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ABSTRACT

Aging bridges require improved maintenance strategies; however, recent developments often rely on newly
collected data to represent the bridge and its condition, hindering their large-scale adoption and thus significant
improvements. This paper demonstrates how existing data from legacy bridge management systems (BMS)
can be utilized to automatically create object-oriented knowledge graphs and three-dimensional models of
bridge structures and their inspection data. It applies a relative spatial reference system to position and link
components and damage, generating a bridge maintenance graph from BMS data that supports spatial queries
using natural-language-based location terms. This enables the automatic localization of recorded damage
through their textual location descriptions. The method successfully processed 90% of 2,348 damages from
two use cases with a precision of 0.8 and a recall of 0.97. The approach bridges the gap between the needs of
modern information models and legacy data structures, facilitating the widespread implementation of improved

maintenance strategies.

1. Introduction

The increasing aging of existing bridges leads to deteriorating struc-
tural conditions, affecting the entire road infrastructure network, with
direct economic and societal consequences. In the USA, 42% of 617,084
highway bridges are over 50 years old [1], and in Germany, 45% of all
52,563 federal highway bridge structures were built before 1980 [2].
Thus, an international interest is developing efficient maintenance
strategies to counteract this development and ensure a sustainable
working infrastructure.

Conventional processes like visual bridge inspections are part of
a reactive maintenance strategy. This strategy focuses on observing
the asset regularly, documenting damage, and recording its condition
in a database-centered Bridge Management System (BMS) [3]. Based
on the information collected, maintenance actions are planned, such
as adjusted traffic regulations, repairs, replacement of components, or
rebuilding of the bridge [4].

However, as stated by the American Society of Civil Engineers
[1], this maintenance strategy is no longer sufficient to compensate
for the increasing stock of bridges with deteriorating conditions, as
it builds on time- and cost-intensive processes and reacts too late to
changed conditions. Against this background, considerable research has
already been carried out to support the information management, the
inspection process, and the maintenance planning to enable a predictive
maintenance strategy in the long term [5-7].

* Corresponding author.

Much of this work focuses on how improved inspection processes
and information management systems can be implemented in future
using state-of-the-art methods such as automated spatial data acquisi-
tion methods [8], Structural Health Monitoring (SHM) [9], Building
Information Modeling (BIM) [10-13] and Digital Twin (DT) frame-
works [14-16].

A prerequisite for these approaches, such as BIM- or DT-supported
maintenance, is an object-oriented, three-dimensional representation of
the bridge construction and inspection data. Since these are often un-
available for existing structures, most research approaches either newly
acquire the required data using modern reality capturing (RC) technolo-
gies or manually re-record existing information to fit the proposed data
structures.

This workload was manageable as the approaches were often only
tested on individual use cases or implemented as pilot projects. How-
ever, the developed methods must be widely adopted and implemented
in practice to exploit their full potential and achieve significant im-
provements.

This paper introduces a method to reduce the dependency on ex-
tensive (manual) data collection or migration by leveraging existing
BMS data sets. These data sets offer essential information regarding a
bridge’s construction, condition, and history. They are accessible for
numerous bridges across various countries, have been compiled over
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many years, contain thousands of damage entries, and adhere to a
consistent data structure established by regional or national guide-
lines [3,17]. For instance, roughly 52,000 bridge structures in Germany
are recorded within the national BMS.

The proposed process automatically reads BMS data and transfers
the recorded bridge inspection information into object-oriented knowl-
edge graphs and three-dimensional representations. Consequently, it
can facilitate the implementation of model-based maintenance by pro-
viding a knowledge graph and geometric model of the bridge and, more
importantly, of all recorded damages.

Most information in a BMS is textual, particularly inspection re-
ports and condition documentation, which rely on detailed textual
descriptions. Damage to a specific component or bridge area is typi-
cally indicated using relative location information expressed in natural
language, such as “damage is at the left, rear end of the beam”. Thus,
the core of the presented process is transferring the implicit damage
documentation into explicit spatial links and geometrical representa-
tions.

The process is initiated by deriving a bridge model graph from the
BMS data, which employs the same relative spatial referencing system
as the documentation of existing damage entries. This compatibility
subsequently enables querying the bridge graph with the documented
relative location information of damages. Consequently, the damage
can be automatically allocated to a specific component and, where
applicable, to a designated component area.

This establishes an object-oriented information structure compatible
with BIM methodologies, facilitating structured spatial queries of the
BMS dataset. Such capabilities may assist in identifying areas of a
bridge that have sustained significant damage, while also permitting a
comprehensive spatial analysis of multiple BMS datasets, for instance,
to discern patterns at the network level. Furthermore, since all histori-
cal damage documentation is readily accessible, the bridge’s condition
for each year can be represented to analyze the evolution of the bridge’s
condition and identify areas that have been particularly stressed over
time.

Furthermore, the methodology derives geometric models from the
knowledge graph, providing a spatial representation for textual damage
records. In addition to the enhanced spatial overview and accessibility
to inspection data, the method facilitates the spatial superimposition
of other bridge-related information (e.g., plans, photographs, models),
thus enabling the identification of spatial cross-references within the
dataset pertaining to a particular bridge. This approach is explored in
the ‘SpaceLink’ project, to which this work is affiliated. The project
aims to produce an automatically interlinked, spatially accurate dataset
of a bridge that can serve as a foundation for digital twin developments.

Nevertheless, the BMS database has been selected as the exclusive
data source within the workflow in this paper due to its well-defined
and structured data collection. This facilitates creating a broadly appli-
cable and highly automated process that does not depend on secondary
data sources or pre-processing steps, which may vary for different
datasets. Since the BMS adheres to a national data model amenable
to structured querying, rule-based transformations can be employed to
encode expert knowledge within specialized algorithms. Consequently,
this process can be directly applied to individual datasets in contrast to
stochastic machine learning (ML) methods.

Due to the purely numerical and textual information in BMS, this
decision implies that the method can primarily create rough representa-
tions of bridges with simple geometries. Therefore, it focuses on straight
plate, girder, and frame highway bridges. Since these types account
for 76% of bridges built in Germany [18], the method still has many
application scenarios.

Thus, the method enables systematic access to existing BMS datasets
and provides an improved structure and representation of collected
inventory information that is compatible with state-of-the-art infor-
mation models. The proposed approach can bridge the gap between
the requirements of modern maintenance methods and legacy data
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structures, contributing to easier and faster implementation of en-
hanced maintenance strategies by avoiding an immense and unafford-
able workload for (manual) data migration. Additionally, it integrates
historical maintenance data into improved solutions and helps prevent
potential information loss.

This work specifically investigates the following research questions
within the framework of the proposed method:

Research Question 1 (RQ 1). Can models of a bridge and its damage be
generated automatically from BMS data sets? Is the information contained
in the BMS sufficient for this?

Research Question 2 (RQ 2). How can relative, natural-language-
based location data be processed to automatically derive the relationship
of damage to a component and the location and size of the damage area?

Research Question 3 (RQ 3). How can spatial attributes and relation-
ships be formally described to represent the geometry of bridges and damage
correctly?

Research Question 4 (RQ 4). What accuracy can the method achieve?
Are the results sufficient to implement model-based maintenance concepts?

Research Question 5 (RQ 5). To what extent can the entire process be
automated? What information cannot be processed automatically?

The methodology is demonstrated on the German BMS SIB-Bauwerke
and two bridge datasets. In the following Section 2, state-of-the-art
methods and related research approaches are reviewed. Section 3 out-
lines the method, beginning with background information about the
German BMS and previous work. Next, we explain the creation of the
bridge graph, the processing of damage descriptions, and the derivation
of simple bounding box geometry models. We demonstrate the method-
ology using the bridge datasets and evaluate the outcomes in Sections 4
and 5. Finally, Sections 6 and 7 offer discussions and conclusions
regarding the presented method and its findings.

2. State of the art in research and technology

This section provides an overview of current BMS systems and in-
troduces recently developed digital methods that support bridge main-
tenance and documentation. Furthermore, we explore research projects
focused on data collection and modeling of existing bridges, as well as
methods for evaluating recorded inspection data. We conclude with a
summary of current research gaps.

2.1. Digital bridge and damage representation

Bridge management systems (BMSs) are digital solutions to sup-
port infrastructure owners in managing and efficiently maintaining
existing bridges. BMSs are usually database applications specifically
developed or adjusted for country- or region-specific data models and
guidelines. In general, they must fulfill the basic requirements of pro-
viding bridge construction data, recording and storing inspection data,
enabling condition assessments, and planning maintenance actions [5,
6,19].

Overviews of different BMSs used worldwide are given in the works
from Hearn et al. [20], Helmerich et al. [5], Mirzaei et al. [17] and
Brighenti et al. [3]. They include a selection of European (e.g., Den-
mark, Norway, Germany, Switzerland, Netherlands, UK, etc.), North
American (USA and Canada), Asian (Japan, South Korea, Vietnam,
Taiwan), African (South Africa, Namibia, Botswana), and Australian
BMSs.

In summary, all reviewed BMSs use databases as a central compo-
nent, populated through various user interfaces ranging from offline
desktop applications to web-based mobile applications. In some cases,
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they are supplemented by a business logic layer. In most systems
analyzed, the condition assessment relies on damage documentation
and is subdivided by component types or groups. Therefore, dam-
age is assigned to certain predefined component types. The Danish
DANBRO system, for example, has 15 main components; the German
SIB-Bauwerke, 14; and the BMS STRUMAN, mainly used in African
countries, has 21 main element types.

As there are usually no models of existing bridges and most BMSs
do not (yet) support model representations, damage locations are often
(if at all) indicated by free text descriptions. In Germany, there are
predefined fields for each direction in which the location descriptions
are stored. In the Dutch BMS DISK, damage entries can be additionally
linked to items on construction drawings, and in the BMSSTRUMAN,
damage can also be located on schematic plans by a linked picture.

In the USA, the condition assessment is performed for individual
components instead of component groups. However, there is no sepa-
rate damage documentation; it is part of the free-text description of the
component’s condition.

To improve information management, Building Information Model-
ing (BIM) for bridge maintenance is gaining increasing interest. BIM
offers model-based, object-related data management and facilitates
the exchange of information between different stakeholders [21]. In
the maintenance context, the BIM model of a bridge can addition-
ally support the inspection process by providing a better overview
and easier localization of component and damage data, thanks to the
three-dimensional representation [22,23].

With the extension of the Industry Foundation Class (IFC) schema to
include infrastructure and bridge-specific definitions from version 4.2,
the vendor-neutral representation and exchange of BIM bridge models
is also made possible [24,25]. However, the IFC Bridge Extension
focuses on the main components of a bridge; there are no dedicated
classes for mapping maintenance data, such as damages.

Since the operational phase of assets includes a lot of heterogeneous
data Linked Data methods from Semantic Web technologies are being
investigated. With the help of Web Ontologies for specific fields of
application, data with a wide variety of formats and from different
sources can be represented in the linked data format, a Resource
Description Framework (RDF) graph [26,27]. Using the SPARQL query
language [28], the interlinked data sets can be efficiently queried.

IfcOWL [29] can display any IFC model as an RDF graph. In addi-
tion, several bridge- and maintenance-specific ontologies have already
been created, which follow either a monolithic or a modular approach.

Monolithic ontologies include all the classes and properties required
to map a specific application context. A recent development in the USA
aims to provide a national Data Dictionary (DD) for general bridge and
infrastructure terms that should be transferred to an ontology [30].
The DD should promote the alignment between the terminologies
of different states and include all necessary terms to store and ex-
change information about infrastructure-related tasks. An ontology to
support the inspection process is developed by Zhang et al. [31].
The bridge inspection ontology (Blontology) contains general bridge
element classes and structural and spatial relations between them.
Other monolithic bridge-maintenance-focused ontologies are the Brid-
geOnto [32], the BrMontology [33], and the BRONTEX Ontology [34].
They were developed to evaluate bridge inspection data and provide
basic classes to represent the bridge elements and detailed concepts
to map deterioration knowledge, deficiency causes, hazard types, and
materials.

Modular ontologies can be used flexibly and are easier to combine
with other ontologies, making them more widely applicable. Hamdan
and Scherer developed the modular Bridge Ontology (BROT) [35],
which is derived from the Building Topology Ontology (BOT) [36].
The BROT Ontology provides classes of spatial zones and bridge com-
ponents and can be extended by sub-ontologies with definitions for
component details, construction specifications, building materials, and
structural analysis. The authors also defined topological relationships
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to express the spatial and structural dependencies between compo-
nents. The Damage Topology Ontology (DOT) [37] was developed to
define damage to components and describe the topological relations
between components, damage areas, damage patterns, and damage
elements. The Area of Interest Ontology (AOI) [38] can be used in
combination with the BROT and DOT Ontologies to define sub-areas of
component surfaces that are damaged, such as the center or peripheral
area, and top and bottom. However, the AOI Ontology does not offer
direction-specific definitions.

2.2. Related research

Various research projects are investigating the application of the
above-mentioned methods to improve the representation and manage-
ment of bridge maintenance data.

Creating a three-dimensional representation of existing bridges is
an inherent step in many approaches. The SeeBridge project presented
by Sacks et al. [12] derives a BIM model from Point Cloud Data (PCD).
The model follows a defined Information Delivery Manual (IDM) for
BIM Bridge Inspections and a corresponding Model View Definition
(MVD). Another PCD-based approach is followed by Mafipour et al.
[39], where a parametric prototype model is fitted to the PCD. A combi-
nation of manual modeling based on construction plans and automatic
geometry derivation from PCD is investigated in [40] to reach the
most comprehensive representation of the bridge. The interpretation
and spatial arrangement of existing construction plans for deriving a
superstructure model is demonstrated by Faltin et al. [41]. They extract
viewing markers in the construction plans to position the plans relative
to each other and store their spatial relations to each other. Another
approach for automatic model creation is shown in [42]. The approach
works with existing bridge management data from railway bridges and
template spatial alignments of main element axes to each other. The
parametric template axis model is defined using Revit and Dynamo,
filled with dimension values from the management data, and results in
a bounding box model with different levels of detail. The model is then
enriched with element information from the bridge management data
and exported to IFC.

The representation of damage in 3D models is subject to different
approaches. Artus [10] present an IFC-based approach where damage
is represented using specific IFC entities, such as Voiding, Surface, or
Annotation elements. In Tulke et al. [43], 3D pointers in a custom-
made viewer highlight the position of damage in a 3D model. Both
approaches rely on manual entry and localization of damage. In [8,
12,22], damage is automatically detected on geo-referenced image and
point cloud data. In [12], the detected damage is integrated into an
IFC model as element surface textures; in [22] the damage information
is added as custom property to the IFC element, and in [8] damage is
stored in an RDF graph and classified using Description Logic (DL).

Several approaches address the direct integration of current BMSs
in their methods. Tulke et al. [43] built a framework where the German
BMS SIB-Bauwerke is fully integrated via a bidirectional data exchange
between a 3D model that is used for inspection and the BMS. This
allows historical data to be accessed and the BMS to be provided
with current data. However, the model is a non-object-oriented CAD
model and only refers to component groups via different layers. The
assignment of the BMS data to the model is a manual process. The
integration of the German BMS with a BIM model is presented in [13].
Their approach uses an Information Container according to ISO 21597
to link IFC model elements to the BMS database, thus supporting a BIM-
based inspection process compatible with the current BMS. However,
they do not focus on representing past data in the IFC model. The
SmartBRIDGE project presented in [44] developed a Digital Twin (DT)
approach, where existing damage from the BMS is located in the model,
and additional tabular damage information can be accessed. As it is a
singular pilot project, the BMS data was manually integrated into the
DT.
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Fig. 1. Process overview.

The extraction of damage information from unstructured text doc-
umentation is presented in [32,45]. The authors present a Conditional
Random Fields (CRF) based information extraction method from textual
inspection reports that recognizes component, defect, size, quantity,
and impact-related terms. The terms are defined in an ontology (Brid-
geOnto) that captures bridge maintenance and deterioration knowl-
edge and thus supports the automatic interpretation and analysis of
inspection reports.

Additionally, some approaches demonstrate the benefits of inter-
linked (bridge) maintenance data management. In [31], an ontology-
based approach analyzes the documented damage entries and their
spatial relations to suggest the next element to inspect at a current
inspection to speed up the process. The spatial relations are manually
added to the existing data and expressed with cardinal points. Singer
et al. [46] employ asset data from the German BMS as a knowledge
base for bridge design processes that can suggest possible construction
types based on input parameters such as length, depth, and curvature.
Another approach where documented knowledge is looped back for de-
cision support is described in [47]. Here, defect data from construction
projects is stored in an RDF graph, together with its context information
from the BIM model, to build a knowledge base. The knowledge base
can then be queried for correlations between component construction
types, materials, or processes, and defects that occurred to these com-
ponents during the construction or operation phase. As it was tested
on buildings, the defect documentation did not follow any regulations
and was taken with a custom-made sheet, which was then converted to
RDF.

2.3. Research gaps

In summary, the automatic processing of existing data has not yet
been sufficiently investigated. Approaches for automatically creating or
deriving models or damaged areas often depend on newly recorded data
(point clouds, images). This methodology is unsuitable for a large-scale
application due to the required effort. In addition, these approaches did
not take historical data into account. If historical data were integrated,
it was a manual process for only small test use cases. The ontological
approaches focus mainly on representing bridge elements or damage
areas, but cannot describe their spatial attributes and relationships
without referring to external data.

The methods that use existing data sets from the BMS or construc-
tion plans focus on creating a model but do not handle inspection data.
When textual inspection data is examined, it is primarily a question of
machine-supported interpretation of damage data to analyze its effects.
A detailed consideration and processing of the spatial aspects of damage
information is not undertaken. At most, the damage is assigned to
components or component groups.

Thus, this approach can contribute to a structured access to existing
BMS data by automatically generating 3D bridge models, including
spatially localized historical inspection data. As it is not dependent
on newly acquired data, the approach has potential for large-scale
application. Moreover, resulting datasets can support Natural Language
Processing (NLP) methods for understanding spatial relationships and
dependencies in text data.

3. Method

The proposed method consists of three parts, illustrated in Fig. 1:

1. Bridge Graph Creation: Creating an object-oriented Spatial
Bridge Graph (SBG) containing bridge components

2. Damage Localization: Adding the recorded damage to the SBG
by spatially linking them to the affected components based on
their relative location descriptions.

3. Model Generation: Calculating the dimensions and local co-
ordinates of the component and damage objects for deriving a
three-dimensional model representation.

The input data for the process is sourced from the BMS database,
which contains documentation on the bridge type, dimensions, com-
ponents, and inspection history. In Germany, the database is part of
the closed proprietary software SIB-Bauwerke. Due to associated acces-
sibility and querying limitations, a process was previously developed
to convert the database contents of each bridge into an RDF graph.

To represent the spatial relations among the objects in the graph,
the Relative Location Ontology (RELOC) was developed. It corresponds
with the relative, natural language-based localization method of the
BMS data and facilitates the expression of topological relationships.

The ontology is used to create the initial Spatial Bridge Graph (SBG),
which includes the bridge components and their spatial relationships.



A. Gobels and J. Beetz

Automation in Construction 178 (2025) 106418

MAPPING TABLE _®
SIB BW database - ASB-ING Ontolgy "o ®
= ~» ASB-ING
SQL QUERY Q =] s*  Ontology
For each table, column, row : - class
Search new classes and attributes SPARQL QUERY property
Q «  Search class and property in ASB-ING Ontology key class / literal / object
SIB-BW Table +  Search key class (if OBJECT = key) SIB-BW Graph
= @prefix : <http://example.org/sibbw#> .
Table : Current Damage (1/61) @prefix asb: <https://w3id.org/asbingowl/2016/core#> .
AssetID D ge Type D ge Size D gelD Year D ge Nr @prefix asbkey: <https://w3id.org/asbingowl/2016/keys#> .
146036511  |130043341000000 '130053500000000 WRORNE35 2017 14 ‘W30EL9GG_Damage alashiDamage;
46036511  |130045312000000 '130053200000000  |WRORL2RV 2017 31 ’ asb'ASBObject Date "2020-05-29"AAxsd date:
46036511  130043155000000 '130053500000000  WSOEFSKL 2017 32 : Sy W, ’ d
46036511 | 130047140000000 |130053500000000 |WSOEP2TP 2017 21 aSEjSSBObjechID Wb3k0 EI_.9GGt_ '“ .
46036511  130041530000000 '130051800000000  WSOFCB98 2017 43 asb:Damage_léz%g?_ey;M )
(46036511 [130045500000000 |130053200000000  |W30EL9GG 2017 5 ) ash:Llamage_1J)_INrE, . :
46036511 | 130047110000000 |130053200000000  |WSOE4TRD | 2017 2 asb:Damage_Type asbkev.Waterdamaqe.
46036511  |130045120000000 |130051900000000  |WSOFIXZP 2017 17 asb:associatedWith :4603651_1_Bridge.

Fig. 2. Conversion process of the BMS database into RDF graph.

The information about the components is taken from the BMS data.
The method focuses on the following conversion of the textual damage
location information from the BMS data into formal, spatial relations
between the damage and the (affected) bridge components, which
also utilizes the RELOC ontology. The final SBG graph combines both
the components and the damages. By using documented or derived
components and damage dimensions, relative coordinates can then
be calculated, completing the extraction of spatial information. These
coordinates are subsequently used to create a simple bounding box
model.

In the following Section 3.1, we briefly introduce the previous work
steps and results, including the conversion process of BMS data into
RDF graphs (Section 3.1.1) and the RELOC Ontology, in Section 3.2.
Additionally, we present our prior approach for damage localization,
based on an external geometric model, to facilitate a comparison be-
tween the two methods (Section 3.1.2). Next, we outline the process
steps in Sections 3.2, 3.3, and 3.4, with their implementation on two
use cases described in Section 4.

3.1. Background & previous work

This section provides background information on the data sources
and models employed in the proposed method. It outlines the German
BMS and national data models and summarizes the outcomes of earlier
work phases. All German terms are translated into English in the
remainder to enhance clarity.

3.1.1. Conversion of german bridge maintenance system data to RDF graphs

German bridge data is managed and stored in the proprietary,
relational database system SIB-Bauwerke [48]. It contains textual infor-
mation about administrative aspects and the bridge’s construction and
maintenance history. Additionally, 2D plans, pictures, and documents
can be stored; however, the system does not support a 3D model
representation of the asset.

The data types used to populate the database include variable text,
numerical types, or predefined terms (enumerations). The enumeration
values are defined in hierarchical key-value tables and encoded as
15-digit numbers.

The structure of the database and the key—value tables are defined
by the national guideline Instructions for the Road Information Database -
Subsystem Structural Data (Anweisung StrafSeninformationsbank - Teilsys-
tem Bauwerksdaten) (ASB-ING) [49]. The ASB-ING data model contains
about 120 classes, more than 500 attributes, and 3000 enumeration
values, related by restricted relations representing mandatory rules and
standards.

SIB-Bauwerke uses a relative spatial reference system employing
directional terms for localization. Therefore, the bridge direction is
defined at the beginning of the documentation process using cardinal
points or city references (e.g., “from North to South”, “from Cologne to
Munich”) and references to the overarching road network.

To document the bridge construction, SIB-Bauwerke stores infor-
mation about the bridge’s type, direction, curvature, total length and
width, and the number of spans. Each span is described with an as-
cending number, a width, a minimum and maximum height, and a link
to a substructure component. The ordering of the bridge spans follows
the bridge direction, starting with zero at the front. In addition, indi-
vidual components (superstructure, substructure, cap, deck, etc.) are
documented with a specific type designation (e.g., substructure: pier),
a free textual location description (e.g., “left side”), and partly, with
broad dimensions (e.g., superstructure: construction height: 1.5 m). For
the superstructure and substructure, there is also an indication of the
number of beams or columns in the transverse direction.

The maintenance documentation includes condition assessments,
damage records, and recommended actions. The condition assessment
is based on the assignment of damage to component groups. Using
a simple calculation process, described in [50], each group gets a
condition rate, contributing to the overall bridge condition.

Damage is recorded by specifying its type, the affected component
group, the affected component type, its size, location, and impact fac-
tors. Additionally, a picture and an annotation can be attached. While
component locations are stored as free text, the database provides four
designated fields to store the damage location. These are filled by
selecting from 206 different enumeration values, including longitudi-
nal, transversal, and vertical location terms. However, sometimes, the
annotation field is misused to specify the location.

These enumeration values are predefined, textual, natural-language-
based descriptions of relative locations. Thus, directional terms such as
front abutment, at the end of the superstructure, xx. beam from the left, right
side panel, 5 m behind the start of the 3rd span, bottom, or right, describe
the position of the affected component and its damaged area (see also
Fig. 26 in Section 5).

To convert the contents of the SIB-Bauwerke database into graphs,
the ASB-ING data model was transformed into a Web Ontology [51].
The ASB-ING Ontology' enables the representation of the BMS data as
open and accessible RDF graphs while maintaining compatibility with
the mandatory data structure.

1 ASB-ING Ontology: https://w3id.org/asbingowl/core.
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Fig. 4. Creation process of the damage area box [53].
Table 1 geometrical representation. It achieved an improved overview and
Example of a BMS damage entry converted into RDF. access to the data and an unambiguous, explicit localization of damage.
Pre?" rd'f; }}‘I“P:/ / W""S"f’('jW3'°rg/b 1999/ (12/ 22';df'syma"'ns# The IFC model was created based on 2D documentation and segmented
: https: . . . . .
presx asb: atps //V_V id.org/asbingowl/ core point clouds as part of the TwinGen research project, which devel-
prefix asbkey: https://w3id.org/asbingowl/keys# i K . A
- oped methods to (semi) automatically generate Digital Twins for the
Subject: DamagelnstanceXY . . s .
. . operation and maintenance of existing bridges [16].
Predicate Object Fig. 3 shows the rule-based process that links the components and
1 rdf:type . asb:Damage damages of the BMS data graph to (an RDF representation of) the IFC
2 asb:Assessment InspectionYear 2017 model and creates simple geometrical representations of the damaged
3 asb:Damage_Damage_ID_Nr 5
4 asb:Damage_Type asbkey:WaterDamage areas.
5 asb:Component asbkey:Abutment Therefore, the model’s orientation was aligned with the direction of
6 asb:ComponentSupplement asbkey:Concrete the bridge stored in the BMS data. Then, bounding boxes were created
; as‘;g"mp‘mi“mr?ul’ asgieyzf\;‘npone‘g@oup Substructure in the IFC model representing relative location zones, like front, end,
asb:Damage_Location asbkey:AbutmentFront . . . . . s
9 asb:Damage Location asbkey:Bottom right side, left side, first field, etc. Additionally, the relevant IFC classes
10 asb:Damage_Location asbkey:Left and ASB-ING component types were mapped.

To include the enumeration values in the RDF graphs, they were
transformed into classes of a sub-ontology, the ASB-ING Key Ontology,*
with their hierarchy represented by subclass relations.

Fig. 2 illustrates the conversion process of the BMS data to an RDF
graph, described in [52]. As input for the process, database files (dbf)
containing the information of a single bridge are needed, or direct
access to the database is required.

In advance, the database tables and columns were mapped to their
corresponding classes and properties of the ASB-ING Ontology. Using
this mapping, each table row is transformed into an instance (RDF
subject) of the respective class and linked to its attribute values via
the respective ontological properties. Textual and numerical values are
represented as RDF Literals. If the cell contains an enumeration value,
its ontological representation (class) is searched by its identifier in the
ASB-ING Key Ontology.

Table 1 shows an example of a damage entry converted into the RDF
structure. The example also illustrates the spatial referencing method of
the BMS, combining a component type indication and the description
of the component and damage area position (see rows 5 and 8-10).

3.1.2. Geometric representation of BMS data using external models

In Gobels et al. [53], an approach was developed that uses an
externally created IFC bridge model to enhance the BMS data with

2 ASB-ING Key Ontologies: https://w3id.org/asbingowl/keys.

To link a BMS component to its IFC model representation, the IFC
model was filtered for elements of the respective class based on the
mapping. Next, the component location description was analyzed for
location terms represented by a zone (e.g., left side). Then, the spatial
intersection of the filtered IFC elements with the respective zone was
checked, and the intersecting or contained element was linked to the
BMS component.

The damage area representation was created by subdividing the
found IFC element by the location terms used to position the damage.
Fig. 4 illustrates this process for a beam with the damage area location
terms front, top, and right. The resulting bounding box is then linked to
the damage entry in the BMS graph. A sub-part of a component for a
specific axis (e.g., the front part) is considered a third of the respective
extent since each direction can be separated into three areas (e.g., front,
center, rear) in natural language.

When the method was applied to a use case example with 33 com-
ponents and 40 damages, 72% of these elements could automatically
be identified respectively located in the model based on their textual
location description.

The main limiting factor of the approach is the completeness and
structure of the IFC model. Many finishing elements and equipment
objects were not modeled, and some components were modeled with
a focus on construction and not inspection, e.g., the main girder was
modeled as one compound object and not as a group of individual sub-
and cross-girders. Thus, damage at a specific cross-girder could not be
located. In total, missing or incorrectly modeled elements caused 68%
of the localization failures. The remaining 24% was due to missing or
insufficient location information of the BMS data.
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Fig. 5. Overview of the RELOC Ontology properties [54].

Hence, to be independent of the existence, completeness, and cor-
rectness of an externally modeled 3D model, the approach presented in
this paper aims to be purely based on the BMS data.

3.2. Spatial bridge graph creation

The first step of the methodology is to create the initial SBG. The
graph’s content and structure requirements arise from its intended
use for processing the relative location references of the BMS dam-
age entries. Thus, it must support a relative, directional localization
approach and include all spatial reference objects used for damage
location references, such as individual components and abstract zones.
The SBG emphasizes the spatial attributes of the objects. All further
information about the objects is retained in the BMS graph, to which
object-specific links are implemented during the process.

The creation process uses construction information from the BMS
graph combined with general knowledge about the spatial constraints
of bridge structures. These constraints are represented by template
spatial relationships among specific component types. To ensure com-
patibility with the relative spatial reference system used for damage

location descriptions, these template spatial relationships are expressed

reloc:equal

A

reloc:equal
Longitudinal

,Same longitudinal
center and lenght as*

reloc:equal
Transversal

.same transversal
center and width as*

reloc:equal
Vertical

.Same vertical
center and height as*

using the Relative Location Ontology (RELOC).

The Relative Location Ontology (RELOC) enables the expression of
spatial relationships between two entities using directional-topological
terms. The ontology is compatible with natural-language-based relative
location terms and allows the conversion of these into structured spatial
relationships.

The ontology provides directional properties for each axis, such as
front, center, rear, and topological properties such as meet, contained in,
and intersect. The core of the ontology consists of combined concepts
of those categories, e.g., containedInFront, which can ontologically rep-
resent the spatial information in the statement: “The damage is at the
beginning of the bridge deck”. Fig. 5 shows an overview of all RELOC
properties and a simple visualization of their spatial meaning. Detailed
documentation can be found in Gobels and Beetz [54] and on the
ontology website.®

3 RELOC Ontology: https://w3id.org/reloc/.
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Fig. 6. Application examples of the RELOC Ontology to express three-dimensional relationships [54].

A property of the RELOC Ontology describes the spatial relation of
an entity A to its reference entity B. The relation is expressed individu-
ally for each axis (longitudinal, transversal, vertical); thus, there can be
multiple spatial relations between two entities that express their exact
positioning in three-dimensional space. Fig. 6 shows three examples
of spatial arrangements that can be described using the ontology.
Additionally, it shows the alignment to other domain ontologies, such
as the BOT [36] and BROT [35] ontologies.

Using the directional-topological expression of the RELOC Ontology,
the template spatial relationships of bridge components are defined.
The inherent functionality of a bridge to carry a traffic route over
an obstacle (crossing paths, rivers, valleys, etc.) [55] leads to the
typical directed structure, with one main axis aligned with the route’s
curvature, one to many spans, a substructure with vertical, load-bearing
elements and a horizontal superstructure that spans the obstacle.

Depending on the construction type (e.g., plate bridge, girder
bridge, truss bridge, suspension bridge, or arch bridge), the sub- and
superstructure have typical designs and elements. The function of the
bridge (pedestrian, highway, railway, etc.) determines the features of
the superstructure, including a roadway, railway tracks or pavements,
and specific safety equipment such as lightning, traffic barriers, and
railings.

Within these categories (construction type and function), simplified
directional spatial relations between specific bridge components can be
stated, e.g., “the girder is on top of the substructure components” or “the
railings are on the right and left side of the bridge”. Moreover, specific
spatial arrangements can be described, such as “the front abutment is
intersecting with the first field”.

The presented approach focuses on straight plate, girder, and frame
highway bridges as they represent the majority (76%) of bridge types
built in Germany [18]. Thus, the spatial relationships between bridge
components of these types are defined.

Fig. 7 displays a set of defined relations for the main components
of a bridge, including the directional-topological relations of a front
substructure to the first span (see left of Fig. 7(a)), or the positioning
of safety equipment relative to a cap (see Fig. 7(c)).

The defined relationships mainly encompass the primary compo-
nents of a bridge, including the superstructure and substructure. Ad-
ditionally, secondary components with known information in the BMS
are included, such as caps, railings, roadway, curbs, and road transition
structures. However, elements like drainage pipes or inspection equip-
ment are excluded, as no general spatial statements can be made about
them.

Specifically, template spatial relationships are defined for the fol-
lowing bridge components and zones. A graphical illustration of all
defined template relationships can be found in the Appendix.

1. Spans (see Fig. A.27)

2. Substructure elements (abutments, piers) positioned at different
locations (see Figs. 7(a), A.29, A.30, A.31, A.38)

3. Foundations (see Fig. A.28)

4. Sub-components of the superstructure (longitudinal beams, deck
plates; see Figs. 7(a), A.32)

5. Cross-girders of the superstructure (see Fig. A.33)

6. Roadways and roadway transition constructions (see Figs. A.34,
A.35)

7. Caps (see Figs. 7(b), A.36)

8. Safety equipment (railings, traffic barriers, safety curbs; see Figs.
7(c), A.37)

9. Interior zones of components (for hollow constructions; see Fig.
A.39).

It is important to note that the defined spatial relationships are
intended to support relative spatial referencing and facilitate the gen-
eration of a simple model. They do not represent any exact geometries
or load-bearing relationships and do not claim to be comprehensive or
entirely accurate.

Using these definitions, the components and zones, along with their
respective template spatial relationships, can be combined to form a
complete spatial bridge graph based on an individual bridge’s data
stored in the BMS.

As the original data model of the German BMS, the ASB-ING (Ontol-
ogy), is a purely German standard with complex class structures, we de-
cided to create the SBG using the generic Bridge Ontology (BROT) [35],
which allows a more straightforward representation of bridge com-
ponents. Therefore, we prepared a mapping of the ASB-ING Ontol-
ogy component classes to the BROT classes (e.g., asb:Pier_Column =
brcomp:Pier).

Fig. 8 shows the creation process of the SBG. The component types
are selected based on the criteria outlined previously. The minimum in-
dividual information requirements for a BMS dataset include specifying
a bridge type to verify the overall method’s suitability, along with the
bridge width, the number, order, and length of spans, and the height
of the substructure. The BMS also provides additional dimensional in-
formation, such as the height of the superstructure or the height of the
railings. However, these details are not required and, if missing from
the current dataset, can be approximated using broader assumptions
(see also Section 3.4).

Spatial dependencies determine the sequence of the process, which
is divided into steps that create components occurring only once at the
bridge, at each span, on both sides, and at the beginning and end of
the bridge:
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1. Superordinate bridge object: It is created first and serves as the

reference object for the girder and spans of the bridge. At the
end of the process, it is linked to the components that indicate
the maximal extent of the bridge for the specific axis: the first
and last span for front and back, the caps for right and left, and
the railing and foundation for top and bottom.

. Superstructure (main girder): It encompasses the entire length
and width of the bridge and serves as the primary reference
point for the longitudinal and transversal positioning of other
components.

. Spans: They serve as longitudinal reference objects for the sub-
sequent creation of the substructure elements (3.2-3.4) and the
superstructure’s sub girders (3.5). The number of spans and their
order (ID number) are retrieved from the BMS, and the process
step is repeated for each span. Each span is spatially linked to
its neighboring spans, while the first and last span are spatially
connected to the front and rear of the bridge, respectively.

4.

5.

Caps on each side: They are the direct references for the associ-
ated safety equipment (4.2).

Road transition constructions (5.1) and the roadway (coating)
(5.2).

Fig. 9 illustrates the steps required to create an individual compo-
nent and demonstrates the exemplary creation of a front substructure
component. The steps in the component creation process are:

1.

Retrieving component information from the BMS graph and
obtaining the corresponding BROT class. Since the BMS graph
structure is known, specific SPARQL queries for each component
type are utilized to retrieve the respective input data.

. Instantiating the component as an instance of the BROT class.

The BROT class is chosen based on the mapping between the
ASB-ING and BROT Ontology. Each component receives a unique
name and is linked to its corresponding object in the BMS graph.
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. Enriching the component with documented dimensions, if they
are available in the BMS.

. Spatially linking the component to the other bridge objects based
on the defined template spatial relationships for the component
and its position within the bridge. The target objects of the
relationships, such as “the first span”, are queried by their spatial
relationships to the bridge first.

If this process is conducted for all elements illustrated in Fig. 8,
the initial SBG is complete. The SBG meets the criteria for processing
damage information by utilizing RELOC properties to spatially connect
the components. As a result, the graph can now be queried for spe-
cific elements based on the relative locations specified in the damage
documentation.

3.3. Damage localization process

The damage localization process creates an object-assigned and
explicitly located damage area object based on the existing implicit
damage location information.

To initiate the process, the damage location information is queried
from the BMS graph. The query returns the affected component type
and up to four location terms (see top of Fig. 10). The location terms
can include longitudinal, transversal, and vertical references. A term
can be purely textual (e.g., “asbkey:Bottom”) or refer to numerical
data, e.g., to indicate a specific field or an absolute, measured distance
(e.g., “asbkey:XXmFromFieldStart”). Using this information, the affected
component is first identified, then its damaged area is defined and
localized by implementing spatial relationships.

The process of identifying the component involves querying the spa-
tial bridge graph for components of the specified type and, optionally,
comparing their positions with the damage location information (see
Fig. 10).

The specific steps depend on the respective component type. Three
criteria for each type are decisive for the process, reflecting general
bridge knowledge and addressing potential misinformation:

10

. Is the component type valid for this bridge type?
. How often does a component of this type occur per bridge
construction?

3. Which axis (axes) defines the position of the component?

This first criterion defines the outcome when no component of the
type is found in the SBG. Since it initially includes only the defined
set of components, cross beams or wing walls, for example, are not
part of it. However, they are valid component types for the bridge
type. Therefore, they can be created and added to the SBG using the
information provided in the damage description: type and, optionally,
position. Nevertheless, it is also possible for a component type to be
incorrectly specified, such as a stay cable at a slab bridge. In this case,
the information cannot be processed further.

The second criterion determines whether a component’s position
requires analysis. If a component can occur only once (e.g., the main
girder), it has already been identified. If a component can occur multi-
ple times, the locations of the identified component(s) and the descrip-
tion of the damage’s position must be compared.

The third criterion determines which location data must be com-
pared with each other in this case. The damage description and the
component can have spatial references for each axis. However, only
specific axes are relevant for identifying a specific object of a compo-
nent type. For instance, the longitudinal axis position is pertinent for
distinguishing between the front and rear abutment, while the transver-
sal axis position differentiates the right and left cap. For columns or
beams, both axes are necessary to ascertain the exact position.

Knowing the relevant axis, the comparison process outlined in Fig.
10 can be conducted. A SPARQL query compares the component’s
spatial relationships (RELOC properties) with the damage location
information for the specified axis.

For textual damage location expressions, the label of the compo-
nent’s RELOC property is compared with the damage’s location term
using a regular expression filter. To achieve a high match rate, care was
taken while creating the RELOC ontology to include labels for various
languages and alternative expressions, such as “beginning” and “start”
in addition to“front”.
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Rule: Span ID =0 => Location = Front

Component creation process example for a front substructure.

If the location is expressed with a span number, that span is identi-
fied by this number, and the component linked to it is selected. When
a complex location description is present, such as “the third component
from the left” and “second field”, several queries are combined.

If the comparison fails but the component type is valid for the
bridge, a new component is created that matches the type and location
details of the damage description. In this way, the SBG becomes increas-
ingly detailed and includes all the necessary components to accurately
represent the damage, even if these were not originally documented.
However, damage to secondary elements excluded from the beginning
(e.g., drainage and inspection devices) is still filtered out.

If the individual component is identified, the damage area localiza-
tion process starts with instantiating the area as an individual of the
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Damage Area Class of the DOT Ontology [37]. Next, the component
is semantically linked to the damage area using the DOT property
“hasDamageArea” (see bottom of Fig. 10). Additionally, the damage
area is linked to the damage entry of the BMS data graph, which
provides all inspection-related information.

The localization of the damage area is established by spatial rela-
tionships from the damage area to a reference object. Generally, the
identified object from the previous step serves as the reference object
unless stated otherwise. However, the reference object can vary for
each axis. There are predefined location terms such as‘“at the center
of field X”, “at the beginning of the bridge”, or “in the area of the first
pier”. If the location terms reference anything other than the damaged
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Process Example
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Fig. 10. Process outline of the damage localization.
component, this is identified following the steps described previously manually mapped them to RELOC properties. In the example, the terms
and used as the target object for the spatial relationship. ““asbkey:Bottom” and “asbkey:Left” are given, which are mapped to
The spatial relationships used to express the location of the damage “reloc:containedInBottom” and “reloc:containedInLeft”.
are directly derived from the given location terms. Since these terms Typically, the location descriptions for each axis are pertinent; how-
originate from a relatively small set of enumeration values, we have ever, the term designating the axis, used to identify the component, is
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Fig. 11. Derivation of Extents based on “reloc:equal” and “reloc:containedIn” relations.

omitted in this step. This guideline addresses the ambiguity in the BMS
data, as it remains unclear whether the documenting person intends
“front” to refer to the front abutment or the front surface of that
abutment. We chose to define areas or zones that are potentially too
large rather than too small, to accommodate various interpretations.

Additionally, the process aims to identify the specific surface of the
damaged component to create more detailed representations. There-
fore, location terms and indications of component types are analyzed
for words (parts) such as ‘side,” ‘surface,” ‘ceiling,” ‘floor,” etc. Rules
based on component types can then derive the affected surface by
combining this information with the relevant directional information.
For example, if the component type indication of the BMS is “as-
bkey:SideSurfaceOfBeam” and a transversal direction is given, e.g., “as-
bkey:Right”, it can be inferred that the right surface of the beam
is damaged. This information is stored and used in the model cre-
ation process to develop two-dimensional damage areas on the specific
surface of the component.

Finally, the damaged area is supplemented with detailed size infor-
mation, if available. This information is either explicitly recorded in
the BMS data (e.g., crack length: 0.5 m) or can be inferred from the
damage classification (e.g., crack, transverse, 0.2-0.4 mm width). Fig.
25 shows a detailed representation of the resulting documentation of
the damage area in the graph.

3.4. Calculation of relative coordinates & model generation

Calculating the coordinates for each component and damage area
object in the SBG requires specific dimensions for every item. Depend-
ing on the type of object, the extents in one, two, or three directions
are necessary. While spans only need a length specification, damage
areas require both length and width, and components need all three
dimensions.

The size information for components can come from various sources
or processes:

1. Absolute dimensions, recorded in the BMS

2. Template sizes based on standards or typical dimensions
3. Parametric calculation

4. Derivation of dimensions based on spatial relationships

The BMS data records the basic dimensions of the entire bridge
structure, including the length, width, and height of the superstructure,
as well as the height of each span. These were already added to the
corresponding SBG objects upon creation. Template dimensions can be
applied in certain cases for dimensions that are not documented in the
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BMS. For instance, for curbs or cap constructions, these dimensions can
be derived from the official reference drawings [57].

Given the basic dimensions of the BMS, broad sizes of sub-
components can be derived through simple parametric calculations.
For instance, the individual widths of the longitudinal beams in the
superstructure are determined by dividing the total width of the super-
structure by the number of beams. Additionally, the established spatial
relationships can be leveraged to derive dimensions of components
related by “reloc:equal” relationships for one axis.

For damage areas, the size information is either precisely docu-
mented in the BMS data or must be derived from the affected compo-
nent. Following the damage documentation guidelines [58], the width
of damage always refers to the transversal bridge axis. In contrast, the
length refers to the longitudinal bridge axis for horizontal damage and
to the vertical bridge axis for vertical damage.

A recorded damage size can only be utilized for coordinate cal-
culations if the damage is precisely located in the same direction.
For instance, consider a longitudinal crack measuring 0.5 m in length
situated 2 m behind the start of the bridge. If this condition is not met,
although the exact size of the damage is known, its specific location
within the defined area (e.g., “the front left corner of the road deck”)
remains ambiguous. Thus, we differentiate between the size of the
damage area, which refers to the described location, and the actual
documented damage size.

The derivation of dimensions can be conducted for “reloc:equal” and
“reloc:containedIn” relationships. Damage areas related by “reloc:equal”
to the reference object can inherit the corresponding dimension from
it (see left of Fig. 11). For “reloc:containedIn” relationships, we define
that one-third of the respective extent of the reference object represents
the corresponding extent of the damage area (see right of Fig. 11). The
division into thirds is based on the premise that no more than three
zones per area can be defined using single, natural-language words.

Since a damage area is a two-dimensional plane on a three-
dimensional component, the spatial relationship for one specific axis
determines the position of the damaged surface, while the relationships
for the remaining axes define the location of the damage area on that
surface. These relationships are also utilized to calculate the extent of
the damaged area if no size is provided (see Fig. 14). The relevant axis
for surface positioning is identified during the damage localization step
by analyzing the location terms for indicative words.

Once each object has the required dimension, its local coordinates
can be calculated. Therefore, their spatial relationships (RELOC prop-
erties) are interpreted as geometrical alignments. The topological level
of each property determines the alignment type between the object and
its reference object, and the directional property defines the edge(s) of
the reference object on which the alignment is performed (see Fig. 12).

For the properties “reloc:meet” and ‘reloc:containedIn”, the outer
edges of the objects are aligned, while for the “reloc:intersect” property,
the center of the referencing object aligns with an outer edge of the
reference object. The‘reloc:equal” property specifies that both edges
of the objects in the respective direction must be aligned. However,
it should be noted that these definitions represent only one possible,
highly simplified interpretation of the properties’ semantic meaning to
derive continuous geometry.

Combining the dimensions and alignments of each object for every
direction enables the calculation of its coordinates, which define a
rectangular bounding box representation. The coordinates pertain to
a local coordinate system defined by an origin and orientation. The
origin must be clearly documented relative to the bridge (e.g., “upper,
front, left corner of the main girder””). The orientation must align with the
documented bridge direction from the BMS and is defined by specifying
the directions in which the axes point (e.g., the longitudinal axis vector
points to “rear”).

The coordinates of each object define the minimum and maxi-
mum points of its geometry. Fig. 13 illustrates the calculation of the
transversal coordinates of object A based on the coordinates of its
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Geometric Dependencies of combined
topological and directional relations
Example for transversal axis
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Fig. 12. Defined geometrical dependencies of the RELOC properties.
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Fig. 13. Calculation of coordinates based on RELOC properties and object dimensions.

reference object B for different RELOC relationship types. This process
is performed for each RELOC property of an object, ultimately leading
to the specification of minimum and maximum points of the object in
all relevant directions (see Fig. 14).

To initiate the overall calculation process, one component’s mini-
mum and maximum coordinates are defined in relation to the origin
of the coordinate system. Since the main girder serves as a central
reference element for other components, it is appropriate to use it as
the starting component and the reference object for the origin. Based
on that, a recursive process can calculate the coordinates of all objects.

4. Use case implementation

The presented method was tested on two use cases. Use Case (UC)
One (Nibelungen Bridge) is a girder bridge crossing the Rhine that was
built in 1949 (see Fig. 15). The bridge has four spans, a total length of
351 m, and a total width of 14 m. The superstructure is designed as a
doubled-webbed girder, with haunched box-girders of 2 m width. The
BMS data contains 2261 damage entries.

Use Case Two (Highway Bridge) is a multi-span girder bridge from
2002 with two spans, a total length of 57 m, and a total width of 12 m
(see Fig. 16). The superstructure consists of a four-webbed plate girder.
The BMS lists 87 damage entries.

The process was implemented using Python. The spatial rules and
domain knowledge are encoded directly into dedicated algorithms or
stored in carefully curated mapping tables. The input is the RDF graph
of the BMS data, created with the approach presented in Section 3.1.1.
The output of the process is the spatial bridge graph (SBG), which
includes the bridge components and damage areas with their spa-
tial relationships, local coordinates, and links to the BMS graph. The
coordinates were used to create a basic bounding box model.

5. Results

The evaluation process includes a quantitative analysis of the results
from the combined dataset of both use cases, as well as a qualitative
assessment of the method and its outcomes, considering the precision
and recall values based on a sample from this dataset. Finally, an
evaluation of the individual bridge and damage models created for the
use cases is performed.

For the quantitative evaluation, we examined the number of bridge
components of the BMS that were successfully augmented with spatial
representations and the number of damage entries that were effectively
assigned, localized, and geometrically represented.
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Fig. 14. Calculation of minimum and maximum points of a damage area.

(a) Overview Picture of the Nibelungen Bridge (front one). (Originally presented in Kang et al. [58])
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(b) Side View Plan ( The UC Bridge is the "Strombriicke") (Originally presented in Kang et al. [58])

Fig. 15. UCI: Nibelungen Bridge, Germany (see [56]).

Fig. 17 illustrates that 30% of 90 documented bridge components
have representation in the SBG and, thus, are also represented by
the bounding box model. The fact that 70% of the components are
not present in the spatial graph is primarily due to 73% of these
components being excluded from the current process. These are mainly
secondary equipment components, such as drainage, lighting, and in-
spection devices (ladders, flaps), or interior elements like pre-stressing
cables. Since these component types are designed and arranged individ-
ually on each bridge, the cost of rule-based processing was considered
too high, given the number of damages located there (143 out of 2348).
Seventeen components could not be represented spatially because their
locations referred to construction plan axes or unique points of interest
on the bridge.

However, regarding the number of the located damage presented
in Fig. 18, 30% of successfully processed components are sufficient to
locate 90% of the damages, as these components represent the main
elements of a bridge. For 10% of the 2348 damages, a damage could not
be assigned to a component because the documented component type
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is excluded from the process or due to insufficient location information.
As shown in the bottom right diagram of Fig. 18, the exclusion of
drainage elements and inspection devices, in particular, has led to
the majority of unassigned damages. In cases where damages have
a valid component type but lack specific details, it is most common
that damages at sub-girders cannot be identified. This typically occurs
due to the absence of transverse positional data (e.g., “left” or “3rd
component from right”).

Fig. 19 illustrates the number of successfully processed damages per
component type, indicating that damage to the sub-girders accounts
for nearly half of the total. The second most frequent damages are
attributed to piers, followed by girder decks. Since the selected use case
bridges (particularly UC 1) have numerous beams and columns, these
numbers do not suggest that the process is best suited for addressing
damage to beams; instead, they demonstrate that damage to beams
occurred most frequently in the existing data. This factor should be
considered in the subsequent evaluations.
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(a) Side View Picture (Source: Autobahn GmbH Siidbayern)
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(b) Longitudinal section (Source: Autobahn GmbH Siidbayern)

Fig. 16. UC2: Highway Bridge.
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Fig. 17. Success rate of creating spatial graph representations of bridge components documented in the BMS.

In addition to the quantitative evaluation, the precision and

call values of the method were assessed to evaluate the correctness,
completeness, and ultimately the reliability of the results. We used
the manual readout of the BMS damage documentation as the ground

re-
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truth to verify that the information was accurately represented in the
SBG. Whenever possible, we also relied on photos and drawings of the
damage to confirm the results. However, such materials are not always
available, particularly for earlier inspections.
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Fig. 18. Quantitative evaluation of the damage processing.

Table 2
Evaluation results of the stratified sample dataset.
Category Definition evaluation 1 Nr. Definition evaluation 2 Nr.
True Positive (TP) Damage correctly and most precisely located 240 Damage correctly located, but possibly too large area 286
True Negative (TN) Damage not located, due to missing information or component out of scope 21 (same as Definition 1) 21
False Positive (FP) Damage located, but at wrong location or not as detailed as possible 61 Damage located at wrong location 15
False Negative (FN) Damage not located, but sufficient information is available 8 (same as Definition 1) 8
0.13% G’butmerﬂtw) Table 3
il ingwa i ifi
Abutment (10) “ Evaluation results of the stratified sample dataset.
0,43% | 1,92%Bearing (45) Precision Recall F1-Score
Railing (36) 1,53% | -
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Not £
Assigne% (243) 5c%p2(°1ﬁ‘?2)

10,62%

Road transitions ( 81"/\\
constructions (19) " * \

Girder (119)
5,02%
Sidor(88)
Pier (274) S
11,67%

Girder Deck (219)
9,33%

Subgirder (1108)
47,19%

Fig. 19. Amount of processed damages per component type.

The values were calculated based on a random sample from the
combined dataset. Since the use case data has an imbalanced distri-
bution of the different damaged component types (see 19), a stratified
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sampling approach was applied. The sample size n was calculated using
the following formula, with a confidence level Z of 1.96, an error
margin E of 5%, and an unknown estimated proportion (p = 0.5). The
total size N refers to the number of damages in the dataset (2348).

Z%sps(1—,
(£l

n=N % (@]

[N — 1+ Z222ion))

Based on the resulting sample size n of 330 and the proportions of
the different damaged component types in the use case data set, the
sample data set was compiled through random selection. We manually
evaluated the sample using the definitions for True Positive (TP), True
Negative (TN), False Positive (FP), and False Negative (FN) provided in
Table 2. To gain detailed insight, we conducted two evaluations with
different definitions of True and False Positives. In the first evaluation,
‘True Positive’ signifies that the damage localization process yielded a
correct and most precise spatial representation of the damage in the
SBG, based on all available damage information from the BMS. Con-
versely, a result is classified as ‘False Positive’ when it is inaccurately
located or not as detailed as possible. The latter occurs if the method
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Fig. 20. Achieved detail levels of damage area representations.
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Fig. 21. Achieved detail levels per amount of location terms per damage.

fails to utilize all available data and, for example, locates damage on
the left side of a beam when existing information indicates that it is, in
fact, at the top left side of the beam.

As the first definition of False Positives includes results where
the location is correct but (only) too large, we decided to conduct
a second evaluation to determine how often the method truly fails.
In the second evaluation, a False Positive signifies that the resulting
damage representation is in a completely wrong location, such as a
wrong component or the wrong side. True and False Negatives have the
same definitions for both evaluations. A result is ‘True Negative’ if no
representation could be created due to a lack of location information in
the BMS or if the damage was assigned to a component type that was
intentionally excluded from the method’s scope (drainage, inspection
devices, etc.). A False Negative occurs when the BMS provides sufficient
information, but the process fails to create a damage representation.

Based on the results of the evaluations in Table 2, the precision and
recall values and the F1-Score were calculated as follows:

Precision = _Ir 2
TP+ FP
Recall = _Tre 3)
TP+ FN
Fl=2x Precision * Recall “

Precision + Recall
Table 3 displays the values achieved for both evaluations. In eval-
uation 1, the method attained a precision of 0.80, indicating that
80% of the created damage areas correctly and accurately reflect the
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available information from the BMS. In evaluation 2, a precision of 0.95
is achieved. Therefore, when analyzed together, it can be concluded
that 5% of the created damage areas are incorrectly located, and 15%
are correctly located but larger than described in the BMS. For both
evaluations, a recall of 0.97 is achieved, indicating that the method
fails to create any damage representation in only 3% of cases when
information is available. If a damage area is too large or not created
at all, the relevant information is often stored as free text, which is
not currently processed by the method. The 5% of incorrect damage
areas are primarily caused by the simplified component modeling. In
the SBG, the superstructure girder consists of a girder deck and single
beams, while the original superstructure construction of UC 1 comprises
two compound plate girders with cantilevers. Therefore, for example,
damage assigned to the bottom of a cantilever is incorrectly located
at the bottom of the beam, as the model does not reflect the complex
geometry.

The precision value from evaluation 1 shows that about 80% of
the created damage areas accurately represent all available data from
the BMS. However, the quantity and quality of this data vary for
each damage instance, which affects the resulting level of detail. It is
not only important for certain applications that the results correctly
mirror the BMS information, but also that the damage data itself is
sufficiently precise. Therefore, different levels of detail in the damage
representations were assessed. Note that the total number of created
damage areas from both use cases was analyzed, which also includes
approximately 5% of False Positives as determined above.

Fig. 20 shows the categorization of the created damage repre-
sentations into five different levels of detail, based on their three-
dimensional accuracy. Level O corresponds to 10% of damages that
were not successfully processed and can thus only be assigned to the
entire bridge. Level 1 indicates that the damage is the same size as the
entire affected component, which occurs for several reasons: in 1% of
these cases, it was noted that the damage affects the whole component;
in another 54%, no further location information was available, and
in 45%, the location information was stored only as free text in an
annotation field.

Level 2 states that the damaged area is smaller than the affected
component in one dimension (length, width, or height). This is often
the case if the damage documentation indicates the specific damaged
surface of a component, allowing for the creation of a two-dimensional
damage area. In total, the damaged component surface could be ex-
tracted for 1208 damages, of which 883 have the detail level 2.
However, this category can also include three-dimensional represen-
tations of damage that do not affect the entire component in one
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Fig. 23. UC1: Nibelungen Bridge — Automatically-derived model compared to manually created model.
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Fig. 24. UC2: Highway Bridge — Automatically-derived model compared to manually created model.

direction. Level 3 is reached when the damage is smaller than the
component in two directions, and level 4 is achieved if it is smaller
than the component in all three directions. These are cases when one or
two terms describe a specific area of a damaged surface. For example,
the left of a surface (Level 3) or the left, upper part of a surface
(Level 4). The highest level achievable by the method is level 5. This
indicates that the damaged area created corresponds precisely to the
documented damage size in at least one direction. The example in
Fig. 25 demonstrates a damage area of level 5. To attain Level 5,
damage must have a specific size and a thorough description of its
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location, indicated by a measured distance (e.g., “0.5 m long crack on
the roadway, 3 m from the start”). Because on-site measurements take
considerable time, they are performed in detail for only a small amount
of damage. Consequently, just 1% of the damages in the current dataset
achieve Level 5.

As depicted in the pie chart of Fig. 20, most of the damage areas
created are assigned to level 2 (58%), followed by level 1 (18%).
This is because these levels can be achieved without relying on a
very precise location description of the damage. Since specifying the
component type is mandatory in the BMS damage documentation, and
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Original damage documentation
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Fig. 25. Conversion of a damage entry to the graph structure and model representation.

some components occur only once per bridge, it is often easy to achieve
the component assignment. The information regarding whether a sur-
face of a component is affected is sometimes already provided by the
component type description (e.g., component type: “asbkey:SideSur-
faceOfBeam”). Moreover, surface information can often be inferred for
specific components; for instance, if the roadway is the affected com-
ponent, it indicates the upper side is intended. This enables achieving
Detail Level 1 and Level 2 in some cases without further documentation
of damage locations. As shown in Fig. 21, this applies to 7 level 1
damages and 12 level 2 damages.

Fig. 21 shows that the maximum is four location terms per damage,
as the BMS database only provides four fields per damage to store
location information. However, the figure further illustrates that most
damages have the maximum number of location terms but only reach
the detail level 2. This relates to the earlier observation that most dam-
ages in the use case datasets affect the sub-girders of the superstructure.
These require two location terms to define the component: the span
number and the position in the transverse direction (e.g., “second span,
left beam”), plus one location term to define the surface (“left side
surface”). As the girders and piers of UC 1 are hollow constructions,
the fourth location term is applied to indicate that the component’s
interior is affected at 796 damages of detail level 2. However, this does
not enhance the three-dimensional accuracy according to the defined
criteria. Thus, due to the limitations of the BMS, the resulting represen-
tation of damage within the sub-girders cannot be more accurate using
the presented method. This is also one reason for the 15% of damage
areas that were found to be too large, as in these cases, further location
details were sometimes written in the comment field that the method
currently does not process.
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Fig. 22 shows the achieved detail levels per damage type. The
diagram focuses on a subset of the ten most frequent damage types
at each level. The definition of damage types is derived from the
BMS. The most common type overall is a longitudinal crack measuring
0.1-0.1 mm in width, followed by a diagonal crack with a width of
0.2-0.4 mm, and hollow spots as the third most prevalent damage
type. In line with the overall distribution of damages across detail
levels, level 2 is frequently the most common detail level among all
damage types. Since longitudinal cracks often occur at the sub-girders,
the corresponding damage areas typically only reach detail level 2 for
the above-mentioned reasons.

It is noticeable that only for the aforementioned longitudinal crack
and the hollow spot, detail level 3 was reached significantly more often,
and detail level 5 was only achieved for longitudinal cracks and hollow
spots. Thus, based on this limited data, it can be assumed that only
severe damage is documented with absolute measurements, resulting
in a more accurate outcome for the presented method.

The damage type that could most often not be processed is “Rusted”,
followed by “Exposed”. Rust was typically documented on the drainage
pipes and fixed ladders, which were excluded from the method. “Ex-
posed” was often documented at beams, which could not be located
due to insufficient information (see Fig. 18 at the bottom left).

Another factor for evaluating the quality of the results is the accu-
racy of the derived 3D models. Figs. 23 and 24 illustrate the resulting
basic bridge models (in red) for the Nibelungen Bridge (UC 1) and
the Highway Bridge (UC 2), each compared to a manually created
model (in gray). The accuracy of the models relies on three factors: the
generally limited detail level in the BMS documentation, the geometric
limitations of the method, and the absence of data entries in these
specific data sets.
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Original damage documentation

26

Bridge, Cap Surface, Concrete Surface,
Starting, Overgrown, 4 spots, Front and
rear of the asset, Both sides, Top side,
Moss and grass

29

Bridge, Handrail of the railing, Coating,
One Spot, Damaged by external
influence, Length: 0,5 m, Front
abutment, At the beginning of the asset,
Right, On top of the asset

12

Bridge, Transition construction with a
sealing profile, multiple, dirt deposits, 4

old approach

pieces, both abutments, front and rear of
the structure, on both sides, on top of the
structure, also grass growth

Source: Autobahn GmbH Stdbayern

Abutment wall, Concrete, One spot, Wet
spot, Front abutment, Left, Bottom, Drip
spout drains to the front wall

o y T TR

Source: Autobahn GmbH Sudbayern

Fig. 26. Comparison of resulting damage area representations of graph-based approach (top) with former IFC-model-based approach (bottom).

In the BMS, the length and width of the bridge, along with the clear
height of each span near the respective substructure component, can
be documented. Additionally, the minimal and maximal height of the
superstructure construction and the width of the caps can be recorded.
However, the BMS data does not provide detailed documentation of
sub-components, such as the widths and distances between individual
beams and piers in the transverse direction. Consequently, the method
can only create very rough representations of these elements, which
explains the significant differences in width between the manual mod-
els and the box models for the piers and beams in both use cases.
In contrast, in the case of the single wing wall of the UC 2 model,
it is noteworthy that the method can also represent components that
were not initially documented in the BMS but are only mentioned in
damage location descriptions. This ensures that the model is sufficiently
complete for the damage localization process.

As the process utilizes a rectangular visualization and coordinate
calculation approach, it does not display curvatures or inclined angles;
therefore, it only considers the maximum height of the superstructure.
Consequently, the beams of UC 1 are not represented correctly in
the longitudinal and vertical directions, which also leads to overly
large damage areas in the center of the spans, where the beams are
much smaller in height. Therefore, the process in its current state is
particularly suitable for bridges that are not curved and have no curved
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components. The result of UC 2 shows how closely the generated model
aligns with the manually generated model in this case. However, since
most bridges have a documented minimal and maximal height of the
superstructure, it is possible to implement a refined method that uses
this information to create a more detailed representation.

While both use cases have well-documented bridge lengths and
widths, as well as superstructure height and cap widths, there was
only one documented general height value for each bridge, indicating
the minimal clear height of the entire structure. Thus, all substructure
components of both bridges are shorter than their counterparts from
the manual models, as the clear height is less than the construction
height documented in the plans. Moreover, because there was only one
documented size, all substructure elements share the same height, even
though the method could produce substructure elements with varying
heights.

However, considering that the models were fully automatically de-
rived, the resulting representations are sufficient for providing a spatial
overview and supporting localization and three-dimensional visualiza-
tion of the inspection data. Additionally, it is essential to acknowledge
that the bridge models are primarily used as an intermediate step to
process and represent the damage entries, rather than serving as the
primary and stand-alone outcome of the method.

Fig. 25 showcases the representation of the inspection data based
on the created model, along with the input data from the BMS and
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Qualitative comparison of the presented method with state of the art methods for bridge and/or damage model generation

presented in Section 2.2.

Category Bridge & Damage model Bridge model

Methods This [12] [22] [10] [8] [43] [39] [40] [42]
Geometrical - 4FF aFF ++ ++ - ++ + -
Accuracy

Semantic 9F 4FF T 1r 4FF - - + +
Accuracy

Completeness - ++ + + + + ++ 44 +
Automatization: Bridge 4p 4r -- - + - ++ + Ak
Model Generation

Automatization: Damage 4FF 2FF F aF 2FF - - N/A N/A N/A
Model Generation

Integration of S - - - + -- - - + ++
historical/existing data

Independence from new data 4FF - - - - - -- + - - 4=
acquisition

Applicability for large-scale 4FF 4F - - - 9F 4 9F - ++
use

Interoperability of R e e - + - 4k s -

results/use of open formats

the graph representation of the damage. The example illustrates the
accuracy that the method can achieve when a damage location is well
documented. However, it must also be said that some damages that are
precisely located in the SBG and have been classified as ‘True Positive’
are displayed inaccurately in 3D due to the imprecise geometry of the
models. For example, damage from UC 1 is located in the SBG in the
middle, at the top of the left side surface of a beam, but the simplified
modeling of the beams makes the damage area much larger than it
actually is. This also supports the fact that the method is currently
primarily suitable for straight-lined bridges and components.

The accuracy of the damage representation of the presented graph-
based method, compared to the previously developed IFC-model-based
method (see Section 3.1.2), is shown in Fig. 26 for UC 2. The advan-
tages of the new method become apparent for damages 12 and 21.
Since the old approach relied on the completeness of the external bridge
modeling, damage 12 (at the transition structures) cannot be depicted,
while the new process creates these components using the available
BMS data. Damage 21, located at the bottom left of the abutment,
is also accurately represented only with the new method. In the old
process, the abutment was modeled in conjunction with the wing walls,
leading to a misinterpretation of its “left side”. For representing damage
at the start of the bridge (26, 29), an absolute value is used to indicate
“the front” in the old approach, whereas in the new approach, one-third
of the length is utilized. While the absolute value may provide a more
accurate representation for damage 29, both representations could be
suitable for damage 26.

In summary, the results indicate that the method can almost com-
pletely extract damage information from the BMS within the defined
range of component types, achieving a high level of precision, and
convert it into spatial graphs and models. For simple bridge geometries,
reliable 3D representations are achieved. However, the accuracy of the
3D models for complex bridge geometries is insufficient to replicate the
level of detail attained in the SBG in 3D as well.

Thus, the method particularly enables structured, object-oriented
access to BMS data and supports spatial analyses at the graph level.
While the usability of the 3D models for detailed observations is mainly
limited to bridges with simple geometries, the models provide a direct
spatial overview and model-based access to BMS data even for complex
bridges. This already adds value for bridges that currently lack any 3D
representation.

To enhance the results, the text from annotation fields should be
incorporated into the method’s processing. This would improve both
the precision and recall values, as no existing information would be
overlooked. Still, the level of detail of the resulting damage areas
depends on the input data and can only be improved to a limited extent
by modifying the method. If only an entire surface of a component
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is described as a damaged area, the method cannot generate a more
detailed result. However, a more detailed component geometry would
increase the accuracy of the 3D damage representation, even for dam-
ages with less precise location descriptions. Additionally, including the
currently excluded component classes would provide more comprehen-
sive results, as it could increase the component representation rate to
81%, enhancing the damage localization rate by 6% to 96%.

6. Discussion

The proposed method enables the automatic derivation of spatial
representations of bridges and damage from textual BMS data. This
approach improves the overview and accessibility of the existing data
by creating an object-oriented graph structure and a three-dimensional
representation.

Regarding Research Question (RQ) 1, the method successfully gen-
erated geometry models of BMS data for inspection information man-
agement purposes. The resulting models can represent 90% of the
damage but are not sufficient for accurately representing all bridge
components. Mainly, equipment elements and bearings cannot be rep-
resented, since their localization relies heavily on construction plans.
If these elements are to be included in the model, the method could
be combined with deep learning-based object detection approaches to
extract the construction axes’ IDs and positions from 2D drawings.
Initial work on object detection in bridge construction has, for instance,
already been published by Faltin et al. [41] and Mafipour et al. [59].

The selected approach for addressing RQ 2 is a rule-based process
that converts relative, natural-language location data into spatial re-
lationships and representations. Spatial and bridge-specific knowledge
is encoded in dedicated algorithms, mapping tables, and predefined
queries. This strictly rule-based method enhances the performance of
the process, is directly applicable to individual data sets, and can incor-
porate national guidelines for data documentation. However, it remains
limited to the structured information entered into specific database
fields, the static mapping of location terms to RELOC properties, and
the definition of template relationships for only a subset of component
types.

To reduce the method’s dependence on structured data inputs and
inflexible mapping tables, it can be enhanced with Natural Language
Processing (NLP). Research by Liu and El-Gohary [45] and Gao et al.
[60] has demonstrated the ability to analyze continuous texts from
bridge inspection documentation for damage-related information using
NLP. Since location details are often stored in the annotation fields
due to the constraints of the BMS structure, this would improve the
precision of the current process. Furthermore, applying NLP solutions



A. Gobels and J. Beetz

to retrieve the input information would expand the method to BMS data
from other countries, which mainly use free-text descriptions to record
component conditions and damage.

The strictly rule-based process could be enhanced with flexibility
and applicability by avoiding the direct incorporation of rules and
spatial bridge knowledge into the code. Information regarding the
spatial relationships among bridge components or the spatial interpre-
tation of natural language terms may be formalized using ontologies
and rule languages, such as the Shapes Constraint Language (SHACL),
the Semantic Web Rule Language (SWRL), or Description Logic (DL).
This approach allows the rules to be stored and defined externally
and independently from direct application. Much of this knowledge is
already captured by established bridge design standards and could be
extracted from them.

The formal representation of spatial relationships (RQ 3) was
achieved by developing the RELOC ontology. The ontology defines the
meaning and topological dependencies of spatial relations expressed
through natural language words. With this ontology, the graph of
the previously implicit BMS data can now be spatially queried. For
example, the data set of a particular bridge can be queried, such as for
the most damaged area, while spatial analyses across multiple bridge
graphs can also be conducted to identify correlations between damage
types, locations, and progressions.

Since natural language primarily describes the relationships be-
tween the outer boundaries of different objects (e.g., something is ‘to
the right of’ something, something is ’at the bottom’), a boundary rep-
resentation (BREP) approach was chosen for geometric visualization,
implemented by defining minimal and maximal coordinates for each
object. However, this solution only applies to straight bridges with
straight components and overlooks the axis-based design of bridges.

Post-modifying the resulting straight bounding boxes of each com-
ponent could help the model fit the original geometry more closely,
which would subsequently lead to more precise damage areas. For
example, the representation of the beams of UC 2 could be improved
by applying a deformation modifier that takes into account the docu-
mented minimal and maximal height of the beams. Thus, even for the
damage areas of detail level 2, which encompass, for example, a whole
side surface of the beam, the representation would be more precise,
although there is no additional location information. Additionally, a
less simplified modeling approach that can represent, for example,
the webs, base plate, and cantilever of a box girder, rather than a
single common box, could decrease the current localization failures
(False Positives). Additionally, incorporating axes into the SBG’s spatial
reference system would facilitate the representation of curved bridges
and inclinations through sweep representations. Primitive instancing
could enhance the depiction of standard bridge components to create
more precise models.

However, concerning RQ 4, the model and graph achieved are
sufficient to ensure improved accessibility to the existing data and to
provide an initial geometric model for BIM-based processes. Moreover,
they support current inspection processes, making it easier to find spe-
cific damage on-site and communicate about it remotely, independent
of subjective interpretation and preexisting knowledge.

The object-specific mapping and linking of BMS data enable more
precise analyses than the currently used component group-based condi-
tion calculation. For example, the graph containing the located damage
areas could be used as input for the automatic damage classification
and assessment method presented by Hamdan et al. [8]. These or
similar methods using description logic or probabilistic models could
also eliminate information gaps in existing data that result from poor
or incorrect documentation. Moreover, the conversion of the limited
database structure to a knowledge graph with explicit links and se-
mantic classification allows for more advanced analyses of historical
inspection data. The work of Lee and Chi [61] presents, for example, an
improved cost estimation workflow based on graph-based clustering of
bridges with similar deterioration and maintenance needs; Zhang et al.
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[62] and Gao et al. [60] use bridge maintenance knowledge graphs to
recommend component-based maintenance actions.

For maintenance strategies that depend on detailed geometric mod-
els and accurately identified damage, the outcomes can only act as
a preliminary foundation. Nonetheless, due to the integrated Linked
Data approach, the resulting knowledge graph can be linked with
supplementary resources, such as point clouds, plans, images, sensors,
and other models, to enhance the representation of the bridge and
its status. This aligns with the next phase of the ‘SpaceLink’ research
project, of which this paper is a part. The method described reduces
the initial implementation effort for improved maintenance strategies,
thus preventing manual migration, repetitive data collection, or data
loss.

Another limitation of this work is that it lacks a mapping of in-
accuracies in both the graph and the model. The components and
damage areas of the model are rather rough representations of the
actual objects, as the provided information often does not allow for
a more precise depiction. Nevertheless, they are displayed in the pre-
sented process using exact coordinates and sharp-edged geometries. To
reveal the true informational value behind the created model, fuzziness-
based approaches could be used to map inaccuracies in both the graph
and the 3D model, such as the representation of fuzzy spatiotemporal
data in RDF graphs proposed in [63], or the vague visualization of
geometry presented in [64]. In addition to a more adequate geometric
representation, incorporating an accuracy factor is also essential for the
subsequent evaluation of inventory data.

However, the shortcomings regarding the accuracy of the resulting
model and the current restriction to structured input data must be
considered concerning the high degree of automation and the already
broad applicability (RQ 5). As shown in Table 4, the combination of
automated processes for both the creation of the bridge and the damage
model, without the need for new data acquisition, is unique to the
presented method compared to state-of-the-art methods discussed in
Section 2.2. Other methods have a similar degree of automation and
can provide more accurate models; however, they depend on new point
cloud data and are therefore less suitable for large-scale use.

The accuracy of the bridge models is superior in all methods that
use point-cloud-based or manual modeling. Sacks et al. [12] develop a
bridge model with a Level of Detail (LOD) of 300 to 400, and Hamdan
et al. [8] derive a model from high precision imagery. Hartung et al.
[42], who also use BMS data as a basis, also achieve better results,
as the axes of the structure are modeled accurately. Only Tulke et al.
[43] achieve a lower level of accuracy, as they only replace missing
models with 2D placeholders. Regarding damage representation, the
methods that derive damage from point clouds yield more reliable and
accurate results. In [12], damage is projected onto the affected model
component using texture mapping, and in [8], damage is modeled
semantically and geometrically accurately in an RDF graph and as a
polyline. In [22], on the other hand, the damage detected in point
clouds is only roughly semantically integrated into the BIM model.
In [10], the damage is modeled very accurately in an IFC model,
but this approach is completely manual, and in [43], damage is only
roughly represented as pins in the model.

Consequently, our method cannot match the accuracy of similarly
automated methods. However, it uniquely processes historical damage,
allowing for the tracking of historical conditions and damage progres-
sion, instead of only representing the condition at the time of point
cloud data acquisition. Moreover, compatibility and linking to existing
systems are separate from our approach, only considered by Tulke et al.
[43] and Hartung et al. [42], in which Tulke et al. [43] only create
an interface to view the BMS tables, while Hartung et al. [42] do not
process any damage entries. Another benefit of utilizing current BMS
data is that it requires no extra data collection; the process can be
applied directly to about 50,000 bridges in Germany, for instance. Since
maintaining documentation in the BMS remains compulsory for now,
also updating the data does not require any additional effort.
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However, if a point cloud is available for a bridge, it is appropriate
to combine the method with the approaches of Sacks et al. [12]
or Hamdan et al. [8] by linking their more accurate geometry models
with the Spatial Bridge Graph of our method to integrate the historical
damage, which can then be mapped more precisely due to the enhanced
geometry.

Nonetheless, the method still requires testing on large data sets. The
two use cases demonstrate proof of concept with promising precision
and recall values, as well as a high level of automation. However,
these markers need to be verified with larger and more diverse data
sets to determine whether the method is suitable for large-scale use
as intended. In particular, the processing of free textual input data
needs to be investigated to enhance the current method, especially to
facilitate its transfer to BMS from other countries.

A key requirement for this is mapping the local/national bridge
vocabulary to the BROT Ontology. This can be achieved through a
translation and text comparison process. Based on this, the respective
country’s data source could be searched using NLP methods for in-
formation about the bridge components and generic attributes, such
as length, width, height, and type, to obtain the required input data
for the SBG creation. To effectively localize damage, it is essential
to have information regarding the type and location of components.
Multiple BMSs of other countries store component information, as
damage is frequently linked to primary components or groups. The
location details, on the other hand, may be recorded as free text or as
references to plans or images. From text, generic directional terms such
as “right”, “top”, and “bottom” can be extracted; however, extracting
location information from plans or images requires additional methods
to analyze the image data.

Thus, in summary, to transfer the method to other BMS or data
sources, only the retrieval of the input data needs adjustment, as
the rest of the process is not dependent on the legacy/national data
structure. If the retrieval is changed from very detailed SPARQL queries
in the current process to more generic text-based queries that can
search various data formats (e.g., PDF, TXT, tables, DBF), the method
would become even more widely applicable.

7. Conclusion

This paper presented a method for extracting spatial information
from text-based Bridge Management Systems (BMS) to create a spa-
tially enhanced bridge maintenance knowledge graph and a three-
dimensional model of bridge construction and its damaged areas. The
results demonstrate that the fully automated process can generate
three-dimensional representations suitable for model-based information
management, providing enhanced spatial overviews and facilitating
complex queries.

Our approach enhances the integration of historical inventory data
into modern information management systems by transforming implicit
data from the BMS database into explicitly spatial, object-oriented,
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interlinked graphs. This rule-based method depends entirely on doc-
umented data and general domain knowledge, making it an effective
tool for encouraging the broader adoption of model-based maintenance
practices.

In Germany alone, about 33,000 bridge datasets can be processed
directly with this method; adapting it for curved structures could raise
that number to 43,000. Additionally, our method’s adaptability indi-
cates its potential for use with structured data from BMS in other coun-
tries, needing only minor adjustments in input data queries. Therefore,
the impact is substantial when considered against the implementation
effort and data needs.

In future work, we want to refine the method by incorporating fuzzy
representations and increasing its applicability by strengthening it with
NLP methods for the exploration of unstructured data. Additionally, the
scalability of the method will be tested to validate the success rates
and the intended use as a viable solution to bridge the gap between
legacy BMS and modern data structures. Based on a large set of BMS
datasets, cross-sectional analyses will be tested to leverage the stored
information for recommendation and prediction tasks.

Beyond its achieved outcomes in relation to the direct use case, the
process generates curated and validated bridge maintenance knowledge
graphs that can serve as ground truth for training Artificial Intelligence
(AI) methods related to bridge maintenance or the spatial interpretation
of natural language location data.
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Appendix. Collection of template directional-topological bridge
component relations

See Figs. A.27-A.39.
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Fig. A.27. Template spatial relations of bridge spans.
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Fig. A.37. Template spatial relations of safety equipment (on the left).
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Data availability

The input and output data for UC 2 and the output data for UC
1 are available in an online repository https://github.com/Design-
Computation-RWTH/BridgeGraphs_Dataset. The input data for UC 1
(BMS data) is confidential.

References

[1] American Society of Civil Engineers, ASCE’s 2021 Infrastructure Report
Card, Technical Report, American Society of Civil Engineers, 2021, https:
//infrastructurereportcard.org/wp-content/uploads/2020/12/Bridges-2021.pdf.
(Accessed 10 January 2025).

Bundesanstalt fiir Strafenwesen, Briickenstatistik, 2024, https://www.bast.de/

DE/Statistik/Bruecken/Brueckenstatistik.pdf. (Accessed February 27 2024).

[3] F. Brighenti, V.F. Caspani, G. Costa, P.F. Giordano, M.P. Limongelli, D. Zonta,
Bridge management systems: A review on current practice in a digitizing world,
Eng. Struct. 321 (118971) (2024) http://dx.doi.org/10.1016/j.engstruct.2024.
118971.

[4] M.A. Hurt, S.D. Schrock, Chapter 3 - bridge inspection and evaluation, in:
Highway Bridge Maintenance Planning and Scheduling, Elsevier, Amsterdam,
ISBN: 978-0-12-802084-5, 2016, pp. 99-154.

[5] R. Helmerich, E. Niederleithinger, D. Algernon, D. Streicher, H. Wiggenhauser,
Bridge inspection and condition assessment in Europe, Transp. Res. Rec.: J.
Transp. Res. Board 2044 (1) (2008) 31-38, http://dx.doi.org/10.3141/2044-04.

[6] V. Saback, C. Popescu, T. Blanksvérd, B. Téljsten, Asset management of existing
concrete bridges using digital twins and BIM: A state-of-the-art literature review,
Nord. Concr. Res. 66 (1) (2022) 91-111, http://dx.doi.org/10.2478/ncr-2021-
0020.

[7] J. Sandager Jensen, Digital transition in asset management of bridges - ad-
vantages and challenges, in: F. Biondini, D.M. Frangopol (Eds.), Life-Cycle of
Structures and Infrastructure Systems, CRC Press, London, 2023, pp. 81-89,
http://dx.doi.org/10.1201/9781003323020-7.

[8] A.-H. Hamdan, J. Taraben, M. Helmrich, T. Mansperger, G. Morgenthal, R.J.
Scherer, A semantic modeling approach for the automated detection and in-
terpretation of structural damage, Autom. Constr. 128 (103739) (2021) http:
//dx.doi.org/10.1016/j.autcon.2021.103739.

[9] M. Herbrand, A. Lazoglu, C. Ullerich, S. Marx, G. Zehetmaier, Aggregation
von Zustandsindikatoren aus inspektions- und monitoringdaten im Briickenbau,
Bautechnik 99 (2) (2022) 95-103, http://dx.doi.org/10.1002/bate.202100095.

[10] M. Artus, Modeling Damage Information for the Operation Phase of Bridges
(Ph.D. thesis), Bauhaus-Universitdt Weimar, Weimar, 2024, http://dx.doi.org/10.
25643/dbt.62532.

[11] C. Boddupalli, A. Sadhu, E. Rezazadeh Azar, S. Pattyson, Improved visualization
of infrastructure monitoring data using building information modeling, Struct.
Infrastruct. Eng. 15 (9) (2019) 1247-1263, http://dx.doi.org/10.1080/15732479.
2019.1602150.

[12] R. Sacks, A. Kedar, A. Borrmann, L. Ma, I. Brilakis, P. Hiithwohl, S. Daum,
U. Kattel, R. Yosef, T. Liebich, B.E. Barutcu, S. Muhic, SeeBridge as next
generation bridge inspection: Overview, information delivery manual and model
view definition, Autom. Constr. 90 (2018) 134-145, http://dx.doi.org/10.1016/
j-autcon.2018.02.033.

[13] L. Liu, P. Hagedorn, M. Konig, BIM-based organization of inspection data using
semantic web technology for infrastructure asset management, in: C. Pellegrino,
F. Faleschini, M.A. Zanini, J.C. Matos, J.R. Casas, A. Strauss (Eds.), Proceedings
of the 1st Conference of the European Association on Quality Control of Bridges
and Structures, Springer International Publishing, Cham, 2022, pp. 1117-1126,
http://dx.doi.org/10.1007/978-3-030-91877-4_127.

[14] A. Costin, A. Adibfar, J. Bridge, Digital twin framework for bridge structural
health monitoring utilizing existing technologies: New paradigm for enhanced
management, operation, and maintenance, Transp. Res. Rec. 2678 (6) (2024)
1095-1106, http://dx.doi.org/10.1177/03611981231208908.

[15] M. Grabe, C. Ullerich, M. Wenner, M. Herbrand, Smartbridge Hamburg -
prototypische pilotierung eines digitalen zwillings, Bautechnik 97 (2) (2020)
118-125, http://dx.doi.org/10.1002/bate.201900108.

[2


https://github.com/Design-Computation-RWTH/BridgeGraphs_Dataset
https://github.com/Design-Computation-RWTH/BridgeGraphs_Dataset
https://github.com/Design-Computation-RWTH/BridgeGraphs_Dataset
https://infrastructurereportcard.org/wp-content/uploads/2020/12/Bridges-2021.pdf
https://infrastructurereportcard.org/wp-content/uploads/2020/12/Bridges-2021.pdf
https://infrastructurereportcard.org/wp-content/uploads/2020/12/Bridges-2021.pdf
https://www.bast.de/DE/Statistik/Bruecken/Brueckenstatistik.pdf
https://www.bast.de/DE/Statistik/Bruecken/Brueckenstatistik.pdf
https://www.bast.de/DE/Statistik/Bruecken/Brueckenstatistik.pdf
http://dx.doi.org/10.1016/j.engstruct.2024.118971
http://dx.doi.org/10.1016/j.engstruct.2024.118971
http://dx.doi.org/10.1016/j.engstruct.2024.118971
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb4
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb4
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb4
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb4
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb4
http://dx.doi.org/10.3141/2044-04
http://dx.doi.org/10.2478/ncr-2021-0020
http://dx.doi.org/10.2478/ncr-2021-0020
http://dx.doi.org/10.2478/ncr-2021-0020
http://dx.doi.org/10.1201/9781003323020-7
http://dx.doi.org/10.1016/j.autcon.2021.103739
http://dx.doi.org/10.1016/j.autcon.2021.103739
http://dx.doi.org/10.1016/j.autcon.2021.103739
http://dx.doi.org/10.1002/bate.202100095
http://dx.doi.org/10.25643/dbt.62532
http://dx.doi.org/10.25643/dbt.62532
http://dx.doi.org/10.25643/dbt.62532
http://dx.doi.org/10.1080/15732479.2019.1602150
http://dx.doi.org/10.1080/15732479.2019.1602150
http://dx.doi.org/10.1080/15732479.2019.1602150
http://dx.doi.org/10.1016/j.autcon.2018.02.033
http://dx.doi.org/10.1016/j.autcon.2018.02.033
http://dx.doi.org/10.1016/j.autcon.2018.02.033
http://dx.doi.org/10.1007/978-3-030-91877-4_127
http://dx.doi.org/10.1177/03611981231208908
http://dx.doi.org/10.1002/bate.201900108

A. Gobels and J. Beetz

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

S. Vilgertshofer, M.S. Mafipour, A. Borrmann, J. Martens, T. Blut, R. Becker,
J. Blankenbach, A. Gobels, J. Beetz, F. Celik, B. Faltin, M. Konig, TwinGen:
Advanced technologies to automatically generate digital twins for operation and
maintenance of existing bridges, in: ECPPM 2022 - EWork and EBusiness in
Architecture, Engineering and Construction 2022, CRC Press, London, 2023, pp.
213-220, http://dx.doi.org/10.1201/9781003354222-27.

Z. Mirzaei, B.T. Adey, L. Klatter, P.D. Thompson, The IABMAS Bridge
Management Committee Overview of Existing Bridge Management Systems,
Technical Report, International Association for Bridge Maintenance and
Safety - IABMAS, 2014, www.researchgate.net/publication/322754699_
Overview_of existing Bridge_Management_Systems_-_Report_by_the IJABMAS_
Bridge Management Committee. (Accessed January 10 2025).

A. Borrmann, J. Blankenbach, J. Beetz, M. K6nig, R. Becker, T.A.W. Blut, T. Celik,
F. Benedikt, A. Gobels, M.S. Mafipour, J. Martens, M. Scheffer, S. Vilgertshofer,
Technologien zur Generierung digitaler Zwillinge als Grundlage fiir Betrieb
und Instandhaltung baulicher Infrastruktur, Technical Report, Bundesministerium
fiir Digitales und Verkehr (BMDV), 2023, https://publications.rwth-aachen.de/
record/973486. (Accessed January 11 2025).

M.A. Hurt, S.D. Schrock, Chapter 7 - Bridge Management, in: Highway
Bridge Maintenance Planning and Scheduling, Elsevier, Amsterdam, ISBN:
978-0-12-802084-5, 2016, pp. 289-310.

G. Hearn, J. Puckett, 1. Friedland, T. Everett, K. Hurst, G. Romack, G. Christian,
R. Shepard, T. Thompson, R. Young, Bridge Preservation and Maintenance in
Europe and South Africa, Final Report FHWA-PL-05-002, Office of Interna-
tional Programs FHWA/US DOT (HPIP), Washington D.C., USA, 2005, https:
//international.fhwa.dot.gov/pubs/pl05002/pl05002.pdf. (Accessed January 10
2025).

A. Borrmann, M. Konig, C. Koch, J. Beetz, Building information modeling: Why?
What? How? in: A. Borrmann, M. Konig, C. Koch, J. Beetz (Eds.), Building
Information Modeling, Springer International Publishing, Cham, 2018, pp. 1-24,
http://dx.doi.org/10.1007/978-3-319-92862-3_1.

Y. Xu, Y. Turkan, BrIM and UAS for bridge inspections and management, Eng.
Constr. Archit. Manag. 27 (3) (2019) 785-807, http://dx.doi.org/10.1108/ECAM-
12-2018-0556.

D. Singer, A. Borrmann, Machbarkeitsstudie Bim Fiir Bestandsbriicken, Techni-
cal Report FE 89.0309, Technische Universitdt Miinchen, Miinchen, Germany,
2016, https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docld/
1746/file/Machbarkeitsstudie BIM.pdf. (Accessed December 16 2024).

A. Borrmann, S. Muhic, J. Hyvérinen, T. Chipman, S. Jaud, C. Castaing, C.
Dumoulin, T. Liebich, L. Mol, The IFC-Bridge project — extending the IFC standard
to enable high-quality exchange of bridge information models, in: Proceedings of
the 2019 European Conference on Computing in Construction, in: Computing in
Construction, vol. 1, European Council on Computing in Construction, Chania,
Greece, 2019, pp. 377-386, http://dx.doi.org/10.35490/EC3.2019.193.

J. Amann, A. Borrmann, Open BIM for infrastructure — mit OKSTRA und
IFC alignment zur internationalen standardisierung des datenaustauschs, in:
Objektkatalog FUr Das StraBen- Und Verkehrswesen 6. OKSTRA-Symposium,
FGSV Verlag GmbH, Kéln, 2015, pp. 1-10, https://publications.cms.bgu.tum.de/
2015_Amann_OKSTRA.pdf. (Accessed December 16 2024).

W3C RDF Working Group, RDF 1.1 concepts and abstract syntax, 2014, https:
//www.w3.org/TR/rdf11-concepts/. (Accessed February 29 2024).

D. Allemang, J. Hendler, Semantic Web for the Working Ontologist, second ed.,
Morgan Kaufmann, Boston, ISBN: 978-0-12-385965-5, 2011, http://dx.doi.org/
10.1016/C2010-0-68657-3.

W3C SPARQL Working Group, SPARQL 1.1 query language, 2013, https://www.
w3.org/TR/sparqll1-query/. (Accessed 29 February 2024).

J. Beetz, J. van Leeuwen, B. de Vries, IfcOWL: A case of transforming EXPRESS
schemas into ontologies, Artif. Intell. Eng. Des. Anal. Manuf. 23 (1) (2009)
89-101, http://dx.doi.org/10.1017/50890060409000122.

A. Costin, M. Muller, Towards a u.s. national bridge and infrastructure data
dictionary: an introduction, in: Proceedings of the 11th Linked Data in Archi-
tecture and Construction Workshop, CEUR-WS, Matera, Italy, 2023, pp. 71-84,
https://ceur-ws.org/Vol-3633/paper6.pdf. (Accessed 16 December 2024).

Y. Zhang, Y. Liu, G. Lei, S. Liu, P. Liang, An enhanced information retrieval
method based on ontology for bridge inspection, Appl. Sci. 12 (20) (2022)
http://dx.doi.org/10.3390/app122010599.

K. Liu, N. El-Gohary, Bridge deterioration knowledge ontology for supporting
bridge document analytics, J. Constr. Eng. Manag. 148 (04022030) (2022)
http://dx.doi.org/10.1061/(ASCE)C0.1943-7862.0002210.

G. Ren, R. Ding, H. Li, Building an ontological knowledgebase for bridge
maintenance, Adv. Eng. Softw. 130 (2019) 24-40, http://dx.doi.org/10.1016/
j.advengsoft.2019.02.001.

R. Helmerich, Knowledge representation system about existing bridges, in:
F. Biondini, D. Frangopol (Eds.), Bridge Maintenance, Safety, Management,
Resilience and Sustainability: Proceedings of the Sixth International IABMAS
Conference, Stresa, Lake Maggiore, Italy, 8-12 July 2012, CRC Press, 2012, pp.
245-252, http://dx.doi.org/10.1201/b12352.

28

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Automation in Construction 178 (2025) 106418

A.-H. Hamdan, R.J. Scherer, Integration of BIM-related bridge information in
an ontological knowledgebase, in: M. Poveda-Villalén, A. Roxin, K. McGlinn,
P. Pauwels (Eds.), Proceedings of the 8th Linked Data in Architecture and
Construction Workshop, CEUR-WS, Dublin, Ireland, 2020, pp. 77-90, https:
//ceur-ws.org/Vol-2636/06paper.pdf. (Accessed 5 June 2024).

M.H. Rasmussen, P. Pauwels, C.A. Hviid, J. Karlshgj, Proposing a central AEC
ontology that allows for domain specific extensions, in: Lean and Computing
in Construction Congress - Volume 1: Proceedings of the Joint Conference on
Computing in Construction, Heriot-Watt University, Heraklion, Crete, Greece,
2017, pp. 237-244, http://dx.doi.org/10.24928/JC3-2017/0153.

A.-H. Hamdan, M. Bonduel, R.J. Scherer, An ontological model for the repre-
sentation of damage to constructions, in: M. Poveda-Villalén, P. Pauwels, R.D.
Klerk, A. Roxin (Eds.), Proceedings of the 7th Linked Data in Architecture and
Construction Workshop, CEUR-WS, Lisbon, Portugal, 2019, pp. 64-77, https:
//ceur-ws.org/Vol-2389/05paper.pdf. (Accessed 5 June 2024).

A.-H. Hamdan, R.J. Scherer, Areas of interest - semantic description of com-
ponent locations for damage assessment, in: J. Abualdenien, A. Borrmann,
L.-C. Ungureanu, T. Hartmann (Eds.), EG-ICE 2021 Proceedings: Workshop on
Intelligent Computing in Engineering, Universitdtsverlag der TU Berlin, Berlin,
2021, pp. 411-420, http://dx.doi.org/10.14279/depositonce-12021.

M.S. Mafipour, S. Vilgertshofer, A. Borrmann, Automated geometric digital twin-
ning of bridges from segmented point clouds by parametric prototype models,
Autom. Constr. 156 (105101) (2023) http://dx.doi.org/10.1016/j.autcon.2023.
105101.

J.-I. Jékel, P. Golzhduser, A. Schmitt, J. Bange, K. Klemt-Albert, A. Reiterer, S.
Marx, Teilautomatisierte generierung von digitalen infrastrukturmodellen mittels
multi-datenfusion, Bautechnik 100 (11) (2023) 667-673, http://dx.doi.org/10.
1002/bate.202300050.

B. Faltin, P. Schonfelder, D. Gann, M. Konig, Reconstructing as-built beam bridge
geometry from construction drawings using deep learning-based symbol pose
estimation, Adv. Eng. Inform. 62 (102808) (2024) http://dx.doi.org/10.1016/j.
aei.2024.102808.

R. Hartung, D. Liepe, K. Klemt-Albert, Abstraktion digitaler bauwerksmodelle
als grundlage fiir das digitale instandhaltungsmanagement, Bautechnik 99 (12)
(2022) 891-901, http://dx.doi.org/10.1002/bate.202100116.

J. Tulke, R. Schéfer, A. Brakowski, J.-D. Braun, H.S. AG, Intelligente Straflen-
verkehrsinfrastruktur durch 3D-Modelle und RFID-Tags, Technical Report B 130,
Bundesanstalt fiir Straenwesen (BASt), Bergisch Gladbach, 2016, https://edocs.
tib.eu/files/e01fn18/1019520272.pdf. (Accessed 11 May 2024).

M. Wenner, M. Meyer-Westphal, M. Herbrand, C. Ullerich, smartBRIDGE Ham-
burg: A digital twin to optimise infrastructure maintenance, in: J.R. Casas,
D.M. Frangopol, J. Turmo (Eds.), Bridge Safety, Maintenance, Management,
Life-Cycle, Resilience and Sustainability, first ed., CRC Press, London, ISBN: 978-
1-003-32264-1, 2022, pp. 964-970, http://dx.doi.org/10.1201/9781003322641-
115.

K. Liu, N. El-Gohary, Ontology-based semi-supervised conditional random fields
for automated information extraction from bridge inspection reports, Autom.
Constr. 81 (2017) 313-327, http://dx.doi.org/10.1016/j.autcon.2017.02.003.
D. Singer, M. Biigler, A. Borrmann, Knowledge based bridge engineering -
artificial intelligence meets building information modeling, in: Proceedings of
the 23rd EG-ICE Workshop on Intelligent Computing in Engineering, Krakow,
Poland, 2016, pp. 82-91, https://mediatum.ub.tum.de/doc/1306725. (Accessed
10 May 2024).

D.-Y. Lee, H.-l. Chi, J. Wang, X. Wang, C.-S. Park, A linked data system
framework for sharing construction defect information using ontologies and BIM
environments, Autom. Constr. 68 (2016) 102-113, http://dx.doi.org/10.1016/j.
autcon.2016.05.003.

WPM Ingenieure GmbH, Sib-bauwerke, version 1.9 [software], 2024, https://sib-
bauwerke.de/. (Accessed 16 December 2024).

A.S. Bundesministerium fiir Verkehr, ASB-ING 2013 Anweisung Strafeninforma-
tionsbank Segment Bauwerksdaten, Bundesanstalt fiir StraBenwesen, 2013, https:
//sib-bauwerke.de/webhelp/asb-ing_2013.htm. (Accessed 16 December 2024).
P. Haardt, Algorithmen der Zustandsbewertung von Ingenieurbauwerken,
Technical Report B 22, Bundesanstalt fiir Straenwesen, Bergisch Glad-
bach, ISBN: 3-89701-286-3, 1999, https://bast.opus.hbz-nrw.de/opus45-bast/
frontdoor/deliver/index/docld/812/file/B22.pdf. (Accessed 4 May 2024).

A. Gobels, J. Beetz, Conversion of legacy domain models into ontologies for in-
frastructure maintenance, in: M. Poveda-Villalén, P. Pauwels (Eds.), Proceedings
of the 9th Linked Data in Architecture and Construction Workshop, CEUR-
WS, Luxembourg, 2021, pp. 20-31, https://ceur-ws.org/Vol-3081/02paper.pdf.
(Accessed 16 February 2024).

A. Gobels, Conversion of infrastructure inspection data into linked data models,
in: M. Disser, A. Hoffmann, L. Kuhn, P. Scheich (Eds.), 32. Forum Bauinfor-
matik 2021, Darmstadt, 2022, pp. 316-323, http://dx.doi.org/10.26083/tuprints-
00021521.

A. Gobels, F. Rivadeneyra, J. Beetz, Transfer of implicit semi-formal textual
location descriptions in three-dimensional model contexts, in: Proceedings of
the 2023 European Conference on Computing in Construction and of the 40th
International CIB W78 Conference on Information Technology for Construction,
European Council on Computing in Construction, Heraklion, Crete, Greece, 2023,
pp. 556-563, http://dx.doi.org/10.35490/EC3.2023.268.


http://dx.doi.org/10.1201/9781003354222-27
http://www.researchgate.net/publication/322754699_Overview_of_existing_Bridge_Management_Systems_-_Report_by_the_IABMAS_Bridge_Management_Committee
http://www.researchgate.net/publication/322754699_Overview_of_existing_Bridge_Management_Systems_-_Report_by_the_IABMAS_Bridge_Management_Committee
http://www.researchgate.net/publication/322754699_Overview_of_existing_Bridge_Management_Systems_-_Report_by_the_IABMAS_Bridge_Management_Committee
http://www.researchgate.net/publication/322754699_Overview_of_existing_Bridge_Management_Systems_-_Report_by_the_IABMAS_Bridge_Management_Committee
http://www.researchgate.net/publication/322754699_Overview_of_existing_Bridge_Management_Systems_-_Report_by_the_IABMAS_Bridge_Management_Committee
https://publications.rwth-aachen.de/record/973486
https://publications.rwth-aachen.de/record/973486
https://publications.rwth-aachen.de/record/973486
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb19
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb19
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb19
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb19
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb19
https://international.fhwa.dot.gov/pubs/pl05002/pl05002.pdf
https://international.fhwa.dot.gov/pubs/pl05002/pl05002.pdf
https://international.fhwa.dot.gov/pubs/pl05002/pl05002.pdf
http://dx.doi.org/10.1007/978-3-319-92862-3_1
http://dx.doi.org/10.1108/ECAM-12-2018-0556
http://dx.doi.org/10.1108/ECAM-12-2018-0556
http://dx.doi.org/10.1108/ECAM-12-2018-0556
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/1746/file/Machbarkeitsstudie_BIM.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/1746/file/Machbarkeitsstudie_BIM.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/1746/file/Machbarkeitsstudie_BIM.pdf
http://dx.doi.org/10.35490/EC3.2019.193
https://publications.cms.bgu.tum.de/2015_Amann_OKSTRA.pdf
https://publications.cms.bgu.tum.de/2015_Amann_OKSTRA.pdf
https://publications.cms.bgu.tum.de/2015_Amann_OKSTRA.pdf
https://www.w3.org/TR/rdf11-concepts/
https://www.w3.org/TR/rdf11-concepts/
https://www.w3.org/TR/rdf11-concepts/
http://dx.doi.org/10.1016/C2010-0-68657-3
http://dx.doi.org/10.1016/C2010-0-68657-3
http://dx.doi.org/10.1016/C2010-0-68657-3
https://www.w3.org/TR/sparql11-query/
https://www.w3.org/TR/sparql11-query/
https://www.w3.org/TR/sparql11-query/
http://dx.doi.org/10.1017/S0890060409000122
https://ceur-ws.org/Vol-3633/paper6.pdf
http://dx.doi.org/10.3390/app122010599
http://dx.doi.org/10.1061/(ASCE)CO.1943-7862.0002210
http://dx.doi.org/10.1016/j.advengsoft.2019.02.001
http://dx.doi.org/10.1016/j.advengsoft.2019.02.001
http://dx.doi.org/10.1016/j.advengsoft.2019.02.001
http://dx.doi.org/10.1201/b12352
https://ceur-ws.org/Vol-2636/06paper.pdf
https://ceur-ws.org/Vol-2636/06paper.pdf
https://ceur-ws.org/Vol-2636/06paper.pdf
http://dx.doi.org/10.24928/JC3-2017/0153
https://ceur-ws.org/Vol-2389/05paper.pdf
https://ceur-ws.org/Vol-2389/05paper.pdf
https://ceur-ws.org/Vol-2389/05paper.pdf
http://dx.doi.org/10.14279/depositonce-12021
http://dx.doi.org/10.1016/j.autcon.2023.105101
http://dx.doi.org/10.1016/j.autcon.2023.105101
http://dx.doi.org/10.1016/j.autcon.2023.105101
http://dx.doi.org/10.1002/bate.202300050
http://dx.doi.org/10.1002/bate.202300050
http://dx.doi.org/10.1002/bate.202300050
http://dx.doi.org/10.1016/j.aei.2024.102808
http://dx.doi.org/10.1016/j.aei.2024.102808
http://dx.doi.org/10.1016/j.aei.2024.102808
http://dx.doi.org/10.1002/bate.202100116
https://edocs.tib.eu/files/e01fn18/1019520272.pdf
https://edocs.tib.eu/files/e01fn18/1019520272.pdf
https://edocs.tib.eu/files/e01fn18/1019520272.pdf
http://dx.doi.org/10.1201/9781003322641-115
http://dx.doi.org/10.1201/9781003322641-115
http://dx.doi.org/10.1201/9781003322641-115
http://dx.doi.org/10.1016/j.autcon.2017.02.003
https://mediatum.ub.tum.de/doc/1306725
http://dx.doi.org/10.1016/j.autcon.2016.05.003
http://dx.doi.org/10.1016/j.autcon.2016.05.003
http://dx.doi.org/10.1016/j.autcon.2016.05.003
https://sib-bauwerke.de/
https://sib-bauwerke.de/
https://sib-bauwerke.de/
https://sib-bauwerke.de/webhelp/asb-ing_2013.htm
https://sib-bauwerke.de/webhelp/asb-ing_2013.htm
https://sib-bauwerke.de/webhelp/asb-ing_2013.htm
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/812/file/B22.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/812/file/B22.pdf
https://bast.opus.hbz-nrw.de/opus45-bast/frontdoor/deliver/index/docId/812/file/B22.pdf
https://ceur-ws.org/Vol-3081/02paper.pdf
http://dx.doi.org/10.26083/tuprints-00021521
http://dx.doi.org/10.26083/tuprints-00021521
http://dx.doi.org/10.26083/tuprints-00021521
http://dx.doi.org/10.35490/EC3.2023.268

A. Gobels and J. Beetz

[54]

[55]

[56]

[57]

[58]

A. Gobels, J. Beetz, Relative location ontology: An ontological model for
representing directional topological relationships between spatial entities in
oriented space, in: P. Pauwels, M. Poveda-Villalén, W. Terkaj (Eds.), Proceedings
of the 12th Linked Data in Architecture and Construction Workshop, CEUR-WS,
Bochum, Germany, 2024, pp. 91-104, https://ceur-ws.org/Vol-3824/paper7.pdf.
(Accessed 16 December 2024).

J. Pearsall, Bridge, in: The Concise Oxford Dictionary, 10 rev. ed., Oxford
University Press, Oxford, ISBN: 0198604386, 2001, p. 1708.

C. Kang, C. Voigt, C. Eisermann, N. Kerkeni, J. Hegger, W. Hermann, A.
Jackmuth, G. Marzahn, S. Marx, Die Nibelungenbriicke als Pilotprojekt der
digital unterstiitzten Bauwerkserhaltung, Bautechnik 101 (2) (2024) 76-86, http:
//dx.doi.org/10.1002/bate.202300089.

Bundesministerium fiir Digitales und Verkehr (BMDV), Richtzeichnungen
Fir Ingenieurbauten, Bundesanstalt fiir StraBenwesen, 2023, https:
//www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-
ING-Gesamt.pdf?_blob=publicationFile&v=4, (Accessed 18 February 2025).
Bundesministerium  fiir =~ Verkehr und digitale Infrastruktur (BMVI),
Richtlinie Zur Einheitlichen Erfassung, Bewertung, Aufzeichnung Und
Auswertung von Ergebnissen Der Bauwerkspriifungen Nach DIN 1076 (RI-
EBW-PRUF), Bundesanstalt fiir StraRenwesen, Bergisch Gladbach, 2017,
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Erhaltung/RI-
EBW-PRUEF-Erhaltung.html. (Accessed 18 February 2025).

29

[59]

[60]

[61]

[62]

[63]

[64]

Automation in Construction 178 (2025) 106418

S. Mafipour, D. Ahmed, S. Vilgertshofer, A. Borrmann, Digitalization of 2D
bridge drawings using deep learning models, in: 30th International Workshop on
Intelligent Computing in Engineering (EG-ICE 2023), London, UK, ISBN: 979-8-
3313-0348-8, 2023, pp. 611-618, https://www.ucl.ac.uk/bartlett/sites/bartlett/
files/digitalization_of _2d_bridge_drawings_using_deep_learning models.pdf.
(Accessed 10 February 2025).

Y. Gao, G. Xiong, H. Li, J. Richards, Exploring bridge maintenance knowl-
edge graph by leveraging GrapshSAGE and text encoding, Autom. Constr. 166
(105634) (2024) http://dx.doi.org/10.1016/j.autcon.2024.105634.

G. Lee, S. Chi, Graph-based clustering of bridge management system data
for bridge maintenance cost estimation, in: 30th International Workshop
on Intelligent Computing in Engineering (EG-ICE 2023), London, UK, ISBN:
979-8-3313-0348-8, 2023, pp. 966-975, https://www.ucl.ac.uk/bartlett/sites/
bartlett/files/graph-based_clustering_of bridge_management_system_data_for_
bridge_maintenance_cost_estimation.pdf. (Accessed 4 May 2025).

Y. Zhang, J. Liu, K. Hou, Building a knowledge base of bridge maintenance
using knowledge graph, in: Y.-C. Lin (Ed.), Adv. Civ. Eng. 2023 (1) (2023)
http://dx.doi.org/10.1155/2023/6047489.

H. Ji, L. Yan, Z. Ma, A fine-grained RDF graph model for fuzzy spatiotemporal
data, Appl. Soft Comput. 166 (112166) (2024) http://dx.doi.org/10.1016/j.asoc.
2024.112166.

J. Abualdenien, A. Borrmann, Vagueness visualization in building models across
different design stages, Adv. Eng. Inform. 45 (101107) (2020) http://dx.doi.org/
10.1016/j.a€i.2020.101107.


https://ceur-ws.org/Vol-3824/paper7.pdf
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb55
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb55
http://refhub.elsevier.com/S0926-5805(25)00458-3/sb55
http://dx.doi.org/10.1002/bate.202300089
http://dx.doi.org/10.1002/bate.202300089
http://dx.doi.org/10.1002/bate.202300089
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-ING-Gesamt.pdf?__blob=publicationFile&v=4
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-ING-Gesamt.pdf?__blob=publicationFile&v=4
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-ING-Gesamt.pdf?__blob=publicationFile&v=4
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-ING-Gesamt.pdf?__blob=publicationFile&v=4
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Entwurf/RiZ-ING-Gesamt.pdf?__blob=publicationFile&v=4
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Erhaltung/RI-EBW-PRUEF-Erhaltung.html
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Erhaltung/RI-EBW-PRUEF-Erhaltung.html
https://www.bast.de/DE/Publikationen/Regelwerke/Ingenieurbau/Erhaltung/RI-EBW-PRUEF-Erhaltung.html
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/digitalization_of_2d_bridge_drawings_using_deep_learning_models.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/digitalization_of_2d_bridge_drawings_using_deep_learning_models.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/digitalization_of_2d_bridge_drawings_using_deep_learning_models.pdf
http://dx.doi.org/10.1016/j.autcon.2024.105634
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/graph-based_clustering_of_bridge_management_system_data_for_bridge_maintenance_cost_estimation.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/graph-based_clustering_of_bridge_management_system_data_for_bridge_maintenance_cost_estimation.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/graph-based_clustering_of_bridge_management_system_data_for_bridge_maintenance_cost_estimation.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/graph-based_clustering_of_bridge_management_system_data_for_bridge_maintenance_cost_estimation.pdf
https://www.ucl.ac.uk/bartlett/sites/bartlett/files/graph-based_clustering_of_bridge_management_system_data_for_bridge_maintenance_cost_estimation.pdf
http://dx.doi.org/10.1155/2023/6047489
http://dx.doi.org/10.1016/j.asoc.2024.112166
http://dx.doi.org/10.1016/j.asoc.2024.112166
http://dx.doi.org/10.1016/j.asoc.2024.112166
http://dx.doi.org/10.1016/j.aei.2020.101107
http://dx.doi.org/10.1016/j.aei.2020.101107
http://dx.doi.org/10.1016/j.aei.2020.101107

	Graph-based method for extracting spatial information from semi-formal text to derive 3D bridge and damage models from legacy maintenance data
	Introduction
	State of the Art in Research and Technology
	Digital Bridge and Damage Representation
	Related Research
	Research gaps

	Method
	Background & Previous Work
	Conversion of German Bridge Maintenance System Data to RDF Graphs
	Geometric Representation of BMS data Using External Models

	Spatial Bridge Graph Creation
	Damage Localization Process
	Calculation of Relative Coordinates & Model Generation

	Use Case Implementation
	Results
	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix. Collection of template directional-topological bridge component relations
	Data availability
	References


