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ABSTRACT:

Importing IFC (Industry Foundation Classes) data from bridge structural models into structural analysis
software is common in the BIM (Building Information Modeling) workflow. However, some software tools still
do not import IFC data in the extended version that covers bridge models. In addition, there is a lack of a
holistic framework for determining indicators that effectively represent the interoperability level for bridge
structural analysis. To prevent data loss in bridge models, this work proposes a tool for interpreting IFC data
related to the semantics of bridge elements, geometry, and material properties. A new methodology was
developed to quantitatively evaluate an interoperability level for bridges structural analysis, considering the
relevance of the imported information by defining numerical weight values. Then, a new framework was
proposed for determining each data flow’s Interoperability Level for Bridge Structural Analysis (ILBSA). The
interoperability level results showed that commercial bridge structural analysis software requires significant
advances in interpreting IFC data.
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RESUMO: conflitos de interesse.
Importar dados IFC (Industry Foundation Classes) de modelos estruturais de pontes em um software de analise Etica em Pesquisa:
estrutural é uma tarefa comum no fluxo de trabalho BIM (Building Information Modeling). Entretanto, alguns No ha necessidade.
softwares ainda nao importam dados IFC na versdo de extensdo que engloba modelos de pontes, podendo

gerar inconsisténcias na semantica dos elementos e representagdes geométricas ineficientes. Para evitar Submetido em: 27/07/2024
perdas de informag¢des de um modelo de ponte, propde-se uma ferramenta de interpretagdo de dados IFC Aceito em: 11/12/2024.

referente a semantica dos elementos de ponte, geometria e propriedades dos materiais. Uma nova
metodologia foi desenvolvida para avaliar quantitativamente um indice de interoperabilidade para fins de
analise estrutural de pontes (ILBSA), considerando a relevancia das informagdes importadas definindo valores
numéricos de pesos. Os resultados dos niveis de interoperabilidade mostraram que os softwares comerciais
de andlise estrutural de pontes requerem avangos significativos na interpretagdo de dados IFC.
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Interoperability level for bridge structural analysis from the IFC data interpretation

RESUMEN:

La importacion de datos IFC (Industry Foundation Classes) de modelos estructurales de puentes a software de
andlisis estructural es una tarea habitual en el flujo de trabajo BIM (Building Information Modeling). Sin
embargo, algunos programas informaticos siguen sin importar datos IFC en la version de ampliacién que
incluye modelos de puentes, lo que puede provocar incoherencias en la semantica de los elementos y
representaciones geométricas ineficaces. Para evitar la pérdida de informacién de un modelo de puente, se
propone una herramienta para interpretar los datos IFC relativos a la semantica de los elementos del puente,
la geometria y las propiedades de los materiales. Se ha desarrollado una nueva metodologia para evaluar
cuantitativamente un indice de interoperabilidad para el analisis estructural de puentes (ILBSA), considerando
la relevancia de la informacién importada mediante la definicion de valores numéricos de peso. Los resultados
de los niveles de interoperabilidad mostraron que el software comercial de analisis estructural de puentes
requiere avances significativos en la interpretacion de los datos IFC.

PALABRAS CLAVE: Bim; Puentes; Infraestructuras; Intercambio de datos.
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INTRODUCTION

Using BIM (Building Information Modeling) in multi-story buildings and infrastructure
projects can bring some benefits, such as more efficient project management, enhanced
collaborative efforts, and reductions in project execution timelines (Kumar et al.,, 2017). To
maximize these benefits in the BIM workflow, it is essential to improve data exchange between
the different software available (Biswas et al., 2024).

For structural analysis purposes, manual generation of the structural model leads to
accumulated errors, rework, and high time consumption (Ramaji & Memari, 2018; Khattra et
al., 2020). On the other hand, the exchange of IFC (Industry Foundation Classes) data between
a BIM platform and structural analysis software can lead to semantic losses of BIM elements
(Jiang et al., 2023) and non-parametric description of their 3D geometry (Ji et al, 2011). One
of the options for improving this IFC data flow is the use of data interpretation tools during the
export of the .ifc file (Ramaji & Memari, 2018; Khattra et al., 2020; Chen et al., 2005; Hu et al,,
2016). The data exchange between different applications can be carried out efficiently if BIM
platforms and structural analysis software have consistent support for the export/import of
IFC data, avoiding loss of information and low semantic level (Ren et al., 2018).

The types of structural models for girder bridges vary in relation to the complexity of the
geometry of the elements, the simplification level of the analysis model, and the computational
effort to be used. In practical applications, the two-dimensional model is the prevailing choice
for Finite Element Method (FEM) structural analysis of girder bridges, as it covers the majority
of the bridge structural elements and provides force values that can be directly used for design
purposes (El Debs, 2021). The two-dimensional model consists of one-dimensional Euler-
Bernoulli finite elements, that represent girders, diaphragms, pier cap beams, and columns, in
addition to two-dimensional Reissner-Mindlin plate/shell finite elements, that represent the
slabs (El Debs, 2021). For example, in a situation where the load-bearing capacity of a girder
bridge is assessed using two-dimensional structural analysis, the user needs to be provided
with information relating to geometry and materials to reduce rework at the structural
modeling stage and, consequently, make structural analysis via FEM more efficient. Since the
BIM modeling platform and the structural analysis software may not be compatible, the IFC
use as a data exchange standard becomes essential in the workflow.

The available software tools still do not import IFC data in the extended version that includes
bridge models (IFC4.3.2.0 schema). Furthermore, the current state-of-the-art lacks a
comprehensive framework for determining indicators that effectively represent the
interoperability level for bridge structural analysis. To narrow these knowledge gaps in the
literature, the present work proposes an innovative tool for interpreting IFC4.3.2.0 data for
structural analysis purposes in SAEP, which is a software program under development capable
of modeling and performing structural analysis of concrete beam bridges with straight and
level axes, as well as importing .ifc files and interpreting IFC data associated with the structural
model of some bridge elements. In order to compare the IFC data interpreted in SAEP, a
methodology is proposed for determining a numerical indicator that represents the efficiency
level of IFC interoperability. The proposed indicator aggregated data related to the semantics
of bridge elements, general information, geometry, and materials transferred between Revit
(v.2024) and the following bridge modeling and structural analysis software: Allplan
Engineering (v. 2024-1-2), Bentley OpenBridge (v. 23.00.00.121), CSi Bridge (v. 23.0.0), Scia
Engineer (v. 24.0), and SAEP. The results were analyzed using a case study comprising bridge
elements with shapes commonly used in the field of structural modeling.
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LITERATURE REVIEW

IFC DATA EXCHANGE BETWEEN BIM PLATFORMS AND STRUCTURAL ANALYSIS
SOFTWARE

Generally speaking, IFC (Industry Foundation Classes) interoperability is the ability of systems
to exchange information without loss while maintaining its semantic level using a standard
construction data model named IFC. The IFC is an extensive data structure standardized in the
AEC (Architecture, Engineering, and Construction) industry and organized hierarchically to
facilitate the implementation of data exchange between applications. This data structure
inherits the concepts of object-oriented programming (OOP) and is described using a modeling
language named EXPRESS, defined by ISO 10303-11 (Borrmann et al., 2018).

A one-way data exchange using the IFC standard is exemplified using a BIM design platform
and structural analysis software. The unidirectional IFC data exchange process is summarized
as follows: 1) defining the exchange requirements, i.e. the information the structural analysis
software needs to receive; 2) exporting an .ifc file from the BIM platform using a specific model
view; 3) optionally using IFC viewers to validate the exported model; 4) importing a validated
.fc file into the structural analysis software; 5) checking the imported data directly in the
structural analysis software.

The main problems in exchanging IFC data between BIM platforms and structural analysis
software are: a) the exported view model does not cover all the information that the target
software needs to receive (Luttun & Krijnen, 2020); b) the various ways of representing
geometry, properties, and relationships in IFC can lead to inconsistencies and loss of
information (Lai & Deng, 2018). Therefore, IFC interoperability is achieved if the BIM platform
and structural analysis software have consistent support for exporting/importing IFC data
(Ren et al., 2018) by defining data models and standardizing their representation (Hu et al.,
2016).

Defining the structural analysis scenarios is fundamental in the IFC data exchange process and
is related determining the exchange requirements. Structural analysis is divided into three
stages (Ren & Zhang, 2020): 1) intrinsic modeling stage, in which the structural analyst
depends only on the geometric data of the elements and the materials related to each element;
2) extrinsic modeling stage, in which the analyst also depends on the data of boundary
conditions and loads acting on each element; and 3) analysis stage, which is the stage of
processing the data from stages 1 and 2, obtaining the results of the analysis. The exchange of
IFC data between structural analysis software is compromised when the information is related
to the analysis stage (Ren & Zhang, 2020). However, if IFC data is imported into structural
analysis software from the export of IFC data on a BIM modeling platform, at least information
related to cross-sections, elements, and materials is expected since data on connections and
acting loads are not exported via coordination or reference models view (Ramaji & Memari,
2018).

The automatic extraction of IFC data, such as element geometry and materials, speeds up the
process of generating structural models, reducing errors, avoiding rework, and improving
coordination between architects and structural engineers (Khattra et al,, 2020; Chen et al,,
2005; Liu et al,, 2010; Hu et al., 2016). Chen et al. (2005) implemented an information web
server based on IFC to automatically transform information from the architectural domain to
the structural domain. Deng and Cheng (2006) developed an interpretation mechanism
between architectural models based on IFC and structural models based on XML files. Liu et al.
(2010) proposed a computational tool that interprets IFC data from architectural models into
structural model data, following the data structure of PKPM software, which is widely used in
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engineering offices in China. Qin et al. (2011) proposed a unified XML-based core model for
converting architectural models between various commercial CAE software. Khattra et al.
(2020) developed an algorithm using Python's IfcOpenShell library to interpret information
from the architectural BIM model to the structural model by implementing an integrated
workflow.

The architectural or structural model can be directly interpreted into its respective analytical
model, considering the connections between the elements. Wang et al. (2015) developed an
IFC data interpreter from structural models to analytical models. Hu et al. (2016) proposed a
dual-track data interpretation algorithm based on element mapping, conflict resolution
between architectural and structural elements, web-based integration, structural analysis, and
continuous updating. Liu et al. (2016) developed a tool for interpreting IFC data from
architectural models into structural and analytical models using MIDAS, ETABS, and ABAQUS
software. Ramaji and Memari (2018) proposed a method that is applied to MVD Coordination
View (CV) v.2.0 (IFC2x3) data, dividing the information into direct exchange units and
interpretation units to determine the analytical model. To avoid manual editing when
interpreting information related to the connections between elements in MVD CV v.2.0, Ramaji
and Memari (2018) developed connectivity adjustments using an algorithm considering the
distances between point-to-point and point-to-line.

For structural analysis of bridges, researchers enabled the interpretation of IFC data by
proposing new IFC entities for bridges, sets of properties, characteristics for finite element
analysis, and mesh-free analysis. In this context, the IFC4.3.2.0 scheme was officially published
in 2023 by buildingSMART International (bSI). Hassanien Serror et al. (2008) developed a data
transfer technology called Shared Computer-Aided Structural Design (sCAsD) and proposed
IFC entities for finite element analysis of buildings and bridges. Xu et al. (2019) proposed a
method based on the interpretation of IFC entities from the Brep geometry of bridge elements
to perform finite element analysis. Pukl et al. (2016) converted bridge IFC data into structural
analysis models in the input format of the ATENA software, which is used for non-linear finite
element analysis of concrete structures. Park et al. (2020) proposed an extension of IFC for
bridge elements and a methodology that interprets bridge model data to perform structural
analysis without the need for meshing.

Currently, some certified BIM software offers a trial version for exporting IFC data at a higher
version than IFC4, but it does not have implemented Model View Definition (MVD). This makes
it difficult to carry out tasks that require interpreting bridge IFC data for information related
to the analytical model. Therefore, the export of bridge IFC data for structural analysis
purposes must cover the correct semantics of the elements, efficient geometric representation,
and relationships between bridge elements and materials, among other factors that can not be
identified when exporting view models in IFC4.

BRIDGE INFORMATION MODELING

IFC EXTENSION FOR BRIDGES

To meet the global demand for infrastructure projects such as bridges, railways, roads, and
tunnels, an extension project of IFC was developed, covering not only building modeling. The
final version of the schema, IFC4.3.2.0 (IFC4x3_ADDZ2), was officially published in 2023 by bSI.

Considering the various domains in construction modeling, previous studies presented
proposals for extensions to IFC4 aimed at infrastructure works before the official publication
by the bSI, with the main objective of improving interoperability between software (Yu et al.,
2023). Yabuki and Shitani (2003) developed a data model for reinforced and prestressed
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concrete bridges, proposing new entities for slabs, prestressing strands, sheaths,
reinforcement, and anchoring devices. Lee and Kim (2011) considered adding IFC entities to
define spatial elements in road structures. Ji et al. (2011) proposed an IFC data structure
considering the parameterization of physical bridge elements. Amann et al. (2014) integrated
new entities to describe transition curves for the IFCAlignment project. Amann et al. (2015)
proposed an extension for cross-sections in road design based on the IFCAlignment project.
Tanaka et al. (2017) developed an IFC-based information model to meet the requirements of
bridge inspection processes. Park et al. (2020) integrated the mesh-free analysis method into
the extended bridge model based on IFC. Lee et al. (2014), Gao et al. (2016), and Kwon et al.
(2020) developed IFC entities to semantically define railroad design. Therefore, even with the
efforts of several authors in contributing extensions to IFC4 and the official publication of the
[FC4.3.2.0 schema in 2023, there may be a considerable delay in implementing a new schema
in BIM software (Cerovsek, 2011).

The first stage of the IFC4 extension project was dedicated to the development of the first data
schema, IFC4.1, proposed by the internal committee of bS], titled IFCAlignment (Borrmann et
al., 2019), officially published in 2018. This schema defined the characteristics for describing
the alignment of infrastructure projects, such as the reference line that delineates the layout of
a bridge. In addition to defining the alignment, the new IFC geometric representation entity
IfcSectionedSolidHorizontal was introduced, which allows sweeps along a directrix defined in
the project (Borrmann et al., 2019). The IFCAlignment project has enabled a) the ability to
exchange alignment information in the planning, design, construction, and management phase;
b) the linking of alignment information, cross-sections, and three-dimensional geometry of
elements; c) the consultation of linear referencing and positioning information; among other
achievements (Amann et al., 2015). The IFCBridge project was officially launched in 2016
based on the IFCAlignment project and previous IFC extension projects (Markic, 2017).

The second part of the project, IFC4.2, officially published in 2019, defined the spatial hierarchy
of the project, expanding specifically for bridges and considering future infrastructure works
through the IfcFacility subtypes and IfcFacilityPart entities (Borrmann et al. 2019). The
IfcBridge entity, as one of the subtypes of IfcFacility, has the PredefinedType attribute,
encompassing various types of bridge structural systems (e.g., girder, cable-stayed, arch, etc.).
Another important [FC entity is called IfcBridgePart, a subtype of IfcFacilityPart, which defines
the different parts of the bridge (e.g, foundation, substructure, superstructure, etc.). In
addition, the IFC4.2 schema has defined new entities that are IfcBuildingElement subtypes,
such as the support elements (IfcBearing) and the deep foundation (IfcDeepFoundation). Some
elements have been described by expanding the predefined types of entities already defined in
IFC4, such as girders (GIRDER_SEGMENT), diaphragms (DIAPHRAGM), and pier cap beams
(PIERCAP) of bridges, which are predefined types of IfcBeam. As with the IFC4 schema, objects
not identified in a given schema are defined by the IfcBuildingElementProxy entity.

IFC4.3 was published in 2021, with the possibility of updates, taking into account rail
(IfcRailway), road (IfcRoad), and waterway (IfcMarineFacility) projects, along with bridge
(IfcBridge) and building (IfcBuilding) projects. New elements were also defined as
IfcBuiltElement subtypes to replace the IfcBuildingElement entity, such as pavement
(IfcPavement) and rail (IfcRail). The first candidate for updates was called IFC4.3.1.0
(IFC4x3_ADD1), with superelevation definitions, advanced geometric representations, and a
spatial structure that promotes greater collaboration. IFC4.3.2.0 (IFC4x3_ADD2) was officially
published in 2023 with a better definition for the linear positioning of objects using the
IfcAxis2PlacementLinear and IfcPointByDistanceExpression entities (Jaud et al., 2021).
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IFC GEOMETRIC REPRESENTATION

The geometric representation of BIM objects is one of the most relevant information when
exchanging data between software. Geometry resources are one of the most extensive and
complex IFC subprocedures, requiring a significant computational effort for being
implemented in BIM software (Krijnen et al., 2020). Consequently, Wagner et al. (2020) carried
out an extensive literature review to analyze geometric descriptions in relation to the
requirements established in each domain. The authors recommended choosing the most
suitable geometric description individually, considering the domain and the type of project.

Wagner et al. (2020) classified geometric representations as follows: 1) point cloud; 2)
tessellated (triangulated or polygonal surfaces, analogous to a mesh); 3) boundary
representation (Brep); 4) Constructive Solid Geometry (CSG); and 5) sweeps and rotations. The
IFC does not semantically define solids formed by point clouds; however, some studies already
presented the interpretation of sets of points in the IFC geometric representation of bridge
elements (Lu & Brilakis, 2019; Justo et al., 2023). The geometric representations for items 1-3
and 4-5 have explicit and implicit modeling approaches, respectively (Borrmann et al., 2018).

A solid defined by implicit modeling stores the creation history as information is defined
(Borrmann et al., 2018). For example, a prismatic solid generated by extrusion of a cross-
section (IfcExtrudedAreaSolid) requires the following sequence of information: 1) definition of
the cross-section; 2) position of the cross-section; 3) extrusion direction; and 4) extrusion
depth. Each piece of information is stored, and the solid is generated only when all the
information is defined. In 1FC4.3.2.0, the subtypes of IfcSweptAreaSolid, IfcSweptDiskSolid,
IfcSectionedSolid, and IfcCsgSolid represent solids modeled implicitly.

Explicit modeling represents solids generated by Brep and tessellated surface representation
(Borrmann et al., 2018). A Brep solid is defined by the sequence body - faces - edges - vertices.
A body is composed of a set of faces, a set of edges defines each face, and each edge is defined
by its vertices. Subtypes of IfcManifoldSolidBrep are used to define solids by boundary
representation. Additionally, solids modeled explicitly can be composed of triangles or
polygons that define their entire surface through a set of cartesian points, using the subtypes
of IfcTessellatedItem.

In the geometry context of bridge elements, modifying the road axis implies an automatic
update of the other bridge elements (]i et al, 2012; Hu et al., 2014), making the alignment's
parameterization and bridge elements a fundamental step in the design phase. The studies by
Sampaio (2003), Ji et al. (2012), Lee et al. (2012), Karaman et al. (2013), and Girardet and
Boton (2021) have shown the importance of parameterizing bridge elements. Therefore,
implicit methods are considered the most efficient geometric representations, as they involve
fewer parameters to interpret, resulting in smaller files capable of being read by a computer,
improving accuracy and allowing for a better fit in the structural analysis domain (Markic,
2017).

METHODOLOGY

SAEP’S GENERAL FEATURES

SAEP is based on a methodology for modeling bridges based on parametric data. It also
comprises a computer system implementation for two-dimensional structural analysis of the
load capacity of bridges in its stand-alone version. SAEP only considers concrete bridges with
a straight longitudinal axis, as this type of bridge is widely used in Brazil. The data structure
was developed in the Delphi language, using the concepts of classes and objects, and the
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advantages of OOP. As for the software interface, it was decided to use OpenGL linked to the
Delphi programming environment. This, SAEP was able to generate the following results: a)
envelopes of nodal displacements based on the degrees of freedom considered for each
element type; b) influence lines/surfaces for each force using the Jepsen & Damkilde (2016)
methodology; c) envelopes of maximum and minimum forces due to the combination of dead
and live loads; d) Rating Factor (RF) of the bridge, considering its deterioration condition and
the application of loads from vehicles.

It is important to note that SAEP has some limitations compared to the commercial software
evaluated in this research. SAEP models and interprets IFC4.3.2.0 data for concrete girder
bridges with straight-axis and at level, but some types of bridges were not considered, such as
steel-concrete, box girder, or cable-stayed bridges. Another limitation is importing a
coordination, reference, or design view model in the IFC4 schema. SAEP does not interpret
bridge elements without the correct definitions, i.e., in this case, the user will not visualize the
structural model.

To read the bridge's structural model, an [FC4.3.2.0 data interpreter was implemented in SAEP,
considering four stages: 1) implementation of IFC entities in the programming environment,
i.e. creation of a library of IFC classes for modeling the bridge in SAEP; 2) development of an
algorithm for reading an .ifc file; 3) development of IFC data interpreter; 4) validation of the
IFC data interpretation tool. Since SAEP was developed in the Delphi language, the IFC class
library and the .ifc file reader were also written in this language, facilitating the integration of
SAEP with the IFC4.3.2.0 data interpretation tool.

Figure 1 shows the workflow for IFC4.3.2.0 data interpretation by SAEP. In addition, SAEP
enables the exporting of native files with all the structured information, facilitating user
readability.

Interpreting

| BIM model | import ;
— |Fc4.3.2.0data |

,,,,,,,,,,,,,,,,,,,,

IFC4.3.2.0

Ee

.ifc file

export

SAEP’s native file

FRAMEWORK FOR OBTAINING THE ILBSA (INTEROPERABILITY LEVEL FOR
BRIDGE STRUCTURAL ANALYSIS)

Figure 2 shows the proposed framework for determining each data flow's Interoperability
Level for Bridge Structural Analysis (ILBSA). The Revit v. 2025 platform was chosen to export
the IFC data for the model, known as the Standard Model. A model named Standard Model was
created on the Revit v.2025 platform. Revit was chosen because it is a widely used BIM
platform for modeling straight-axis girder bridges, and it allows exporting data in the IFC4x3
schema using a trial version. After defining the Standard Model, the exported IFC instances
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were checked using the trial version view model in the [FC4x3 schema available in Revit. The
IFC validation consisted of three filters: 1) use of buildingSMART IFC Validation Service
(v.0.6.2); 2) use of the following IFC viewers: BIMcollab Zoom (v.8.1), usBIM.viewer+ (v.9.00),
and BIMvision (v.2.28.0); and 3) visual inspection directly on the exported .ifc file. These
viewers were selected because they can import .ifc files in a schema superior of IFC4. All the
information presented by the viewers or the data mapping tool was checked in the .ifc file
through visual inspection.

Bridge structural analysis BIM software

Standard model @ IEC Validati |l Allplan P
(Revit v. 2025) alidation Enginnering
. Bentley Y
OpenBridge L o dave

Import to...

not been exported?

CSi Bridge — A
1]

Reevaluate
modeling

Under-development software

T

The information checked refers to the minimum necessary for structural modeling, i.e., without
considering the links between the elements and the application of the load acting on the
structure. Therefore, the following information was considered in this work: 1) identification
of elements; 2) general information, such as the name and global identity; 3) geometry, not
only encompassing the visualization of the 3D solid but also the cross-section information,
position of the element and the element x material relationship; 4) materials, such as the name
of the property sets that encompass the material, category, name of the properties as specified
by bS], values of the properties and the units. The commercial software chosen does not
support the import of .ifc files in the IFC4.3.2.0 schema. For these cases, we opted to export the
Design Transfer View (DTV, IFC4 schema) model unofficially available in Revit v.2025. This
version of the view model is suitable for structural modeling, allowing the receiving software
to modify the information (Trzeciak & Borrmann, 2018). Finally, the IFC data was imported
into the software, and the value of the ILBSA (represented by the symbol 1) was determined.

The results were evaluated using the A values for each case, quantitatively comparing the
unidirectional flow of information between Revit and commercial software for bridge
modeling and structural analysis, using an average value (Aave), and between Revit and SAEP.

STANDARD MODEL'’S FEATURES

Figure 3 shows a 3D view of the Standard Model, used as a case study and created by
parameterizing the different elements in Revit. The girders were parameterized considering
the cross-section extruded along its length, in addition to the enlargement at the ends as a
second element, dependent on the dimensions of the cross-section and the total length. The
pier cap beam was parameterized similarly, considering an extruded cross-section in addition
to the chamfered sections at the ends as dependent elements. The parameterization of these
elements is justified to reduce the density of information related to the geometric
representation and to associate the material with the cross-sections of the extruded sections,
making it easier to interpret the data. Slabs, pavements, and barriers were considered as
elements generated by extruding an arbitrary profile in the longitudinal direction of the bridge.
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The materials were associated with the typified elements, i.e., all bridge elements of the same
type had the same properties as the user-defined materials. The import of information related
to the bearings and the bridge abutment was not evaluated.

INTEROPERABILITY LEVEL FOR BRIDGE STRUCTURAL ANALYSIS
(ILBSA)

Each bridge structural analysis software considered has an IFC data interpreter for the native
data structure; however, some errors in data exchange can occur. The ILBSA indicator
proposed in this work is defined as the percentage of information related to the structural
analysis of concrete girder bridges with straight-axis, and this information was interpreted by
bridge structural analysis software from an .ifc file exported by Revit. The information was
analyzed and classified based on authors’ expertise with data exchange between a BIM
platform and structural analysis software. In addition, challenges of locating information
within the structural analysis software and the rework time required to enter uninterpreted
information were considered. To define the numerical value of the ILBSA, the information sets
(Iset), the weights of each Iset, and the weights of each information were established, as shown
in Table 1.

i. Iset i.j Information name 8ij (%) | weight (o1)
1. Iset_Semantics 1.1 Predefined type 100 0.25
21N
2. Iset_Generallnformation ame >0 0.05
2.2 Global ID 50
3.1 Solid 3D 10
3.2 Profil 40
3. Iset_Geometry rof/'e - 0.50
3.3 Positioning 30
3.4 Material relationship 20
4.1 Material name 5
4.2 Category 5
4. |set_Material 4.3 Properties name 40 0.20
4.4 Properties value 25
4.5 Unity 25

Table 1 indicates that the sets of information have been numbered from 1 to 4, and the weights
of each Iset add up to a value of 1. These recommended weights values indicate the relevance
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Figure 3. 3D view of the
Standard Model

Source: Authors

Table 1. Information
sets (Iset) considered for
each type of bridge
element

Source: Authors
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of each Iset for the user who will receive this information. For example, the Iset related to
materials (Iset_Material) has 20% relevance (w4 = 0.20) about the sets of information
analyzed. Each piece of information has a percentage transfer value to the structural analysis
software. For example, the cross-section information (3.2 Profile) has 40% relevance to the
information contained in the geometry-related Iset (Iset_Geometry) of a bridge element.

The information from the four sets is checked for each type of bridge element: 1) Girders; 2)
Diaphragms; 3) Pier cap beams; 4) Columns; 5) Barriers; 6) Pavement; and 7) Slabs. Therefore,
the ILBSA value for each data flow, represented by the symbol 2, is given by equation (1):

N n m
2 @2 2(0),
i_ i=1 k=1 j=1
N
n-» o
i=1

wherei=1, .., Nis the index of each Iset; N is the number of Iset; k=1, .., n is the index of each
type of bridge element; n is the number of bridge elements; j = 1, .., m is the index of each
information contained in the Iset; m is the number of information contained in each Iset; (3i)«
is the percentage value of the transfer of the j-th information contained in the i-th Iset, referring
to the k-th type of bridge element; and w; is the weight of the i-th Iset.

The semantics of a bridge element are identified through the PredefinedType attribute of some
subtype of IfcBuiltElement. Some BIM platforms export an unofficial model view that follows
the [FC4x3 schema and covers the predefined types of bridge elements, such as Revit v.2025.
For the structural analysis of a bridge from a model imported using an .ifc file, the exact
identification of the elements is important for the association of the information in each of them
and the automatic generation of the finite element mesh. Therefore, the 25% weight (01 =
0.25) considers the relevance of information as a requirement for identifying the bridge
element. In addition, the weight value is higher than geometry Iset (50%) due to the ease of
implementing the semantics’ interpretation in structural analysis software.

The general information considered in this study was the name and the global identity,
determined by the Name and GloballD attributes of the IfcRoot abstract entity. Both parameters
were considered in Iset_Generallnformation, with 50% weight for each, and Iset with 5% total
weight (o2 = 0.05). The low weight of this information is justified by the ease with which it can
be transferred to analysis software, without considerable computational effort in interpreting
this IFC data. In addition, the user can edit the names of the bridge elements, reducing the
relevance of this information.

The geometric representation of the bridge (Iset_Geometry) is the most relevant information
set to be analyzed, with 50% weight (@3 = 0.50). This can be explained by the wide coverage
of IFC geometric representations, which makes data interpretation difficult for structural
analysis software when there is a loss and inefficiency of geometric information. Geometric
information with a low semantic level for structural analysis can lead to more rework than the
rework to enter the other information. Therefore, considering both the relevance and amount
of information, geometry has the highest weight value.

Geometry-related semantics cover not only the visualization of the 3D solid but also how the
geometric representation has been considered in the structural model. The two-dimensional
structural bridge analysis requires implicit geometric modeling information, such as cross-
section information and element positioning, which is not easily found in Brep or tessellated
solids. Parameterized geometric results in the use of more efficient finite elements and,
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Equation 1. ILBSA - A

Source: Authors
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consequently, generates less computational effort in the analysis. The relationship information
that associates the material with the bridge element or cross-section is also considered.

Material properties must be interpreted, especially in cases where the strength of bridge
elements needs to be determined and the user does not know these property values. The lack
of this information may lead to destructive or non-destructive tests or even more costly
solutions. Therefore, the information related to materials (Iset_Material) weighs 20% (®4 =
0.20). The names of the properties associated with the material were given higher weight
values than the weights relating to the values of the properties and their units since the Name
attribute of the IfcPropertySingleValue entity must be equal to the name of the property defined
by bSI. The following properties were considered for interpreting the IFC data: longitudinal
modulus of elasticity and Poisson's ratio, contained in Pset_MaterialMechanical under the
names YoungModulus and PoissonRatio, respectively; and material density, contained in
Pset_MaterialCommon under the name MassDensity.

RESULTS

DETAILS OF ERRORS

Tables 2 to 5 show the main errors observed during the data exchange between Revit and the
Allplan, Bentley, CSi Bridge, and Scia Engineer software. Semantic errors of the bridge elements
result from the software’s limited support for importing and exporting the IFC4x3 schema.
Geometry errors include the misinterpretation of cross-sections and the incorrect positioning
of the bridge elements. Regarding the interpretation of material information, only CSi Bridge
performed well.

Information Details of errors - Allplan

Girders, diaphragms, pier cap beams, and pavement were
not identified

General information No errors were identified

Elements with non-parametric cross-sections were not

Semantics

Geometry identified
Material No material properties were identified
Information Details of errors - Bentley

Girders, diaphragms, pier cap beams, and pavement were
not identified

General information No errors were identified

Cross-section information and elements positioning were

Semantics

Geometry not identified
Material No material properties were identified
Information Details of errors - CSi Bridge

Girders, diaphragms, pier cap beams, pavement, and barriers
were not identified

Semantics

General information No errors were identified
Cross-section information for girders, barriers, and
Geometry pavement were not identified

Material Mass density and Young modulus not identified
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Table 2. Details of
errors — Allplan

Source: Authors

Table 3. Details of
errors — Bentley

Source: Authors

Table 4. Details of
errors — CSi Bridge

Source: Authors
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Information Details of errors - Scia Engineer

Girders, diaphragms, pier cap beams, pavement, barriers,

Semantics
and slabs were not identified

General information No errors were identified
Relationship between material and bridge elements were

Geometry not identified
Material No material properties were identified
ILBSA VALUES

Figure 4 shows the ILBSA results for each flow, as well as the average ILBSA results for the
unidirectional flow for each commercial structural analysis software. The ILBSA value for the
Revit - SAEP flow was considerably higher than the average obtained for the Revit - commercial
software workflow due to some advantages of SAEP over the other software.

All the software interpreted the name and global identity (GlobalID). This information is easily
interpreted, requires minimal implementation effort, and is useful for correctly identifying
bridge elements and structural analysis elements.

SAEP allows for the concrete girder bridge modeling by importing an .ifc file in the IFC4.3.2.0
schema, as well as modeling through the user's own data input. The modeling and structural
analysis software analyzed cannot interpret the semantics of bridge elements, since it does not
yet import .ifc files in the IFC4.3.2.0 schema, so the import was completed in the design model
view in the IFC4 schema. Therefore, little can be gained from the imported model to carry out
the structural analysis in each software, represented by the A value of each flow.

Interoperability level for bridge structural analysis - A (%)

100% 98.57%
‘o
80%
60% -
49.29% 47.98%
41.37%
a0 37.50% °
° 30.71%
- I I
0%
SAEP Allplan Bentley CSiBridge Scia Engineer  Average
OpenBridge

Figure 5 shows the percentage of geometry-related information (Table 1) that was interpreted
by each software. The 51.16% value obtained for the average geometric information
interpreted by the commercial software, compared to the 97.14% value obtained for the
geometric information interpreted by SAEP, is justified by the low semantic level of geometry
for structural analysis purposes interpreted by the commercial software. Determining the
cross-section was the main information not interpreted by commercial software, especially in
cases where the cross-sections of extruded elements were represented arbitrarily, using the
IfcArbitraryClosedProfileDef entity. The information on the positioning of the cross-section of
each bridge element, or the coordinates of the vertices of the elements about the global axis of
the project, was only interpreted by the Scia Engineer. Elements with parametric cross-
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Table 5. Details of
errors — Scia Engineer

Source: Authors

Figure 4. A values
(ILBSA) for each
unidirectional
workflow. The
percentage values
refer to the
interoperability level
for bridge structural
analysis

Source: Authors
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sections, represented by IfcParameterizedProfileDef subtypes, were interpreted correctly.
SAEP can only visually represent elements extruded in a given direction, so sections with
variable cross-sections are ignored for visualization purposes, which explains the 97.14%
percentage of interpreted geometric information. Figure 6 shows the 3D view of the geometry
of the standard model in each software.

Percentage of geometry-related information transferred

100% 97,14%
(]
80%
67,14%
62,86%
0,
60% 54,29% 51,16%
12,
a0% 30,00%
0% I
0%
SAEP Allplan Bentley CSiBridge  Scia Engineer  Average

OpenBridge

DTV* IFC4
— Allplan

DTV* IFC4
— Bentley OpenBridge

RS
‘1.“;‘-

DTV* IFC4
—— Scia Engineer

DTV* IFC4
— CSi Bridge

Revit v.2025

*: unofficial

; %k
**: trial version IFC4x3

—— > SAEP

The association relationship between the material and the element, through the entity
IfcRelAssociatesMaterial, was interpreted correctly in most of the elements analyzed. Apart
from SAEP, only CSi Bridge identified the material category and the name of the properties, but
with incorrect values. The Allplan, Bentley OpenBridge, and Scia Engineer software did not
interpret the information related to material properties. The reason is that the
IfcMaterialProperties entity, which is responsible for defining the properties of the materials
associated with an instance of IfcMaterial, has not been interpreted.
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Figure 5. Percentage of
geometry-related
information that was
interpreted in each
software

Source: Authors

Figure 6. 3D view of
the Standard Model in
each software

Source: Authors
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CONCLUSION

This paper presents a methodology for quantitatively determining the interoperability level
for structural analysis of concrete bridges with straight beams (ILBSA, mathematically
represented by 1), defining the relevance of the information using weights. In addition, a novel
[FC4.3.2.0 data interpreter was implemented in the SAEP to achieve a high level of
interoperability for two-dimensional structural analysis of bridges.

Based on the results presented in this work, the following contributions can be highlighted:

e Definition of the ILBSA indicator: the ILBSA was developed for the subdomain of
structural bridge modeling and analysis, and the methodology applied for its
determination can be applied to other subdomains by defining weights, taking into
account the relevance of the imported information;

e SAEP interpreted IFC data in the IFC4.3.2.0 schema: this functionality of SAEP
represents an evolution over the commercial software evaluated in this study, which
did not import .ifc files in the [FC4.3.2.0 schema and did not interpret bridge elements
semantically;

e Inaddition to interpreting design view models in the [FC4.3.2.0 schema, SAEP allowed
the interoperability from the import of reference view models: the commercial
software evaluated in this work only allowed the import of design view models in the
[FC4 schema, containing few information for structural analysis, according to the
values shown in Figure 2;

e Interpretation of Brep geometry and arbitrary cross-sections for structural analysis:
SAEP interpreted Brep geometry, determining information related to the cross-section
and positioning in the global axis. Arbitrary cross-sections, defined by
IfcArbitraryClosedProfileDef, were interpreted and parameterized. The commercial
software analyzed in this study did not parameterize an explicit geometric
representation, which can lead to the consideration of three-dimensional finite
elements, resulting in increased processing time in the analysis;

e Interpretation of material properties: SAEP interpreted the association relationship
between the material and element, as well as material properties with names, values,
and units. In general, the results showed that material properties were not interpreted
by the commercial software investigated in this research.

The A values showed that SAEP interpreted IFC4.3.2.0 data with a high semantic level. The
conclusion that the amount of information that the user has to insert into the structural model
to generate the analytical model is considerably less compared to other software.

The interpretation of design view models by the commercial software evaluated in this work
still needs to be adjusted. Much of the relevant information is lost, and many parameters are
not correctly defined. The ILBSA average value (Aave) showed that a few data can be used for
structural analysis, requiring structural remodeling by the user. It can be concluded that there
is an urgent need for structural bridge analysis BIM software developers to implement the
reading and interpretation of design view models in the IFC4.3.2.0 schema, to make the
workflow as effective as possible.

A suggestion for future research is the methodology to evaluate an interoperability level for
interpretation of IFC4.3.2.0 data associated with concrete and steel-concrete bridge models
with curved axes into the format corresponding to the analysis model, considering the native
data structure of the receiving software and IFC.

63

Gestdo & Tecnologia de Projetos



Interoperability level for bridge structural analysis from the IFC data interpretation

REFERENCES

AMANN, J., FLURL, M., JUBIERRE, J.R., BORRMANN, A. An approach to describe arbitrary transition
curves in an IFC-based alignment product data model, in: The 15th International Conference on
Computing in Civil and Building Engineering (2014), Orlando, pp. 933-941.
https://doi.org/10.1061/9780784413616.116.

AMANN, J., BORRMANN, A, SINGER, D. Extension of the upcoming IFCAlignment standard with
cross sections for road design, in: Proceeding of the International Conference on Civil and
Building Engineering Informatics (2015), Tokyo, pp. 22-24.

BISWAS, H.K., SIM, T.Y., LAU, S.L. Impact of Building Information Modelling and Advanced
Technologies in the AEC Industry: A Contemporary Review and Future Directions, Journal of
Building Engineering 82 (2024) pp. 108165. https://doi.org/10.1016/j.jobe.2023.108165.

BORRMANN, A., BEETZ, J., KOCH, C., LIEBICH, T. Industry Foundation Classes: A standardized data
model for the vendor-neutral exchange of digital building models. Building Information
Modeling: Technology foundations and industry practice (2018), pp 81-126.

BORRMANN, A., BERKHAN, V. Principles of Geometric Modeling, in: Building Information
Modeling (2018); Borrmann, A., Kénig, M.,Koch, C., Beetz, J., Eds.; Springer: Cham, Switzerland,
pp. 27-41. https://doi.org/10.1007/978-3-319-92862-3.

BORRMANN, A., MUHIC, S., HYVARINEN, J., CHIPMAN, T., JAUD, S., CASTAING, C., DUMOULIN, C.,
LIEBICH, T., MOL, L. The IFC-BRIDGE Project — Extending the IFC standard to enable high-quality
exchange of bridge information models, in: Proceedings of the European Conference on
Computing in Construction, European Council on Computing in Construction (2019), Chania, pp.
377-386. https://doi.org/10.35490/EC3.2019.193.

CEROVSEK, T. A review and outlook for a “Building Information Model” (BIM): A multi-standpoint
framework for technological development, Advanced Engineering Informatics 25 (2011), pp.
224-244. https://doi.org/10.1016/j.aei.2010.06.003.

CHEN, P.H., CUI, L., WAN, C., YANG, Q., TING, S.K., TIONG, R.L.K. Implementation of IFC-based web
server for collaborative building design between architects and structural engineers, Automation
in Construction 14 (2005) pp. 115-128. https://doi.org/10.1016/j.autcon.2004.08.013.

DENG, X.Y., CHANG, T.-Y.P. Creating structural model from IFC-based architectural model, in:
Proceedings of the Joint CIB W78, W102, ICCCBE, ICCC, and DMUCE International Conference on
Computing and Decision Making in Civil and Building Engineering (2006), Montreal, pp. 3687—
3695.

EL DEBS, M.K., Pontes de concreto com énfase na aplicagao de elementos pré-moldados, 1st
edition, Oficina de Textos (2021) (ISBN 978-65-86235-31-9).

GAOQ, G., LIU, Y.-S., WU, J.-X., GU, M., YANG, X.-K., LI, H.-L., IFC Railway: A Semantic and Geometric
Modeling Approach for Railways based on IFC, in: 16th International Conference on Computing in
Civil and Building Engineering (2016), Osaka, pp. 1188—1195.

GIRARDET, A., BOTON, C. A parametric BIM approach to foster bridge project design and analysis,
Automation in Construction 126 (2021), pp. 103679.
https://doi.org/10.1016/j.autcon.2021.103679.

HASSANIEN SERROR M., INOUE, J., ADACHI, Y., FUJINO, Y. Shared computer-aided structural
design model for construction industry (infrastructure), CAD Computer Aided Design 40 (2008),
pp. 778-788. https://doi.org/10.1016/j.cad.2007.07.003.

64
Gestdo & Tecnologia de Projetos



Guilherme Palla Teixeira, José Carlos Lopes Ribeiro, Kléos Magalhdes Lenz César Jr, Lucas Andrade Nunes,
José Maria Franco de Carvalho, Diogo Silva de Oliveira, Gustavo Henrique Nalon

HU, H., CHEN, S., SRIKONDA, R., ALI, N. Development of alighment-based parametric data
exchange schema for bridge geometry, Transportation Research Record 2460 (2014), pp. 22-30.
https://doi.org/10.3141/2460-03.

HU, Z.Z., ZHANG, X.Y., WANG, H.W., KASSEM, M. Improving interoperability between architectural
and structural design models: An industry foundation classes-based approach with web-based
tools, Automation in Construction 66 (2016), pp. 29-42.
https://doi.org/10.1016/j.autcon.2016.02.001.

JAUD, S., ESSER, S., BORRMANN, A., WILKSTROM, L., MUHIC, S., MIRTSCHIN, J. A critical analysis of
linear placement in IFC models, in: European Conference on Product and Process Modeling
(2021), Moscow, pp. 1-8. https://doi.org/https://doi.org/10.1201/9781003191476.

JEPSEN, M.S., DAMKILDE, L. A direct and fully general implementation of influence lines/surfaces
in finite element software, Advances in Engineering Software 120 (2016), pp. 55-61.
https://doi.org/10.1016/j.advengsoft.2016.04.006.

JI, Y., BEETZ, J., BONSMA, P., NISBET, N., KATZ, C., BORRMANN, A. Integration of Parametric
Geometry into IFC-Bridge, Proceedings of the 23rd European Conference Forum Bauinformatik
(2011), Cork, pp. 1-8.

JI, Y., BORRMANN, A., OBERGRIEBER, M. Exchange of parametric bridge models using a neutral
data format, Journal of Computing in Civil Engineering 27.6 (2012), pp. 593-606.
https://doi.org/10.1061/41182(416)65.

JIANG, S., FENG, X., ZHANG, B., SHI, J., Semantic enrichment for BIM: Enabling technologies and
applications, Advanced Engineering Informatics 56 (2023) pp. 101961.
https://doi.org/10.1016/j.aei.2023.101961.

JUSTO, A., LAMAS, D., SANCHEZ-RODRIGUEZ, A., SOILAN, M., RIVEIRO, B. Generating IFC-
compliant models and structural graphs of truss bridges from dense point clouds, Automation in
Construction 149 (2023), pp. 104786. https://doi.org/10.1016/j.autcon.2023.104786.

KARAMAN, S., CHEN, S., RATNAGARAN, B. Three-dimensional parametric data exchange for
curved steel bridges, Transportation Research Record (2013), pp. 27-34.
https://doi.org/10.3141/2331-03.

KHATTRA, S., PUNJAB, I., SINGH, H. Generating Structural Model through Automatic Data
Extraction using Openbim Technology, International Journal of Advanced Research in
Engineering and Technology 11 (2020) pp. 602-613.
https://doi.org/10.34218/1JARET.11.7.2020.060.

KRIJNEN, T., NOARDO, F., OHORI, K.A., LEDOUX, H., STOTER, J. Validation and Inference of
Geometrical Relationships in IFC, in: 37th CIB W78 Conference (2020), Sdo Paulo, pp. 98-111.
https://doi.org/10.46421/2706-6568.37.2020.paper008.

KUMAR, B., CAl, H., HASTAK, M. An assessment of benefits of using BIM on an infrastructure
project, American Society of Civil Engineers (2017) pp. 88-95.
https://doi.org/10.1061/9780784481219.008.

KWON, T.H., PARK, S.I., JANG, Y.H., LEE, S.H. Design of railway track model with three-dimensional
alignment based on extended industry foundation classes, Applied Sciences 10 (2020), pp. 1-19.
https://doi.org/10.3390/app10103649.

65

Gestdo & Tecnologia de Projetos



Interoperability level for bridge structural analysis from the IFC data interpretation

LAI, H., DENG, X. Interoperability analysis of ifc-based data exchange between heterogeneous BIM
software, Journal of Civil Engineering and Management 24 (2018), pp. 537-555.
https://doi.org/10.3846/jcem.2018.6132.

LEE, S.H., KIM, B.G. IFC extension for road structures and digital modeling, Procedia Engineering
(2011), pp. 1037-1042. https://doi.org/10.1016/j.proeng.2011.07.130.

LEE, S.-H., PARK, S.1., PARK, J., SEO, K.-W. Open BIM-based Information Modeling of Railway
Bridges and its Application Concept, in: International Conference on Computing in Civil and
Building Engineering, ASCE (2014), Orlando, pp. 504-511.
https://doi.org/10.1061/9780784413616.06336.

LEE, K.M., LEE, Y.B., SHIM, C.S., PARK, K.L. Bridge information models for construction of a
concrete box-girder bridge, Structure and Infrastructure Engineering 8 (2012), pp. 687-703.
https://doi.org/10.1080/15732471003727977.

LIU, Z.-Q., LI, Y.-G., ZHANG, H.-Y. IFC-based integration tool for supporting information exchange
from architectural model to structural model, Journal of Central South University Technology 17
(2010), pp. 1344-1350. https://doi.org/10.1007/s11771-010-0640-z.

LIU, Z.Q., ZHANG, F., ZHANG, J. The building information modeling and its use for data
transformation in the structural design stage, Journal of Applied Science and Engineering 19
(2016), pp. 273-284. https://doi.org/10.6180/jase.2016.19.3.05.

LU, R., BRILAKIS, I. Digital twinning of existing reinforced concrete bridges from labelled point
clusters, Automation in Construction 105 (2019), pp. 102837.
https://doi.org/10.1016/j.autcon.2019.102837.

LUTTUN, J., KRIUNEN, T. An Approach for Data Extraction, Validation and Correction Using
Geometrical Algorithms and Model View Definitions on Building Models, in: Proceedings of the
18th International Conference on Computing in Civil and Building Engineering. Springer 98
(2020): pp. 529-543. https://doi.org/10.1007/978-3-030-51295-8_38.

MARKIC, S. IFC-Bridge: Previous initiatives and their proposals, in: The 29th Forum Bauinformatik
(2017), Desden, pp. 12-19.

PARK, S.I., LEE, S.H, ALMASI, A., SONG, J.H. Extended IFC-based strong form meshfree collocation
analysis of a bridge structure, Automation in Construction 119 (2020), pp. 103364.
https://doi.org/10.1016/j.autcon.2020.103364.

PUKL, R., PALEK, P., CERVENKA, J. The possibility of using BIM for nonlinear life-cycle analysis of
concrete structures, in: The Fifth International Symposium on Life-Cycle Civil Engineering
(IALCCE 2016), Delft, Netherlands (2016), pp. 655-661.
https://doi.org/https://doi.org/10.1201/9781315375175.

QIN, L., DENG, X.Y., LA LIU, X. Industry foundation classes based integration of architectural design
and structural analysis, Journal of Shanghai Jiaotong University Science 16 (2011), pp. 83—90.
https://doi.org/10.1007/s12204-011-1099-2.

RAMAII, I.J., MEMARI, A.M. Interpretation of structural analytical models from the coordination
view in building information models, Automation in Construction 90 (2018) pp. 117-133.
https://doi.org/10.1016/j.autcon.2018.02.025.

REN, R., ZHANG, J., DIB, H.N. BIM interoperability for structure analysis, in: Construction Research
Congress: Construction Information Technology - Selected Papers from the Construction
Research Congress, ASCE (2018), pp. 470-479. https://doi.org/10.1061/9780784481264.046.

66
Gestdo & Tecnologia de Projetos



Guilherme Palla Teixeira, José Carlos Lopes Ribeiro, Kléos Magalhdes Lenz César Jr, Lucas Andrade Nunes,
José Maria Franco de Carvalho, Diogo Silva de Oliveira, Gustavo Henrique Nalon

REN, R., ZHANG, J. Comparison of BIM Interoperability Applications at Different Structural Analysis

Stages, in: Construction Research Congress: Computer Applications - Selected Papers from the
Construction Research Congress, ASCE (2020), pp. 537-545.
https://doi.org/10.1061/9780784482865.057.

SAMPAIO, A.Z. Geometric modeling of box girder deck for integrated bridge graphical system,
Automation in Construction 12 (2003), pp. 55—66. https://doi.org/10.1016/50926-
5805(02)00040-7.

TANAKA, F., HORI, M., ONOSATO, M., DATE, H., KANAI, S. Bridge Information Model Based on IFC
Standards and Web Content Providing System for Supporting an Inspection Process, in: The 16th
International Conference on Computing in Civil and Building Engineering (2017), Osaka, pp.
1140-1147.

TRZECIAK, M., BORRMANN, A. Design-to-design exchange of bridge models using IFC: A case study

with Revit and Allplan, in: Engineering and Construction — Proceedings of the 12th European
Conference on Product and Process Modeling (2018), Munich, pp. 231-239.
https://doi.org/https://doi.org/10.1201/9780429506215.

WAGNER, A., BONDUEL, M., PAUWELS, P., RUPPEL, U. Representing construction-related
geometry in a semantic web context: A review of approaches, Automation in Construction 115
(2020), pp. 103130. https://doi.org/10.1016/j.autcon.2020.103130.

WANG, X., YANG, H., ZHANG, Q.L. Research of the IFC-based Transformation Methods of
Geometry Information for Structural Elements, Journal of Intelligent and Robotic Systems:
Theory and Applications 79 (2015), pp. 465-473. https://doi.org/10.1007/s10846-014-0111-0.

XU, Z., RAO, Z., GAN, V.J.L., DING, Y., WAN, C., LIU, X. Developing an Extended IFC Data Schema
and Mesh Generation Framework for Finite Element Modeling, Advances in Civil Engineering
2019 (2019), pp. 1-19. https://doi.org/10.1155/2019/1434093.

YABUKI, N., SHITANI, T. An IFC-based product model for RC or PC slab bridges, CIB Report (2003).

YU, Y., KIM, S., JEON, H., KOO, B. A Systematic Review of the Trends and Advances in IFC Schema
Extensions for BIM Interoperability, Applied Sciences 13 (2023) 12560.
https://doi.org/10.3390/app132312560.

67

Gestdo & Tecnologia de Projetos

Guilherme Palla Teixeira
quilherme.palla@ufv.br

José Carlos Lopes Ribeiro

icarlos.ribeiro@ufv.br

Kléos Magalhdes Lenz César Jr
kleos@ufv.br

Lucas Andrade Nunes
lucas.a.nunes@ufv.br

José Maria Franco de Carvalho
josemaria.carvalho@ufv.br

Didgo Silva de Oliveira
diogooliveira@uiv.br

Gustavo Henrigue Nalon

qustavo.nalon@uiv.br


https://doi.org/10.3390/app132312560

