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1 Introduction

Abstract

For several years, the use of the BIM method has been mandatory for public new
construction and replacement projects of the transport infrastructure in the Federal
Republic of Germany. As a result, about 20 use cases (UC) for the application of
digital models have been defined. Most of them focus on the planning and execution
phase. Despite the importance and long duration of the operational phase, there are
isolated definitions for use case for operational phase and therefore underrepre-
sented in the overall context. Moreover, none of the published use cases so far
consider the specifics of bridge structures. For this reason, a further definition of
specific BIM use cases for the operation of bridge structures is needed. In this arti-
cle, BIM use cases for the use of digital models of bridge structures in the operation
and maintenance phase are defined based on a qualitative empirical study. First,
the current state of the art is elaborated by means of a literature analysis. Based
on this, a expert interviews are conducted and systematically evaluated. The BIM
use cases for operation are derived from the results. In addition, requirements and
artifacts are defined. This results in a further specification of the use of BIM models
in the operational phase of bridge structures and promotes the digitalization of
maintenance management.
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this end, specific guiding documents and strategy papers

Bridge structures are complex, need to be resilient and
have a special significance for the economy and society
[1-3]. Especially due to the long operational phase of
bridges, the maintenance of bridge structures is of partic-
ular importance [4]. In the German transport infrastruc-
ture network, there are a total of about 40,000 road
bridges [5] and approximately25,000 railroad bridges [6].
The majority of these bridges are currently in a condition
that requires rehabilitation [7]. At the same time, a future
service life of more than 100 years is targeted for the
bridges [7, 8]. In order to achieve this goal and to estab-
lish a predictive maintenance management for existing
bridges, it is necessary to use new digital methods and
technologies [9, 10].

A key element for the digitalization of bridge operation is
the method of Building Information Modeling (BIM) and
the use of digital building models along the complete life
cycle. The use of BIM in the infrastructure sector has been
given priority in recent years and is to be implemented
across the board in a step-by-step approach by 2025. To

have been published in all transport sectors in recent
years, such as the “Stufenplan Digitales Planen und
Bauen” [11] or the “Masterplan BIM Bundesfernstrallen”
[12]. Within these documents, implementation procedures
and different possible uses of digital BIM models are pre-
sented in the form of use cases. So far, these use cases
mainly address the planning and execution phase. Despite
its relevance and duration in the life cycle of a bridge
structure, the operational phase is currently still given too
little attention in the context of BIM. The research article
fills this research gap and will define specific BIM use cases
for the operational phase of bridge structures and develop
important framework conditions and reference models.

2 Related Works

In recent years, the establishment of BIM in the construc-
tion sector has intensified [9]. In this course, unified struc-
tures and requirements have been established. The asso-
ciation buildingSmart International, for example, has
established the BIM Use Case Management. This serves to
record the necessary application options and specifications
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for digital models in the infrastructure domain [2, 13, 14].
According to the VDI guideline 2552 sheet 2, the imple-
mentation of the BIM method involves a specific process
or work step using a digital 3D model to achieve defined
goals [15].

In the German construction sector, various BIM use cases
with a focus on the complete life cycle for building con-
struction and infrastructure construction have been devel-
oped in recent years within research, but also by public
administrations and private companies. Deubel et al. pre-
sent a catalogue for BIM UC in construction [16, 17].
Equally, specific BIM UC for federal buildings were defined
in the strategic publication “Masterplan BIM fur Bun-
desbauten” [18].

In contrast, individual BIM UC were also defined for the
infrastructure sector. Based on the step-by-step plan for
digital design, construction and operation, a total of 20
BIM UCs were published by BIM4Infra at the national level
in the first phase, covering the entire operational phase in
one scenario [19]. With the publication of the "Masterplan
BIM Bundesfernstrallen”, a total of 8 UC are defined for
the construction of federal infrastructure systems.
Thereby, only 3 UC consider the operational phase [12,
20]. However, these are not specific to the requirement of
the operational phase, but apply generically to several
phases in the life cycle. In contrast, the “Deutsche Einheit
FernstralBenplanungs und -bau GmbH (DEGES)” has de-
fined a total of 19 of its own UC for the use of BIM in the
life cycle of structures in road construction. In this context,
the operational phase is also only considered in a single
use case [21]. In a study by the Federal Highway Research
Institute (BASt), the use of BIM in the operational phase
of road bridges was also examined in more detail. Seven
scenari-os for the use of BIM in operation were also con-
sidered and defined in more detail [22]. Due to the many
different definitions of BIM UC of the companies and public
institutions, a standardization for the life cycle both in
building construction and for infra-structure construction
(road and rail) was undertaken at the federal level and
sample cases were published as a guideline. For road and
bridge construction, a total of 17 UC were published. In
this context, the operational phase is addressed by six UCs
- (i) operation, (ii) maintenance, (iii) traffic management,
(iv) area management, (v) environment, and (vi) budget-
ary management. [23]

Although there are already first approaches for the speci-
fication of use cases in the operation of bridge structures,
important disciplines of maintenance management, such
as structure inspection, diagnostics, monitoring or recal-
culation are not yet addressed. For this reason, this article
attempts to unify and specify the BIM application for the
operation of bridge structures in the road and railroad sec-
tor. This is done by integrating a practical view with expert
knowledge.

3 Methodology

After a review of the status quo through an analysis of
existing literature, the main part of the article defines the
BIM use cases for the application of digital models in the
operational phase of bridge structures. For this purpose,

an explorative approach is carried out by conducting qual-
itative, guideline-supported expert interviews. This me-
thodical procedure serves the integration of the profound
practical knowledge of the participating experts for the
definition of relevant artefacts for science and practice. In
the context of this procedure, a total of 31 experts were
interviewed in 25 sessions. As a prerequisite for participa-
tion in an interview, an expert had to have a total of more
than three years of experience in one of the areas - bridge
construction, bridge design, bridge operation, structural
inspection, structural diagnostics, BIM for bridge struc-
tures. The experts were selected to include all relevant
parties involved in the operational phase of bridge struc-
tures. Thus, persons from bridge operators (asset own-
ers), public institutions, engineering offices were involved
in the interviews. The results of the interviews were sys-
tematically evaluated by the qualitative content analysis
according to Mayring [24] and the relevant BIM use cases
were derived. The BIM UC for the application of digital
models of bridge structures in operation are generally de-
fined for the areas of road and rail transport. These are
presented in detail in the following step. Furthermore, a
phase model, a uniform outline structure for digital bridge
models and their minimum se-mantic requirements are
defined. In addition, a reference architecture is developed.
At the end of the article the results are discussed, critically
reflected and an outlook on further research results is pro-
vided.

4 Development of the BIM-Uses
4.1 Quantitative Studies

Experts are persons with many years of experience and
area-specific knowledge as well as a high level of expertise
[25, 26]. A total of 31 experts are interviewed in 25 Ses-
sions, who also serve as knowledge providers for the def-
inition of the use cases. Table 1 shows the assignment of
the interviewees to 3 different expert groups. This allows
the topic to be viewed holistically from different perspec-
tives.

Table 1 Expert groups in the interview series

Expert- Amout of per-
Name
group-No. sons [pcs.]
1 Bridge structure opera- 12

tor (asset owners)

Engineering offices for
bridge construction
2 (planning, mainte- 6
nance, structural in-
spection & diagnosis)

governmental

P, 13
institution

For the structured and systematic acquisition of the exist-
ing expert knowledge, a guideline for the interviews is
used as a main document [27—29]. The guideline and the
integrated question are based on national standards and
technical regulations from the domains of road and rail-
road construction in Germany. This included a total of four
main categories - (i) potentials, challenges and require-
ments, (ii) definition of detailed phases of digital models

95U8017 SUOLIWOD aA 81D 8 (dedljdde ay) Ag peusenob afe sopile VO 8sn Jo s 10} ArIqiauluO 8|1/ UO (SUONIPUOD-PUR-SWLRY/L0D A8 |IMAkelq 1 puluo//Schy) SUONIPUOD PUe SWis 18U 88S *[202/70/80] Uo Areiqiauliuo As|1m “YeylolqigNyasyooH Usydey Yy Aq 88Tz eded/z00T 0T/I0p/wod A1 Arelqeuluo//sdny woiy pepeojumod ‘S ‘€202 ‘S.0.60S2



703

in operation, (iii) definition of UC in the operational phase
and (iv) minimum information requirements - each with
specific guiding questions. The interviews were conducted
in a semi-structured format and generally had a duration
of approximately 80-90 minutes. In the context of the sci-
entific article only the main categories of the definition of
the detailed phases, the use cases as well as the minimum
information requirements are considered. All other topics
will be defined in further research work of the institute.

4.2 Definition of a phase model for the the opera-
tional phase

The already existing BIM use cases for infrastructure sys-
tems with focus on the planning and execution phase are
classified into the service phases according to the “Hon-
orarordnung fur Architekten und Ingenieure (HOAI) [20,
30].]. To ensure that the UC defined in the scientific article
for the operational phase are also classified along the op-
erational phase, a phase model is defined based on the
expert knowledge gained (s. Fig. 1). This is used to specify
the operational phase for the use of the bridge structure
as well as the BIM model developed. Moreover, it ad-
dresses the needs of bridge structures in both road and
railroad construction. According to the evaluation of the
expert interviews, no fixed time periods can be defined for
the phases of bridge structures in the operational phase.
This results from the individual circumstances of the
bridge construction as well as specific load scenarios and
reactions. Instead, the operation of a bridge structure is
divided into three generic phases - (i) the warranty phase,
(ii) the utilization phase, and (iii) utilization with re-
strictions. The warranty phase is the first subphase and
represents the transition between construction and the op-
eration phase. It is the only terminated partial phase and
has a length of five years. After this, the bridge structure
enters the actual utilization phase, during which the re-
sponsibility lies entirely with the asset owner. From that
time on, no temporal definition is provided for the two
phases still to be completed. Instead, the condition index
is used as a significant parameter for classifying the struc-
ture in the different phases. This indicates the general con-
dition of the bridge in a quantified value. With increasing

Periodical inspections of structures Controlled aging
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Condition indicator
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age, the condition grade also progresses.

Figure 1 Phase model for bridges in the operational phase

The duration of the utilization phase has no predefined pe-
riod. With increasing age and condition scores as well as
the resulting decreasing quality of the building structure,
the regular implementation of maintenance, repair or
modernization measures according to RPE-ING counteract
the aging process. As a result, the service period can be
further extended, the condition grade decreases and the

quality increases again. This is represented in the phase
model by the returning arrow. If the bridge is used too
intensively with increasing age despite all maintenance,
repair or modernization work, the transition to the third
and final phase "use under restrictions" is reached. In this
phase, a controlled aging of the structure proceeds, as well
as a parallel planning of a replacement construction or
demolition of the existing structure. The aim of the oper-
ational phase is to guarantee the operational phase as long
as possible and to carry out continuous improvement
works according to the RPE-ING [31]. This prevents the
transition to the final phase and guarantees the continuous
availability of the bridge structure and the associated traf-
fic infrastructure. The corresponding data for the repre-
sentation of the currently existing phase of the operation
as well as necessary information, such as the condition
grades, are displayed in parallel in the BIM model, as well
as anchored in the minimum standards of the information
level.

4.3 Description of the BIM Use Cases

The main focus of the conducted expert interviews is to
define new use cases for the application of digital BIM
models for the operational phase of bridge structures. For
further specification of this phase, the knowledge of 31
experts was acquired within the scope of the guided inter-
view series (25 interview sessions). The shared knowledge
was processed, their contents analysed according to Mayr-
ing [24] and clustered. A total of 13 use cases could be
defined, which are described below (s. Tab. 2).

Table 2 BIM use cases for the operational phase of bridges

Use-Case No. Description

01 Bridge Inspection

02 Monitoring

03 Bridge structure diagnostics

04 Geotechnical analysis

05 Structural recalculation

06 Bridge structure maintenance
07 Road, rail and equipment maintenance
08 Deconstruction

09 Simulation

10 Sustainability assessment

11 Immersive technologies

12 Smart Service

13 Network Analysis/Cohort Evaluation

BIM Use Case 01: Bridge Inspection

Cyclic execution of test procedures on the bridge structure
to determine damage and damage progression according
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to valid standards and technical regulations (e.g. DIN
1076, ASB-ING, RIL 804, VDI 6200, etc.). The structural
inspection is recorded and evaluated according to the cri-
teria of durability, stability and traffic safety, and condition
grades are assigned on this basis. The damage information
obtained is integrated into a "damage" sub-model and
continued during operation.

BIM Use Case 02: Monitoring

This use case implies the installation of a monitoring sys-
tem for the bridge structure using sensor technology. In
conjunction with this, the structure has a specifically ori-
ented monitoring concept for the collection of different
sensor data (static and dynamic) and reference to material
and structural properties of the structure. The monitoring
system collects structure-related data in a predefined time
period for further analysis on the condition of the bridge.
The collected data is linked to the model on a further data
basis and is also made available in aggregated form in an-
other specialized model "Monitoring" to the user in the op-
erating phase.

BIM Use Case 03: Bridge structure diagnostics

Detection, evaluation as well as the condition prognosis of
the actual condition of the structure using structural engi-
neering test methods. Both construction and material
properties are considered. Destructive, low-destructive
and non-destructive testing methods are used in bridge
diagnostics. The results are also made available in aggre-
gated form in another specialized model "Diagnostics" to
the user in the operating phase.

BIM Use Case 04: Geotechnical analysis

Preparation of geotechnical expert reports with regard to
settlement and deformation behaviour, stability issues,
(ground) drainage as well as for contaminated sites in ac-
cordance with current guidelines and standards. The in-
vestigation basis is formed by subsoil investigations, ge-
otechnical field tests, vibration measurements and
geotechnical laboratory tests. The data are embedded in
a separate submodel “underground structure”.

BIM Use Case 05: Structural recalculation

Conducting a recalculation to assess the load-bearing ca-
pacity and serviceability of existing bridge structures in the
event of serious existing deviations from design and con-
struction in accordance with the relevant standards and
technical guidelines.

BIM Use Case 06: Bridge structure maintenance

The operational use case "bridge structure maintenance"
includes the administrative tasks as well as the planning
of necessary measures to maintain and modernize the sta-
tus quo of the bridge structure condition. This is also used
to record the condition development of a bridge in order
to develop preventive or reactive maintenance strategies
as well as medium- to long-term implementation planning
of measures at the execution level

BIM Use Case 07: Road, rail and equipment maintenance

Constructional and operational maintenance of road, rail
and peripheral equipment (drainage, protective equip-
ment, telemetry, etc.) of bridge structures in accordance
with the current standards, technical regulations and rec-
ognized rules of technology of road and rail engineering.
Structural maintenance includes "all minor structural
measures to safeguard the structure, function and traffic
safety. Operational maintenance includes appropriate care
and maintenance work [31]."

BIM Use Case 08: Deconstruction

The deconstruction or partial deconstruction of the bridge
includes the engineering planning and execution, consid-
ering various factors that influence the selection of the
demolition method. A distinction is made between decon-
struction variants such as blasting, mechanical decon-
struction, crane deconstruction, use of lifting technology,
floating out or combinations. The deconstruction ends the
life cycle of a bridge and is usually connected with a new
bridge structure or partial replacement.

BIM Use Case 09: Simulation

The simulation includes - separated from the recalculation
- the design and verification of the behaviour of the bridge
structure under cross-linking the digital bridge model with
further external data sets in different scenarios (e.g.
earthquake, load data, wind and weather data, etc.).

BIM Use Case 10: Sustainability assessment

Consideration of the operation of a bridge structure and
associated maintenance measures under ecological, eco-
nomic and social sustainability aspects. By linking the dig-
ital BIM bridge model with further sustainability data,
multi-criteria analysis can be implemented for the evalua-
tion and optimization of sustainability in the operational
phase.

BIM Use Case 11: Immersive technologies

The use case "Immersive Technologies" serves as an ex-
tension of the use case 03 "Visualization" of the planning
and execution phase of BIM4Infra [19]]. Here, a visualiza-
tion is used for the visual preparation of a digital bridge
model without interaction with the user. In the new use
case "Immersive Technologies", there is the possibility of
interaction with the digital BIM model by the user. Data
can be displayed, edited and created within the immersive
environment. This creates a bidirectional data exchange
between the physical structure and digital model, integrat-
ing humans into the process chain.

BIM Use Case 12: Smart Service

Using intelligent algorithms based on artificial intelligence,
demand-specific analyses, forecasting and decision-mak-
ing bases are derived on the basis of the digital BIM model
and other data containers of the considered use cases. The
use case refers to the consideration of a single building
structure and its existing database.

BIM Use Case 13: Network Analysis/Cohort Evaluation

A bridge cohort is formed by considering an infrastructure
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corridor. Digital BIM models of the bridge structures are
linked together and holistic analyses and predictions are
carried out along the corridor by evaluating the linked da-
tabases. In this way, analogies of structures in connection
with operation (utilization possibilities, damage develop-
ments, etc.) can be identified and holistic measures in op-
eration can be derived. In this use case, two or more linked
bridge structures and their databases are applied.

The special feature of the use cases is the consideration of
the operation of bridges in road and rail infrastructure. By
covering both domains, the use cases are considered to be
applicable in all domains. The BIM use cases focus either
on the structure (bridge structure), on its structural equip-
ment (e.g. road surfacing or rail alignment) or on more
advanced scenarios of data usage based on the digital
bridge model. All UC have a uniform minimum standard
for the geometric and semantic information depth as basic
data or minimum attribution.

The existing synergies and dependencies between the use
cases should be emphasized. All use cases have a uniform
minimum standard for the geometric and semantic infor-
mation depth as basic data or minimum attribution. (illus-
trated in the following chapter). In addition, it is envi-
sioned that each use case will once again have specific
information requirements. These are not considered in the
context of this scientific article. Use cases and their infor-
mation points can be coupled as needed to obtain a higher
depth of information for the operation. Nevertheless, the
minimum attribution is always included in an operational
model of the bridge. This approach is to ensure the per-
formance of the model. Based on structure of the pub-
lished use cases of the “Ministry for digital and transport
(BMDV)” [20, 23], specific profiles are developed for each
use case. These contain the parameters - (i) definition, (ii)
occasion, (iii) benefits, (iv) stakeholders and implementa-
tion requirements, (v) data, models and formats, and (vi)
information requirements. The catalogue with the elabo-
rated fact sheets will be detailed in further publications of
the institute.

5 Bridge breakdown structure and minimum at-
tribution

In order to provide the digital models of bridge structures
with a qualitative basis for their intended use in the oper-
ational phase, a minimum standard will be developed in
the following for all predefined use cases. This includes the
definition of a uniform structure and hierarchy of the digi-
tal bridge models as well as the specification of compo-
nent-specific levels of detail. In addition, a basis for a min-
imum attribution of the geometric and semantic
information for the digital models is created. These speci-
fications are intended to be generally suitable for bridge
structures from both road and railroad construction.

The first part of the specification is the definition of a basic
model structure for bridge structures, a universally used
Bridge Breakdown Structure. For the definition and subdi-
vision, the relevant standards in road and railroad con-
struction will be used and a unification will be determined.
A submodel structure is chosen for the digital model in or-
der to cover all relevant components of a bridge structure
and to integrate the necessary data points specifically and

according to requirements. The level structure (see Tab.
3) distinguishes in the first level between the structure of
the building, domains of specific equipment, the environ-
ment as well as further, use case related models (e.g.
damage model, monitoring model, diagnostic model, etc.).
The 2nd level specifies the main models according to their
possible submodels. For example, the main model Civil
Structure is differentiated according to the components -
superstructure, substructure, abutments, caps, transition
structure and foundation. Table 1 shows a pattern for the
breakdown of the model structure. Here, the models are
even sub-divided up to the third level "object instance". In
addition to the consideration of the civil engineering struc-
ture, the specification of the civil engineering equipment
on the second and third level is then differentiated accord-
ing to the specifics of the two domains road and rail. The
model structure serves as a generic guideline and can be
adapted according to the specifics of each individual pro-
ject.

In addition to the development of a uniform submodel
structure of the BIM models, the experts were also asked
in the series of interviews about the necessary level of de-
tail of the models at the geometric and semantic levels.
According to the expert statements analysed, a high level
of semantic detailing of the model is of great importance
for the use of BIM models of bridges in the operational
phase. This means that a lot of further alphanumeric as-
built information needs to be integrated or linked.

Table 3 Unified model structure digital bridge models in the opera-
tional phase

| |
1st level 2nd level (igc'ie(?t\/?n—
(main models) (submodels) .
stance)

Longitudinal
structural ele-
ments

Traverse struc-
tural elements

Internal compo-
nents (e.g. ten-
dons)

Superstructure

Caps

Superstructure
(roadway, rail
track)

Bridge structure
Columns (incl.
form)
Wall str r
Substructure all structures
Arches
Etc.

Abutment -

Brige caps -
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Foundation -

Railing
Poles
Luminaires
Road marking

Structural equip- Drainage system

ment Structural equip- Groundinds
. ment 9
- road engineer-
i Signals &
ing
signage
- rail engineering
Guard rails
Noise protection
walls
Etc.
Subsoil -
Drainage -
Pipeline
Surroundings
Vegetation -

(terrain model)
Surrounding
structures

Protective equip-
ment

Type of damage

Form of damage
(punctiform, lin-
ear, areal)

Damage model

etc.
Monitoring model  Measuring  sen-
sors
Use case related Signal amplifier
models

Etc.
Diagnostic model  Destructive test

Semi-destructive
testing

Non-destructive
testing

Etc. -

In contrast, according to the experts, more abstract geo-
metric representations can also be used in the geometric
detailing. The definition of the "Level of Information Need

(LOIN)" in the DIN EN 17412-1 [32] should be determined
individually by the plant operator for the generation and
use of digital bridge models in the operational phase. The
definition of the individual LOIN of an existing bridge is
also influenced by factors such as the size of the bridge,
the type of bridge, the considered use cases and the level
of detail and the actuality of the as-built documentation.

To ensure that the digital models with the unified bridge-
breakdown structure can also be used effectively for oper-
ation, a minimum attribution is defined. This will be devel-
oped on the basis of technical standards and regulations
as well as the findings of the expert interviews. The alpha-
numeric information serves as a guideline for a potential
minimum attribution of the model or the individual sub-
models. Further attribution at component level for use in
operations is recommended. In particular, it is necessary
to provide the submodels with case-specific information
according to the requirements. The minimum attribute set
consists of ten generic attribute categories with a total of
51 semantic attributes including the representation of the
data types (e.g. integer, float, boolean, etc.). A listing of
the individual attributes would exceed the scope of the ar-
ticle, which is why the attribute categories and the number
of attributes per category are listed in Table 4 below.

Table 4 Generic representation of the minimum attribution of BIM
models in operation.

Amount of se-

Cate- . .
orv No Name mantic attrib-
gory ) utes)
01 Identification information 5

02 Basic information about 9
the building structure

03 Quantities 8
04 Condition assessment 3
05 Concrete values 11
06 Relnforcement and pre- 5
stressing values
07 Temperature 2
08 Production and mainte- 3
nance
09 Products used 3
10 Pavement specification a

(road / rail)

6 Reference Architecture

The defined BIM use cases in the operational phase, as
well as the requirements for the model structure and the
minimum attribution, all focus on the level of the BIM
model. In addition, the consideration of the integration of
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Figure 2 Reference system architecture for the use of digital bridge model in the operational phase

the model into the existing structures of the system land-
scape of deployed application systems in operation. For
this reason, a generic architecture for integration was de-
veloped as an additional artifact. It serves as a framework
for optimal integration of the digital model as well as its
efficient and interoperable use in the operational phase.
The integration and linking of the digital model with the
core data of the operation, as well as the possibility of the
flexible integration of data sets specified for the respective
use case are to be emphasized. The basic components of
the reference architecture (see Fig. 2) are explained ge-
nerically below:

Common Data Environment & Control Layer:

The generated digital model of the existing structure is
managed in a Common Data Environment (CDE), acting
as a single source of truth for the operational phase ("Op-
erational-CDE"). The digital model has bidirectional data
exchange with the real bridge structure, so that changes
during the operational phase are also transferred directly
to an updated model version. The administrator of the CDE
is the asset owner. He can control the application system
via a control layer. This allows new project participants to
be created and read, access and editing rights to be as-
signed within the CDE.

Core Data:

The digital as-built model is linked to the basic as-built
data sources via the CDE. Thus, relevant asset information
is transferred directly into the digital model or linked to it.
The inventory data represent the "core data" in the oper-
ational phase. It includes the alphanumeric as-built infor-
mation, additional as-built data (e.g. plans, images, re-
ports, etc.) and the laser scan data of the as-built bridge.
The databases of the "Core Data" are managed by the
plant owner and kept up to date continuously during the
operating phase.

Use case specific data:

Each use case possesses a separate continuative data-
base. The relevant data of the use case is managed in this
database and is available for integration or linking with the
model as required. Individual databases are set up for dif-
ferent use cases (e.g. damage, monitoring, diagnostics,
construction, sustainability, finance, etc.). The databases
of the specific "data sets" are managed either by the plant
owner or by the parties responsible for the use case and
are continuously kept up to date during the operating
phase.

Service Layer:
The service layer is linked to the CDE and is used for fur-

ther processing of the data. The relevant data within the
model including the linked further databases are used for
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the different evaluation activities. Different services can
be used for simulations, analyses, predictions, visualiza-
tions, linking, controls and planning, recalculations or oth-
ers. Services are additional modules of the operational
CDE. Intelligent algorithms for optimal data processing are
integrated into these modules.

Presentation Layer:

The presentation layer is used for the user-centric presen-
tation of the BIM model and the processing results via the
service layer for the end user (additional user). In this con-
text, the model and the data can be presented via different
end devices. A presentation in a web browser on the PC, a
mobile device (tablet or mobile phone), an immersive en-
vironment (virtual - and augmented reality) or other de-
vices of choice are supported.

System API:

Another component in the architecture is an existing API
for an interoperable linking of the CDE with further appli-
cation systems (e.g. model authoring software, quality
control systems, etc.) used by the project participants in
the operational phase. This implies both the in-house ap-
plication systems of the asset owner, as well as systems
of external parties.

7 Discussion

This article presents new results to further specify the use
of digital BIM models in the operation phase. Based on
qualitative expert interviews and the integration of exist-
ing literature, standards and technical regulations, new
BIM use cases for the operation of bridge structures are
defined and a phase model is derived. Furthermore, a
standardization of the model structure for digital as-built
models in the form of a Bridge Breakdown Structure is
evolved and a minimum attribution specified. To ensure
that the digital models can be embedded in the existing IT
infrastructure of the operational phase in a performant and
interoperable manner, a reference architecture is also be-
ing developed. By defining the artifacts, a significant con-
tribution is made to the optimized use of digital models in
the operational phase of infrastructure structures. This
provides all stakeholders with a framework for the future
successful generation and implementation of digital mod-
els of existing bridge structures. On the one hand, this
promotes the quality, transparency and consistency of
data management and use, and on the other hand, it
strengthens collaboration among the stakeholders. Fur-
thermore, a significant contribution to the creation of a
digital and predictive maintenance management is cre-
ated. As a result, the life cycle of bridge structures can be
extended and the critical infrastructure can be perma-
nently kept intact.

In addition to the fundamental positive contributions for
the improved generation and use of digital BIM models in
the operation of existing bridge structures, there are also
limitations in the research approach. A first limitation is
the practicability and further verification of the results. Alt-
hough these are based on existing standards and scientific
literature as well as further expert knowledge, there is a
need for further testing and verification. The further veri-

fication can be done, for example, by conducting an em-
pirical study or an expert workshop. Practicability also can
be tested by implementing feasibility studies or integrating
them into pilot projects. Based on the results of the testing
and verification cycle, an optimization can be conducted.
Another limitation is the generic consideration level of the
elaborated content. The results of the articles provide new
insights on a strategic level. A specification of all contents
on the operational level of the use cases is further neces-
sary.

In future research activities, the results should again be
subjected to an iterative testing and verification loop. This
can be done using both qualitative and quantitative re-
search methods. The involvement of practical experiences
is target-oriented in this context and should be considered.
Furthermore, the practicability should be tested in case
studies, further practical feasibility studies and in pilot pro-
jects. Furthermore, the results should be integrated into
further frameworks.

8 Conclusion

This article presents the definition of BIM use cases, a
phase model, further model information and a reference
architecture for the generation and use of digital models
of existing bridge structures in the operational phase.
First, the status quo is presented by means of a literature
research. Subsequently, the basis for the definition of the
models and architectures is established by holding a
guideline-based series of interviews. In this context, 31
experts with experience in bridge operations and BIM are
interviewed. Based on the derived results, a total of 13 use
cases for BIM models in bridge operations are defined and
a further phase model for their classification is generated.
Based on this, the definition of a unified bridge breakdown
structure for BIM bridge models in operation as well as
their minimum attribution is established. In addition, a ref-
erence architecture is developed for the smooth integra-
tion of the BIM model into the IT infrastructure of the op-
erational phase.

A future use of the results developed in the scientific arti-
cle will make a significant contribution to the further inte-
gration of the BIM method in the national infrastructure.
In the future, this will improve cooperation between the
stakeholders involved and lay the foundation for predictive
and digital maintenance management. In addition, the
level of digitization and automation in the area of infra-
structure construction will be improved and a significant
contribution made to longer usability and increased resili-
ence of critical infrastructure systems.
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