009) are
chosen as reference ontologies. The ongoing assessment
is to determine the data model, formats, and specialized

I. Use case - The Great Belt Bridge
Action Results

1. Contextual inquiry (collection method).
Interview with experts at the Great Belt Link:
1) Asset and Monitoring Manager, 1. Coded interview with information
2) Project manager (inquiry for concrete structures)
3) IT Project Manager,

4) BIM Manager,

5) Structural Health Monitering actor.

2. System and model investigation.

how each system works.
2. Access to the sensor data, BIM models (IFC files
in particular), Structural Health Monitoring platform.

l Results

1 Ench sys'em is ww” esrgbl.shed wnhm itself. However, it lacks the integration between the systems. It reduces data
ies between the data containers.

2. BIM models are designed in the IFC2X3 schema with IfcBuildingElementProxy occurring as the majority of [fcElements.

A minimal amount of the data is stored in Property Sets. Federated models are not coordinated. IFC models are only for
limited reference. At the pmm of the interview, there were no plans to update the models

3. The Asset ¢ actions, schedules, asset history) is well-structured, so it points

to only one unique identifier. Sensor data is persistent since the start of the measurement.

¢ Conclusion

Three main conclusions arose:

1. The Emerging need to integrate multiple systems to enhance headquarters and bridge site performance.
2. There is a need to utilize BIM models (IFC in particular) to rebuild IFC models and enrich them with
information important in the operation and maintenance phase.

3. Homogenization of the data for the entire company portfolio.

¥ Validation

Validation of the data and findings consists of:
1. Examination of the IFC file of the Great Belt bridges under the criteria of the size, semantic richness (information
included in the models), and geometry correctness (concluded with the decision to neglect current models and build only
the semantic side).
2. Evaluation of the current system architecture under the criteria of data model interoperability between systems (con-
cluded with the development of the layer based on Linked Data, coupled with the current organization's data schema.
3, Compcnson ol emsrmg «and proposed upprouches undet the =mmu of the file formats, size, semantic richness, and

ili ion attachment, bi-di y between IFC models with other data files, such
as Linked Dnlu (m be concluded with the final inquiry with the experts)

ontologies to reuse to complement the core. Primary
candidates are Bridge Topology Ontology (BROT)
(Hamdan et al., 2020), Damage Topology Ontology
(DOT) (Hamdan et al.,, 2021), Bridge Maintenance
Domain Ontology (BMDO) (Zhang et al., 2023).

Table 1:Methodology steps completion

Step Details

Data gathered and examined. Authors need
Th.e Great Belt to validate the solution with the Great Belt
Bridge

team.
The Femern Data partially gathered and examined. More
Belt Tunnel feedback sessions are expected

Under review. The evaluation has shown the
influx of ontological models for O&M for

Ontologies for
Operation and

Maintenance bridges. However, most of them are not
in bridges accessible online.
Partially done with testing schema against
the Great Belt O&M workflows and
IFC Schema important artifacts. It includes asset history,
assessment ownership, responsibility, maintenance
schedule, document reference, and time-
series.

Persistent and  Partially done. Custom IFC-RDF round- trip

resilient converter in Python to update IFC and the
change of knowledge graph anytime. The next step is
information to include IFC 5.
Collected ontologies that will be used in
connection with other parts of the data
Holistic models, for example, IFC models, asset
framework history, schedule, and concrete surface
development photogrammetry. The social aspect of
knowledge, expertise, and retention
development is set in motion.
II. Use case - Femern Belt Tunnel
T Results so far

1. Contextual inquiry (collection method).
Interview with experts at the Femern Link:

1) Project Manager 1. Preliminary inquiry and engagement plan with the

i Results

1. Volume, type, and criticality of knowledge that is needed for @ current intervention (task, contract, milestone, project
level) vary.

2. Data retention of expert knowledge needs to be icall I
and preserve organizational long-term acquired knowledge.

3. Transition between Construction and Operation and Maintenance (O&M) demands thorough development of
as-operated BIM models with sufficient information to perform O&M tasks.

—
2) Technical Project Manager experts

3) BIM and ICT Manager
4) BIM Manager

d and recorded in order to build

»L Conclusion

Three main conclusions arose:

1. Volume of the data handling requires contextualizing and slicing before the transfer or any manipulation.

2. There is a need to capture the sense of decision-making in each stage of the project to better understand and review
actions that lead to a particular result.

3. The amount of the data also entails being surgical about what kind of information is processed further, and what

is archived or entirely dlsposed of Therefore. it is necessary to establish criterio and means fo accommodate fhe

ki and types of the data and its di d objectives.

for future, not-yet

J Validation

Validation of the data and findings consists of:

1. The primary validation criterion is the applicability of the method for data modeling of the Operation and
Maintenance of large facilities (done in the first use case) to the information transition from Construction to O&M.

2. Another criterion is a feedback session with experts from the Femern Link about how valid the proposal is for the
current system architecture for data management from the as-built model to the model-for-FM, including Linked Data
to the technology stack while still having IFC models as a core of information.

Figure 2: Breakdown of use cases, The Great Belt (Link) and Femern Belt (Link)
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Figure 3: Information management for use case 1 - the Great Belt with the division on Digital and Physical Layer.

Completed steps are shown as system information
management in Figure 3. Main containers in the
organization are not completely connected so they cannot
communicate freely. Enhanced capabilities are possible
by utilizing batch processing of IFC files with
IfcOpenShell library  (IfcOpenShell, 2025), and
serialization to the triples (TTL format).

Discussion

Case studies show different data management approaches
for the same project stages. It is due to the technological
gap between the projects. Femern Belt uses the IFC
models. Conversely, the Great Belt prefers to maintain the
usage of CAD and PDF drawings. The common
denominator is asset-oriented maintenance which means
that any activity must be connected to an element. One of
the challenges is to balance system rigidity with evolving
data models while also ensuring proper integration of
BIM models with other data sources.

Conclusion

The compound approach of IFC and LD for the O&M
allows flexibility and keeps the models consistent.
However, it requires robust, tight integration between the
models. This implies that extension of the data graph must
be compatible with IFC. Nevertheless, this strategy
creates opportunities for further stages such as renovation,
decommissioning, and reuse because the model is already
up to date for use in authoring tools.
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