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ABSTRACT

BELLON, Fernando Gusséo, D.Sc., Universidade Federal de Vigosa, April, 2025.
Quantification and budgeting in bridge maintenance: parametric modeling,
Building Information Modeling, and machine learning applications. Adviser:
Jose Maria Franco de Carvalho. Co-advisers: Kleos Magalhaes Lenz Cesar Junior,
Jose Carlos Lopes Ribeiro and Maria Claudia Sousa Alvarenga.

The management of bridges and viaducts requires continuous monitoring throughout
their lifecycle, providing essential data for decision-making in preventive
maintenance. With the digitalization of processes and the widespread adoption of
sensing technologies, the amount of available data is growing exponentially.
However, its efficient application requires structured methodologies. In response to
this demand, this study proposes solutions for digitalizing and automating bridge and
viaduct maintenance quantification and budgeting. To this end, the following were
developed: (i) a literature review on the interaction between BIM and bridge
management; (ii) a parametric model for the design and budgeting of maintenance
work platforms; (iii) a machine learning application for predicting maintenance
quantities based on inspection data; and (iv) an IFC-based framework for
representing inspection and maintenance data. The literature review highlighted the
need to enhance BIM applications in bridge maintenance, revealing opportunities for
new solutions. Parametric and data-driven approaches demonstrated potential for
integration with bridge management systems, enabling the automation of currently
manual processes. The standardized IFC representation facilitates the structuring
and interoperability of inspection and maintenance data, significantly contributing to
decision-making in infrastructure management.

Keywords: bridge maintenance management; Building Information Modeling; Industry
Foundation Classes; machine learning; parametric modeling; quantification;
budgeting



RESUMO

BELLON, Fernando Gussao, D.Sc., Universidade Federal de Vigosa, abril de 2025.
Quantificacao e orcamentacao em manutencao de pontes: aplicacoes de
modelos paramétricos, Building Information Modeling e machine learning.
Orientador: Jose Maria Franco de Carvalho. Coorientadores: Kleos Magalhaes Lenz
Cesar Junior, Jose Carlos Lopes Ribeiro e Maria Claudia Sousa Alvarenga.

A gestdo de pontes e viadutos demanda monitoramento continuo ao longo de seu
ciclo de vida, fornecendo dados essenciais para a tomada de decisdo na
manutencao preventiva. Com a digitalizacdo de processos e a popularizacao de
tecnologias de sensoriamento, a quantidade dados disponivel cresce
exponencialmente, mas sua aplicagéo eficaz requer metodologias estruturadas. Em
resposta a essa demanda, este propde solucbes para a digitalizacdo e
automatizacdo da quantificacdo e orgcamentacdo da manutencdo de pontes e
viadutos. Para isso, foram desenvolvidos: (i) uma revisdo de literatura sobre a
interacdo entre BIM e a gestdo de pontes; (i) um modelo paramétrico para o
dimensionamento e orcamentacéo de plataformas de trabalho para manutencéo; (iii)
uma aplicacdo de machine learning para predicao de quantitativos de manutencao
baseados em dados de inspecao; e (iv) um framework baseado no esquema IFC
para representacdo de dados de inspecdo e manutencdo. A revisdo destacou a
necessidade de aprimorar a aplicagdo do BIM na manutencdo de pontes,
evidenciando oportunidades para novas solu¢des. As abordagens paramétricas e
orientadas a dados demonstraram potencial para integracdo com sistemas de
gerenciamento de pontes, possibilitando a automatizacdo de processos atualmente
manuais. A representacdo padronizada em IFC promove a estruturacdo e
interoperabilidade dos dados de inspecdo e manutengdo, contribuindo
significativamente para a tomada de decisdo no gerenciamento de infraestrutura.

Palavras-chave: gestdo da manutencdo de pontes; Building Information Modeling;
Industry  Foundation Classes; machine learning; modelagem paramétrica;
quantificacdo; orcamentacao
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CHAPTER 1 - GENERAL INTRODUCTION

Abstract

This chapter presents a general introduction to the content of the thesis, with a
brief contextualization, objectives, and thesis structure.
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1. Introduction

Bridges are essential transport infrastructures whose operation has a direct impact on
the lives of local society. In their operating phase, which is generally the most extensive and
most costly in the life cycle of structures (CHEN; TANG, 2019; GRUSSING; MARRANO,
2007), periodic monitoring and appropriate maintenance are required to guarantee their
functionality and safety in the face of progressive deterioration caused by exposure to
environmental conditions and traffic (HU; DAGANZO; MADANAT, 2015). The management
of bridges, the processes involved, and the large amount of information generated are, therefore,
quite complex, generally requiring the implementation of computer systems (RYALL;

HARDING; PARKE, 2013).

In the management of the operation phase, cost evaluations are often necessary to aid
decision-making and promote the correct allocation of resources. Traditionally manual (FIRAT
et al., 2010; MA; WEI; ZHANG, 2013; SHEN; ISSA, 2010; VITASEK; MATEJKA, 2017),
the quantification and budgeting processes have been undergoing transitions towards
automation, favoring error reduction, reduced subjectivity and time savings. In the context of
bridges, these processes have already been implemented computationally within Bridge
Management Systems (BMS) (RYALL; HARDING; PARKE, 2013), but alternatives such as
Building Information Modelling (BIM) (CHENG; CHEN, 2013; EASTMAN et al., 2011;
ISMAIL et al., 2016; WU et al., 2014) and data-driven approaches using artificial intelligence
(AI) and machine learning (ML) (JIANG et al., 2023; YANG et al., 2022) have been the subject
of numerous recent research. These new initiatives and developments are not only desirable but
also necessary, as advances in monitoring and information acquisition techniques make it
impossible to use traditional methods to interpret data. However, there are still many gaps in
the quantification and budgeting of bridge maintenance in the different approaches (DAYAN;
CHILESHE; HASSANLLI, 2022; JIANG et al., 2023; MAHAMADU et al., 2020; WAN et al.,
2019; YANG et al., 2022), leading to opportunities for development and innovation.

In this context, the current work aimed to explore and propose solutions to digitalize
and automate the quantification and budgeting processes based on parametric modeling, BIM,
and ML approaches. The products developed were applied to the Brazilian federal context of
bridge maintenance management, although not limited to it. To achieve the objectives proposed
it was conducted an extensive literature review focused on the current development of BIM

within the context addressed, a proposal for a parametric methodology for dimensioning and



11

quantifying work platforms for bridge maintenance, an application of ML models for predicting
maintenance service quantities based on inspection data, and an IFC-based framework for

representing inspection and maintenance data.

2. Objectives

The main objective of this research was to explore and propose solutions and
methodologies for the quantification and budgeting of bridge maintenance services based on

the Brazilian federal context.

From the main focus of the research, the following specific objectives have been

proposed:

1. Organization of a literature review focusing on the current development of BIM
in bridge maintenance, highlighting the most relevant challenges and critical
areas for future research;

2. Proposition of methodologies for the design and quantification of working
platforms for bridge maintenance;

3. Development of machine learning models to predict the maintenance services
and their quantities based on inspection data;

4. Design of an IFC-based data structure to semantically represent the inspection

and maintenance information in an open and interoperable format.

3. Thesis structure

This thesis is a compilation of four distinct scientific articles, submitted in international
scientific journals. These are the original manuscripts, presented in this document with the
structure and formatting recommended by the journals to which they were submitted. Each
article corresponds to a distinct research study developed throughout this work. The articles are
organized in a logical sequence, reflecting the progressive development of methodologies and

solutions for bridge maintenance management.

Chapter 2 presents the review article “Enhancing bridge management systems with
BIM: data integration challenges and opportunities”. It reports a systematic bibliometric
analysis covering the scope of bridge maintenance, repair, rehabilitation, and management,
followed by a comprehensive contextualization and discussion of the current state of BIM usage

in several disciplines of maintenance management, highlighting the most relevant research in



12

each context. The analysis highlighted the main challenges and pointed out actions to address

them.

The first attempts to develop parametrical relationships and the demands of the national
infrastructure bridge maintenance context originated the study presented in Chapter 3,
"Parametric modeling of bridge maintenance working platforms to quantification and
budgeting", that deeply analyses the possibility of parameterizing the quantities for working
platforms. In the addressed context, these services are recurrent and account for a significant
part of the overall cost of the maintenance services, justifying a specific approach. To this end,
a simplified data structure sufficient to represent the bridge spans and terrain profile data was
proposed alongside a configurable parametric methodology for choosing and sizing the two
types of platforms discussed throughout the bridge. Additionally, the methodology was
computationally implemented and calibrated for a dataset of bridges located in Brazil, creating

a case study to assess its performance.

In the review article presented in Chapter 2, a clear trend towards the use of data-driven
approaches and the adaptation of information to this new reality was identified. Concurrently,
the difficulty of manually establishing accurate parametric relationships in the face of the
diversity of variables involved in the maintenance processes was stated in preliminarly analisys
and in the study reported in Chapter 3. These findings led to the research in Chapter 4, assessing
the quality of the response to the use of data-driven approaches in data relating to damage and

maintenance services.

In Chapter 4, the article entitled "Machine Learning Approach for Quantification and
Budgeting of Bridge Maintenance Services Based on Inspection Data" details the stages of data
acquisition and pre-processing, the choice and validation of machine learning models, and the
analysis of the results of the final models. These models, created individually for each bridge
maintenance service, had heterogeneous metrics, with varying performance as the maintenance
services frequency diminished. While the approach showed promising results for automatically
predicting quantities in the most frequent maintenance services evaluated, it demands further

analysis to improve the prediction of less common maintenance interventions.

Chapter 5 presents “IFC framework for inspection and maintenance representation in
facility management”. The study proposes a framework based on the IFC schema, aiming to
standardize a semantic representation of inspection and maintenance data in an open and

interoperable format. Including inspection, damage, maintenance, and maintenance cost data,
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the framework was validated through an official service and evaluated semantically in two case
studies. The framework establishes a standard structuration for inspection and maintenance data
exchange, enhancing decision-making in facility management workflows. Moreover, the
framework encompasses the data generated in the approaches reported in Chapter 3 and Chapter

4, including the individual studies in the BIM context.

Lastly, Chapter 6 consolidates the thesis conclusions, highlighting its principal

contributions and providing recommendations for future research and practical developments.
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CHAPTER 2 — ENHANCING BRIDGE MANAGEMENT SYSTEMS WITH BIM:

DATA INTEGRATION CHALLENGES AND OPPORTUNITIES!

Abstract

Current Bridge Management Systems (BMS) are struggling with data sharing
and integration. This has led to increased interest in using Building Information
Modeling (BIM) to incorporate data collected throughout a structure's lifespan into a
BIM-based BMS. This study reviewed recent literature on using BIM in bridge
maintenance management. The main challenges identified include the lack of
standardized data formats and clear definitions of data requirements. To overcome
these challenges, it's important to standardize information and ensure its semantic
accuracy. This will allow BIM's potential to be fully utilized alongside various data-
driven approaches. As a result, converting and integrating multi-semantic data from
different sources into interchangeable information presents significant opportunities for
future progress.

Keywords: Bridge maintenance management; Building Information Modeling;
Bridge Information Modeling; data management; budgeting; planning.

! Original manuscript submitted to Structures in September 2024.

16



17

1. Introduction

Bridges undergo progressive deterioration over their service life due to constant exposure to
environmental conditions and traffic [1]. Typically, the costs associated with direct operation
and maintenance exceed those of planning and construction [2,3]. However, indirect costs
stemming from traffic delays and productivity losses during repair periods are even more
substantial, estimated to be ten times higher than the direct maintenance costs [4]. This

highlights the critical importance of effectively planning the operational phase.

Concrete is the most widely used man-made material for structural purposes due to its relatively
high mechanical strength, availability, and durability [5,6]. Its versatility extends to applications
such as bridges [7]. However, even well-designed and constructed, concrete structures undergo
gradual deterioration over time [8]. This deterioration can be accelerated in bridges constructed
several decades ago and still in use, especially when subjected to loads higher than those
considered during their initial design [9]. Consequently, monitoring and implementing
appropriate maintenance routines are necessary to ensure the specified service life of reinforced

concrete bridges.

Bridge Management Systems (BMS) have become essential tools for overseeing extensive
bridge networks and streamlining decision-making processes and maintenance procedures.
These systems consist of various tools designed to handle the processes and data throughout
the entire life cycle of bridges [10]. Given the crucial role of information management in BMS,
the development and implementation of efficient data-related technologies are expected to
enhance the overall management system. In this regard, Building Information Modeling (BIM)
is seen as a promising approach for integrating life cycle information and improving the
efficiency of managing road network infrastructures, thereby optimizing costs, time, and
resources [11]. Consequently, BIM can significantly contribute to the automation of modern
BMS by enhancing data sharing and integration, which can have implications for operations,

maintenance, and safety [10,12].

This work offers an overview of the current advancements and explores the utilization of BIM
in managing transport infrastructure, specifically concentrating on bridge maintenance and
associated subjects. Employing a bibliometric approach alongside a systematic review helps to

elucidate scientific interests and emerging topics, offering insights into the primary processes
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involved in routine maintenance management and the implementation of BIM in this realm. It

identifies challenges and underscores crucial areas for further research and development.

2. Scientific interest in bridge maintenance management

A bibliometric search was conducted using the Scopus database, focusing on titles, abstracts,
and keywords. The search included the terms 'bridge maintenance,' 'bridge repair,’ 'bridge
rehabilitation,' 'bridge renovation,’ and 'bridge reinforcement,’ combined with the terms
'management,' 'quantification,' 'budgeting,' 'cost,' 'investment,' 'finance,' 'planning,' 'execution,’
or 'control.' This search resulted in 584 journal articles (559) and reviews (25) published in
English, with 353 of them published between 2013 and August 2024. The search was restricted
to the following subject areas: Engineering; Computer Science; Material Science; Earth and
Planetary Sciences; Social sciences; Environmental Science; Physics and Astronomy; Business,
Management and Accounting; Chemical Engineering; Mathematics; Decision Sciences;

Multidisciplinary; and Economics, Econometrics and Finance.

Interest in the subject notably increased in 2019 and remained steady until 2021. In 2022, there
was another significant surge, with 52 articles published. In 2023, 42 articles were identified,

and in 2024, there have already been 42 (Figure 1).

In the analysis of overall production, the United States emerged as the most collaborative
country, contributing 31.6% of the scientific output on the subject, followed by China (12.0%),
South Korea (5.6%), Canada (5.0%), the United Kingdom (4.6%), Japan (3.7%), and Australia
(2.7%). When focusing on production over the last decade, the United States contributed 21.2%,
followed by China (16.4%), South Korea (6.4%), Canada (4.6%), the United Kingdom (4.4%),
Japan (4.0%), and Australia (3.8%). Brazil made a modest contribution, with 4 overall

publications, 3 of which were in the last decade.
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Figure 1. Evolution of the interest in the subject since 1993 and over the last decade.

Excluding the search terms used, the most strongly correlated keywords observed were
decision-making, life cycle, and deterioration. Seven clusters were proposed. The first cluster
relates to condition assessment, including keywords like ‘decision making,” ‘information
management,” ‘inspection,” ‘highway bridges’ and ‘risk assessment.” Cluster 2 focuses on asset
management, emphasizing bridge types, inspection, and damage detection, with keywords such
as ‘structural health monitoring,” ‘damage detection,” ‘steel bridges,” ‘cable-stayed bridges,’
and ‘nondestructive examination.” Cluster 3 deals with reliability analysis and its economic,
social, and environmental impacts, highlighted by ‘life cycle,” ‘budget control,” ‘cost-benefit
analysis,” ‘cost-effectiveness,” and ‘multi-objective optimization.” Cluster 4 centers on bridge
parts and materials, including ‘reinforced concrete,” ‘concrete bridges,” ‘prestressed concrete,’
‘vehicle,” and ‘concrete structures.’ Lastly, Cluster 5 groups keywords related to bridge
deterioration and prediction methods, with main terms like ‘deterioration,” ‘bridge management

system,’ ‘forecasting,” ‘decision support system,” and ‘condition-based maintenance.’

Figure 2 shows the diagram of keyword strength and trending topics, while Table 1 summarizes
the results of the trending topics analysis. Fifteen reviews covering the subject met the selection
criteria, as listed in Table 2, which outlines the main subjects, scopes, remarks, and

contributions.
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Condition-based maintenance emerges as one of the most recent and prominent keywords,
closely related to the strongest keywords observed in the bibliometric analysis, particularly
deterioration and decision-making [13,14]. The significance of this theme is underscored by its
relevance to decision support, with economic, environmental, and social impacts, and its
potential enhancement through emerging technologies, such as information- and Al-based

systems.
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Figure 2. Diagram of keywords strength highlighting the trending topics obtained from the VOSViewer software
alanysis (darker blue dots).

Digital twins also emerge as a recent and largely explored topic in the recent literature. This
highlights the importance of using BIM technologies in bridge management and how society
recognizes the potential of these technologies for optimizing and effectively managing
information in this context [15,16]. Decision-making, life cycle, and deterioration—the three
most cited keywords in the bibliometric analysis—are also strongly connected to this topic,

particularly within the framework of decision-making technological tools.

In condition assessment, information theory is gaining importance, particularly in decision-
making, deterioration, and information management. This trend is fueled by the growing need

for more informed decision-making. Bayesian decision theory and Markov processes continue
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to be relevant, and the demand for inspection data to support these data-driven analyses further

emphasizes this theme [17,18].

Table 1. Trending topics related to the themes according to the co-occurrence network obtained from the
bibliometric analysis.

Trending topic Remarkable related topics Cluster References

Condition

Condition-based Deterioration Bridge deterioration and

. Decisiona makin, o
maintenance . & prediction methods
Forecasting

Life cycle

[13,14,19-21]

Decision-making
Deterioration
Digital Twin Life cycle Decision-making [15,16,22-26]
Structural Health Monitoring
Information management

Decision-making
Deterioration
Information theory Information management Condition assessment [17,27-31]
Life-cycle
Architectural design

Forecasting
Decision making
Machine learning Damage detection Asset management [17,19,32-35]
Structural Health Monitoring
Deterioration

Information management
Deterioration
Prestreessed concrete Life-cycle Bridge parts and materials [15,17,23,33,36,37]
Concrete bridges
Digital twins

As seen in other fields, Al-based technologies have rapidly gained interest in bridge
management. Topics like machine learning and deep learning are emerging as trends in asset
management, particularly in forecasting, decision-making, and damage detection [19,33-35].
This area is highly data-dependent, highlighting the importance of information and driving

advances in inspection, data collection, and processing.

Prestressed concrete has gained interest due to its widespread use and importance in the
management and safety of global infrastructure. This topic relates to areas like information
management, deterioration, and life-cycle analysis, and it also involves approaches using

information modeling technologies like digital twins [15,17,23,33,36].
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Table 2. List of reviews found in the bibliometric analysis, with the main subject, scopes, and remarks.
Reference Year Main subject Scope Main remarks and contributions
DT architecture for concrete bridges that
Jeon et al. [15] 2024 Digital Twins _ Deﬁr_ung a (11g1ta1 twin architecture for.concreFe_bndges,. improves maintenance through integrated data,
integrating maintenance data, and enhancing decision-making prescriptive maintenance, and an advanced
information system
The role of bridge management systems in managing . nghh‘ghts the need for d.1g1.t126d bpdge
. . . : . L . information, current trends in inspection and
Martins et al. [38] 2024 Bridge Management Systems maintenance challenges and incorporating trends in inspection o
L monitoring, and addresses challenges and
and monitoring L2
solutions in bridge management systems
Research on new technologies for bridge
Gkoumas et al. [39] 2024 Bridge inspection and minitoring European policies and techno!ogl_es for bridge inspection and inspection, hlgl_ll%ghtlng‘ advancem_ents hke_
monitoring drones, Al and digital twins, and their potential
impact on maintenance practices
Concept of digital twins in bridge engineering.
Yang et al. [16] 2024 Digital Twins Analysis of apphcgtlo_ns aqd technqlogu?s involving digital Compangon with Bridge hlfonnatlon Models.
twins in bridge engineering Applications and technologies throughout the
bridge life cycle
. . . . . L Highlights the use of fuzzy set theory, computer
Abdelkader, Zayed & Faris [40] 2023 Non-destructlye inspection and Non-destructive techniques for assessing defects in reinforced vision, and AL Analysis of literature and future
analysis methods concrete bridges S
research directions
Tasks and issues regarding bridge maintenance; smart Propose a novel framework and
Jiang et al. [41] 2023 Smart bridge maintenance . garaing & - methodology for smart bridge maintenance
maintenance using advanced technologies . .
using a knowledge-driven approach
Increase in Digital Twin research for
Hosamo & Hosamo [25] 2022 Digital Twir} application in Machine leaming;. bridge mgnagement systems (BMS); bridge.s, although furthefr behindlother
bridges Bridge Information Modeling (BrIM); 3D modeling subjects; challenges in modeling
automation of as-built bridges
. . . . Poi h, i
. Rural transportation Relationships between rural transportation infrastructure . omts Ol.lt future researc, investment, apd
Kaiser & Barstow [42] 2022 . . . . . o intervention areas in the rural transportation
infrastructure and socioeconomics benefits; implementation activities .
infrastructure context
Management of bridee Bridge-environment relationship; diagnostics
Bien & Salamak [27] 2022 gs truchures & technologies; advanced modelling; Al-based systems;

Classification of current and future
generations of Bridge Management
Systems

BrIM
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Reinforced concrete bridges and viaducts using Ultra-

Efficiency of using UHPFCR in structural
rehabilitation regarding project costs,

Bertola et al. [43] 2021  Rehabilitation and strengthening High-Performance Fiber Reinforced Cementitious . L. .
. intervention time, and environmental
Composite .
impact
Current governing codes and guidelines; recent Overview of the recommendations in the
Alampalli et al. [44] 2021 Bridge load testing & & . & ’ Primer for Bridge Load Testing, pointing
advances; up-to-date method .
out parts that require further research
Comparison of different bridge
Srikanth & Arockiasamy 2020 Deterioration models Timber and concrete bridges deterlore_ltl(_)n r_nodels, highlining qdvantages
[45] and limitations; recommendations for
future research
Bridee maintenance Determination of probability and impact of
Kim et al. [46] 2018 £¢ mainte South Korean highway bridges risk factors; propose a risk-based
prioritization . S

maintenance prioritization methodology

Bridees structural health Comparison between different SHM

Moreu et al. [47] 2018 £es st Large highway bridges publications; considerations for future

monitoring (SHM)
SHM codes
Overview of the main challenges and
Chan et al. [48] 2015 Bridge inspection systems Unmanned Aerial Vehicles (UAV) inspections limitations of using UAV in bridge

inspection
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Table 3. List of documents related to Information Modelling found in the bibliometric analysis, with an overview and main conclusions.
Reference Year  Overview Main conclusions
Research article. Use of data models for monitoring bridge health across  Data models can effectively monitor bridge health across different
O’Higgins et al. [49] 2024 a network of bridges, demonstrating effectiveness in detecting types and sizes of bridges, enhancing maintenance decision-making
frequency shifts and improving maintenance decisions. through accurate frequency shift detection.
Research article. Potential of digital twin technology to enhance bridge Digital twin framework, integrating advanced technologies and data,
Costin et al. [50] 2024  maintenance and management through the integration of sensors, data can improve bridge maintenance and management. New knowledge
analytics, and existing technologies. through the integration of information resources.
Review article. Application of digital twins in bridge maintenance, A digital twin architecture for prestressed concrete bridge maintenance
proposing an architecture and information system to integrate was developed, incorporating prescriptive maintenance, an information
Jeon et al. [15] 2024 . .. . . S . . .
maintenance data and enhance decision-making with minimal human system, and a detailed workflow for machine learning-enabled
intervention. diagnosis.
Review article. The role of BIM-based bridge management systems in BIM-based bridge management systems offer long-term benefits like
Martins et al. [38] 2024 standardizing and digitizing information for inspection and damage cost reduction and improved efficiency, but challenges such as data
detection in expanding and aging transportation networks. management, interoperability, and implementation barriers persist.
Re_searc_h a"?‘de' Framework for estlmat.l ng bridge maintenance costs Contribution to the enhancement of bridge maintenance cost
using historical data from the Korean bridge management system, Lo . . . oy .. .
Leeetal. [51] 2024 . . . ) . . estimation, improving cost predictions and aiding decision-making
integrating various data phases and employing machine learning . . . .
models. despite varying error rates across different bridge elements.
Research article. Semi-automatic approach for creating IFC bridge Accurate models from point clouds were created, saving time
models from point clouds, introducing new methods for segmentation compared to manual methods and showing promise for improving asset
Schatz & Domer [52] 2024 . .2 Lo . . .
and 3D modeling, and demonstrating its practicality in handling management. Further refinement is needed for complex bridge types
incomplete data. and detailed elements.
Review article. Reviews digital twins in bridge engineering, Identifies BDT research clusters in geometric model generation, finite
distinguishes from Bridge Information Models, analyzes their life cycle ~ element model updating, and management, highlighting a focus on
Yang et al. [16] 2024 Lo . . . . . ; .
applications and technologies, and proposes a framework for future operation and maintenance with gaps in design and construction
research. phases.
Research article: Proposes a digital twin-based NDT method combining
Lai et al. [53] 2024 3D modeling, sensors, FE methods, and surrogate models, with each FE =~ The method’s feasibility and effectiveness are demonstrated through a

node acting as a virtual sensor to monitor the entire bridge's structural
performance

suspension bridge
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Gao et al. [54]

2023

Research paper. Proposes an AloT-informed digital twin
communication framework for bridge operation and maintenance,
addressing data synchronization and fault tolerance issues.

The proposed DT improved bridge operation and maintenance by
addressing communication constraints with high efficiency, low
latency, and fault tolerance, while also supporting future federated
learning and practical application on real bridges.

Chang et al. [55]

2023

Research paper. Develop an optimized bridge condition estimation
model using data-driven approaches, selecting the extreme gradient
boost (XGBoost) algorithm and identifying key variables like "bridge
age" and "first past condition grade of deck" A case study used KOBMS
data.

The optimized model demonstrated strong performance, providing a
reliable method for estimating future bridge component conditions and
supporting strategic maintenance decisions for proactive bridge
management.

Kaewunruen et al. [24]

2023

Research article. An innovative digital twin for managing railway
bridges was developed using BIM integration. Includes GHG emissions
quantification and cost. Maintenance schedule using Navisworks. A
real-world use case was considered (Minamurra Railway Bridge,
Australia).

DTs can improve efficiency and reduce risks in the project process
using Revit and Navisworks. The method can provide real-time updates
and access several data layers throughout the life cycle. The case study
demonstrated material inventory monitoring. Maintenance and repair
can be considered, and Navisworks can efficiently help monitor the
activities.

Watanabe et al. [56]

2023

Research article. Development of a methodology to collect bridge and
inspection information and automatically develop bridge databases,
facilitating the creation of BMS. The inspection data is collected using a
smartphone and then sent to a data server.

The system was capable of collecting and classifying the inspection
data, but the automated classification still needs improvement to
address immediate countermeasures. Advanced functionalities, such as
deterioration predicting, are not implemented. It can be used as a basis
for the creation of BMS in developed countries, especially when it
comes to data acquisition.

Jiang et al. [41]

2023

Review article. Explores the state-of-the-art methods used in bridge
maintenance, focusing on data. Proposes a novel knowledge-oriented
framework and methodology aiming at the unification and streamlining
of different sources of data, contributing to smart bridge maintenance
management.

It is necessary to transition from traditional to knowledge-driven
approaches, considering the multisource and heterogeneous nature of
maintenance big data. To accomplish this, the novel framework and
methodology proposed have as the objective to enhance the application
of bridge maintenance big data that are often underused, facilitating
future developments toward smart bridge maintenance.

Bien & Salamak [27]

2022

Review article. Discuss challenges and possibilities for the management
of bridge structures. The scope is vast and includes the relationship with
the environment; diagnostic; monitoring; and digitalization using BrIM
and Al in integrated BMS

There are many difficulties and constraints for the implementation of
new technologies on a large scale; companies equipped with the
equipment will be able to provide services at better value; proposal of
a 6-generation classification system for BMS; III and IV generation
BMS in test and pilot implementations
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Nguyen et al. [57]

2022

Research article. Application of a BIM-based mixed reality enhancing
and facilitating bridge inspection and management of maintenance
works through the acquisition and posterior storage of digital damage
information in a single-source data model.

Mixed reality enhanced the interpretation and visualization of
inspection and maintenance information, improving collaboration.
Centralization and update of inspection data in a single model improve
information management and, alongside the proposed code, enable the
monitoring of damage development and the development of
deterioration models.

Gosliga et al. [58]

2022

Research article. Feasibility of using Population-based Structural Health
Monitoring to increase the availability of Structural Health Monitoring
data and models through the correlation of similar structures based on
an Irreducible Element model representation.

The Irreducible Element model framework developed for Population-
based Structural Health Monitoring was capable of describing the
addressed bridge types. The graph-matching algorithm used to compare
the different representations successfully grouped similar bridges. The
presented approach could enable the transfer of data between matched
structures.

Zhou [59]

2022

Research article. Proposal of a new approach for a BIM-based BMS;
data from inspection and loading to the BIM model; display of damage
information by markers and colors; covers bridge damage management
and technical condition evaluation; report of an application study in a
steel arch existing bridge.

The case study classified the bridge and provided data for management
and maintenance strategy (not detailed, data available under request).

Sakiyama et al. [36]

2021

Research article. Development of an algorithm for real-time analysis
utilizing random variable correlation for an SHM system using LGFBG
sensors. Development and validation of a processing system to manage
a large amount of data. Experimental application of the SHM system in
the Neckarsulm prestressed hollow-core concrete bridge.

To manage the large amount of raw data generated by the SHM system,
a powerful data management system is required. The developed
algorithm performs the data evaluation alongside with the
measurements, even before data storage and transfer. The datasets are
reduced for analysis, conserving the principal components and holding
the essential information of the original data.

Byun et al. [60]

2021

Research article. Development of a BIM-based BMS considering an
established data schema based on maintenance information. A web data
management program (WDMP) was proposed. A BMS prototype was
implemented for a bridge in Korea. Includes diagnosis, remaining life,
and valuation.

A BMS was developed by establishing a data schema and information
system regarding bridge maintenance information, constructing a
WDMP according to the established data structure to manage and share
all the generated information, and connecting the WDMP with a 3D
modeling program.

Nili et al. [61]

2021

Research article. Integration of Genetic Algorithm and Discrete Event
Simulation to develop a Simulation-based Bridge Maintenance
Optimization framework whose main purpose is to obtain the optimum
maintenance plan for a determined number of working crews.

The proposed framework provided more accurate cost estimations, a
cheaper sequence for repair activities considering both user and crew
costs, and the capability to run different scenario analyses and to work
without BrIM models. However, the developed SiBMO framework is
limited to individual bridge maintenance planning, and it is necessary
to adapt it to enable network-level optimization.
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Research article. Development of a Concrete Bridge Rehabilitation
Project Management Ontology through the establishment of relations,
constraints, and rules between the standards procedures involved in
bridge rehabilitation and the implementation of the collected knowledge

The CBRPMO, unlike conventional ontologies, supports the search and
use of static and dynamic project information. In the validation, the

Wau et al. [62] 2021 . . L . proposed ontology was capable of efficiently searching for information
in an application programming interface, to promote an improvement of . . s .
. . L LR and performing the project management’s functions when there were
both constraint management and information integration in bridge . .
e . . . information updates.
rehabilitation projects. A case study was carried out to validate the
proposed ontology.
The overall accuracy obtained from the low-cost RGB-D camera
N .
Research article. Usage of RGB-D cameras in bridge inspection to surface mjcasurerpent was 95%. The proposed meF hod was sultal?le for
e . . . . . documenting various types of defects. However, it was not possible to
Wojcik & Zarski [63] 2021 acquire defect data for processing, 3D modeling, and embedding in . . . .
BIM models assign an accurate localization of the defects in the BIM model, being
' necessary the support of a 3D representation acquired by
photogrammetry to solve this problem.
Operation and maintenance data management along with the
establishment of data definitions are comparatively less covered in
Review article. Explore the state-of-art of data-driven bridge operation literature than the collection and analysis of bridge data. The main
Wu et al. [64] 2021 and maintenance, identifying the progress, challenges, and opportunities  challenges related to data management can be summarized in four
for future research. topics: insufficient definition of data needs, absence of methods to
evaluate data quality, insufficient data integration, and inadequate
consideration of operational issues.
Given the high accuracy obtained, the proposed hybrid model
Research article. The proposition of a hybrid deep learning model for successfully extracted entities and relations based on the train data,
automating the extraction from project documents of information and its  composed of different types of documents. Even though some manual
Wu et al. [65] 2021 . . . . ) . . b
relations, therefore determining their constraints, to partially automate refinement was still necessary to address specific relations, the level of
Advanced Working Packaging. automation obtained can significantly reduce the current effort and time
used to determine and monitor constraints.
To enable a more efficient management of the operation and
Review article. Presents the importance of considering the operation maintenance phase of bridges’ life cycle, it is important to adopt
and maintenance issues of bridges already in the planning and design adequate solutions considering both the experience from past practices
Jensen [66] 2020 .. S . . . oo ; . .
phase, as well as the application possibilities along with the innovative and the possibilities ensured by new technologies. It is essential to
and sustainable findings in this context. invest in preventive solutions planned since the early stages of the
bridge life cycle.
The study identified the variables with the highest impact on the
Research article. Development of a data-driven asset management conditions of bridge decks for the analyzed data, enabling a better
Assaad & El-Adaway ) . . . . . . . . .\
2020  system using machine learning models to evaluate and predict bridge direction of investments toward improving the status of critical factors.

[32]

deck deterioration conditions.

The developed BMS framework was capable of predicting, with high
accuracy, the bridge’s deck condition.
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Nili et al. [67]

2020

Research article. Development of a Decision Support System for
optimization of bridge maintenance planning using BrIM data.

The developed system was capable of extracting data from a BrIM
model, optimizing the bridge maintenance planning based on the
extracted data, and visualizing inspection and maintenance planning
data. However, the constraints of repair and maintenance activities
should also be considered for more realistic results.

Cha et al. [68]

2019

Research article. Application of terrestrial light detection and ranging —
LiDAR - to create 3D models and measure deflection or deformation in
steel bridge structures.

The association of terrestrial laser scanner point cloud data and the
octree space division method successfully managed the large volume
of data, with an overall compress rate of approximately 90%. The
deflection estimation in a static load test showed reasonable estimation
in the load case that led to more than 4 mm deflection.

Lee & Park [69]

2019

Research article. Use of an unmanned aerial vehicle — UAV — for 3D
modeling of a bridge and evaluation by comparison with terrestrial laser
scanner data.

When compared to the point cloud laser scanner data, the accuracy of
the model based on the UAV data was less than 0.12 m. In addition, the
data acquired by the UAV provides image information, which can be
particularly useful for a more detailed evaluation of the bridge surface
condition.

Shim et al. [23]

2019

Research article. The proposition of a bridge management system using
the digital twin concept and its practical application in a precast
concrete bridge.

The unification of the information in a single federated model, based
on the proposed framework, provides a dense resource for the different
uses in the bridge’s lifecycle. Models containing specific data or level
of detail can be derived from the main BMS. The displacement results
obtained through the analytical model were similar in comparison to
the experimental data.

Cheng et al. [70]

2019

Research article. Development of a novel and integrated model for
simulation of the probability of bridge maintenance and cost estimation,
named risk-based evaluation model for bridge life-cycle maintenance
strategy (REMBMY).

The proposed solution obtained significantly better results when
compared with the current practices used for bridge maintenance by the
country authorities, due to the risk factors considered, the probabilistic
simulation to determine risk, and the extrapolation of bridge
maintenance costs estimation based on historical data.

Quirk et al. [71]

2018

Research article. Quantitative estimation of the actual benefits of
implementing visual inspections in BMS using the Value of Information
(Vol) approach.

The Value of Information is sensible to optimistic and pessimistic
inspections, and information from multiple inspectors could reduce
bias. Value on visual inspections decreases as the precision also
decreases but in a nonlinear fashion. The greatest benefits from
adopting a visual inspection strategy are observed where the condition
rating signalizes between some and significant damage.

Markiz & Jrade [28]

2018

Research article. Development of a fuzzy-logic decision support system
integrated with a Bridge Management System to predict the bridge’s
deterioration.

The system was capable of predicting the degradation with little or no
information available. The overall accuracy ranged from 10 to 15 %.
The observed discrepancies could be due to the multiple assumptions
made and the availability of deterioration data.
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Adarkwa et al. [72]

2017

Research article. Use of tensor factorization to support the analysis and
prediction of the performance of bridges at a network level.

The tensor factorization approach was capable of decomposing part of
the original multidimensional dataset into lower-order forms,
preserving variations over time and capturing trends. The predictions,
in most cases, presented better results after decomposition.

Shim et al. [73]

2017

Research article. Proposition of a data scheme for application in a BIM-
based Bridge Management System focused on cable-stayed bridge
maintenance.

The schematic information system proposed enabled the generation of
a bridge data management system that can also be adapted for other
types of bridges. The information requirements should be defined by
the stakeholders, and documented in a unified format for data
exchange.

Khan et al. [74]

2016

Review article. Presents the current status of the integration between
Intelligent Transportation Systems and Structural Health Monitoring,
discusses the identified challenges, and provides directions for future
research.

The integration of Intelligent Transportation Systems can improve
Structural Health Monitoring through the identification of critical
events and reduce erroneous results. However, it is still necessary to
enhance the overall structure and acquisition of data, and the
institutional coordination required for its implementation.

Liu & Madanat [75]

2015

Research article. The proposition of Open-Loop Feedback Control
(OLFC), an adaptive control method for updating deterioration models.

The proposed method, when compared with the Certainty-Equivalent
Control (CEC) method, led to lower system costs and more accurate
models of deterioration. OLFC guarantees improvement in model
accuracy, while CEC does not.

Yanev & Richards [76]

2013

Research article. Analysis of the effectiveness of different maintenance
tasks and impact of elements in bridge global condition.

The deterioration models should consider the bridge’s particularities
instead of assuming the same average behavior. At a network level,
preventive maintenance strategies should aim for approximately 75
years of expected life. At a project level, specific strategies need to be
applied.
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BIM continues to gain importance, as it is closely related to trending topics identified in the
bibliometric analysis, particularly in 'bridge inspection' and 'information management' within
the 'decision-making' cluster. Documents containing Information Modeling-related keywords
were selected from the analysis results. The keywords included 'Information Management,'
'BIM,' 'Building Information Modeling (BIM),' 'Digital Twin," 'Information Modeling,' 'Bridge
Information Management System,' 'Bridge Information Model,' 'Bridge Information Modeling
(BrIM),! 'Bridge Model,' 'Information Model,' 'Information Integration,' 'Information
Management,' and 'Information Management Systems.' This filtering process resulted in 38
documents, including eight review papers. Table 3 provides a summary of these documents,

along with their main conclusions.

3. Bridge Management Systems (BMS)

An effective maintenance plan that identifies the optimal timing and appropriate repair activities
is essential for extending the service life of bridges and reducing expenses over their lifecycle
[9,61]. Such a plan should be incorporated at the design stage [66]. Considering the impact of
bridge closures, it's crucial to account for the indirect costs associated with usage when planning
interventions [4,61]. Additionally, resource constraints, work sequencing, staff travel time, and

traffic management should all be taken into consideration [61].

Typically, bridge maintenance is overseen by agencies responsible for sections of the road
network, which can encompass multiple bridges [1]. Due to the multitude of parameters
involved and the complexity of the task, maintenance planning is highly intricate, necessitating
computer-aided systems for swift and accurate execution [9]. The diversity and volume of
available information underscore the need for efficient exchange and data sharing among
various software platforms, driving the imperative to enhance information integration across

bridge maintenance projects [77,78].

A BMS is a comprehensive set of functions integrated through processes to assist the
management agency responsible for a bridge in administering resources and achieving strategic
goals. These goals may include identifying needs and prioritizing maintenance, rehabilitation,
and replacement [79,80]. Typically, BMS incorporate functions to aid in inventory

management, inspection, maintenance, cost analysis, and condition assessment. To operate
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effectively, BMS require extensive input information. Due to the substantial amount of data
involved and the system's complexity, BMS are usually implemented as software applications

integrated with a shared database [81].

Several computational BMS have been developed and implemented over the years, with their
properties, capabilities, and processes documented in works by Ryall [81], Mirzaei et al. [82],
and Bello et al. [83]. However, the lack of standardization has resulted in independent
deployments, which vary from country to country or even between jurisdictions within a
country [84]. While some level of differentiation is necessary due to the diversity of resources,
infrastructure, and climate across different regions, it also poses significant barriers to
information sharing and hampers the dissemination of knowledge regarding bridge operation,

maintenance, and management.

Furthermore, advancements in technology and knowledge, particularly in structural health
monitoring (SHM) of bridges, have facilitated the collection of large volumes of detection and
monitoring data. These datasets, which include heterogeneous, multi-source, and autonomous
sensory 'Big Data,' alongside traditional sources of information, constitute extensive datasets.
Coupled with improvements in data processing, these datasets have the potential to enable
intelligent bridge management, shifting the current paradigm towards knowledge-driven
decision-making approaches. However, despite efforts, the development and application of
data-driven and knowledge-driven approaches in BMS remain insufficient [41,85]. Moreover,

achieving common and open-source data-sharing remains an unresolved challenge.

4. Building Information Modeling for infrastructure

BIM is not a specific technology or object but rather an activity that involves numerous changes
in project design, execution, and construction management processes [86]. Its purpose is to
consolidate all information and characteristics of a building [87], enabling the visualization of
its entire lifecycle [88]. Bradley et al. [11] emphasized collaboration, representation, processes,
and lifecycle as key aspects of BIM. The most significant benefits of BIM include improved
constructability, visualization, productivity, and reduced conflicts in projects [89], as well as

better estimates, cost reduction, and enhanced project quality overall [90].
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BIM models are typically characterized by dimensions based on the type of information and
purposes they serve. Some dimensions have achieved consensus in their definitions: 3D
represents the spatial design associated with information including geometry, materials, and
suppliers; 4D adds time, enabling simulation and planning of the construction process; 5D
incorporates cost, allowing for budgeting [88,91,92]. However, conceptualizations of the sixth
(6D) and seventh (7D) dimensions still face controversies. Generally, 6D BIM is associated
with sustainability, while 7D is linked with facilities management [91]. References are also

made to 8D BIM, which includes information on project safety [93,94].

The interest in and implementation of BIM in civil construction have increased, but its adoption
in transport infrastructure is progressing slowly [87,88,95-97]. Since BIM was initially
proposed for buildings, it requires adaptation for use in transport infrastructure projects,
necessitating the development of specific solutions and tools tailored to their unique
characteristics [87,95]. Bradley et al. [11] illustrate that while detailed geometry and component
information are crucial in building models, they are less critical in infrastructure projects, where
data on cost, material specifications, and performance hold greater importance. Nevertheless,
the application of BIM in transportation infrastructure projects offers numerous advantages,
including improved visualization and information exchange, enhanced life cycle information

management, and integration with emerging technologies [97].

Bradley et al. [11] identified several gaps that hinder the full implementation of BIM in
infrastructure projects, including the lack of a data format supporting information exchange for
most infrastructure constructions, the absence of data integration tools, the need for
organizations to align with BIM processes, and the necessity to define 'data utility," which
involves analyzing and validating data efficiency during information generation and
consumption processes. Bazan et al. [95] emphasized the absence of specialized software for
infrastructure projects as a significant barrier to implementing the BIM methodology.
According to the authors, the most commonly used software for infrastructure projects does not
allow for the creation of all elements associated with their characteristics, resulting in 'empty’
geometries that do not qualify as BIM models. As noted by Kaewunruen et al. [98] these
software tools are not effectively adapted for modeling infrastructure elements and require

further development to enhance compatibility.
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In addition to the challenges of implementing BIM in the infrastructure sector, some obstacles
are not confined to specific areas but are inherent in transitioning from traditional to BIM
processes. Generally, the most common hurdles include cultural resistance, insufficient
knowledge and experience, conflicts between BIM processes and organizational structures, lack
of interoperability between software tools, absence of guidelines and standards, and difficulties

in measuring the impact of BIM [90,99].

5. Applicability of BIM in bridges design and management

BIM may also be referred as Bridge Information Modeling (BrIM) in the field of bridge
engineering, is consistently recognized as a promising technology for digitally sharing project
and life-cycle management data [85]. Its scope extends beyond geometric representation,
improving drawing quality, accuracy, constructability, and facilitating collaboration across
different disciplines [87]. Jiang et al. [41] proposed an integrated bridge object-oriented
database containing comprehensive bridge life-cycle information and electronic data exchange
protocols to enhance interoperability. However, currently, BrIM is primarily associated with
the bridge design stage [88], with its application in monitoring and maintenance phases starting

relatively late [31].

Given their inherent ability to manage information [100], BIM models could serve as a database
for extensive inspection data [87] and unify information from various teams [31]. However,
most current bridge models mainly focus on three-dimensional representations of the structure
[85]. They often lack sufficient semantic interoperability and knowledge representation [41],

which limits their potential as open-data repositories for bridge information.

The potential of using BrIM with BMS has been extensively researched, with a notable increase
in studies since 2019. Dayan et al. [101] highlight the importance of input data in BMS for
optimizing maintenance and discuss new methods for inspecting and testing concrete structures.
They also identify research gaps and limitations, including the need for network-level
maintenance optimization, automation of data collection, integration of sustainability
information into BrIM-based models, development of compatible augmented reality

technologies, and the use of machine learning to predict bridge health conditions.
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6. Quantification and budgeting

Quantifying engineering projects has traditionally involved manually extracting information
from two-dimensional representations. This method is not only time-consuming but also prone
to errors [102—105]. Alternatively, BIM enables automatic material quantification from a model
[86,106-108]. In this approach, estimators become reviewers of quantifications, greatly
simplifying their tasks [104]. BIM tools enhance the reliability of cost estimation and
information visualization and allow for quick predictions of the financial impact of project

changes [107].

Despite the significant potential of BIM, its application in quantification lags behind other
areas. Emerging tools have primarily focused on geometric design, which does not fully address
the specific needs of the quantification process [109]. BIM tools perform well in quantifying
materials for simple elements. For instance, Cheng and Chen [106] found that the volumes of
reinforced concrete automatically determined by BIM were within 2.0% of those calculated by
a senior budget engineer. However, the process is more complex for composite materials. Ma
et al. [105] proposed a semi-automatic algorithm for quantifying and budgeting building
projects using IFC data. This algorithm decomposes elements into products and service
packages, but it requires that the products be of the same material, making it challenging to
quantify different components of composite materials. For cast-in-place concrete structures, the
algorithm does not quantify reinforcements, as they are designed independently in specific

software and quantified separately at the end of the design process.

The efficiency of quantification depends on the model's level of detail. Besides individual
information about materials and elements, it is crucial to define the relationships between
component properties and product characteristics with costs [110]. Changing a component's
property can affect work team productivity without impacting material costs. Understanding
these effects allows estimates to be reused for a specific component, even if some properties
change during the project. This detail is particularly important for large-scale projects, such as

transport infrastructure and bridges.

If the estimator only has access to the final exported file (such as an IFC), retrieving necessary
data for quantification can be challenging due to the diverse range of professionals involved in

the project. Additionally, data exchange between different software and model formats can
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result in the loss of specific information, which must be retrieved manually, increasing the
amount of human work [105]. To address these challenges, establishing a standardization for
BIM models, even if contractual, is essential for the efficient use of data by the estimator

[104,108].

Using 5D models helps stakeholders visualize reconstruction activities and costs over time,
allowing all participants to review the project scope if design changes occur [24,111].
Quantities derived from these models are linked to a cost database during the budgeting process.

To enable this integration, it is essential to adapt the tools to classification systems [102,112].

Automating the quantification process has significant limitations, especially for service
quantification [103]. Automatic identification of exceptional construction conditions by BIM
tools is challenging [86]. Additionally, the variety of solutions for similar situations can make
quantifications subjective, depending on the estimator’s interpretation and analysis, as noted by
Shen and Issa [103]. Therefore, while tools for extracting quantitative data from BIM models
do not replace the budget officer's work [86], they can reduce the time spent on searching,

clarifying, and aggregating information, and improve the accuracy of estimates [103].

Quantifying bridge renovations and repair works requires specific data that differs in some
aspects from standard practices for new constructions. However, for systematic inclusion in a
BMS, information on repairs and strengthening is essential. Byun et al. [60] collected the
necessary information on repair and strengthening from various maintenance manuals, ensuring

a consistent level of organization and detail compared to the diagnostic level.

The cost of monitoring measures throughout the life cycle of bridge structures is significant.
Track inspection is a primary source of data for managing bridges, ensuring their
maintainability, reliability, and quality. Therefore, optimizing inspection frequency is necessary
for both system safety and cost-effective management [24]. In their study, Kaewunruen et al.
[24] used a preventive maintenance approach for the Minnamurra railway bridge, incorporating
a maintenance schedule, cost estimation, and greenhouse gas (GHG) emission estimation into
a life cycle assessment (LCA). They compiled a list of inspection, maintenance, and repair
activities with associated unit costs, which allowed them to integrate temporal maintenance data
into BIM-based digital twin models. The total monitoring cost was calculated by multiplying

inspection time by material costs, considering the bridge’s length, material, and components.
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7. Planning and Control

Like budgeting, construction schedules are often generated manually, which is time-consuming
and makes reuse in other projects difficult [113]. Understanding the construction process from
graphic schedules, such as the Critical Path Method, requires interpreting the associations
between graphic components and related activities. This can make it challenging to grasp the
reasoning and assumptions behind the schedule, leading to potential misinterpretation. 4D BIM
models, which include both spatial and temporal aspects of planning, offer a more accurate
representation of construction procedures [114]. They enhance understanding of the schedule

and help in identifying potential problems [115].

BIM technologies enable simulation of the construction process during the planning phase,
allowing for decision optimization and validation of construction steps [92,116]. This capability
helps predict conflicts and make necessary project changes before execution, reducing potential
losses [92,117]. Visual information from 4D models can decrease accidents and enhance
constructability by assessing interference between work areas of different teams [114,118]. 4D
models significantly improve monitoring and control, facilitate information updates [119], and
enhance function control [120]. Integrating new technologies with BIM processes, such as real-
time monitoring, virtual reality, and neural networks, boosts monitoring quality and decision-
making accuracy [121]. Additionally, data from BIM models can automatically generate

construction schedules, reducing the need for manual planning work [122].

The effectiveness of a BIM 4D model in tracking construction progress relies on regular updates
[123]. Monitoring and updating the 4D model's schedule is time-consuming and considered an
additional contractual responsibility, which can discourage its use [123,124]. However, several
studies explore alternatives for automating the progress monitoring of the construction process
[122,123,125-130]. Reviews on this subject can be found in Kopsida et al. [131], Omar and
Nehdi [132], and Yang et al. [133].

Planning construction activities involves not only efficient workspace allocation but also
ensuring safety during simultaneous tasks [134]. With 4D models, which provide space-time
information, conflict analysis can be conducted to optimize resource use [114] and improve
worker safety as activities change throughout construction [135]. Simulations and

spatiotemporal analysis help detect conflicts in workforce work areas [118,134] between large
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equipment [136-138], and support risk management and visualization through augmented
reality [139]. They also enable automatic detection of risk areas based on design safety rules
[140-143], safety planning, and temporary structures [144], fire simulation and evacuation
[145,146], and general emergency evacuation plans [135]. Literature reviews on BIM's role in
security management are available in Akram et al. [147], Lee et al. [142], Martinez-Aires et al.

[148], and Zou et al. [149].

The operation and maintenance phase typically represents the longest and most costly period in
a facility's lifecycle [2,3]. Ideally, preventive maintenance schedules—favored over corrective
maintenance for their predictability [66] —are planned during the design phase due to their
importance for structural durability. As with other processes, creating work order schedules for
maintenance is largely manual, heavily reliant on project information and data collected

continuously throughout the facility's service life.

Managing the information generated throughout a facility's lifecycle is a major challenge [30].
While building maintenance management tools are available, they primarily act as information
managers and do not support functions such as automatic scheduling of maintenance [150].
Facility managers often struggle with accessing this information. BIM offers a potential
solution by integrating fragmented data and providing an intuitive user interface [151]. BIM
can enhance access to information and allow visualization of work orders within models [150].
However, despite existing specifications for planning operational and maintenance phases using
BIM, there remains a lack of methodologies, tools, and standards to support its full

implementation [30].

For bridges, there is no standardized definition of the necessary data (such as type, descriptions,
level of detail, and quality) for planning and managing operation and maintenance [64]. The
Industry Foundation Classes (IFC) 4.3 schema, which is designed to represent bridges, is
incomplete, which complicates representing all lifecycle information [31]. Much of this data is
unstructured [77,132,152] and cannot be directly represented by the IFC [31]. Another
challenge is the limited access to information from external sources. While BIM can integrate
data, it typically focuses on individual projects, which is insufficient for managing the operation
and maintenance of bridges [64]. Therefore, maintenance systems should shift from being

project-based to network-based, linking multiple projects together [73].
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Applying BIM-based planning systems presents challenges, including the need for high levels
of commitment and system knowledge [92]. For larger projects, preparing plans using 4D
simulation can take longer than traditional methods [119]. Although this makes the modeling
phase more time-consuming, it is important to note that modeling construction processes with
detailed attributes allows for the reuse of definitions in similar future projects. With each new
project, the effort to build the model decreases as definitions from previous projects can be
reused [ 113]. Additionally, sharing and exchanging planning data remains challenging. Despite
the IFC format supporting many project management practices and including appropriate
classes for planning and estimates [123,153], data created with external tools and imported into
BIM models may not always comply with IFC requirements. This can lead to interoperability

issues between construction schedules and the IFC format [124].

8. Data management

Managing large volumes of data is a challenging task that requires significant computational
effort and effective strategies [36]. More detailed inventories lead to more accurate and realistic
predictions but necessitate a vast and complex database infrastructure and advanced algorithms.
Some studies have focused on specific assets, offering limited databases for those cases with
promising results [24]. However, extending this approach to a network of bridges across diverse
regions, with varying environmental and market conditions, as well as different bridge types
and materials, involves managing a complex array of information influenced by highly

subjective decision processes.

BIM models serve as data repositories organized in a way that supports interoperability and
collaborative management. As new needs and possibilities arise, various structures have been
proposed to accommodate them. However, it is important to recognize that multiple
stakeholders will manage the model, requiring proper knowledge and training to handle the data
effectively. Additionally, the large volume of information within the model demands significant

computational effort and storage space.

BIM-based BMS integrated with SHM systems have advanced within the context of Industry
4.0 and Cyber-Physical Systems (CPS) [27]. The application of new technologies has enhanced
monitoring quality and increased decision-making accuracy [121]. Additionally, using

Unmanned Aerial Vehicles (UAVs) alongside BIM and SHM technologies can boost
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productivity, accuracy, and documentation for data management [154]. However, effective
integration between BIM and SHM still presents challenges [155]. Panah and Kioumarsi [121]
and Sadhu et al. [155] identified several issues, including the need to extend IFC standards for
data exchange, manage various types of sensing data, ensure interoperability among different
BIM platforms and standards, incorporate and link dynamic information, and handle large

databases and metadata related to localized damage.

Geographic information is another important data source for infrastructure projects.
Traditionally managed by Geographic Information Systems (GIS), which act as geographical
databases linking graphical objects on digital maps through common identifiers [156], GIS
implementation has historically reduced costs and improved the accuracy and timeliness of
transportation infrastructure projects [157]. Integrating GIS with BIM enhances data
integration, quantitative analysis, and semantic richness [156]. Research has increasingly
focused on this potential, as evidenced by the rise in related publications since 2015,
highlighting the importance of this integration [158]. Detailed reviews on geospatial data
management and the integration of BIM and GIS, particularly in bridge projects, are available

in studies by Breunig et al. [158], Carrasco et al. [156], and Wei et al. [157].

The growing demand for real-time data exchange, driven by advances in monitoring, has led to
the development of network-associated technologies such as digital twins and the Internet of
Things (IoT). Digital twins are highly accurate virtual representations of physical assets,
including single elements, products, or systems, that allow real-time, two-way communication
through the network [22,26]. IoT refers to the network of physical "things" connected to the
Internet and to each other, facilitating information sharing and service utilization [159]. When
combined with BIM, these technologies can greatly enhance various project stages, as network
communication capabilities are crucial for maintaining a common, real-time updated model.
Reviews by Hu, Lim, and Cai [26] and Malagnino et al. [159] cover the integration of digital
twins, [oT, and BIM in the construction industry. Additionally, Adibfar and Costin [22] provide

a practical application of these concepts in a BrIM model for monitoring real-time traffic data.

The information from design, inspections, SHM systems, and other sources throughout a
bridge's lifecycle exhibits significant Big Data characteristics. Large volumes of heterogeneous
data are accumulated, but much of it is not effectively utilized in bridge management decision-

making [41,85]. This creates a need for both data-driven approaches and robust hardware



40

capable of fast and efficient data storage and processing [36]. A key trend in BMS evolution is
the extensive use of artificial intelligence (AI) tools, which can learn, recognize, make
conclusions, and achieve goals [27]. These Al tools automate processes and extract valuable
insights from diverse data sets [35]. The integration of AI with BIM is thoroughly examined in
the reviews by Zabin et al. [35] and Zhang et al. [160].

The emerging concept of Cloud-BIM offers a promising solution to meet the high
computational power and storage demands required for the digital processes described, by
integrating cloud computing with BIM technology. Cloud computing utilizes a network to
distribute tasks across multiple computers or access services from remote hosts, reducing the
need for high local computer performance. It also addresses issues related to BIM collaboration,
integration, and sharing, as Cloud-BIM is inherently a network-based technology. Zhao and
Taib [161] reviewed the current development of Cloud-BIM, highlighting its limitations and

potential future research areas.

9. Concluding remarks

This paper presents a systematic literature review on bridge maintenance and management,
focusing on the development of BIM in this field. It identifies scientific interests and current

trends. A summary of the main challenges and opportunities is provided in Table 4.

The widespread availability of affordable data acquisition technologies has greatly increased
the amount of data available for bridge management. However, having more data does not
necessarily lead to improved management processes. In fact, the large volume of multi-source,
heterogeneous data can complicate database management and require powerful hardware for
storage and processing. There is still a significant need for improvements in the quality,
organization, integration, and interoperability of information related to the maintenance of

reinforced concrete bridges.
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Table 4. Challenges and opportunities for research and development.

Topic Challenges Opportunities
Establishment of standards and minimum requirements.
BMS Differences from country to country and different regions. National and international cooperation and knowledge exchange.
Heterogenous, multi-sourced and volume of information. Improvement in data-processing.
Support for specific data related to infrastructure works. Improvements in BIM protocols for supporting infrastructure specificities.
Infrastructure ~ Alignment of organizations with BIM processes. Data-integrated computational tools.
works Application at project and management levels. Pressure at governmental and organizational levels through policies, procedures
Cultural resistance, inadequate knowledge and lack of relevant experience and mandates.
Data gathering automation
Bridge .. - . Models containing sustainability information
1ag Lack of enough semantic interoperability and knowledge representation. £ i Y )
management Development of compatible augmented reality technology.
Implementation and use of machine learning techniques.
Efficiency dependent on the level of detail of the model.
Quantification of different components of composite materials.
ficati Service quantification, productivity, exceptional construction conditions. Establishment of standards for BIM models.
S;;Etli dlgfeel::?lg Loss of information in the exchanging processes. Adaptability of the tools to classification systems and cost databases.

Subjectivity of the estimator's interpretation and analysis.
Specific data demanded for renovation and repair works.
Cost of monitoring measures along the life cycle.

Implementation and use of machine learning techniques.

Planning and
control

High levels of subjectivity.
Dependency of regular updates.

Allocation of workspaces at the construction site aimed at efficiency and
safety.

Management and access to the information generated throughout the
lifecycle.

IFC format standard for bridges is still incomplete.
Models more complex, detailed and time-consuming.

New technologies associated with BIM processes, such as real-time monitoring and
virtual reality.

Use of simulations and spatiotemporal analysis of construction.

BIM integrating fragmented data.

Establishment of methodologies, tools and standards.

Definition of necessary data regarding planning and management of operation and
maintenance.

Dedicated external tools and data import into the BIM model.

Implementation and use of machine learning techniques.
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Data
management

Several stakeholders and participants managing the model.
Volume of information contained in the model.
Management of various types of sensing data.

Interoperability among different BIM platforms and the existing standards.

Incorporation and linkage of dynamic information.
Inclusion of large databases and metadata.
Geographic information.

Real-time data exchange.

Extend IFC standards.

Implementation of GIS in transportation infrastructure programs interacted with
BIM models.

Network-associated technologies, such as digital twins and Internet of Things
(IoT).

Deployment of data-driven approaches, robust hardware, storing and processing of
huge amounts of data.

Extensive use of Al-based expert tools.

Cloud-BIM.
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To effectively leverage this data, current research trends in bridge management and
maintenance are shifting towards automated, data-driven decision-making approaches. This

reflects an evolving paradigm in the field.

The role of information in BIM and its focus on information management make it increasingly
valuable, especially with ongoing advancements in data-oriented technologies. In the bridge
management sector, combining BIM with BMS has improved efficiency and data integration.
However, the application of BIM in maintenance management is less explored compared to

other areas, revealing numerous research gaps.

Several gaps and challenges in bridge management and maintenance have been identified in the
literature. Key challenges include the lack of unified data formats and a comprehensive
definition of data requirements, which are necessary for consolidating all information collected
throughout the structure's lifecycle into a single, shareable repository. Currently, fragmented
and heterogeneous bridge databases hinder automated decision-making, even with data-driven

approaches.

Although BIM is a promising tool for unifying information in maintenance management, it
faces difficulties in this area. The IFC standard, widely used for BIM interoperability, suffers
from issues of redundancy and ambiguity, which undermine one of the main advantages of BIM

in bridge management.

To address these challenges, BIM must be adapted for infrastructure projects. This adaptation
should include developing common guidelines for the quality and organization of information
and improving common data formats like IFC to ensure semantic accuracy in model
representations. Additionally, new software needs to be developed to handle the
interdisciplinary nature of management processes and integrate emerging technologies. By
investing in information standardization and enhancing the semantic quality of representations,
the bridge management industry can fully harness the potential of BIM and data-driven

approaches.
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CHAPTER 3 - PLATBRIM: A PARAMETRIC METHODOLOGY FOR

QUANTIFYING AND COSTING WORKING PLATFORMS FOR BRIDGE

MAINTENANCE 2

Abstract

Work platforms are essential temporary structural systems used at various
stages of a structure's lifecycle. In the bridge's context, it remains indispensable for
many bridge maintenance tasks. However, automated, BMS-compatible methods for
selecting, quantifying, and budgeting working platforms are scarce. This paper
proposes PlatBriM, a parametric methodology that determines the most economic
platform type per span, its arrangement, quantities, and estimated cost, using minimal
bridge geometry and simple ground-profile inputs. PlatBriM was implemented in
Python and evaluated on a case study using 88 bridge records and maintenance plans.
Parameters were calibrated via automated optimisation within a ten-fold cross-
validation. Results indicate that PlatBriM performs satisfactorily on suspended
platforms but substantially underestimates ground-supported platform quantities, with
a total predicted cost 42% lower than the reference. These findings show that a minimal
input parametric approach is promising for preliminary budget, particularly for
suspended platforms, but requires additional contextual data to improve quantification
of ground-supported working platforms. Considering its low information requirement
and straightforward implementation, PlatBriM offers a practical tool to support and
enhance decision-making in bridge maintenance management.

Keywords: Working platforms; bridge maintenance; parametric modelling;
quantification; cost estimation; Bridge Management System (BMS); budgeting.

2 Original manuscript submitted to Structures and Infrastructure Engineering in September 2025.
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1. Introduction

The use of working platforms has been intrinsically connected to the construction industry since
its beginnings. Records of workers standing on timber trestle scaffolds were found in ancient
Egyptian illustrations dating back to 2100-1700 BC, being the first documented use of a type
of elevated working platform (Doughty 1991). In the contemporary world, working platforms
remain essential for the workforce to perform several activities in different stages of a
structure’s lifecycle. It is estimated that around 65% of construction workers are regularly
involved in elevated working platform usage (Burkart et al. 2004). Then, since damage or
failure of this temporary structural system will probably lead to severe consequences for
workers and the public, most research, manuals, and guidelines are focused on its safety (Zhu
et al. 2020). In addition to the safety importance, the design, planning, and management of
scaffoldings and working platforms also significantly impact project delivery (Kim and Teizer
2014; Yin and Caldas 2022). However, despite its visible importance, the overall project of

these temporary structures is considered insufficient (Kim et al. 2016; Kim and Teizer 2014).

Particularly in the operation phase of a bridge, working platforms have been utilized extensively
in inspection and maintenance activities. Although several researches are addressing viable
alternatives to the traditional inspection method, such as Unmanned Aerial Vehicles (Chan et
al. 2015; Chun et al. 2020), elevated working platforms are still necessary to enable workers to

access and perform maintenance services in elevated bridge structures.

To reduce time, manual effort, and subjectivity, researchers proposed approaches associated
with 3D building models that enable automated design, planning (Kim and Teizer 2014; Lovset
et al. 2013), and hazard detection (Kim et al. 2016) of temporary structures. However, there is

still a lack of automation of working platform design primarily focused on bridge maintenance.

To address this gap, we propose a parametric methodology that provides an estimated design
focused on working platform quantification for bridge maintenance. The proposed
methodology input use only essential geometric information from the structure and its
surroundings, not depending on a 3D as-built structure model. In this way, the proposed
framework can be easily incorporated into even the most basic Bridge Management System
(BMS), figuring as a simple but powerful tool to enhance decision-making regarding bridge

maintenance management.
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2. Background and related work

This study was developed in the Brazilian context and builds on national reference practices for
platform quantification in public tendering. In particular, the infrastructure cost system Sistema
de Custos Referenciais de Obras (SICRO) differentiates two main types of working platforms
used in bridge maintenance: ground-supported and suspended. This distinction imposes specific
requirements on any parametric quantification workflow that aims to handle both volumetric

and areal computations within a single framework.

Prior research on temporary structures has mainly focused on design and planning automation,
BIM integration, and safety (Kim et al. 2015, 2016, 2018; Kim and Teizer 2014; Lovset et al.
2013). Despite these advances, there is limited published work specifically on the parametric
design and quantification of working platforms for bridge maintenance. Moreover, many
studies concerning the design of temporary structures rely on detailed 3D models, which limits

their applicability in contexts that require integration with conventional BMS.

The PlatBriM method proposed in this paper addresses that gap by providing a compact set of
parametric equations to estimate platform quantities for each span from minimal inputs,
implementing decision rules that select the economically preferred platform type given site
constraints, and enabling total-cost estimation using configurable parameters. To the authors’
knowledge, an integrated, BMS-compatible parametric framework for the quantification of

bridge maintenance working platforms has not been previously published.

3. Research design

The objective of this study is to propose and evaluate a parametric methodology that, using
principally basic bridge geometric characteristics and simple ground-profile measurements,
determines working-platform configurations and estimates associated quantities and costs for
bridge and viaduct maintenance on an economic basis. The primary research question is: Can
the proposed parametric framework reproduce the decisions of cost estimators and provide
quantity and cost estimates with sufficient fidelity to support maintenance budgeting under
realistic data availability? To achieve this objective and answer the research question, this work

is designed as illustrated in Figure 1.
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Figure 1. Research design and validation strategy of the proposed methodology.

The study was motivated by a specific demand from the Brazilian federal agency responsible
for managing national infrastructure, the Departamento Nacional de Infraestrutura de
Transportes (DNIT). The primary need was for a simple, software-independent methodology
to quantify and budget working platforms for bridge and viaduct maintenance, suitable both for
standardisation and for use in tendering processes. Our literature review indicated no existing

method that met these requirements, thereby defining the research gap addressed by this work.

Following the problem identification, we analysed the budgeting practices in the local context
and examined relevant references to define the quantification and budgeting premises that
underpin the method. This contextual framework summarises the input data usually available
in DNIT’s BMS, the relevant measurement units, and the simplifications considered necessary

to ensure broad applicability across different contexts and BMS implementations.

From these premises, we formulated PlatBriM, a parametric methodology for bridge
maintenance platforms. The method computes span-level platform layouts, aggregates
quantities and costs, and embeds decision rules to choose between ground-supported and
suspended solutions. The calculations are expressed in terms of configurable parameters
enabling the adaption of the approach to differing conditions. The methodology is designed to
be implemented without the need for detailed 3D as-built models and is therefore suitable even

for simple BMS databases.

The methodology was implemented in Python to enable systematic testing, visual inspection of
platform configurations, and evaluation of parameter settings. Validation was carried out

through a case study using data and maintenance plans provided by DNIT. In the case study,
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parameters were optimised against the dataset, and the method's capacity to reproduce reference

quantities predicted originally by experienced budgeters was assessed.

Finally, results were evaluated and discussed to assess the method’s applicability, to identify
limitations arising from both the approach and the dataset, and to outline directions for future

work. A detailed account of each research step is presented in the subsequent sections.

4. Methodology framework

4.1. Assumption and premises

To simplify the input data and the decision-making process it was assumed that only one type
of working platform — ground-supported or suspended — would be employed in a single bridge
span. Therefore, it was necessary to establish criteria to choose the most suitable type for each

span.

The primary criterion was the span's ground condition evaluation. Since the presence of roads,
water flows, and other obstacles prevents the usage of ground-supported working platforms
independently of the remaining parameters, this criterion should be the first step of the
evaluation process. Furthermore, it is necessary to consider an input feature to represent the
presence of obstacles in the span. After the evaluation of the physical conditions of the span
ground, the following criterion will be the cost. The working platform type for each span will

be determined by the one that led to the minimal cost between the available options.

It was also assumed that the working platforms could be reused in different spans, with the
maximum quantity dictated by the greater quantity. An additional possibility is the
simultaneous use of working platforms in different spans, leading the total quantity to be, by

simplification, the sum of the larger individual quantities simultaneously used.

The ground-supported working platform volume is calculated by multiplying the bridge width
by the platform length and height. The bridge’ width is assumed constant along its extent. The
platform height varies according to the ground elevation within the span and the working

distance between the top of the platform and the bottom of the bridge deck.
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The platform length can be calculated based on the bridge geometry or based on a predefined
limit. If the ground-supported platform covers the entire span, it will be calculated based on the
bridge geometry, with its total length being the distance between the centers of the columns or
the free span in the case of abutment existence. Otherwise, considering the possibility of the
platform reuse, disassembling, and assembling it according to the progress of the maintenance
services carried out in a single span, a predefined length limit could be stipulated to limit the
span covering and significantly influencing the platforms’ total cost in cases of long spans.
Although the quantity of ground-supported platform is expressed in volume, it would be
impractical to use this unit of measurement as a limit, due to the variable nature of the height

and the difficulty of visualizing its magnitude.

The area of the suspended working platforms can be simplified and calculated by multiplying
the bridge width by its length. The platform length will be based on the characteristics of the
spans in which they will be assembled. The suspended working platforms are generally
assembled around the columns and extend to both centers of the adjacent spans. However, some
particularities can occur based on the span characteristics. If the suspended platform starts from
the abutment, it will extend to the only possible side, in the direction of the center of the span.
Similarly, in columns that separate spans with different types of working platform usage, the

platform will extend only to the side of the span that will use suspended platforms.

In long spans, the length of the suspended working platforms adjacent to the columns or the
abutments could be limited by the platform’s structural and functional limitations or cost. If that
is the case, one or more intermediary suspended working platforms should be assembled
between the ones adjacent to columns or abutments, preventing the length of an individual
platform from being overly large. Short spans can be covered by a single platform if the
extension is under the platform’s structural and functional limitations. Moreover, suspended

platforms can extend for two or more spans, being connected and treated as a single platform.
4.2. Input data and parameters

4.2.1. Input data

Based on the collected assumptions and premises, a set of minimal input features was defined.

These features were divided into common features, constant across all spans, and span features,

used in the platform-type evaluation for each span.
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The common features comprise the structure width (v in the equations) and the platform
working height (% in the equations). The span features included span length, ground elevation,
and presence of obstacles. Ground elevation was simplified to three levels, indicating initial,
central, and final heights. Obstacle presence is expressed as a Boolean indicator, according to

the chosen implementation.

To organize these data, a bridge feature matrix was proposed, as represented in Table 1. An

illustrative representation of these features the bridge span geometry is presented in Figure 2.

Table 1. Bridge feature matrix.

Features
Initial Central Final Span length Orlzzteilcclz
elevation (m) | elevation (m) | elevation (m) (m) p (bin)
Span 1 Z11 Z12 Z13 X1 Oorl
é Span 2 21 zn Z23 X2 Oorl
) Z.1 Z.2 Z.3 X.. Oorl
Span n Znl Zm Zn3 Xn Oorl

Figure 2. Span input data.
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In addition to these geometrical features, the evaluation of the working platform type requires
the unit cost of each platform, with ground-supported platforms priced per cubic meter, and

suspended platforms priced per square meter.

4.2.2. Ground-supported platforms parameters

In accordance with the previous establishment of a limit for the ground-supported platform's
length and the possibility of reuse, the variable Lgsmax is defined. For spans greater than Lesazax,
the platform will partially cover its extension, and the remaining will be gradually covered by

disassembling and reassembling the temporary structure.

Additionally, simultaneous ground-supported platforms could be assembled in different spans
depending on the total number of spans. To address this premise the following thresholds are
created: Ngsuin, the minimal number of ground-supported platforms employed on a singular
bridge beyond which a simultaneous platform use will be considered, and Ngcrs, the number of
platforms that, for each increment above Ngswin, indicates the necessity of an additional

platform to be simultaneously used.

4.2.3. Suspended platforms parameters

For reference purposes, the suspended working platforms can be subdivided into two subtypes:
attached-suspended or intermediate-suspended platforms. Attached-suspended platforms are
those that, as the name implies, are attached to columns or abutments, while intermediate-
suspended platforms are assembled between the first, without attachment to one of those
vertical structural elements. Additionally, the calculation process was simplified by differing
the maximum length of a suspended platform in "maximum length from the attached structure"
(column or abutment) and "total maximum length". While the "maximum length from the
attached structure" will be relevant to calculating the platform extension within the span, the
"total maximum length" will evaluate the merger of adjacent suspended platforms from

different spans.

Firstly, the parameter for the minimal length of the suspended platforms, Lsuin, was defined. In
cases where the span length is less than Lsuyis, a single suspended platform could cover the total

extent and eventually continue to adjacent spans, depending on its maximum length limit.
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For attached-suspended platforms, which start from the center of the vertical structural element
of the bridge, a length limit within the span, Lsuax, could be defined. This way, in a single span,
the maximum distance that can be covered by two suspended platforms attached to the vertical
structure without the need for intermediate-suspended platforms is equal to double Lsyx. For
spans larger than 2 Lsyuy, intermediate suspended platforms need to be assembled, and the total
length of the span will be equally divided between the employed platforms, up to their

respective limits.

The total maximum length limit, L7syax, encompasses cases where suspended platforms from
multiple spans are connected and merged. The multi-span connection is anticipated in bridges
with sequential small spans with lengths inferior to Lsuin. In those cases, a single suspended

platform can cover multiple spans until it reaches the LT sy length.

Intermediate-suspended platforms also have a maximum length limit defined by Lisaux. As
already stated, their length will be equal to the attached-suspended platforms existent in the
span until one of them reaches its limit. The number of intermediate-suspended platforms will
be as much as necessary, as they can be calculated by dividing the total span length minus 2
Lsyax by Lismax. In the case of intermediate-suspended platforms, a minimum length limit
variable is not necessary since its quantity is calculated based on its maximum extension, and

the minimum length will be greater than 2/3 Lsuax.

5. PlatBriM: a parametric methodology for bridge maintenance platforms

5.1. Individual span cost evaluation

In the PlatBriM methodology, the premise assumes only one type of working platform in a
span. Therefore, the evaluation must compare the two alternatives - ground-supported and
suspended - and adopt the most adequate to the assessed span in terms of physical restrictions
or economic value. The decision process for the determination of the platform type for each

span is illustrated in Figure 3:
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Figure 3. Process for determination of the platform type employed in a span.

In this evaluation, the “obstacle presence” parameter is mandatory when choosing the platform
type. An existing obstacle, such as a river or a road, implies employing suspended platforms.
However, if an alternative such as temporary road closure or detours is feasible, the obstacle

could be ignored, and the financial aspect of the platform types be directly evaluated.

In the absence of obstacles or restrictions, the cost of the platforms is calculated. The cost is
calculated by multiplying the quantity of each platform type by the corresponding unitary price.
The calculation of the quantities differs for each type of platform, given the differences in the

units of measurement and the particularities of each one.

The approach to determine the ground-supported platform quantity in a span depends on the
relation between the maximum length of the platform, Lesumax, and the total length of the span.
If the assessed span length is less than or equal to Lesuax, the platform will cover the entire span
in just one assembly. Therefore, in this case, the volume of the ground-supported platforms is

given by the proposed Eq. (1):
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X
Ground supported platftorm volume (m3) = YT “(zp1 + 225 + 2,5 —4h) (1)

where, as illustrated in Figure 2, y is the width of the bridge or viaduct structure (or of the
platform, if it extends beyond the width of the structure), x is the length of the assessed section,
which for the current study is the length of the span between the axis of the columns, z,1, zn2,
and z,3 are the ground elevations at the start, middle, and end points of the span, starting from
the underside of the bridge deck and /4 is the working height, the distance between the top of
the supported platforms and the underside of the bridge deck.

For span lengths greater than Lgsuax, the ground-supported platform extension will partially
cover the span in each assembly. It was considered that using the mean value of the span ground
elevations when calculating the total quantity would be an acceptable approximation. Thus, the

volume of the ground-supported platform in this case is given by Eq. (2):
Ground supported platftorm volume (m3) = Lgsyax Y * (Zmea — h) (2)
where zeq 1S Zn1, Zn2, and z,3 mean value.
For suspended platforms, the area is given by Eq. (3):
Suspended platform area (m?) =y x 3)

After calculating the required quantities, the most economically viable solution is determined.
It's essential to emphasize that, according to the assumptions made, the solution is the most
viable only in the section evaluated. Since the evaluated section comprises the entire span, the
platform should be employed throughout the entirety of the section. However, the proposed

methodology can also be adapted and applied to smaller span sections.
5.2. Determination of ground supported platform cost
In spans with ground-supported working platforms, the cost is computed by multiplying the

unitary price by the total volume, provided either by Eq. (1) to spans less than or equal to Lasaax

as represented in Figure 5, or Eq. (2) to spans greater than Lgsuax as represented in Figure 6.
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The determination of the maximum extension of the platform within the evaluated span is

illustrated in Figure 4:

[ Span data }

Ground-supported
platform length
equal to span

length

Span length equal or
less than Lgspjax?

Ground-supported
platform length

equal to Lggpiax

Ground-supported
platform quantification

Figure 4. Maximum ground-supported platform length within the evaluated span.

span < LcsMax

XXX
R

T T e T T e T T T

Figure 5. Ground-supported platform configuration to span length less or equal to Lgsmax.
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span > LGsmMax
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| .

| L GSMax ‘

Figure 6. Ground-supported platform configuration to span length greater than Lsmax.

After establishing the individual costs for each span, the overall cost of the bridge's ground-
supported platforms is determined according to the parameters Ngswin and Ngci, and the

evaluation of the number of spans in a bridge that will simultaneously use these platforms.

If the number of spans covered by the ground-supported platform is less than Ngsusin, then only
one platform will be assembled at the time. However, if the number of spans covered by this
platform type is equal to or greater than Ngsuin and less than Ngsuin + Necm, two platforms will
be simultaneously used. An additional simultaneous platform is added to each increment of
Nccm, starting from Ngsmin, in the total number of ground-supported platforms employed

simultaneously.

Once the number of supported platforms simultaneously employed on the bridge has been
determined, the total quantity is calculated. If there is no simultaneous use of supported
platforms, the maximum total quantity equals the highest individual quantity found. In cases
with simultaneous ground-supported platforms utilization, the maximum total quantity is
assumed to be the summation of the » highest individual quantities, with n corresponding to the

number of concurrent platforms employed.
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5.3. Determination of suspended platform cost

5.3.1. General considerations

Contrary to ground-supported platforms, the individual cost from suspended platforms may
consider platform segments' grouping from different spans as a single instance. To evaluate the
multiple-span platform grouping, it is necessary to determine whether the suspended platforms
will be mounted in isolated spans or adjacent to others with the same type of platform since this
determines whether or not the platform will continue in two or more spans, as illustrated in
Figure 7. Although the design process for isolated or adjacent suspended platforms is

analogous, some particularities must be considered in each scenario.

Bridge input data

Any neighbor span
with suspended
platforms?

> Adjacent suspended platforms

Isolated suspended platforms

Figure 7. Distinction between isolated or adjacent suspended platforms.

5.3.2. Suspended platforms in isolated spans

For spans that use suspended platforms and are isolated from the others, the platform’s
continuity beyond the pillars is disregarded. Therefore, there are three possible configurations
of suspended platforms for this type of span: a single platform covering the entire span, two
platforms adjacent to the columns extending to the center of the span, or two platforms adjacent
to the columns with intermediate suspended platforms between them. The parameters Lsiyar and
Lismax will determine the appropriate configuration according to the process illustrated in Figure

8:
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Span data

Span length equal or less
than LSﬂffaX?

Single attached platform
covering the entire span

Span' half length equal or
less than L gp;,,7

Two attached platforms, each covering
half the span

Intermediate platforms
quantification

Two attached platforms in extremities
and intermediate platforms in between

Figure 8. Determination of isolated spans platform configuration.

If the total length of the span is equal to or less than Lsyax, the maximum length limit of the
suspended platform within one span, it is understood that a single continuous platform can cover
the entire span length. Therefore, the length of the platform will be equal to the total length of

the span, as illustrated in Figure 9.
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span < LsMax

- SPATE SR

Figure 9. Suspended platform configuration for isolated spans with length less or equal to Lsmax.

If half of the total span length is less or equal to Lsiux, two suspended platforms adjacent to the
pillars will be used, extending to the center of the span. In this case, the platform's length will

be half the length of the span, as represented in Figure 10.

1
2 span < LsMax

Figure 10. Suspended platform configuration for isolated spans with length less or equal to Lgmax.

When half the total span length exceeds Lsuax, it is necessary to include intermediate-suspended

platforms to cover the entire span. The length of the attached-suspended platforms adjacent to
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the columns and the intermediate-suspended platforms will be the total length of the span
divided by the number of platforms, as exemplified in Figure 11. If Lsyur and Lisya values are
different, either attached or intermediate suspended platforms can first reach their length limit,
maintaining a limit-fixed length, with the remaining gap divided between the type of platform
that has not reached its limit yet. If both attached and intermediate-suspended platforms reach
their limits, an additional intermediate-suspended platform must be used. The number of

intermediate suspended platforms is calculated by Eq. (4), rounded up to the nearest integer.

) ) span length
Float number ofintermediate platforms (un) = (—)

“4)

2 Lgmax

1
2 span > LsMax

Figure 11. Suspended platform configuration for isolated spans with length greater than Lgmax.

5.3.3. Suspended platforms in adjacent spans

In cases where spans using suspended platforms are adjacent to other spans that also require
suspended platforms, the possibility of the platform continuation in more than one span must
be considered in conformity with the length limits established for it. Neighbor spans with
suspended platforms form a continuous group where several platform configurations can exist,
including:

e [solated platforms: positioned at the ends of the group, starting from the pillars or

abutments that delimit the group, towards the center of their respective spans;
e Continuous platforms between two spans: positioned around the pillars from the

group's center and extending themselves towards the center of the two neighbor spans;
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e Continuous platforms between more than two spans: similar to the above, but also

covering entire short spans between their extremities;

e Intermediate platforms: positioned between the platforms adjacent to the pillars.

In addition to the parameters used to calculate suspended platforms in isolated spans, LT syax

will also be used to determine the most suitable configuration.

To simplify the methodology application, it is recommended that the platforms initially be
evaluated using the same methodology applied for suspended platforms from isolated spans, as
represented in Figure 12. After determining the configuration of the platforms individually for

each span, the interaction of the platforms between adjacent spans should be evaluated,

establishing their continuity.

Span data

Span' half length less
than LS)’I’L‘H?

Adjacent platforms continuity
evaluation

AN

Intermediate platforms
quantification

Figure 12. Adjacent suspended platform span's evaluation.

Span' half length equal or

Two attached platforms, each covering
less than Lgpa,?

half the span

Two attached platforms in extremities
and intermediate platforms in between

For spans in the group of adjacent spans that will use suspended platforms, if half their length
is less than or equal to the minimum suspended platform length, Lsuin, the suspended platform
must be considered to be continuous throughout the entire span and will be attached to the

suspended platforms of the adjacent spans, on both or just one of the two sides, depending on
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the surrounding conditions. An example of this scenario is represented in Figure 13. However,
for parameterization and computer implementation of the process, a limit on the total length of
the suspended platform, LTsyux, should be used to avoid the possibility that, in the case of
bridges with several adjacent spans with a length less than or equal to Lsuin, these platforms be
infinitely attached to their neighbors. In scenarios where the merged platforms would have a
total extension greater than L T'suax, an additional assessment is required to divide the continuous
platform into smaller segments with lengths less than or equal to L T'saux, keeping these segments

with compatible lengths in order of magnitude, as represented in Figure 14.

%_span < LSA_T'n

\
|
-
|
I
‘

Figure 13. Suspended platform configuration for adjacent spans with length less or equal to Lgmin.
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Figure 14. Configuration for suspended platforms covering more than one adjacent spans with length less or

equal to Lsmin, limited by the suspended platform total length, LTsmax.

If half of the total span length is greater than Lsysi, and less than or equal to Lsuzax, two suspended
platforms will be used adjacent to the columns, extending to the center of the span. The partial
length of the platforms, calculated individually for each span, will be equivalent to half the
span. However, for quantification and budgeting, it is vital to determine the total length, which
will depend on whether or not there is continuity of the evaluated suspended platform,
depending on the surrounding conditions. If the adjacent spans have also suspended platforms
planned to be used, they will be merged into a single platform that extends for two or more

spans. A possible occurrence of this configuration is illustrated in Figure 15.



82

1
2 span < Lsmax

Figure 15. Suspended platform configuration for adjacent spans with half-length greater than Lsmin and less or

equal to Lsmax.

For spans whose half of the total length exceeds Lsuax, intermediate platforms should be added
to cover the entire span, following the criteria established in 5.3.2. The only difference from the
suspended platforms in isolated spans is that the attached suspended platforms will be merged
with the neighbor attached platform, with a total length equal to the summation of individual

segments from this merge, as exemplified in Figure 16.

1
2 span > LsMax

Figure 16. Suspended platform configuration for adjacent spans with half-length greater than Lgmax.



83

Once the platforms have been individually dimensioned for each span, it is necessary to assess
their continuity to determine the total suspended platform lengths. The two possible cases for
considering continuity are:
e From merges between two platforms adjacent to the center columns of two
consecutive spans that cover it partially;
e From merges between platforms covering the entire span, as defined by the Lsys, limit,

with the adjacent.

In both cases, the total length of the resulting merged platform results from the sum of the

individual platforms' lengths that compose it.

5.3.4. Total cost of suspended platforms

The maximum cost of suspended platforms is determined following the same criteria used for
supported platforms but using their parameters, Nsyi» and Nsz». After designing the structure of
suspended platforms across the bridge, the cost of each occurrence will be the multiplication of
the unitary cost by their area, given by Eq. (3). Considering the reuse of the platform structure,
the total cost will be equivalent to the maximum quantity simultaneously being used. The
concurrent utilization configurations evaluated are:
e A single suspended platform in bridges with fewer total suspended platforms than
Nswin;
e Two concurrent platforms when the number of employed suspended platforms reaches
or exceeds Nsuin;
e An additional simultaneous platform for each subsequent Ns;, increment in the total

number of suspended platforms employed in the bridge.

From the final configuration, the maximum total quantity is calculated by the sum of the n
largest individual quantities, with n corresponding to the number of simultaneous suspended

platforms employed.
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6. Methodology implementation and case study

6.1. Computational implementation

To evaluate its practical application in a case study, the methodology was implemented using
the Python programming language. The implementation focused on defining bridge and
platform classes, whose attributes and methods enabled the application of the proposed
methodology. However, the implementation also comprised visualization functions to facilitate
tests and analysis of the results and an optimization process to adjust the parameters in the case

study.

In the definition of the Python classes, the Bridge class was created to represent each bridge
instance, to evaluate the input data and quantify the working platforms according to the methods
defined, and to store all its information. The methods were defined according to the
methodology, determining the platform type in each span, calculating and instantiating the
platform configuration in each span individually, evaluating the continuity of platforms across
spans, and, based on its final configuration and in the reutilization parameters, determining the

final quantity and cost of working platforms for the bridge instance.

To support the evaluations on the Bridge class methods, platform classes were created. From
the base Platform class, subclasses to all possible platform configurations were derived, each
with its corresponding parameters and quantification methods. In the Bridge methods
evaluation, the calculated platforms were instantiated and stored in the Bridge class parameters.
With this approach, the bridge instances had an array containing each platform instance

employed.

The visualization module, developed to evaluate the results, was based on the Matplotlib
library, commonly used to generate visualizations in Python. The bridge feature matrix was
employed to create the bridge representation and the ground elevation profile, as seen in Figure
17. A red dashed line was also included near the ground profile to symbolize spans with

obstacles, where the employment of suspended working platforms was mandatory.

Using the instances from the bridge's final platform configuration, their simplified
representation was created. Ground-supported platforms were represented by green lines near

the ground profile and differed by covering the span partially or integrally. Suspended
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platforms, represented by blue lines near the bridge slab, differed between one-side attached,
two-side attached, continuously attached, or intermediate. In the example from Figure 17, the
designed platforms were a left-side attached suspended, a continuous attached suspended, an

intermediate suspended, a right attached suspended, and an integral ground-supported.
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Figure 17. Example of representation of the platform configuration generated by the visualization module.

The optimization module, used to adjust and optimize the methodology parameters to the case
study data, was based on the Optuna library. Optuna is an open-source hyperparameter
optimization framework designed to automate and accelerate optimization studies. Besides its
performance advantages when compared to alternatives for this study, Optuna allowed the
definition of parameter dependencies dynamically, ensuring that the search space was restricted
only to valid values. This was particularly useful to define limitations such as Lsuyin < Lsyax <

LT SMax-.

The optimization was based on the minimization of an objective function. In this case, the
objective function expressed the mean absolute error between predicted and reference platform
quantities from ground-supported and suspended platforms. To ensure that the error scale was
compatible between the two different platform types, the predicted and reference quantities
were normalized to values between 0 and 1. The search space used in the optimization trials
was defined by intervals, delimited by minimum and maximum values. The search intervals,
although kept broad to ensure a wide search range, were limited by feasible values according

to typical limitations. The parameter value type, integer or floating point, was also defined.
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The parameter optimization was structured along with cross-validation to improve the
representativeness of the results metrics since the dataset had a limited number of samples.
Therefore, for each cross-validation fold, the data were normalized and divided into train and
test datasets, the parameters were optimized with the train data, and the quantities were
predicted. With this approach, each fold would have its set of optimized parameters and

individual metrics to mitigate the influence of the limited dataset division into the results.

The sampler used in the optimization configuration was the Tree-structured Parzen Estimator,
considering 500 startup trials. The sampler seed was not fixed to evaluate the variations between
each execution and explore if the objective functions have well-defined global minimums. In
each cross-validation optimization, 1000 different trials or parameter combinations were
performed. The cross-validation, based on the K-Fold cross-validator from the scikit-learn

library, was configured to use 10 folds.
6.2. Case study

6.2.1. Data acquisition

The data used in the case study was ceded by the Departamento Nacional de Infraestrutura de
Transportes (DNIT), the Brazilian federal department responsible for transportation
infrastructure management. The data related to the geometrical characteristics of the bridge and
the ground elevation profile was manually measured and retrieved from 2D design drawings
stored in DWG files. The reference values of quantities and unitary costs from working
platforms were retrieved from maintenance work plans. The reference quantities and costs of
ground-supported and suspended platforms, manually calculated by specialists, were retrieved
from maintenance work plans. The final dataset retrieved consisted of 88 entries, structured as

shown in Table 2:



Table 2. Example of entries from the dataset used in the case study.
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GS S
Bridge . . unitary | unitary GS. S .
Entry | . Bridge feature matrix quantity | quantity
width cost cost N 5
1 10.0 [[5.7,5.7,5.7,7.8, True]] 3292 | 5735 | 204.75 0.00
[[2.39, 3.55, 4.48, 6.0, False], [4.48, 6.55,
2 9.9 5.21,24.0, True], [5.21, 4.02, 2.44, 6.0, 28.15 | 40.99 | 157.41 | 238.65
False]]
[[2.67, 5.33, 8.59, 6.75, False], [8.59, 12.95,
3 9.8 6.09, 32.0, True], [6.09, 5.54, 2.75, 6.75, 27.57 | 42.93 71.40 125.40
False]]
[[2.97, 8.10, 12.0, 43.75, False], [12.0, 12.0,
12.0, 44.85, True], [12.0, 12.0, 12.0, 72.25,
True], [12.0, 12.0, 12.0, 75.25, True], [12.0,
4| 130 100, 12.0,99.75, Truel, [12.0, 12.0, 12,0, | 2387 | 40-90 1 170.00 1 500.00
140.0, True], [12.0, 12.0, 12.0, 119.9, True],
[12.0, 12.0, 2.6, 75.3, True]]
5 8.3 [[2.2,2.2,2.2,13.8, True]] 31.35 | 56.12 38.40 0.00

6.2.2. Parameter optimization

Using the implementation described, an optimization of the methodology parameters was

performed. Considering the limited amount of samples in the dataset, using a single division of

train and test datasets could result in heavily biased optimization results, which justified the

employment of 10-fold cross-validation. The parameter values for each fold optimization and

their median, to minimize outlier parameter values, are represented in Table 3.

Table 3. Optimized parameter values obtained in each cross-validation step, along with their median.

Fold n° | Lesmax | Nesmin | Necm | Lsmin | Lsmax | LTsmax | Nsdin Nsin | Lismax
0 11.862 3 4 3.085 10.375 19.759 8 9 11.628
1 15.438 2 4 0.770 16.579 26.235 9 8 32.866
2 12.275 2 3 1.791 13.626 27.314 7 10 36.685
3 11.731 9 4 2.519 16.231 27.066 7 8 17.329
4 10.952 2 1 0.883 3811 7.042 6 6 14.909
5 16.597 1 2 0.869 11.742 26.014 8 9 47.799
6 14.159 7 3 7.060 7.945 16.918 5 8 25.136
7 11.744 10 1 2.270 3.651 4.905 8 10 18.095
8 12.031 6 8 6.314 9.825 24.531 7 10 43.207
9 16.977 9 4 2.357 3.120 3.502 9 10 18.274
Median 12.153 4.5 3.5 2.314 10.100 22.145 7.5 9 21.705

As can be seen, most of the parameters presented a considerable variance in each fold.

Nonetheless, this variance is observed even when the optimization process is repeated over the

same dataset without a sampler seed. This variance is prevalent in parameters with less

importance for the optimization, as can be seen when comparing the optimized parameter values
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with the Optuna visualization from Figure 18. These observations suggest that, for the analysed

data, the objective function has multiple local minimums in the space defined.

Hyperparameter
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Lsmin- 0.05
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Ngsmin| <0.01
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Figure 18. Optimization parameter importance according to the Optuna analysis.

When comparing the ground-supported and suspended platform quantities predicted in each

fold with their respective reference values, Figure 19 and Figure 20, respectively, show their

distribution. For ground-supported platforms, the distribution resulted in a mean absolute error

(MAE) of 229.90 m?® and an R? score of -0.086. For suspended platforms, the MAE was 106.25

m?, while the R? score was -0.104.
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Figure 19. Comparison between predicted and actual quantity values of ground-supported platforms, in a

complete and a scaled view.



89

Supported Platforms Quantity Values (in m?) - Supported Platforms Quantity Values (in m?)
® " - o=
2000 / #
’// d
o 400 A
S e
- .
1500 2% 4 e
v /’ v
E - $ 300+ ° P
0 s o (1)
3 A = ° = T s =
% 1000 A // % ) ;‘ °
= £ -
2 % 3 2004 ® °® G o
I . & P
»” 0% %, o % ° o
500 4 - ° ° 08P, e® O
.. ° g @ ) o
<o 1004 ® x ° P
e [ ' » e
] ' ‘0.‘ Fe . e L
[ ] > L ]
0 04 &
0 500 1000 1500 2000 0 100 200 300 400 500

Actual Values Actual Values

Figure 20. Comparison between predicted and actual quantity values of suspended platforms, in a complete and a

scaled view.

In Figure 19, the actual versus predicted values distribution shows that, in many cases, the
methodology did not estimate the ground-supported platforms where they were employed. In
contrast, although much less prominent than ground-supported platforms, the suspended
platforms behave oppositely. The distribution tests in Figure 20 show the predictions of
suspended platforms in some cases where they were not employed. These contrasting results
exemplify that, for the employed dataset, the methodology was favourable to the suspended

platform usage.

To analyse the imbalance between ground-supported and suspended platform quantities
predicted, an evaluation of the whole dataset was performed. The values of parameters used in
this evaluation were the median of the parameters optimized in the 10-fold cross-validation.
Although not ideal, considering the high variance of some parameters, the MAE of the analysis
with median values was approximately the same as the values optimized in the folds. This
behaviour is due to the low importance of high variance parameters in the objective function of

the optimization.

When instantiating all the bridges from the dataset with the median parameters, the total
platform quantities and costs found are presented in Table 4. The sum of all predicted quantities
for ground-supported platforms was approximately 20% of the reference values, congruent with
the distribution tendency observed in Figure 19. The sum of predicted suspended platform
quantities, contrary to the slight tendency shown in Figure 20, was also less than the reference
values, with a 15.8% difference. These smaller predicted quantities reflected a total cost 42.2%

lower than the total cost of reference maintenance work plans.
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Table 4. Comparison of total quantities and costs of working platforms from the analysed dataset.

Total ground-supported Total suspended platform Total platform

platform quantities (m?) quantities (m?) cost (BRL)
Reference 20472.085 16881.805 1334447.37
Predicted 4213.538 14216.542 771592.49

7. Discussion

The PlatBriM parametric methodology was developed to automate the quantification and
budgeting of working platforms for bridge maintenance using only basic bridge geometry and
simplified ground-profile inputs. The case study results reveal a contrast in method performance
between suspended and ground-suspended platforms. For suspended platforms, predictions
presented an approximately symmetric distribution across expected values, with a total quantity
predicted of 14,216.542 m? against the reference total of 16,881.805 m?, indicating a shortfall
of 15.79%. By contrast, the results of ground-supported platforms were substantially
underestimated, which was evidenced by the multiple zero-value predictions in the value
distributions. This underestimation resulted in a total quantity of only 4,213.538 m* compared
to the expected 20,472.085 m?, a decrease of almost 80%. Combined, these differences led to a
predicted total platform cost 42.18% lower than the reference cost derived from maintenance

plans.

Several factors and limitations can be drawn in this study and likely explain the
underperformance of ground-supported platforms. First, premises such as the assumption of a
single platform type per span, although plausible and observed for most cases, had exceptions
across samples and therefore impacted the results. Second, operational and contextual factors
that affect the choice or extent of ground-support platforms, such as local availability of
labour/equipment, temporary road-closure feasibility, or detailed topography, were not
included in the input. Finally, optimization analysis indicated multiple local minima and a
discrepant importance across parameters, suggesting a complex interaction of the objective

function when applied to the current dataset.

Despite these limitations, PlatBriM demonstrated practical value, performing reasonably for
suspended platforms and providing a low-input framework for preliminary budgeting and
scenario analysis that can easily be adapted to any BMS. Moreover, the transparency and

possibility of configuration allow the user to adjust parameters accordingly, enabling the
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adaptation to different contexts and the re-evaluation of costs. PlatBriM can serve as a fast
evaluation tool to support budgeting and decision-making in bridge maintenance, especially for
suspended working platforms, while recognizing its present limitations for ground-supported

solutions.

To improve the performance and applicability of the PlatBriM methodology, we recommend
the following actions: enlarge the dataset, both in sample size and geographic diversity;
incorporate additional input data, such as constraints and labour/equipment limitations; and
apply the method in different regions to compare the performance against practitioners’

estimates of other contexts.

8. Conclusion

This study introduced PlatBriM, a parametric framework for quantification and budgeting of
working platforms in bridge and viaduct maintenance using minimal geometric and ground-
profile inputs. Regarding the primary research question, the results show that PlatBriM can
reproduce cost-estimator decisions and provide quantity and cost estimates with satisfactory
fidelity for suspended platforms under the tested conditions, but its accuracy for ground-

supported platforms is still insufficient.

The main contribution of this work is a simple, configurable, and BMS-compatible
methodology that supports preliminary budgeting and decision-making, without the need for
complex data or as-built 3D models. Future work should prioritise dataset expansion, inclusion
of additional input, and parameter refinements to improve the performance gap of ground-

supported platforms and move towards operational adoption.
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CHAPTER 4 - MACHINE LEARNING FOR QUANTIFICATION AND BUDGETING

OF BRIDGE MAINTENANCE SERVICES USING INSPECTION DATA3

Abstract

Bridges require continuous assessment of their operating condition to ensure
user safety against progressive deterioration. The large amount of inspection data
stored in Bridge Management Systems (BMS) must be effectively processed to support
reliable maintenance decision-making. This study explores the potential of machine
learning (ML) to automate the quantification and budgeting of non-structural bridge
maintenance services using inspection records. Data from the federal Brazilian BMS
were manually acquired, pre-processed, and used to train and evaluate multiple ML
algorithms across different maintenance labels. Results showed satisfactory predictive
performance for maintenance services with high occurrence frequency, producing
estimates consistent with expectations. However, performance declined for low
occurrence frequency services, where correlations between features and labels were
inconsistent. These findings highlight both the potential and the current limitations of
ML for bridge maintenance management, emphasizing the need for larger, richer
datasets and the development of targeted ML approaches to enable reliable operational
adoption.

Keywords: Machine learning, bridge maintenance, inspection data,
quantification, budgeting, data-driven decision-making, infrastructure management.

3 Original manuscript submitted to Automation in Construction in September 2025.
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1. Introduction

Bridges are essential structures in the context of land transportation. Through their use, they
enable not only the crossing of obstacles but also the design of optimized and safe networks for
users, positively impacting the local society. The operability of these structures is guaranteed
by periodic inspections, assessing their condition against deterioration resulting from high
exposure to environmental and traffic conditions [1]. Based on inspection data, it is possible to
plan preventive maintenance interventions to extend the useful life and reduce costs during the

operating phase of bridges [2,3].

The information generated during inspections, monitoring, and other processes carried out
throughout the life cycle of a bridge needs to be managed efficiently to optimize the use of
resources. The management of all this information, as well as the bridge network itself and the
involved processes, is performed by Bridge Management Systems (BMS). These systems,
generally implemented as software, have integrated functions that help decision-making
regarding inspection, maintenance, cost, and capital allocation, among other processes [4—6].
However, using a BMS does not necessarily mean automating all processes or decision-making.
In the Brazilian reality discussed in this paper, the choice and quantification of bridge
maintenance services is performed by budgeteers, who rely on inspection records to propose

the most appropriate solutions for each case.

Considering the richness and density of information found in well-established BMS databases,
data-driven approaches are the most suitable alternative for handling, processing, and
interpreting this large quantity of multi-source heterogeneous bridge data. The application of
artificial intelligence and machine learning in the infrastructure context is gaining popularity,
and this new reality is thoroughly explored in the works of Jiang et al. [7] and Yang et al. [8],
who present extensive literature reviews of data-driven approaches within BMSs. However,
despite the development and application of this type of approach in BMSs, its use is still

considered insufficient [7,8].

To explore the capabilities of the application of machine learning models to assist decision-
making in the bridge maintenance process, this work gathered bridge and inspection data
available in the Brazilian Federal BMS, processed and structured the information acquired, and

trained models to predict maintenance service quantities to elaborate bridge maintenance
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budgets. The overall performance of the models was assessed by comparing predictions and
actual quantities for all maintenance services, highlighting critical cases. Based on the results,

directions to potentially enhance the results in future work are presented.

2. Method

2.1. Research design

This exploratory study investigates the feasibility of applying machine learning models to
automate or assist the quantification of bridge maintenance services using structured inspection
data. The primary research question is whether ML models trained on raw, tabular inspection
records can predict maintenance services quantities with an accuracy sufficient to support
budgeting processes and provide reliable input for decision-making in bridge maintenance
management. A secondary objective is to identify limitations of this approach, outlining

improvements required for its potential operational adoption.

The scope of the study is restricted to reinforced and prestressed concrete bridges and viaducts.
Each sample comprises bridge-related information, including geometrical characteristics,
structured inspection data, and the maintenance services quantified. The prediction targets are
the quantities of services, with the remaining information used as explanatory variables. The
inspection data included only structured tabular information, such as damage type, damaged
element, and damage extension. Unstructured data sources, such as photographic records or

unstructured text, were excluded.

Given the exploratory nature of the work, emphasis is placed on assessing feasibility and
methodological validity rather than on definitive deployment. Accordingly, the research design
follows standard ML development procedures while maintaining minimal preprocessing of the
input data. This approach aims to reduce introduction of bias and to capture unfiltered insights

from the application of ML models to raw inspection datasets.
2.2. Data collection

2.2.1. Data acquisition

The Departamento Nacional de Infraestrutura de Transportes (DNIT), the Brazilian federal

department responsible for transportation infrastructure management, provided the data used in
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this study. The selected bridges were part of maintenance work plans developed two years
before the data collection date. These documents included the maintenance services estimated
to repair a set of bridges. The services and their quantities, manually estimated by budgeteers
based on the damage information registered in field inspections, were used as labels in the

analysis. The maintenance work plans selected date from September 2020 to October 2022.

After defining the maintenance work plans, the data of the bridges included were acquired to
be used as features in the analysis. The data from each bridge was manually acquired from the
interface of the Sistema de Gerenciamento de Obras de Arte Especiais (SGO), the principal
system and database for bridge and viaduct management maintained by the DNIT. Based on
the bridge identification, the system returned its properties, which were manually copied from

the interface and stored in spreadsheets.

When the data acquisition started, the total population of the DNIT database was composed of
6833 bridges and viaducts. However, only part of the bridges and viaducts had been included
in recent maintenance work plans and had their data available for this study. The percentage of
contribution from each Brazilian geopolitical region to the total population of bridges and
viaducts was considered in order to select a representative set of maintenance work plans
capable of depicting the national panorama. In the end, 19 maintenance work plans were

selected, which were composed of a total of 529 bridges and viaducts.

The acquired data could be categorized into three groups, general structure information,
inspection data, and maintenance services data. The general structure information group
comprises all data that characterizes the bridge or viaduct, such as its structure type, dimensions,
and location, among others. All the features from the general structure information and some

examples of the content of the data are represented in Table 1.



Table 1. General bridge information data structure and examples.
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Database Structure S Year of
uetu project . | Length | Width | Latitude | Longitude | Altitude
entry type load construction
. Reinforced
Bridge 1 Class 36 1960 59.2 10.1 | -5.8746 | -38.6076 123.0
concrete slab
Prestressed
Bridge 2 | concrete box Class 45 1985 454 13.0 | -7.5452 | -39.0166 | 412.0
girder
Bridge 3 | Reinforced |0 36 1960 550 | 10.0 | -6.3348 | -38.7434 | 156.0
concrete beam

The inspection data group is composed of data generated by on-site inspections. Typically, each

bridge or viaduct is subjected to periodic inspections to monitor its condition, generating

damage data. The generated data includes the properties of each damage instance, photographic

records, and additional information that is not always structured. In this study, data was

collected from the most recent inspection prior to maintenance. Each dataset entry has as

features a single value of the structure’s condition state and a matrix of the structure damage

data. The damage data, represented by an (n, 3) matrix, contains each instance of damage

occurrence in the structure, with parameters to identify the damage type, the element where it

occurs, and the extent of the damage, as structured and exemplified in Table 2.



Table 2. Inspection data structure and examples.
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Damage data matrix
Database ..
Condition state Damage
entry Type of damage Damaged element 5
extension
Efflorescence Reinforced concrete slab 2.75
Con.cret.e Reinforced concrete slab 04
delamination
C ; i Reinforced concrete T-beam or 09
Bridge 1 3 oncrete spalling L-beam .
Con.cret.e Reinforced concrete slab 1.3
delamination
Efflorescence Reinforced concrete retaining 15
wall
) Efflorescence Reinforced concrete slab 0.65
Bridge 2 3 .
Crack Reinforced concrete slab 1.25
Concrete spalling Reinforced concrete retaining 29
wall
Concrete Reinforced concrete retaining
.. 0.73
delamination wall
Bridge 3 2 Efflorescence Reinforced concrete slab 04
Conpretfe Reinforced concrete column 2.1
delamination
Crack Reinforced concrete slab 1.87
Crack Reinforced concrete column 32

The maintenance services data group was composed of data from the maintenance work plans.

The maintenance data, label of this study, was structured as an (m, 2) matrix, where the first

column represents the identifier of the service, and the second column represents the

correspondent service quantity. The maintenance service data of each entry is structured as

illustrated in Table 3.
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Table 3. Maintenance services data structure and examples.

Database entry Maintenance services data matrix
Service identification Service quantity
Bridge cleaning 465.8
Hydrodemolition 1.8
Bridge 1 Dry splayed concrete 2.1
Suspended working platform 90.5
Manual application of cement slurry coating 465.8
Bridge cleaning 2733
Crack injection 1.25
Bridge 2 Structural adhesive 0.94
Suspended working platform 53.5
Manual application of cement slurry coating 2733
Bridge cleaning 930.8
Hydrodemolition 4.45
Concrete drilling 1.2
Rebar CA-50 8.89
Bridge 3 Structural adhesive 3.81
Crack injection 5.07
Dry splayed concrete 5.51
Ground-supported working platform 312.7
Manual application of cement slurry coating 930.8

Both damage data and maintenance service data matrices have a variable number of rows per
bridge to represent multiple damages and maintenance services, but they differ in the
uniqueness of each instance they represent. While the damage data matrix can contain multiple
instances of the same damage or even the same combination between damage and bridge
element, each service within the maintenance services data matrix is unique, with its numerical
quantity value representing a summation of all occurrences of that service due to the individual

instances of related damages.

A compilation of the all the parameters collected, their data types and a comprehensive

description of each is provided in Table 4.
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Table 4. Parameters presents in the analysed dataset.

Data group Parameter Data type Description
Structure type Categorical Representg the structure type based
on the primary structural element
Standard project load Categorical Standard load cons@ered in the
structure design
General . . Year of completion of the structure's
Year of construction Categorical . .
structure construction, usually approximated
information :
Length Numerical Total length of the structure
Width Numerical Width of the structure
Latitude Numerical | Latitude of the structure's location
Longitude Numerical |Longitude of the structure's location
Rating factor that reflects the
. . condition state of the bridge,
Condition state Categorical ranging from 5 (best condition) to 1
(worst condition)
. Type of . Represent the type of non-structural
Inspection data dyp Categorical p yp
amage damage
Damaged . Describes the element that contain
Damage data Categorical
element the referred damage
Damage . Extension of the damage, according
: Numerical . .
extension to its measurement unit
Service . Identification that represents a
. . . Categorical : )
. . identification maintenance service
Maintenance | Maintenance -
. . Quantity of the correspondent
services data | services data . . ‘ ) :
Quantity Numerical | maintenance service, according to
its measurement unit

Correlations between features and labels values were expected, considering the origin of the
data. The physical properties of the structures, length, and width are directly related to general
maintenance services, such as structure cleaning. The damage information affects more specific
maintenance services which repair the non-structural damages, such as crack injection and
concrete recomposition. The labels also include some standard services performed in any
maintenance intervention unrelated to any specific feature. The remaining input features, a

priori, cannot be directly related to the labels.

2.2.2. Feature structuration

Each original dataset entry included a matrix of damage information, which contained the type,
damaged element, and extension for each damage instance. This nested matrix was restructured
to meet the information input requirements of most machine learning algorithms. Each
combination of a damage type and a damaged element originated a single feature whose value
reflected the damage extension of that feature on the bridge entry, which was considered zero

if the feature was not present. A simplified example of the approach is shown in Figure 1. When



applied to the sample data from Table 2, the approach results in the structured data showed in

Table 5.
Damage type | Quantity
Bridge 01 Damage 01 1.5
Damage 02 2.3 Damage 01| Damage 02| Damage 03
Damage 01 0.7 Bridge 01 1.5 2.3 0
Bridge 02| Damage 02 4.1 Bridge 02 0.7 4.1 1.4
Damage 03 1.4 Bridge 03 0 2.9 2.1
Damage 02 19
Bridge 03| Damage 02 1.0
Damage 03 2.1
Figure 1. Example of the damage matrix data structuration.
Table 5. Restructuring of the example data from Table 2.
Damage - damaged element combination
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Bridge 1 0 0 0 0 1.7 0 0.9 L.5 2.75
Bridge 2 0 1.25 0 0 0 0 0 0.65
Bridge 3 3.2 1.87 2.1 0.73 2.2 0 0 0.4

Considering that the matrix from a singular entry could have multiple instances of the same
damage-damaged element combination, the quantities of repeated combinations should be
added up before their inclusion in the final dataset. This way, each damage-damaged element
feature would represent the total extent of that combination in the entry. The sum of repeated
damage-damaged element combinations is exemplified in the “Bridge 1” entry from Table 2,
where two instances of the “Concrete delamination” damage occur in the “Reinforced concrete
slab” element. The individual extensions of the damage instances, 0.4 and 1.3, were added, and
their total value, 1.7, was included in Table 5 in the correspondent “Concrete delamination -

Reinforced concrete slab” feature.
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With the restructuring, the damage data, earlier represented in a row-variable matrix, becomes
a single-row array. This structure allows the damage data to be concatenated with the remaining
data and employed in most machine learning algorithms. However, the drawback of this
approach is the inclusion of several features as much as combinations of damage-damaged
elements exist. In this case, the number of combinations and, consequently, the number of

features relative to the damage-damaged element data was 217.
2.3. Data preprocessing

2.3.1. Data cleaning

The maintenance services data required some adjustment. As the data was obtained from
documents dated between 2020 and 2022, it was necessary to verify changes in the
identification or the content of the maintenance service compositions. One example of change
over time was the shotcrete service, which initially had a single cost regardless of the
application surface and was later decomposed into three different services according to the
orientation of the concrete projection plane. The strings that identified the maintenance service
type were also checked for misspellings since any unique string would be considered a different

category.

A few maintenance services differed in subtle characteristics in which the feature data would
certainly not be sufficient to determine the most suitable option. One example was the presence
of different types of ground-supported work platforms, differentiated by the maximum height
range of the platforms. Since this differentiation could only be made with specific knowledge
of the elevations of the terrain around the bridge and information that is not available in the
features, it is not justifiable to maintain this differentiation in the services in the labels. In these
cases, the individual services were grouped into a single general service that encompassed all

the variations.

Some very recurrent maintenance services were unrelated to the features. Activities such as tree
pruning or mowing were determined based on the structure's surroundings and could only be
quantified by visual analysis of the photographic documentation. Therefore, services that
clearly could not be associated with any feature data were excluded from the labels to avoid a
negative influence on the metrics, which could significantly disturb the evaluation and the

choice of regression algorithms.



104

After the data cleaning, 55 unique maintenance services remained in the dataset. Although
several maintenance services have low occurrence in the dataset entries, it was decided to
maintain it in the construction of the models and focus on the individual analysis of the results,

prioritizing the more relevant labels.

2.3.2. Data transformation

While each algorithm has its unique specifications regarding data input, such as encoding, null
data handling, normalization, and standardization, the transformation methods used sought to
suit a wide array of algorithms. Therefore, the features in the datasets were transformed using

the most suitable technique based on their data type.

The features composed of numerical data, identified in Table 4, should be either normalised or
standardized. According to Brownlee [9], choosing between normalizing and standardizing
continuous numerical data relies on the feature's distribution. Given that most continuous data
in the analysed features do not follow a normal distribution, the most appropriate and chosen
scaling technique was normalization, within the 0 to 1 range. The normalization is particularly
interesting when transforming the damage data, as it would maintain the values equal to zero
unaffected, denoting the absence of a particular damage-damaged element combination in an

entry.

The categorical features of the dataset were transformed using either the One-Hot Encoding or
the Ordinal Encoding method. As already mentioned, the One-Hot Encoding method creates
binary columns for each unique category of the original evaluated feature, assigning “1” in the
column corresponding to the entry category and “0” for the remaining columns. In contrast, the
Ordinal Encoding method maintains its data on a singular column but transforms its values to
integers according to their order and scale, which preserves a sense of magnitude between the
values. As their description suggests, Ordinal Encoding is suitable in cases where the feature
values have any meaningful relationship or ranking, while One-Hot Encoding should be

prioritized in features with independent categories.

The categorical feature ‘Structure type’, in which values did not express any ordinal relationship
but only categorized the type of the structure, was transformed using the One-Hot Encoding
method. The ‘Standard project load’ feature, whose categorical data was related to the load-

bearing capacity of the structure, was encoded using the Ordinal Encoding method.
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The ‘Year of construction’ feature, although expressed by years in a numerical scale, was
divided into categories varying by 5 years. Since time is ordained, the method used was Ordinal
Encoding, with “0” corresponding to years until 1954, “1” corresponding to years between 1955
and 1959, until the integer “13” which represents years between 2015 and 2019. The ‘Condition
state’ feature, representing the structure condition, is already expressed by ordinal values
ranging from 1 to 5, with its scale adjusted to values from O to 4 to maintain the scale origin
standardized in zero. After all transformation and restructuring, the total number of features in

the dataset was 232.

The labels of the dataset, corresponding to each evaluated maintenance service, consisted of
continuous numerical data. Although the training and evaluation of the models were conducted
independently, with different scales not interfacing with each other, normalization of the labels
was applied within the range of 0 to 1. This approach aimed to ensure that the scale of the
different labels does not influence the model's performance during training across multiple

algorithms.

2.3.3. Null values and outliers handling

An analysis was conducted on the original dataset to determine the presence of null values. As
a first analysis, it was decided to ignore and remove entries with null values from the dataset
since the imputation by models could add bias to the original information. Considering its low
recurrence and low representativeness, entries with constructive systems different from "cast in

place" were removed from the dataset.

From the remaining entries, the number and percentage of null values are represented in Table
6. The ‘Standard project load’ and ‘Year of construction’ features, which had the highest
missing values percentage, were also highly correlated. The entries frequently had both values
missing, requiring their imputation based on lesser correlated features. This aspect of the
missing data reinforced the decision to exclude the incomplete entries and avoid the addition of
imputation bias in the dataset information. This way, the final dataset was composed of 309

entries without any missing features.



Table 6. Quantity and percentage of null values in features data.
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Standard Year of Condition
Feature . .
design load | construction state
Quantity of null values 107 122 11
Percentage of null values (%) 20.23 23.06 2.08

An analysis to evaluate the presence of outliers in the dataset was conducted. For this analysis,

the Local Outlier Factor unsupervised outlier detection was used. The method measures the

deviation of the density of a sample from its

neighbours, identifying if it is significantly lower

and, therefore, an outlier. At first, an analysis of how many entries would remain according to

the number of neighbour considered was conducted, and the results are shown in Figure 2.

As illustrated in Figure 2, the number of outliers identified varied significantly within the range

of 0 to 15 and 40 to 50 neighbours. Beyond
stabilized at around 230, indicating a well

number of neighbours chosen was 53, resulti

Sample variation

50 neighbours, the number of remaining samples
-balanced identification of outliers. Finally, the

ng in a dataset composed of 232 samples.
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Figure 2. Variation of the number of remaining samples in the dataset according to the number of neighbors

considered in the Local Outlier Factor method.
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2.4. Model selection and tuning

2.4.1. Modeling strategy

In the analysed dataset, after structuring the data, the output of each sample is given by a set of
independent labels. It is, therefore, possible to treat the outputs individually, creating a single
model for each label, or to treat all label values as a single vector, in which a single model
predicts all the values in the vector. However, since the goal is to analyse the characteristics
associated with each maintenance service individually, it was decided to create unique models

for each label.

Each label, representing the quantities of maintenance services, was composed of continuous
numerical data. Since the aim was to predict these quantities, the problem was treated as a
regression case. Therefore, for each maintenance service, an individual regression model will
be evaluated, employing its best-performing algorithm. It is expected that, if the regression
model is good enough, the predicted quantities will be zero or very close to zero in cases where

the maintenance service is not employed.

2.4.2. Model evaluation

In the models' evaluation stages, it is necessary to divide the data into distinct groups based on
their use in the process, such as training and test datasets. For a single partition of the samples
to be representative in expressing the model's generalization error, obtained by comparing
predicted labels with true labels not used during training, the total sample size must be
sufficiently large [10] since both the sample size and the ratio between training and test sets

influence the overall performance of the models [11].

For small datasets, a single, fixed division of the data can generate models that are not very
generalized and highly dependent on the samples present in each set. In such cases, an
alternative is to employ cross-validation methods, in which the dataset is partitioned several
times and the same sample can be used more than once at different stages of the model training

and validation process, potentially improving the statistical reliability of the results [12].

Among the various cross-validation methods available, we opted to use the K-fold cross-

validation method, which stands out both for its popularity [ 13] and its speed compared to other
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methods [12]. In the K-fold cross-validation method, the sample is divided into K different
partitions of equal size, and the model is validated for each partition (fold), while the remaining
K-1 folds serve as training data. At the end of the process, metrics are obtained for each of the
K validations, providing an overview of the performance of the models based on the available

data.

According to the literature, varying the value of K, which reflects the number of splits made in
the sample, inversely impacts the bias and variance of the results, although exceptions can occur
depending on the dataset size [14]. While Jung [15] suggests that the value of K should be
approximately log(n), where n is the total number of the sample, other studies use pre-fixed
values, typically equal to 2, 5, 10, 20 or directly linked to the total value of the sample, up to a
maximum value of K =n [13,16,17]. Considering the size of the sample used, the usual values,
and the considerations about the trade-off between bias and variance raised by Raschka [14], it
was decided to use K = 10. In addition, following the recommendations by Rodriguez [17] and
Raschka [14], two cross-validations will be carried out with different random data divisions to

increase the reliability of the metrics.

The selection of regression algorithms for evaluation was based on including representatives
from different algorithm families, covering a wide range of learning approaches, and using the
default hyperparameters. The chosen regressor algorithms were Linear, Poisson, KNeighbors,

Support Vector, Random Forest and Multi-layer Perceptron.

Considering the objective of treating each label individually, the algorithm evaluation followed
the same principle. With this approach, each label would be predicted based on its better-
performing algorithm for its available data. The metric used for the algorithm evaluation was

the mean squared error (MSE).

The percentage of labels for which each algorithm performed better is represented in Figure 3.
Although the Poisson algorithm performed better in most labels, the Random Forest Regressor
had the overall better performance across the labels corresponding to the services with the
highest percentage occurrence in the dataset. RFR outperformed the remaining algorithms in 9

of the 11 most recurrent maintenance service labels.
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Linear
4%

Poisson
45%

Figure 3. Percentage of the best performing algorithm across the 55 evaluated labels.

2.4.3. Hyperparameter tuning

To explore the capabilities of the chosen algorithms and improve the results obtained, a
hyperparameter tuning stage was conducted. The Optuna library was employed to automate
hyperparameter search and optimize the algorithm's performance based on the existing data.
Considering that each maintenance service has its specific model, based on the better-
performing algorithm, the optimization sought to reduce the MSE obtained in the cross-

validation by varying the hyperparameters within the specified ranges.

The evaluated hyperparameters and the value ranges considered in the analysis of the five
algorithm types employed in the models are shown in Table 7. From the Optuna optimization,

the 55 labels had their best-performing hyperparameter combination determined.



Table 7. Hyperparameters and values evaluated on the individual model optmization.
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Algorithm Hyperparameter Range or values
. Fit intercept true, false
Linear
Copy x true, false
Alpha le-5 to le-1
Poisson Maximal iterations 100 to 500
Tolerance le-4 to le-2
Number of neighbors 1 to 30
Weights function uniform, distance
KNN Algorithm auto, ball_tree, kd_tree, brute
Leaf size (for BallTree or KDTree) 10 to 50
Metric euclidean, manhattan, chebyshev
C le-3 to 1e3
Epsilon 0.01 to 0.1
SVR Kernel type linear, poly, rbf, sigmoid
Gamma scale, auto
Degree (for poly kernel) 2to5
Maximum depth 1t020
RFR Minimum samples to split 2to 16
Minimum samples to be at a leaf 1to 16
Number of estimators 10 to 100
3. Results

With algorithm and hyperparameters determined for each label series, individual model
performance was evaluated by comparing the reference maintenance services quantities with
predicted quantities. However, considering the limited number of samples in the dataset, it was
expected that a single train/test dataset split could lead to biased models, demanding an

alternative approach.

To obtain representative metrics in the final models, 10-fold cross-validation was employed in
the training and evaluation of each label. Therefore, for each maintenance service, 10 individual
models were trained in distinct partitions of the dataset, and each generated predictions based
on the test partitions. With this approach, the number of predictions was equal to the number of

samples in the dataset.

For each model, corresponding to a maintenance service, the reference and predicted quantities
were plotted on a distribution graph. A linear regression between reference and predicted was
also plotted using the regplot function from the seaborn library. In the regplot function, the
robust parameter was set to True, as it creates a robust regression that de-weight outliers. A
dashed red line was added to represent the line where y = x in the graph, facilitating the

interpretation of the results.
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Based on these settings, Figures 4-8 show the distribution of reference and predicted quantities
for the maintenance services evaluated, ordered according to their occurrence frequency. The
graph titles express the order, name, and frequency at which each maintenance service appears

in the dataset entries. The plotted values were kept normalized to facilitate the visualization of

the magnitude.
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3 - Manual cement slurry painting - 3 coats (99.68 %)
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Figure 4. Distribution of reference versus predicted values of individual models, from the 1% to 12 most

frequent maintenance services.
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Figure 5. Distribution of reference versus predicted values of individual models, from the 13% to 24" most

frequent maintenance services.
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25 - Supply and application of epoxy-based st... (16.5 %) 26 - Manual removal of weeds in joints (15.86 %) 27 - Core drilling in concrete with diamond c... (13.59 %)
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Figure 6. Distribution of reference versus predicted values of individual models, from the 25" to 36" most

frequent maintenance services.
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37 - Anchored metal guardrail terminal in New... (6.15 %) 38 - Expansion joint with extruded vulcanized... (4.21 %) 39 - Restoration of support bearings for expa... {3.56 %)
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Figure 7. Distribution of reference versus predicted values of individual models, from the 37th to 48th most

frequent maintenance services.
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49 - Rock riprap - commercial hand-sized ston... (0.97 %) 50 - Sand-cement bagged retaining wall with 8... (0.97 %) 51 - Gabion box 2 x 1 x 1.00 m - Zn/Al + PVC ... (0.65 %)
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Figure 8. Distribution of reference versus predicted values of individual models, from the 49th to 54th most

frequent maintenance services.

4. Discussion

4.1. Overall model performance and feasibility analysis

From the maintenance services evaluated, the first five services with the highest occurrence
frequency had the best performance. Not coincidentally, as highlighted in Table 8, all five
services are strongly correlated with the bridge’s geometrical characteristics, which are
measured data and not susceptible to the subjective interpretation of the inspector. The first
four, “Bridge cleaning”, “Cleaning of concrete surfaces with water jetting under pressure”,

“Manual cement slurry painting - 3 coats”, and “Manual whitewashing with lime fixative”, are
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maintenance services usually applied to all structures, and therefore are intrinsically dependent

of the length, width, and other measures that were not included in the dataset, such as the girder

height.
Table 8. Feature importance factor of the five more frequent maintenance services, considering the data without
outliers.
Cleaning of Elastomer dri
g Manual cement Manual P
] ] concrete surfaces Ao q . q edge profile -
Bridge cleaning q o slurry painting - 3 | whitewashing with
with water jetting A : supply and
coats lime fixative . .
under pressure installation
Feature |Impor.| Feature |Impor.| Feature |Impor.| Feature |Impor.| Feature |Impor.
Bridge length 0.943 Bridge length 0.835 Bridge length 0.835 Bridge length 0.883 Bridge length 0.854
Humidity Humidity
stains - 0.020 | Bridge width | 0.070 | Bridge width | 0.069 stains - 0.024 Altitude 0.015
Column-type Column-type
concrete pillar concrete pillar
Humidity
stains -
Prestressed 0.007 Altitude 0.018 Altitude 0.017 Longitude 0.012 Latitude 0.012
concrete box
girder
Leaching _and Damaged,
carbonation am
stain - . . TMISSIME, Oor
. 0.005 Latitude 0.008 Latitude 0.009 Altitude 0.008 expelled joint 0.012
Reinforced i
- Expansion
concrete wall P4
joint
column
Humldlty Humidity
stains - Year of Year of stains —
Reinforced 0.005 . 0.007 . 0.008 Bridge width 0.006 . 0.010
construction construction Reinforced
concrete wall
concrete slab
column

In the fourth service, “Manual whitewashing with lime fixative”, the recurrence of the service
was 92.88 %, leading to multiple non-zero predictions when the reference values were zero.
These differing predictions happened even more for the fifth most recurrent maintenance
service, “Elastomer drip edge profile 40 x 40 mm with inclined flap, fixed with structural
adhesive and pins - supply and installation”. Even though its quantity is directly associated with

the bridge’s length, the algorithm could not predict when it would be applied.

The sixth more frequent maintenance service, “Suspended working platform” (abbreviated
name), and the eleventh, “Ground-supported working platform — general”, are maintenance
services that have a relationship with the bridge’s geometrical characteristics but also depend
on multiple parameters not contemplated in the dataset, such as the ground elevation. Even then,
the predictions of suspended platforms had a distribution around the reference values. On the
other side, the distribution of ground-supported platforms results was very sparse, with many
cases where the algorithm failed to determine the absence of the maintenance service in the

sample. As seen in Table 9, while the suspended platforms were highly correlated with the
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bridge length, the ground-supported platform was mistakenly associated with damage as the

strongest correlation.

Table 9. Feature importance factor of the two working platform services, considering the data without outliers.

Suspendefi worku.lg platform - preparation, Ground-supported working platform - general
installation, and removal

Feature Impor. Feature Impor.

Bridge length 0567 Concrete 1nﬁl‘crat101s11;l tl){elnforced concrete 0.118

Longitude 0.146 Bridge length 0.117

Altitude 0.049 Longitude 0.107

Latitude 0.043 Destroyed guardrail - qunforced concrete 0.051

guardrail
Leaching and carbonation stain - Reinforced Leaching and carbonation stain —
0.021 . 0.045
concrete slab Column-type concrete pillar

From the seventh most frequent service onwards, the frequency of occurrence quickly
diminishes, which impacts the model's capacity to estimate quantities. The reference versus
predicted values presented two common behaviours. First, commonly grouped on a vertical line
where the reference value is zero, highlighting that the models frequently predict non-zero
quantities when they should be zero. Second, the opposite behaviour, with most or even all
predictions zero, independently of the reference value. This behaviour was more common in
the maintenance services with the lowest occurrence frequency, as there is less non-null

reference data to learn from.

Some maintenance services, such as from graphs of numbers 7, 8, 12, 13, 14, 15, 16, 23, 24,
25, and 27, are typically associated with the repair of bridge damages, and a strong correlation
between them was expected. To evaluate this correlation, four maintenance services that are
employed to repair a wide range of bridge damages were analysed. The ten most important
features of “Dry-mix shotcrete with fck = 30 MPa - general application”, “Removal of concrete
with high-pressure water jetting”, “Injection of low-viscosity epoxy-based structural adhesive
for crack treatment in concrete structures - supply and mechanized application” (posteriorly

referenced as “Epoxy injection for crack treatment™), and “Reinforcement steel CA-50 - supply,

preparation, and placement” are shown in Table 10.
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Table 10. Feature importance factor of maintenance services highly associated with damage repair, considering
the data without outliers.

Dry-mix shotcrete with Removal of concrete NI Reinforcement steel CA-
_ S I Epoxy injection for 5
fck =30 MPa - general with high-pressure 50 - supply, preparation,
N s crack treatment
application water jetting and placement
Feature Impor. Feature Impor. Feature Impor. Feature Impor.
Disaggregated Disaggregated
ex (fsoeréc;?g Zﬁ:gized ex (;:s()eI:lCer;tg Zv;;gized Deep thin crack - Damaged asphalt
Pos 0.127 Pos 0.166 Reinforced concrete 0.276 pavement - Asphalt 0.103
reinforcement - reinforcement - slab avement
Reinforced concrete Reinforced concrete p
slab slab
Concrete Concrete
delarz;neg;(ég with Concrete infiltration delan;;na(:;(;g with Dee;>) (Sp;rrln (;Irlz;c_k (w
P 0.103 [ - Reinforced concrete | 0.139 . P 0.272 e 0.089
reinforcement - slab reinforcement - Old Reinforced concrete
Reinforced concrete DNER wheel curtain wall
guardrail guardrail
del riic;nctire;e th Leaching and
Concrete infiltration cla ex aos(:: q w carbonation stain - Moisture stains -
- Reinforced concrete | 0.097 P 0.086 Reinforced concrete 0.222 Reinforced concrete 0.072
reinforcement - S .
slab . linking transverse curtain wall
Reinforced concrete
. beam
guardrail
. . Reinforcement C_onc_rete . Concrete void
Concrete infiltration without coverage - delamination with (honeycombing) -
- Reinforced concrete |  0.067 . & 0.054 exposed 0.026 oney & 0.060
. Reinforced concrete . Reinforced concrete
curtain wall reinforcement - New
T or I beam . slab
Jersey barrier
Cor{c;f;itlglfigiettlon Concrete infiltration Superficial crack - (hgr(l):ccrzzgi(r)lld) )
. 0.049 | - Reinforced concrete |  0.050 Reinforced concrete 0.023 oney & 0.057
Reinforced concrete . Reinforced concrete
curtain wall slab
front wall T or I beam
Destroyed guardrail - Concrete infiltration
Reinforced concrete 0.041 | - Reinforced concrete | 0.036 Latitude 0.022 Longitude 0.039
guardrail T or | beam
Concrete infiltration Fire stains - Bracing
Latitude 0.039 Latitude 0.035 | - Reinforced concrete | 0.011 beam of reinforced 0.038
curtain wall concrete column
Reinforcement Reinforcement
without coverage - . without coverage - .
Reinforced concrete 0.035 Longitude 0.032 Reinforced concrete 0.010 Bridge length 0.036
T or I beam T or I beam
Concrete Disaggregated
delamination with concrete with
_ exposed 0.027 Altitude 0.031 Longitude 0.010 | cxposedand oxidized | ;35
reinforcement - reinforcement -
Reinforced concrete Reinforced concrete
slab T or I beam
Disaggregated
concrete with Concrete infiltration . .
exposed and oxidized - Abutment - . . . Fire stains -
. 0.026 . 0.030 Bridge width 0.009 Reinforced concrete 0.030
reinforcement - Reinforced concrete -
curtain wall
Column-type front wall
concrete pillar

The five features with higher correlation from both “Dry-mix shotcrete with fck = 30 MPa -
general application” and “Removal of concrete with high-pressure water jetting” are very
pertinent, as these are damages that generally require concrete removal and replacement. The
similarity of the feature’s order and their importance factor is also a good indicator of the

correlation of the data with two complementary maintenance services.
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In contrast, the maintenance service “Epoxy injection for crack treatment” had only one crack
damage featured between the three highest correlation features damages. The second and third
most correlated damage features, with an importance factor of the same magnitude as the crack
feature, usually do not employ this maintenance service in their repair. Similarly, the
“Reinforcement steel CA-50 - supply, preparation, and placement” maintenance service had
asphalt damage, crack, and moisture stains, three damages that usually do not require

reinforcement steel in their repair, as the most correlated damage features.

Lastly, many of the maintenance services analysed are not directly related to the dataset
features. Clear examples are the “Cleaning of support bearings in special structures” and the
“Cleaning and unclogging of drainage devices in special structures”. The feature importance
values shown in Table 11 highlight that these maintenance services are correlated with the
bridge length, a logical correlation since longer bridges tend to have more support bearings and
drains. However, no feature indicates the actual demand for this type of maintenance service or

its quantity.

Table 11. Feature importance factor of services without a clear association with features from the dataset,
considering the data without outliers.

Cleaning and unclogging of drainage devices in

Cleaning of support bearings in special structures Pl Strchures

Feature Impor. Feature Impor.
Bridge length 0.276 Bridge length 0.453
Longitude 0.171 Slope erosion - Access slope 0.061
Latitude 0.065 Latitude 0.053

Reinforcement without coverage - Bracing beam of

. 0.052 Moisture stains - Reinforced concrete slab 0.043
reinforced concrete column

Deep thin crack - Reinforced concrete slab bridge 0.046 Moisture stains - Reinforced concrete curtain wall 0.029

Considering the results, the primary research question can be answered affirmatively, as the
machine learning models trained on raw, tabular inspection records demonstrated predictive
capability for maintenance service quantities with an accuracy sufficient to support budgeting
processes and provide reliable input for decision-making in bridge maintenance management,
provided that sufficient data were available. The models performed satisfactorily for
maintenance services with high occurrence frequency, even in an exploratory setting with
minimal data intervention. However, the approach adopted in this study is not suitable for
services with low occurrence frequency. The observed prediction trends highlight the need for
targeted modelling strategies to address these limitations, which are discussed in the following

section.
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4.2. Limitations, barriers and guidelines for future work

To address the secondary objective of this research, this section identifies the limitations
inferred from the results and outlines directions for future work to enhance the operational
adoption of ML models as reliable sources of information for decision-making in bridge

maintenance management.

The principal limitation of this work was data availability. Due to the difficulty in manually
acquiring large datasets, the number of samples was limited, especially considering the
complexity of features and labels. Moreover, multiple samples contained missing values and
were excluded from the current pipeline, reducing the effective dataset by approximately 40%.
These aspect departs from the ideal conditions typically required for robust ML training. Future
work should prioritise the acquisition of larger datasets and, where appropriate, apply data
imputation techniques (e.g., multiple imputation by chained equations or k-nearest neighbours)
to reduce sample loss. Additionally, the inclusion of photographic records processed by
computer vision models and unstructured data processed by Large Language Models (LLMs)
could significantly enrich the information content and bring the data closer to that used by

professional cost estimators.

Regarding data transformation, the approach used to restructure the damage and damaged
elements information, although enabling its processing, led to drawbacks in the overall dataset.
The transformation yielded 217 unique damage-damaged elements combinations. Along with
15 bridge-level characteristics, this resulted in an input dataset of 232 features for 232 samples.
Moreover, this encoding produced a highly sparse input matrix, as illustrated by the binary
heatmap of Figure 9. Non-zero values, highlighted in blue, represent only 6.84% of all values
related to the damage extension in damaged elements. The distribution histogram in Figure 9
further shows that most damage-damaged element combinations have few occurrences in the

available samples: 60% of these features have more than 95% zero values.
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Figure 9. Zero values analysis from the damage-damaged element features.

The high number of features relative to the available samples is, by itself, a concerning
characteristic. Considering the 10-fold division for training, the number of features exceeds the
number of samples, characterizing a case of the known “curse of dimensionality”. This scenario
of a high-dimensional sparse matrix could lead to overfitting, low generalization, and high
model variance, and is likely associated with the underperforming results obtained. In this
regard, it is recommended to incorporate additional pre-processing steps, such as feature
selection (e.g., recursive feature elimination, or mutual information ranking) and
dimensionality reduction (e.g., principal component analysis), or to employ alternative feature-
structuring strategies (e.g., hierarchical grouping, target encoding or embedding schemes) for

the damage-damaged element matrix.

Finally, given the exploratory and generalist approach of this study, along with the large number
of labels analysed, the work lacked detailed service model evaluation. Future research should
focus on a more comprehensive analysis of each maintenance service’s data and corresponding
model, not only to pursue improved predictive performance, but also to provide insights into
correlations that could reveal operationally relevant patterns between specific damage types

and repair actions.

5. Conclusions

This exploratory study evaluated the application of machine learning models to support
decision-making in the bridge maintenance process by automating the quantification of

maintenance services from inspection records in a BMS database. To the authors’ knowledge,
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this work represents one of the first applications of ML to maintenance quantification and

budgeting for bridges and viaducts using raw BMS data.

The analysis showed that models performed satisfactorily for maintenance services with high
occurrence frequency, where sufficient data allowed correlations consistent with technical
knowledge and predictions close to reference values. However, predictions for low-occurrence
maintenance services were largely unsatisfactory, with many models either defaulting to near-
zero predictions or failing to capture non-zero occurrences. These negative results suggest
significant impacts from the limited sample size, sparsity of the damage—damaged element

matrix, and imbalance between features and labels.

Answering the primary research question, the results indicate that ML models can predict
maintenance service quantities with acceptable accuracy for services supported by sufficient
data, but perform poorly for low-occurrence services, requiring additional data and/or

alternative modeling approaches.

The study faced several limitations that constrained the results. The dataset was limited and
incomplete, with many missing values. Feature dimensionality was disproportionately high
compared to the number of samples, and labels with low occurrence frequency had scarce data
available. Moreover, important information sources—such as drawings, photographs, and
unstructured text—were excluded, considerably limiting the representativeness of the dataset
compared to practical budgeting processes. These factors contributed to high variance and

explain the underperformance observed for most labels.

Despite these challenges, the study contributes by demonstrating the feasibility of ML
applications using basic BMS data, identifying critical barriers, and outlining promising
directions for future research. Expanding and enriching datasets, applying advanced pre-
processing (e.g., feature selection, dimensionality reduction), and incorporating complementary
data sources through computer vision and language models will be crucial to improve predictive

performance and establish ML as a reliable tool for bridge maintenance management.

In summary, the results confirm that ML holds potential as a supporting tool for bridge

maintenance management, but its adoption at scale depends on addressing the highlighted



124

limitations. This work provides an initial step toward that goal, guiding future research and the

evolution of smarter bridge management systems.
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CHAPTER 5 — IFC FRAMEWORK FOR INSPECTION AND MAINTENANCE

REPRESENTATION IN FACILITY MANAGEMENT*

Abstract

Effectively managing inspection and maintenance data in facility management
remains challenging due to the lack of structured and interoperable data representation.
This paper explores how the IFC schema can be leveraged to standardize inspection,
damage, maintenance, and maintenance cost data representation. To this end, an IFC-
based framework was developed to ensure semantic consistency and interoperability in
the representation of inspection and maintenance data. The framework was validated
through IFC schema verification and semantic evaluation of generated case studies
across multiple BIM software, demonstrating its applicability for facility management,
maintenance planning, and asset monitoring of buildings, industrial plants, and
infrastructure projects. By enabling and standardizing structured information exchange,
the proposed framework enhances decision-making in facility management workflows.
Future work should focus on extending its application in real-world scenarios,
specifically through integration with facility management systems and automated data
acquisition technologies.

Keywords: Building Information Modeling (BIM). Industry Foundation
Classes (IFC). Facility management. Damage information modeling (DIM).
Inspection. Maintenance. Information storage.
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1. Introduction

Inspection is an essential stage in structure operation, serving to detect and document damage,
inform planning and intervention strategies, and build a comprehensive history of the structure
condition. However, traditional paper-based documentation often leads to fragmented, limited,
and subjective data, making accurate assessments challenging [ 1-3]. According to Xu et al. [4],
a current inspection report includes basic information, identified damage, and assessments by
experienced engineers, generating large data volumes over the structure's life cycle. Poor data
management can significantly impair the assessment of structural conditions and maintenance

decision-making [5,6].

An integrated information repository is essential for managing all databases. Building
Information Modeling (BIM) is an efficient methodology for this purpose, digitally
representing the physical and functional characteristics of the structure throughout its entire
lifecycle [7,8]. Digital models for structures are needed to enable the inspection process
digitization [6,9]. The success of BIM in management systems relies on effective
communication and interoperability between tools and stakeholders [10-13]. As is well known,
interoperability remains a challenge in the information exchange process between different
software due to the lack of a standardized neutral format for exchanging information [8,13—15].
OpenBIM is a collaborative project management process that uses BIM based on open
standards and workflows, ensuring the accessibility, reliability, management, and sustainability

of digital data throughout the structure's lifecycle [ 16-20].

The IFC (Industry Foundation Classes) data model is an open, neutral, and standardized format
developed by BuildingSMART and is widely used for digital data exchange [21]. This model
1s an object-oriented data architecture for BIM, facilitating the modeling semantics and
geometries. Integrating the IFC schema with BIM enhances collaboration and ensures data
consistency across design, construction, and facilities management phases. A Damage
Information Model (DIM) requires BIM to link damage data to specific elements and materials
within a structure, aiding in inspections, simulations, and maintenance planning [9,22].
However, the IFC standard still lacks specific relationships for damage representation,

necessitating the development of extensions [9].

This paper presents a methodology based on the IFC workflow to integrate inspection data,
damage reports, proposed maintenance services, and costs, emphasizing information flow and

data exchange wvalidation. This methodology aims to enhance the management and
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understanding of the structure's current state and maintenance needs by integrating damage

information into the BIM database using the IFC schema.

This approach facilitates interoperability between different software and systems, optimizing
the process of documenting and representing information related to inspection, damage, and
maintenance interventions in BIM models. The innovation of this methodology lies in its
holistic integration of inspection tasks, damage detection, maintenance actions, and cost
analysis within the BIM environment. By addressing current gaps in both practice and literature,
this framework offers a more efficient, standardized approach to structural information

management, ultimately improving decision-making and collaboration among stakeholders.

2. Related Works

In the literature, the use of BIM and IFC in facility management (FM) has been explored in
many aspects and contexts throughout the years. Works such as Pishdad-Bozorgi et al. [23],
Matarneh et al. [24], and Matarneh et al. [12] address the implementation, exchange, and
automation, respectively, of FM information using BIM and IFC. In the mentioned works, the
persistent need for a correlational relationship between FM and BIM data representation to
standardize the information exchange is highlighted. However, there is still a demand for

studies investigating interoperability solutions between FM and BIM systems [24].

The integration of FM and BIM was also studied in specific contexts. Wan et al. [25] developed
a Bridge Management System based on BIM using the extensions of the IFC and International
Framework for Dictionaries (IFD) standards to store and exchange bridge life-cycle
information. Wang et al. [26] and Sharafat et al. [27] utilized BIM in the management of
underground utilities, elaborating a mapper between IFC and City Geography Markup
Language (CityGML), an open data model for the storage and exchange of 3D city models. A
dedicated study case was made by Omayer and Selim [28], emphasizing the need to
acknowledge the information exchange procedure and standard, considering the IFC schema

and its representation framework.

The use of IFC in representing FM information was also analyzed for specific processes of this
context. Focusing on the inspection of infrastructure projects, Ding et al. [29] developed an IFC
framework for the inspection process model, extending the existing schema to include quality
management representation for real-time monitoring and control of quality. Similarly,

Hernandez et al. [30] developed an IFC-based framework to enable the interoperability between
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Intuitive Self-Inspection Techniques (INSITER) devices and tools, which lacked a common

format to combine pertinent data.

In the maintenance process context, Chen et al. [31] focused on automating the scheduling of
facility maintenance work orders. An IFC schema extension comprising maintenance process
and control entities was proposed, along with a mapping between FM and BIM data. Marmo et
al. [32] developed an IFC-based building performance and maintenance information model,
elaborating a relational database to support the integration between FM and BIM models with
a focus on healthcare facilities. Condotta and Scanagatta [33] proposed a method to promote
BIM and Computerized Maintenance Management Systems (CMMS) software integration
using a database taxonomy, allowing updates in the BIM models according to the CMMS

database.

Still considering maintenance, the damage representation and modeling in BIM and IFC have
also been addressed. Processing damage information requires semantic and geometric data,
including measurements like width, length, orientation, and element position, as well as textual
descriptions such as material specifications [9]. However, the complete integration of
inspection and damage data into BIM models remains a challenge, with current methods for
linking defects to IFC entities being either inadequate or incomplete [4,34-36]. The principal
purpose of a DIM is to address interoperability issues arising from the widespread use of BIM
in operation and maintenance. Standardizing damage data can help reduce information loss and
costs [9,22,34]. Several studies have proposed solutions for modeling bridges using existing

IFC entities or by extending the IFC schema [4,9,34,35,37,38].

Sacks et al. [37] developed SeeBridge, a semantic enrichment method incorporating defect
information into BIM, creating relationships between damage and bridge elements. Hiithwohl
et al. [34] addressed the lack of standardization in inspection reports, proposing a model to
integrate defect data for reinforced concrete bridges. Isailovi¢ et al. [35] introduced an IFC-
based semantic enrichment framework to align damage features with Bridge Management
System classifications. Artus and Koch [9] developed a comprehensive DIM for bridge
assessment, incorporating geometric, visual, and semantic damage data. Xu et al. [4] proposed
a parametric method for documenting defect geometry, while Shu et al. [38] introduced a
framework to model damaged beams and integrate semantic data with FE models. Table 1
summarizes the related work presented and the entities used to represent inspection, damage,

and maintenance.



Table 1. Summary table of the proposal, methodology, and entities used to represent inspection, damage, and maintenance.
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Although BIM and the IFC schema usage are becoming commonplace in the management of
inspection and maintenance data for structures, there are still significant gaps in the complete
integration of damage information into BIM models. As seen in the analysed bibliography, the
correct integration between FM and BIM applications and databases is heavily dependent on
information exchange standards. In studies that approach a particular context, this need is
usually addressed for that individual case, although not enough emphasis is given to the IFC
structure. There is no holistic IFC approach that fully integrates inspection data, damage
assessment, maintenance actions, and cost analysis within the BIM environment. This gap
highlights the need for a methodology that standardizes the representation of facility
management entities based on the current version of the IFC schema, ensuring full

interoperability in the area.

3. Methodology

The primary objective of this work is to propose a comprehensive framework based on the IFC
schema that represents the typical workflow between the inspection and maintenance processes
in facility management. This framework includes inspection, damage reporting, proposed
maintenance services, and costs, focusing on the information flow structure. The framework’s
structure follows a general approach that can be adapted to facility management systems,

ensuring flexibility and broad applicability. The methodology is structured as follows:
3.1. Understanding and Preparing the IFC Scheme

A comprehensive mapping of the IFC 4.3 ADD?2 entities was conducted to identify relevant
entities for describing and representing inspection data, damage information, maintenance
intervention services, activities quantities and costs, and the relationships between these
entities. The mapping’ needs could be grouped into three major representation categories:
spatial structure, processes, and cost. The spatial structure representation included the physical
elements, such as built elements, damages, and the facility. The process representation
encompasses all tasks, including both inspection and maintenance activities. The cost
representation focused on the maintenance costs but could also include any cost associated with

the project.

Only IFC 4.3 ADD?2 entities, without any additional extension, were used to elaborate the

framework structure and represent the spatial structure, processes, and costs. This approach
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ensured that the framework's base structure would fully conform to the IFC documentation and
requirements, maximizing its interoperability with IFC-compatible software. In specific
applications of the framework, extensions of the IFC schema could be employed to satisfy the

information representation requirements, as exemplified in the case study.
3.1.1. 3.1.1. Spatial structure representation

The spatial structure representation was intentionally kept general and straightforward to ensure
adaptability to various specific cases. Its representation was based on typical schemas found in
official examples of buildingSMART IFC, with IfcSite storing the information relative to the

asset location and its surroundings and IfcFacility representing a general facility.

The use of IfcFacility guarantees the universality of the facility representation. A more detailed
identification of the facility type, most commonly done by replacing IfcFacility with its
correspondent subtypes such as IfcBuilding, IfcBridge, IfcRoad, and more, would not demand
modifications on the framework structure, since the IfcFacility subtypes also benefit from its
attributes and relationships. Moreover, identifying facility types not contemplated in the
IfcFacility subtypes set, such as tunnels, dams, and more, could be done by specifying a user-
defined type in the [IfcFacility.ObjectType attribute, not altering the original framework

structure.

The facility decomposition, given its specificity, was out of the scope. It is assumed that any
physical components of the facility would be represented by IfcElement subtypes, as is
highlighted in its definition in the [FC 4.3 ADD2 documentation. Based on this assumption, the
physical elements of the facility were generically represented in the structure diagrams, but
their relationships with other framework entities are defined considering the inherited attributes
from the IfcElement supertype. Regarding the relation between elements and facility, the key
relationship inherited is IfcRelContainedInSpatialStructure, which enables the assignment of
the IfcElement subtype’s instances to a spatial element, represented in this case by IfcFacility

(Figure 1).
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Figure 1. Spatial structure representation.

The remaining physical entity to be represented is the damage itself. Corroborated by many
works [4,9,34,35,38,39], the damages were represented using IfcSurfaceFeature, a type of
element defined as a “modification at (onto, or into) of the surface of an element”. The
characterization of the surface feature as damage is made by the PredefinedType attribute with
the “DEFECT” value, indicating that it is a “detected defect on the surface of an element, such

as corroded or eroded area”.

Although the entity that represents the damages is defined as IfcSurfaceFeature, the damage
information modeling itself is out of the scope of this study, considering that the damage model
can vary considerably according to their purpose. However, independently of the damage
modeling approach, the representation of the IfcSurfaceFeature entity and its relationships with
the whole framework acts as a placeholder for more detailed representations, ensuring that the

proposed workflow would still perform as expected.

Even considering the particularities in damage modeling, the IfcSurfaceFeature documentation
provides guidelines on how to represent the required information. Regarding geometrical
modeling, multiple alternatives are provided, including even a symbolic representation,
particularly useful considering the usual complexity of damaged shapes. Moreover, high-level
geometric and non-geometric parameters of the IfcSurfaceFeature entity may be stored in
property sets based on the information requirements and agreed upon by convention. This
recommendation of the documentation reflects the general nature of the entity, which is
employed to model any surface feature and, therefore, is not a bearer of specifically orientated

attributes towards the representation of damage information.

Considering the documentation suggestion, property sets could be defined accordingly to the

requirements from an application context, encompassing parameters required and/or used by
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the entire facility management process. In the case study, a basic approach of damage
representation is exemplified, including geometrical information and current status of the
damage in a property set, while specifying the damage type in the
IfcSurfaceFeature.ObjectType attribute. The exemplified approach focused only on the
minimal information necessary to enable an automated budgeting of maintenance tasks, and
can be used as a reference to extend future adaptations. Alternative approaches of damage

modeling can be found in the works cited in Table 1.

To the framework structure, an essential damage information is the damaged element. The
association of a physical element and a damage instance is established using the objectified
relationship IfcRelAdheresToElement, a subtype of IfcRelDecomposes exclusive to the surface
feature association. The relationship documentation establishes conditions, such as the
dependence of the element's existence on the associated surface feature keep existing, and the
hierarchical and non-cyclical nature of the relationship, permitting the association with a single
element per instance. The latter condition demands attention in the damage modeling since
damages that affect multiple elements should be divided into parts, each exclusive to each

affected element.
3.1.2. Process representation

The process representation, the main focus of this work, was entirely based on decompositions
using the IfcTask entity. According to the IfcTask documentation, it can describe actions to be
performed. Those actions can be subdivided into smaller tasks through aggregation down to the
smallest identifiable piece of work, thus forming a task hierarchy. This aggregation of
whole-parts of activities that define the different levels of the hierarchy was done using

IfcRelNests, as advised by the documentation.

The process decomposition was rooted in a summary task that derived every subtask planned
or performed in the project. The summary task, the highest level of the process hierarchy, was
directly declared within the IfcProject instance through the IfcRelDeclares relationship and was
also used to define a link to the work schedule, as required by the IfcTask documentation. Under
the summary task, the processes were divided into the roots of the two main facility

management activities addressed: the inspection and the maintenance (Figure 2).

The inspection root task represents the aggregation of all the facility inspections performed in

its lifecycle, therefore deriving any inspection-related IfcTask. The inspection root task and its
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subsequent sub-tasks had their type identified by the IfcTask.PredefinedType attribute, using
the enumerated “INSPECTION” value. The inspection root task was decomposed one level
further into a set comprising each complete facility inspection performed, as a way to relate
each complete facility inspection performed to the damage occurrences reported in it. However,
this configuration can be further detailed and even adapted, although maintaining the
relationship of the inspection tasks with the damages is strongly advised to preserve the general

information flow.

Analogously, the maintenance root task represents the aggregation of all the facility
maintenance performed in its lifecycle. The type of the maintenance root task and its sub-tasks
were also identified by the IfcTask.PredefinedType attribute, using the enumerated
“MAINTENANCE” value. In the proposed framework, the maintenance root task was
decomposed into three hierarchical maintenance task levels: facility, damage, and activity. The
facility level corresponds to any maintenance intervention targeting the entire facility, usually
to repair a range of damages. Besides the relationships that express the decomposition, the
distinction between IfcTask instances of different levels was made through the

IfcTask.ObjectType attribute, whose value provided a level identification.
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The damage level is composed of subtasks directly related to the damage instances through the
IfcRelAssignsToProcess relationship and symbolizes the grouping of all the activities necessary
to perform the repair of that damage type. The activity level represents the actual actions that
need to be executed to repair the damage instance, and their quantities and unitary costs can
derive the total maintenance cost. Once again, this proposition can be adapted to the most

suitable structure for specific cases.
3.1.3. Cost representation

The cost representation was based on the IfcCostltem entity and its decomposition using
IfcRelNests. IfcCostltem, as an overall cost description, can be associated with any process. In
the framework, the cost items were only associated with the maintenance services, representing
the cost of repairing the damages. However, any other cost could be defined, as anticipated in
the “type level root cost items™ level of the IfcCostltem decomposition in the framework (Figure
3). Through the attributes CostValues, which can reference a list of monetary values using
IfcCostValue, and CostQuantities, which can reference physical quantities using subtypes of
IfcPhysicalQuantity, the unitary cost, the service quantity, and indirectly the total cost of any

maintenance task can be represented.

The IfcCostltem.CostValues attribute references an optional list of monetary values represented
by IfcCostValue instances. The IfcCostValue entity has several attributes that can be employed
to describe monetary values and alter them through arithmetic operators. However, in the
simplified representation of this framework, only the name, description, applied value, and
category attributes were used. In turn, IfcCostltem.CostQuantities attribute references an
optional list of IfcPhysicalQuantity subtypes. IfcPhysicalQuantity is an abstract entity that
groups simple and complex physical quantity measures, such as length, area, and volume. In
the tests and validation, the entities IfcQuantityArea and IfcQuantityVolume were used to
represent the typical measures associated with maintenance services, which can be adapted

according to the service’s measurement unit.

The cost decomposition followed a similar structure to the process decomposition used for
inspection and maintenance. The root of the cost decomposition is the project IfcCostltem
instance, from which any other cost item will be derived. This summary cost item is directly
declared to the project through the IfcRelDeclares relationship, analogously to the summary

process declaration. Considering that each monetary value involved in the project is detailed in
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the IFC file as an IfcCostltem instance, the summary cost item would represent the project’

total cost.

Along with the declaration within the project, the summary cost item is also assigned to the
control entity IfcCostSchedule. IfcCostSchedule represents a cost schedule that further
identifies the cost item instances associated, being specified through an enumerated type, status,
and temporal information. In this research, only a general cost schedule associated with the
summary cost item was employed, with the main purpose of enabling the whole cost
decomposition visualization on the Bonsai extension. However, it can be used inside the cost
item decomposition to identify and differentiate the purpose of the costs represented in the same

project.

Under the summary cost, the decomposition structure can follow the most appropriate
configuration for each case. In the proposed framework, the structure was organized into three
levels: type, occurrence, and individual. The cost items at the type level are the roots of the
decompositions of each project cost type represented in the IFC file, such as construction,
inspection, or maintenance costs. The occurrence level cost items represent the cost of each
occurrence of general tasks performed in the project, such as an entire facility inspection or
maintenance. The individual level cost items, represented by the lower parts of the cost
subdivision, represent each cost individually, such as the cost-derived activity-level
maintenance tasks (Figure 3). As the maintenance tasks hierarchical decomposition, the
IfcCostltem instance level was differentiated by the decomposition relationships and the

IfcCostltem.ObjectType attribute.
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Figure 3. Maintenance and cost general framework representation.

To exemplify, consider the existence of an IfcSurfaceFeature instance that represented
“disaggregated concrete” damage. Its instance would be associated with a damage level
maintenance task, representing a “disaggregated concrete maintenance” IfcTask. This IfcTask
would be decomposed into activity level maintenance tasks, such as “concrete removal with
high-pressure water jetting” and “dry-mix shotcrete application”, the IfcTask instances that
represent the repair activities to be performed. Each activity level maintenance task would be
then associated with an individual level cost item, representing individual costs of repair
maintenance tasks. The nesting of all the individual level cost items from complete facility
maintenance, or in other words, the sum of expenses from all the damage repair activities,

represents the total cost of a facility maintenance intervention.
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3.2. Information workflow design

Based on the typical workflow of facility inspection and maintenance activities, the
relationships in the proposed framework have been structured in such a way as to make it easier
to interpret the flow of information, even for an end user who only has access to the IFC file.
This flow was described as distinguishing between the “client” and “suppliers” objects done by
the IfcRelAssigns relationships. Even with their bi-directional characteristic, the semantic
meaning of each IfcRelAssigns subtype and the role performed for each object type in these
subtypes is sufficient for assigning proper relations between the IFC instances. A representation

of the information flow, its clusters, and relationships is shown in Figure 4.

Facility Maintenance
representation tasks

Is assigned to Are adhered to Are assigned to Originates

b : : Maintenance
Facility inspection Originates Damage instances .
cost items

Figure 4. Illustrative representation of the information flow.

Starting from the spatial structure representation, the first relationship that starts the workflow
is the assignment of the facility to the summary inspection task through
IfcRelAssignsToProcess, with IfcFacility as the RelatingObjects and the IfcTask that represents
the root inspection task as the RelatingProcess (Figure 2). This relationship illustrates that the
inspection root task and, by inheritance, its subtasks, act on the installation by default. Particular
inspection tasks could be directed to specific spaces or elements of the facility, using a lower

hierarchical level IfcRelAssignsToProcess relationship to override the one inherited.

The IfcTask instances that represent each inspection can have diverse relationships, such as the
relationship between inspections and the documents they usually derive, expressed either by
IfcDocumentReference or IfcDocumentlnformation, using the IfcRelAssociatesDocument
(Figure 5). However, for the proposed framework, the crucial inspection relationship is
IfcRelAssignsToProduct, where the damage instances, represented by the IfcSurfaceFeature
entity, are the products of the inspection process. This relationship guarantees that each damage

instance is correctly associated with the executed inspection that identified it.
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Figure 5. Inspection documents and damages representation.

Once instantiated, it is fundamental that the IfcSurfaceFeature damage instances are associated
to the physical elements that they affect through the IfcRelAdheresToElement relationship.
Moreover, to continue the workflow, damages should be related to the maintenance tasks when
applicable. The relationship between damages and maintenance tasks is expressed through
IfcRelAssignsToProcess, with the IfcTask representing the damage level maintenance as the
RelatingProcess. It is important to emphasize that in the current framework, each damage is
assigned to one IfcTask that defines an individual damage repair, as detailed in the maintenance

decomposition contextualization.

The damage level maintenance tasks that operate upon the damages are nested by several
activity level maintenance tasks that represent the actual performed tasks. These tasks are
related to the individual level IfcCostltem instance representing their quantities and costs by
the IfcRelAssignsToControl relationship. Each task is individually associated with the
corresponding IfcCostltem. The nesting of individual-level cost items under an occurrence-
level cost item, representing the total cost of a maintenance intervention, is also associated with
the corresponding facility-level maintenance task. With this approach, the total cost of each

maintenance is represented, finalizing the workflow.
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3.3. Framework implementation

A Python application was developed to automate the implementation of the structure in case
studies and validate the proposed scheme. This application was designed to be applied in a
general scenario, either creating a complete IFC file from scratch or altering pre-existing facility
models. The application used an optional IFC file and a JSON file as input. When provided, the
input IFC file would be the basis of the resulting model, with the application retrieving
pre-existent information about the facility and its elements to establish relationships with the

inspection and maintenance data imported from the JSON file.

In the absence of an input IFC model, the application would use only the information existing
in the input JSON file to generate a valid IFC file. To this intent, the JSON input file was
structured to gather the most basic necessary information from the facility, elements,
inspections, damages, and maintenance interventions, and could easily be adapted for any
database or application. Based on these input data, the information would be processed, and the
final data would be stored in the output IFC file according to the structure of the proposed

framework. An overall illustration of the application workflow is represented in Figure 6.

'S ™ o ‘I
JSON input file H[ Load input information }1' IFC input file :

! 1

\ v \ ”,

¥ Retrieve existing data
©s from the model
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Instantiate inspections |, | Evaluate and update
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L ¢ J A J
( 1 (create all maint A
Instantiate reate al mainienance Update status of
. » services based on the ;
maintenances . repaired damages
damage instances
Ne ¢ J .
e ™\ 4 )
Create assignments of "
the framework structure IFC output file

A J . J

Figure 6. Application workflow diagram.
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The process starts by loading information from the input JSON and, if provided, the input IFC
file, as illustrated in the application's workflow diagram (Figure 6). The JSON was structured
to facilitate the application implementation and to remain simple and easily adaptable to any
structured database. Following the JSON structure, the input data were divided into objects,
where objects with multiple occurrences were grouped in arrays. Dependent information was
grouped using nested objects, such as the information derived from the inspection occurrences.

The JSON objects and their data type are presented in Figure 7.

facility inspections
(object) (array)

elements

(array) _>[

maintenances

(array) _>[

Figure 7. Input data in JSON structure.

The input data structured in the JSON was separated into facility, elements, inspections, and
maintenance. The facility object stores basic information to identify the facility in the IFC file.
The elements array carries the name and IFC type of all physical elements associated with the
facility, damaged or not. The inspection array stores the inspection basic information, the

inspector identification, the damaged elements and their damages, and any document generated
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during the inspection. The maintenance array has primary information for identifying the date

and time of its execution.

When starting, the application verifies the input provided. If only the JSON file is passed as
input, the JSON information is loaded, and the basic structure of the framework is created in an
IFC 4.3.2.0 file instance using the IfcOpenShell library. The information of the base file
structure includes the IfcOwnerHistory with the user, organization, application information, the
project definition through IfcProject, the primary spatial structure decomposition, and the

relationships between them.

After establishing the basic structure, the facility and its elements are instantiated based on the
“facility” and “elements” objects from the JSON. Since the IFC file is generated from scratch,
any element can be defined within the “elements” array. This approach was developed
independently of the inspection damaged elements, allowing users to declare all facility
elements without relying on inspection data. However, it is crucial to declare at least the
damaged elements, as they are necessary to establish the relationship between elements and the
associated damages. If these elements are not declared beforehand, they will be instantiated as

generic IfcBuiltElement entities during the inspection processing.

On the other hand, in cases where the JSON and the IFC file are passed as input, besides the
JSON data, the existing data from the IFC model is also loaded and used as the basis for the
resulting file. Entities of interest, such as the project definition, the facility, or its physical
elements, are stored in variables for future assignment. The only entity created at this point is a
new owner history to keep track of any modification in the model. From this point forward, the

approach for cases with or without an existing IFC model remains mostly the same.

The inspection instantiation starts with the information storage in the IfcTask entity that
represents inspection as a whole. Then, the data of the responsible inspector is stored in the
IfcPerson and IfcActor entities, added as complements of the original framework. The
inspection is assigned to the IfcActor instance using the IfcRelAssignsToActor objectified
relationship. The damage information was structured in the input JSON nested in the damaged
elements to facilitate the implementation of their relationship. Therefore, for each damaged
element of the inspection, the corresponding damages are instantiated in IfcSurfaceFeature
instances and then are related to it. The element, already instantiated in both cases, is filtered
and selected by the elementName property provided in the inspection data. The documents are

also allocated in IfcDocumentReferences and associated with the inspection IfcTask instance.
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In the damage representation, an extension of the framework and the IFC schema was made.
As advised in the IfcSurfaceFeature documentation, a property set was used to store additional
damage information and meet the implementation requirements. The additional information
was represented as single-value properties using the IfcPropertySingleValue entity. Those
properties were then grouped in a property set, defined by the IfcPropertySet entity, and were
related to the damage instances using the IfcRelDefinesByProperties relationship. The damage
properties created were composed of measure values needed to calculate the maintenance task

quantities and status used to track the damage’s current state.

A crucial aspect of the implementation was the damage processing across different inspections.
If a damage occurrence was reported in only one inspection or was the most recent report of
that occurrence, its status property was considered “active”; older damage occurrences
preceding the “active” one was labeled “outdated”. This convention was adopted in this
implementation as a simplification to support the automation of the maintenance processing.
The status evaluation and update were executed in every inspection instantiation, which was
ordered based on the date and time of its execution. Then, when parsed, only the most recent

and “active” occurrences of singular damage were automatically assigned to maintenance tasks.

Based on the “maintenances” object declared in the input data, the maintenance instantiation
initially creates a facility level IfcTask that stores the basic maintenance information.
Subsequently, the inspection data is parsed, assigning all the damage instances with the “active”
status created in inspections with execution date and time prior to the maintenance execution to
maintenance processing. In the maintenance processing, a parametric model automatically
determines and instantiates the damage level maintenance tasks based on each damage type and

its measures.

In the parametrical model, each damage level maintenance task instance was automatically
decomposed into its correspondent activity level IfcTask instances, based on the premise that
each damage type would derive a set of repair activities. After the activity level IfcTask
instances are created, their quantities are calculated and stored in the corresponding IfcCostltem
instances with the task unitary cost. After each instantiation, the relationships between instances

are created according to the framework.

Similarly to the inspections, the damage status is also evaluated after any maintenance. In the
current example, it was assumed that any damage reported prior to a maintenance intervention

was repaired. Consequently, the damage status of all damage instances created in inspections
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before the maintenance is labeled “repaired”. In any posterior maintenance, new evaluations of
“active” status damages will be performed, determining the damages to be repaired while
disregarding the “repaired” damages. This simplified approach was adopted for this

implementation and case study and can be freely adapted.

At the end of the application's workflow, the remaining relationships between the instantiated
entities are created according to the framework structure. After the structure is completed and
the IFC file has its final form, it is submitted through validation using the IfcOpenShell data
validation module. After the validation, the IFC file created in the Python application is stored

locally in an .ifc file and can be used independently from the application.
3.4. Validation of data exchange

The validity of the proposed schema was checked in two distinct steps of validation of the
generated file. First, the file was automatically validated using the built-in IfcOpenShell
validation module embedded into the application workflow. This validation generated logs with

the errors caught in the file. However, as stated by the IfcOpenShell documentation, not all

possible errors are caught by the validate function (ifcopenshell.validate - IfcOpenShell 0.7.11

documentation).

Then, the IFC file was validated using the official buildingSMART IFC Validation Service
(https://validate.buildingsmart.org/), the utmost reference in IFC validation. The IFC Validation
Service is a free, open-source online platform, developed and managed by buildingSMART
International, for checking IFC files against the IFC standard. When IFC files are uploaded,
their content is tested for conformity against four criteria: STEP syntax, [FC schema, normative

IFC rules, and industry practices.

The first three criteria are based on defined normative rules and must be met for the IFC file to
comply with the IFC standard (ISO 16739:1) and be considered valid. The STEP Physical File
syntax verification analyses if the file structure obeys the ISO 10303-21 definitions, the
international standard that specifies the STEP format syntax. The IFC schema verification
evaluates if the formal propositions and rules, such as inverse attributes, attribute types,
cardinalities, "where" rules, and function constraints defined in the EXPRESS language, are
met. The normative IFC rules verification checks additional rules of the IFC specification, such
as implementer agreements and informal propositions, which are not defined explicitly in

EXPRESS language but are still mandated in the IFC specification.


https://docs.ifcopenshell.org/autoapi/ifcopenshell/validate/index.html
https://docs.ifcopenshell.org/autoapi/ifcopenshell/validate/index.html

148

The remaining criteria is based on non-normative evaluations. In the industry practices
verification, the file is checked against common practices and sensible defaults from the
industry. Any issue found in the industry practices verification does not invalidate the IFC file
but generates a warning highlighting which part of the content should be revised and, where

needed, adapted to industry practices.

When uploading a file, the STEP syntax is the first criterion verified. In case of disapproval,
the verification is interrupted and finished since an invalid syntax impedes the application from
correctly reading and evaluating the file. In the case of a compliant syntax, the remaining
criteria are evaluated. Any IFC schema and normative IFC rules error will invalidate the file,
indicating that its content contradicts propositions of the IFC specification, the reference that
ensures the IFC standardization. The approval of these three criteria ensures that the file is valid
from both STEP syntax and IFC specification viewpoints. Warnings found in the industry

practices verification will only complement the verification, indicating points for improvement.

4. Framework application

Two practical applications with different approaches were structured to evaluate the
framework, each focusing on specific aspects. First, a case study that creates an IFC file from
scratch was created, emulating cases where 3D facility models are unavailable. Although
populated with the essential facility information and the entire framework, this file did not
contain any spatial representation and, therefore, did not have a 3D visualization available.
However, considering the IFC file creation only for this purpose, without any third-party data,
it ensures that the validation via the buildingSMART Validation Service will essentially

evaluate the proposed framework structure.

In the second case study, the workflow considered the availability of a facility 3D model,
aiming to replicate a typical BIM workflow. From a starting as-built 3D model, the inspection
and maintenance data, structured as idealized in the proposed framework, were incorporated
into the existing IFC file. Congruently with the approach, a 3D representation of the damage
was also included, ensuring its visualization. Then, all the information was evaluated in a wide
range of IFC-compatible software. This approach aimed to assess the practical application of
the framework and analyse the performance of typical software in correctly interpreting and

presenting the information stored in the IFC file.

As follows, the methodology and results of the two case study approaches were detailed:
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4.1. First case study — validation of the framework

In the first approach, a generic case study was designed to create an IFC file based on the
proposed structure and its implementation. Since the main focus of this approach was to
evaluate the generated IFC file qualitatively, both the input data and the implementation's
parametric processing were kept general, with generic damages and maintenance tasks.
However, it was ensured that each framework entity was employed to attest its validity. The
input was structured to explore the implementation capabilities, such as the damage status
update. The graphical visualization of the information generated in the IFC file was conducted
using the open-source software Blender, along with the Bonsai (formerly blenderBIM)

extension.

The case study structure was compatible with the simplest scenario where the framework could
be applied. In such a scenario, it was considered that the facility management database would
have only basic damage information without any pre-existing model of the damage or even of
the facility itself. With this approach, the case study aims to evaluate the framework's
applicability in an information-restricted context, exploring its capacity to build a fully

functional IFC facility maintenance model from scratch.

The case study was structured in two stages. In the first stage, no maintenance processes were
included in the input data to assess the damage status during the inspection period.
Subsequently, in the second stage, maintenance will occur after all the declared inspections,
indicating that all the active damages should be repaired. The difference in the input data from
these two cases will be just the absence of maintenance in the “maintenances” JSON object in
the first case. The second case, which comprises all the structures proposed in the framework,
will be validated. In both stages, three elements were defined in the input data, and two were
associated with damage in the inspection instantiation. Three inspections were declared, and
the dimensions of one of the damage instances increased progressively throughout the

inspections. An external document reference was included in the first inspection.

After importing the IFC file from the first stage in Bonsai, the element tree already provides an
information visualization of all the physical entities instantiated, even without a graphical 3D
representation. In Figure 8, the entities that represent the project, facility site, facility, facility
elements, and damages were correctly identified. The damages, separated by the element, are
all represented independently from their status. Particularly in the damage named “Damage 01

- Beam 017, which instances have the same name across the three inspections, the Bonsai
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automatically displayed unique names in the tree visualization. However, this differentiation is

only visual and does not interfere with the IFC file.

Figure 8. Tree representation of the spatial structure decomposition in Bonsai.
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The IFC process decompositions can be visualized in a tree representation inside the “Costing

and Scheduling” section of the Bonsai extension. The first stage of the case study (Figure 9)

exhibits only the inspection decompositions, as maintenance instances were included only in

the second stage. This representation clarifies the hierarchical nesting decomposition that

originates in the project root task, which nests the inspection root task that, in turn, comprises

all the individual inspections executed in the project. The window, presented in the example of

Figure 9, also shows the relationships between the processes and other objects. When selecting

the “Inspection 01” inspection process, the two object outputs highlighted, “Damage 01 - Beam

01” and “Damage 02 - Beam 01”, are the IfcSurfaceFeature instances that originated in the

inspection.
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Figure 9. Task decomposition visualization in Bonsai.

For a deeper understanding of the IFC structure of an inspection, the section of the IFC file
generated on the first stage of the case study comprising “Inspection 01 is represented in Figure
10. In this section file, the inspection task, the inspector, the external document, the damages,
and the properties of the damages are instantiated. Moreover, the relationships between the

instances are created.
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#25=IFCBEAM('0ILSEGJZJCMPGLQMY1Ilj$",#6,'Beam 01,$,$,$.$,$,$); ——— > Element

#29=IFCTASKTIME($,$.$,%$,$.$,$.5$.$,$.$.$.$,$,$,$,'2018-01-10T08:00:00',$,%,$); ——> Inspection date
#30=IFCTASK('01aUj6 WFDOHgPxJEbIMu9T',#86,'Inspection 01','Description of the—» Inspection instance
inspection 01',$,$,$,$,$,.F.,$,#29,.INSPECTION.);
#31=IFCPERSON('Inspector_01_ld','Inspector 01 Family Name','Inspector 01 Given
Name',$,$,$,$.$); Inspector creation
#32=IFCACTOR('275tOiLhP3aPF1v_IOCOiF',#6,'Responsible Inspector','Inspector  ~—> anqd assignment
responsible for the inspection',$,#31);
#33=IFCRELASSIGNSTOACTOR('3mODW3se5Fn97zNzSqLuoN',#6,'Inspector
assignment','Assignment of an inspector to an inspection',(#30),$,#32,%);
#34=IFCDOCUMENTREFERENCE('https://standards.buildingsmart. org/IFC/RELEASE/

IFC4_3/HTML/lexical/lfcDocumentReference.htm’,$,'Document name','Document Document creation and
description',$); > assignment
#35=IFCRELASSOCIATESDOCUMENT('0V8zjDZvrOPOjoXouekXSj',#6,'Document

association','Association of a document to the inspection',(#30),#34); J

#36=IFCSURFACEFEATURE('3Z00B06Az4RP4sl4dtyYX7',#6,'Damage 01 - Beam ——— First damage instance
01',$,'damageType_1',$,$,$,.DEFECT.);

#37=IFCPROPERTYSINGLEVALUE('Damage length',$,IFCLENGTHMEASURE(1.),$);
#38=IFCPROPERTYSINGLEVALUE('Damage width',$,IFCLENGTHMEASURE(1.),$);

#39=IFCPROPERTYSINGLEVALUE('Damage depth',$,IFCLENGTHMEASURE(0.1),$); Damage property
#40=IFCPROPERTYSINGLEVALUE('Damage status',$,IFCLABEL('OUTDATED'),$); _ creation and
#41=IFCPROPERTYSET('2iQTYX_zPBLOYyTJtgjZMr',#6,'Damage property set','Property assignment

set of additional information of the damages',(#37,#38,#39,#40));
#42=|FCRELDEFINESBYPROPERTIES('34dMr_zir02h3$jinmIYWL',#6,'Damage pset

relationship','Assignment of a property set to a damage',(#36),#41); Assignment of the
#43=IFCRELASSIGNSTOPRODUCT('1n$dNg8E9DIR6PI$)XLNQW',#6,'Damage ——————> damage as product of
origin','Relationship from the inspection that originated the damage instance (as a the inspection

product)',(#30),$,#36);

#44=IFCSURFACEFEATURE('OWOQTp6359seQu1F8_e002',#6,'Damage 02 - Beam —» Second damage
01',$,'"damageType_2",$,$,$,.DEFECT.); instance
#45=IFCPROPERTYSINGLEVALUE('Damage length’,$,IFCLENGTHMEASURE(1.),$);
#46=IFCPROPERTYSINGLEVALUE('Damage width',$,IFCLENGTHMEASURE(0.5),$);

#47=IFCPROPERTYSINGLEVALUE('Damage depth',$,IFCLENGTHMEASURE(0.05),$); Damage property
#48=IFCPROPERTYSINGLEVALUE('Damage status',$,IFCLABEL('ACTIVE'),$); — 5 creation and
#49=|FCPROPERTYSET('1a60BYto10Q9JH1ley7FxrY',#6,'Damage property assignment

set','Property set of additional information of the damages',(#45,#46,#47,#48));
#50=IFCRELDEFINESBYPROPERTIES('3X3pXOIG15EuixWM8mgfID',#6,'Damage pse

relationship','Assignment of a property set to a damage',(#44),#49); Assignment of the
#51=IFCRELASSIGNSTOPRODUCT('22gm)YV1bCM96X0oRH5vmb9',#6,'Damage ————> damage as product of
origin','Relationship from the inspection that originated the damage instance (as a the inspection

product)',(#30),$,#44);
#52=IFCRELADHERESTOELEMENT('0c20YY5Vf4VR80BQZZrYgQ',#6,'Damage ——>
aggregation','Aggregation between the damage and the damaged

element.', #25,(#36,#44));

Assignment of the
damages to the element

Figure 10. Section of the IFC file exemplifying the inspection and damage instantiation.

In the raw IFC file section of Figure 10, the property set and the properties proposed for the
damages were highlighted. Those properties store the damage dimensions and the damage
status. The first damage, named “Damage 01 - Beam 017, has the ‘OUTDATED’ status,
indicating that a newer damage instance with the same name was reported in a newer inspection.
This damage was reported in all three inspections, with only the most recent instance classified
as ‘ACTIVE’, as illustrated in the “Object Information” window of Bonsai for the three damage
instances with the same name, as illustrated in Figure 11. As seen in this comparison, the
dimensions of the damage grew progressively, with only the more recent data being used to
calculate services, quantities, and costs. Ultimately, the inspections reported seven damage

entries: two outdated and five active.



v Object Metadata

v Object Metadata

=V Object Metadata

TfcSurfaceFeature[DEFECT] IfcSurfaceFeature[DEFECT] 2] 4] TfcSurfaceFeature[DEFECT] v[c2]s)
v Attributes v Attributes v Attributes
(s Edit | [» Edit ] (# Edit ]
Globalld 1vqWymZD11QOKp_QS...  Globalld 2pw8Dt$STAWuu7$eR...  Globalld 301tIZwdnS4wWLGXK$IS...
Name Damage 01 - Beam 01 Name Damage 01 - Beam 01 Name Damage 01 - Beam 01
ObjectType damageType_1 ObjectType damageType_1 ObjectType damageType_1
PredefinedType DEFECT PredefinedType DEFECT PredefinedType DEFECT
v Type v Type v Type
No Relating Type [Z] No Relating Type @ No Relating Type [Z]
v Spatial Container \ Spatial Container v Spatial Container
No Spatial Container [Z] No Spatial Container No Spatial Container @

No References Found

Damage entry
from the first

No References Found

Damage entry

from the second

No References Found

Damage entry
from the third

> Aggregates > Aggregates > Aggregates
Ten inspection > Nest inspection S Nest inspection
v Property Sets v Property Sets v Property Sets
[ Custom Pset v |,O‘ +] [ Custom Pset v‘,O| +J [ Custom Pset v |,O‘ +]
Occurrence Properties: Occurrence Properties: Occurrence Properties:
v g Damage property set a | v g Damage property set m v g Damage property set a
Damage depth 0.1 Damage depth 0.1 Damage depth 0.1
Damage length 1.0 Damage length 1.2 Damage length 1.5
Damage status OUTDATED Damage status OUTDATED Damage status ACTIVE
Damage width 1.0 Damage width 1.2 Damage width 1.5

Figure 11. Damage status update across different inspections.
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In the second stage of the case study, maintenance was added to the input data. Since no physical

object was added, the object tree from Figure 8 remained unchanged. In contrast, the “Cost and

Scheduling” window had the addition of all the maintenance processes and costs, as shown in

Figure 12. In the second stage, the process nesting also has a maintenance summary task that

includes all the facility level maintenance, represented in this example by the “General

maintenance 01” instance. In turn, the “General maintenance 01” nests all the damage level

maintenance tasks created for each active damage.

To facilitate the visualization, the name of damage level maintenance tasks also included a

reference to the damage instance’ name that it intends to repair. However, this relationship can

be visualized directly in Bonsai in the “inputs” of the process. For example, in Figure 12, the

“Damage 02 - Beam 017 is highlighted when the first damage level maintenance task is selected.
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Figure 12. Task decomposition visualization including the maintenance tasks.

The maintenance process decomposition shown in Figure 12 also illustrates the activity level
maintenance tasks. Those tasks were automatically assigned based on the damage type,
simulating a defined service package for each damage. Moreover, for each activity
automatically created, a cost item was also derived, including the activity quantity and unitary
cost. In the “Cost” window in Figure 13, the cost item decomposition of the project is
represented, with each cost item derived from the activity IfcTask instances. When selecting a
cost item, the corresponding task is shown in the “Tasks” window. The nested cost items can
represent the total cost from each maintenance occurrence, from all maintenance, or even from
all the processes in the project if declared. In Figure 14, a section of the .ifc file containing

maintenance tasks and cost items exemplifies how these entities are created and related.
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Figure 13. Cost item decomposition visualization in Bonsai.
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#105=IFCTASKTIME($,$,$.$.$.$.$.$.$.$.$.$.,$,$,$,$,'2024-01-20T08:00:00',$,$,$); ——— > Maintenance date
#106=IFCTASK('2UVOWbQgj0gP)qkDsz32NA',#6,'General maintenance 01','Maintenance of — Facility maintenance
all active damages in the task instance
facility','facilityLevelMaintenance',$,$,$,$,.F.,$,#105,.MAINTENANCE.); .
#107=IFCTASK('1JDC4vA15CuQQOgh5FGIHD', #6,'DamageType_2 maintenance - damage ——» Damage maintenance
instance: Damage 02 - Beam 01','General maintenance for damages of type 2, applied in task instance

the damage Damage 02 - Beam 01

instance.','damagelLevelMaintenance’,$,$,$,%$,.F..$,$,.MAINTENANCE.); "
#108=IFCRELASSIGNSTOPROCESS('06EboHr25AbBsVAr8utGpq', #6,'Maintenance process —» a‘zmnﬁgien ,f‘::;ggemfa"stkm
relationship','Relationship of the damage and the maintenance process',(#44),$,#107,$); 2
#109=IFCTASK('1wPBOkff54kQy9TgyMR_90', #6,'Maintenance task 1','Maintenance task of —» Maintenance task
type 1'activityLevelMaintenance',$,$,5,$,.F. $,$,. MAINTENANCE.); b
#110=IFCCOSTVALUE('Task 1 unitary cost','Unitary cost of the maintenance task of type —» Maintenance task

1',IFCMONETARYMEASURE(1.),$,$,$,'Maintenance',$,$,$); unitary cost
#111=IFCQUANTITYVOLUME('Task volume','Quantity, in volume, of the task to be ————» Maintenance task
performed',$,0.25,$); quantity

#112=IFCCOSTITEM('1ZwOq5CrPBBAFQQBUFRCE_',#6, Task 1 cost item','Cost item entity ——» Maintenance task
with the quantity and unitary cost of the maintenance task of type 1',$,$,$,(#110),(#111)); cost |.tem .
#113=IFCRELASSIGNSTOCONTROL('27$0en2jv08hmnwIVtxRMp',#6,'Maintenance task ——» f°°::a'it:gnzsnség'::;"t
quantities and cost relationship','Assignment of a cost item to a maintenance

task.',(#109),$,#112); .
#114=IFCTASK('1D_wkczT1DePOuA$idstbp',#6,'Maintenance task 3','Maintenance task of — Maintenance task
type 3''activityLevelMaintenance',$,$,$.$..F..$,$,.MAINTENANCE.); instance
#115=IFCCOSTVALUE('Task 3 unitary cost','Unitary cost of the maintenance task of type —— Maintenance task

3',IFCMONETARYMEASURE(3.),$,$,$,'Maintenance',$,$,$); unitary cost
#116=IFCQUANTITYAREA('Task area','Quantity, in area, of the task to be » Maintenance task
performed',$,0.5,$); quantity

#117=IFCCOSTITEM('3il9feVeDCUxpaQ5qCq__z',#6, Task 3 cost item’,'Cost item entity with —» Maintenance task

the quantity and unitary cost of the maintenance task of type 3',$,$,$,(#115),(#116)); cost |.tem %
#118=IFCRELASSIGNSTOCONTROL('0f3gpvbWTDhRGTqS18MVoK', #6,'Maintenance task —» COst item assignment
quantities and cost relationship','Assignment of a cost item to a maintenance to maintenance task
task.',(#114),$,#117); )
#119=IFCTASK('00jfCBOr97VRVSHsW94KLd',#6,'Maintenance task 4','Maintenance task of —» Maintenance task

type 4','activityLevelMaintenance',$,$,$,$,.F.,$,$,.MAINTENANCE.); instance
#120=IFCCOSTVALUE('Task 4 unitary cost','Unitary cost of the maintenance task of type —» Maintenance task
4' IFCMONETARYMEASURE(4.),$,$,$,'Maintenance',$,$,$); unitary cost
#121=IFCQUANTITYAREA('Task area','Quantity, in area, of the task to be > Maintgnance task
performed',$,0.5,%); quantity

#122=IFCCOSTITEM('1r5MIbWOH3U9Hq$028Aska', #6, Task 4 cost item’,'Cost item entity ——» Maintenance task
with the quantity and unitary cost of the maintenance task of type 4',$,$,$,(#120),(#121)); cost |.tem )
#123=IFCRELASSIGNSTOCONTROL('36D12ilDrévgRISclkkryv',#6,'Maintenance task ———> Cost '.tem assignment
quantities and cost relationship','Assignment of a cost item to a maintenance to maintenance task

task.',(#119),$,#122); Nesting of the
#124=IFCRELNESTS('1GU75BUavAgwXKig4YgVqz',#6,'Maintenance tasks nesting','Nesting —» maintenance tasks
of all the tasks needed to perform the maintenance of the given into the damage

damage.', #107,(#109,#114,#119)); maintenance

Figure 14. Section of the IFC file exemplifying the maintenance tasks and cost item instantiation.

After checking all the displayed data, the .ifc file created for the second stage of the case study,
containing all the structures proposed in the framework, was validated in the IFC Validation
Service from buildingSMART. The maintenance framework.ifc file was approved in all the

categories evaluated (Figure 15).
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Figure 15. Validation results of the generated file in buildingSMART IFC Validation Service.
4.2. Second case study — applicability of the framework

In the second approach, the case study structuration aimed to apply actual data from an
inspection database in a facility model based on the proposed framework. The facility selected
for the case study was the Coimbra I bridge from Minas Gerais, Brazil. The bridge was chosen
due to its as-built BIM model existence, created from a laser-scanning point cloud. The bridge
was modelled on the commercial software Autodesk Revit and was available in its proprietary

file format.

The inspection data was ceded by the Departamento Nacional de Infraestrutura de Transportes
(DNIT), the Brazilian federal department responsible for transportation infrastructure
management. The DNIT bridge database stores information relative to all bridges and viaducts
of federal highways managed, including the data from the Coimbra I bridge. The inspection
data stored in the DNIT database comprises extensive information, including damage data,
condition state, structural insufficiencies, photographic records, and others. For this case study,
the data of interest was the damage instances' structured information, damaged elements, and
damage extensions. The inspection data acquired and employed in the study case was structured

as shown in Table 2:;
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Table 2. Actual inspection data acquired from the DNIT database and applied in the second case study.

Instance Damage type Extension | Unit Damaged element
1 Crack 1.00 m
2 Water leakage 0.25 m?
Slab - 518725
3 Efflorescence 0.20 m?
4 Fire action 0.40 m?
5 Fire action 0.20 m? Beam 35 x 170 cm - 461753
6 Efflorescence 0.05 m?
- - Beam 20 x 150 cm - 529766
7 Fire action 0.30 m?
8 Efflorescence 0.05 m? Beam 20 x 115 cm - 525442
9 Concrete spalling 0.05 m? Column 30 x 45 ¢cm - 573901
10 Damaged concrete pavement 10.00 m? Pavement - 557027

From the original Autodesk Revit proprietary format, the bridge model was exported to IFC
STEP files to be processed by the Python script. To this objective, the IFC4 version, which
presented better compatibility in preliminary tests, and the [FC4.3 ADD?2 version, compatible
with the version in which the framework was idealized, were employed. With models based on
different IFC schemas, the impact of IFC versions on the information exchange could also be
assessed. The differences between the two versions that impacted the original framework
structure were the absence of the IfcRelAdheresToElement relationship, replaced by
IfcRelAggregates, the mandatory usage of IfcBuilding as the only facility available, and the
lack of some entity predefined types, such as “INSPECTION” for IfcTask and “DEFECT” for
IfcSurfaceFeature.

When applying the script to the original IFC file, the framework entities that already existed in
the file remained unchanged. Integrating these entities, such as the project, the facility, its
physical elements, and the new inspection and maintenance data, was made through
relationships that do not modify the existing file structure. After reading the data from the IFC
file, all the data from Table 2, loaded into the Python application through the JSON input file,
was incorporated into the model, following the workflow described in Figure 6. Each damage
instance was graphically represented with a generic cubic geometry, assigning the red colour to

its surface to facilitate its visualization, as illustrated in Figure 16.
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Figure 16. Generic damage geometrical representation identified by red cubes located in the damaged element’s

centroid.

As in the first study case, parametric relationships between the inspection damage types and
their typical maintenance services were established to support the workflow. Based on these
relationships, each damage instance will derive a set of related maintenance services, and each
maintenance service will be associated with its unitary and total costs, as idealized in the
framework structure. At the end of the scripted process, the resulting file contained all the
original information, including the damage representation, the inspection and maintenance

process instances, and the costs related to the maintenance tasks.

For a broader assessment, the resulting IFC file was imported and visualized in a wide range of
IFC-compatible software, commercial and open-source. The evaluation included known
software of the AEC industry to emulate a typical workflow of information exchange. We
prioritized software focused on budgeting and planning, considering their higher probability of
importing and interpreting correctly the process and cost IFC entities. In each software, the
information evaluated according to its correct interpretation and visualization included the
tridimensional model of the facility, the geometrical IfcSurfaceFeature damage representation,
the aggregation relationship between damages and damaged elements, the damage data (type,
extension, and status), the relationships of assignment of damages to maintenance, the
maintenance processes, and the maintenance costs. The evaluations of the resulting IFC4 and

IFC4.3 ADD?2 files are summarized in Table 3:
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Table 3. Comparison of the evaluation of the framework information interpreted and displayed in different
software using IFC4 and IFC4.3 models.

Evaluated software

BimCollab Bonsai KITModel | Navisworks Primus Solibri Trimble usBIM
Z00M Viewer Manage Anywhere | Connect | browser

IFC version 4 | 43 |4 [43| 4 | 43 4 43 | 4|43 4 | 43 | 4| 43| 4 | 43

Facilitymodel (v | v |V V |V | V [V | V (V|VI V|V |V V|V |V

Damage3D | o\ p byl v vl X (VIvIvI v v Xx|v|v

representation

Relationship

betweendamages | v | X [V |V |V | V | V X |V X|V| X (VI X|V |V

and elements

Damage 1 by v v v X (vIivIivIv vix|v|lv

information

Relationships

betweendamages | X | X |V |V |V | vV | X X [ X| X|X| X | X| X |V |V

and maintenances
Maintenance

processes X X |V V|V | V X X [ X[ X | X| X [X]| X | X*|X*

representation

Costs representation | X X |\VIV |V | V X X | X X[ X| X [X| X [ X*] X*

The Navisworks Manage and the Trimble Connect software have successfully interpreted and
displayed the information from the facility, the damage representation, its relationship with the
damaged element, and its properties and property sets when evaluating the model based on
[FC4. However, when importing the IFC4.3 model, only the facility was correctly recognized.
No reference to any other framework entity was found in the interactive software interface.
While showing the same results as the previous software when assessing the IFC4 model,
BimCollab ZOOM, ACCA Primus, and Solibri Anywhere showed better compatibility with the
IFC4.3-based model. The geometrical representation of the damage and its properties were
correctly interpreted and displayed in the software interface. However, none of the software
recognized the IfcRelAdheresToElement objectified aggregation relationship, considering the
IfcSurfaceFeature damage instances as elements apart from the facility. The remaining

framework entities were also not recognized.

The ACCA usBIM.browser software showed equal compatibility with IFC4 and IFC4.3
versions of the model generated. In addition to the correct interpretation of the model, the
damage representation and properties, and the damage decomposition relationship, it also
displayed the inverse relationships of physical entities within the model. This made it possible

to verify the relationships between damage instances, their originating inspection process, and
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the damage-level maintenance tasks, as shown in Figure 17. Although visible and recognized,
these process data were unavailable for direct visualization in version 3.3.5, employed in this
evaluation. The software has an additional functionality focused on planning and costs,

usBIM.gantt, that demanded a subscription and could not be verified.
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Figure 17. Visualization of the damage properties, property sets and inverse relationships in ACCA

usBIM.browser.

The Bonsai add-on for Blender and the KITModelViewer showed maximum compatibility with
the resulting IFC file, enabling the visualization of the geometrical representation, processes,
and cost data in both IFC4 and IFC4.3 versions. The Bonsai add-on, as already presented in the
previous study case, successfully imported and interpreted the information inserted in the
model, representing both processes and costs in the user interface. The only exception was the
IfcRelAdheresToElement that, although correctly identified, was not considered a type of
aggregation, which resulted in representing damages as “Unsorted” elements. Further

information on the instance, such as their relationships, could be inspected in the debug panel.
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A general visualization of the bridge model with the damage representation, along with the

processes and costs in Bonsai, is shown in Figure 18.
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Figure 18. Visualization of the damage geometric representation, maintenance costs, and inspection and

maintenance processes in Blender Bonsai.

The KITModelViewer, freeware software provided by the Karlsruhe Institute of Technology,
also presented a complete visualization of the framework information. The instances declared
to the project and their aggregates could be explored from the browser toolbar. As depicted in
the framework representation of Figure 2, the ‘Project root task’ is decomposed by the
inspection and maintenance tasks. Although similar to Bonsai, the tree representation of the
KITModelViewer also presented some of the task associations, such as actors and derived
products. The cost items, rooted in an IfcCostltem instance declared in the project, could also
be accessed in the browser toolbar in a decomposition tree structure. The visualization of

existing processes and costs in the resulting file is shown in Figure 19.
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Figure 19. Cost items and tasks decomposition visualized in KITModelViewer interface.

Similar to Bonsai, KITModelViewer provided an in-depth instance data visualization. For any
selected instance, its attributes, property sets, and relationships could be explored in the
property toolbar. The information displayed in the property toolbar when selecting an
IfcSurfaceFeature damage instance is exemplified in Figure 20. In this example, it is relevant
to emphasize the correct interpretation of the relationships of the damage instance with the

damaged element, originating inspection, and damage-level maintenance.
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Figure 20. Damage instance properties, property sets, and relationships visualized in KITModelViewer interface.

5. Discussion

Maintaining a general structure to enable future adaptation was beneficial in the framework
structuring, keeping the approach straightforward and avoiding IFC extension demands. The
spatial structure, process, and cost decompositions were entirely based on official IFC 4.3.2.0
entities, ensuring that future adaptations would be grounded in a standard and valid structure.
Even the detailing of decomposition levels, the most particular sections of the framework, were

created without extending the IFC schema.

The implementation, although focused on the generation and extension of .ifc files based on the
proposed framework, showed the framework's capabilities to be extended and applied in real-
world cases. The adaptations employed to address implementation needs also relied solely on
standard IFC entities and had no influence over the general semantics of the proposed structure.
With a neutral data format as input, the information could be easily exchanged with structured
management system databases. For more complex databases, the framework and the input data
could be adapted to generate semantically richer IFC files, expanding the scope of the existing

application.

Even though the implemented application already automatically processes inspection and

damage information to generate maintenance tasks according to each damage type, this
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processing serves as an example to illustrate its potential. Real-life applications would require
the inclusion of data-based parametric models that relate each damage type and its dimensions

to appropriate maintenance services.

Additionally, associating the maintenance parametric model with cost and labor databases
could significantly expand the application and the completeness of the IFC generated,
leveraging the advantages of the IfcProcess entity capabilities for planning purposes. By
incorporating temporal information, maintenance tasks could be automatically scheduled and
sequenced using the IfcRelSequence relationship. Furthermore, this database integration could
also include resource information within the IFC, expanding beyond the scope of the proposed

framework.

In visualizing and evaluating in Blender and the Bonsai add-on the IFC files generated in the
first study case by the implemented application, the interface captures from Figure 8 to Figure
13 demonstrate that the information was not only written in the file but also successfully
interpreted semantically by popular open-source software. All visualizations were generated
without direct intervention in Bonsai, except for the cost items visualization in Figure 13. In
that case, the total costs of the nested cost items were added in Bonsai, as this value was not
directly exported when the IFC file was generated. The visualization in Bonsai also served as a
validation of the framework and the implementation since both entities and relationships could

be viewed and evaluated.

When evaluating the practical application of the framework using actual data, the information
structure and the implementation adaptation showed distinct results across software and IFC
versions. At first, the basic bridge inspection structured data acquired from the DNIT bridge
management system database was sufficient to generate a generic 3D damage representation.
The damage metadata provided enough information to enable the information structuration
according to the proposed framework into the resulting IFC file. The presence of the inspection
and maintenance data in the model was verified through the evaluation in the Bonsai add-on
for Blender and the KITModelViewer, software that presented full compatibility with the

information structure.

However, for most of the software evaluated, the inspection and maintenance data inserted in
the model was only partially interpreted and displayed on the interface. While the damage data
was generally correctly interpreted, the software failed to recognize all information related to

maintenance services and costs, even in tools specifically designed for planning and budgeting.
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This lack of compatibility with typical openBIM software and the generated file raised concerns
about the availability of the information to the user. Considering that most of the evaluated
software is proprietary, the source code could not be examined to determine the reasons for the

absence of process and cost representations.

The most critical cases, where not even the damage representation was correctly interpreted,
may be explained by the differences between the IFC4 and IFC4.3 schema. As previously
stated, the structural differences between the original framework and its adaption for the IFC4
schema were minimal. The only significant adjustment that could influence the damage
representation was the IfcRelAdheresToElement objectified relationship replacement by the
equivalent IfcRelAggregates relationship. With the IfcRelAdheresToElement relationship not
being correctly interpreted, the damage instances were not included in any decomposition
directly associated with the IfcProject. Without the IfcRelAdheresToElement recognition as an
aggregation objectified relationship, the damage instances cannot be considered part of the

IfcProject and may be ignored when importing and displaying the model information.

The built-in validation implemented in the application, using the validate module of the
IfcOpenShell library, was particularly useful in the early stages of the implementation,
highlighting errors in the IFC file associated with the application code. However, for final
validation, the IFC Validation Service from buildingSMART was used, and confirmed that the

IFC file based on the proposed framework passed all verifications performed.

6. Conclusion

This paper proposed a comprehensive IFC framework for representing inspection and
maintenance processes within facility management workflow. The framework was entirely
based on the entities from IFC 4.3.2.0 (IFC4.3 ADD?2), the latest official release from
buildingSMART. The proposed structure was adapted, implemented, and tested using a generic
study case, focused on exploring all framework entities and validating the overall structure, and
a practical study case, focused on the framework's practical adaptability to typical real-life
scenarios. The IFC file in the generic case study was evaluated through information
visualization using open-source compatible software and was validated using the official IFC

Validation Service from buildingSMART.

The positive results from the adaptation and evaluation of the framework application on the

first study case with a restricted amount of data, compatible with simple facility management
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databases, support the capacity of the general approach to represent the most simple facility
maintenance data using the IFC schema. The adaptation capabilities of the framework were
further explored in the second case study, where data from an actual facility management
system database was effectively represented and stored in an IFC model. In cases with more
available data and a broader range of entities to be characterized, the framework is expected to

be adapted accordingly, with the additional data incorporated into the base structure.

However, some limitations can be drawn in this study, providing guidelines for future research.
It is still necessary to evaluate the framework application in a significant amount of real-world
cases with comprehensive datasets, preferably associated with consolidated facility
management systems from different regions, to confirm the adaptation capabilities of the
framework. Similarly, it is needed to explore its integration with automated data acquisition
technologies, such as Internet of Things (IoT) and Digital Twins, that could significantly
expand its capabilities and application scenarios. The absence of process and cost information
representation, which occurred in most IFC-compatible software tested, must be further
investigated to determine the causes of this issue. The distinct levels of information interpreted
when varying the IFC schema between two similar versions evidenced the necessity to assess
a more comprehensive range of practical cases, including models originating from different
software and distinct IFC releases, and to map the needed adaptions to adequate the framework

to these scenarios.

Even considering future developments, the proposed framework contributes to facility
management by providing researchers, implementers, and users with a straightforward data
structure for representing damages, inspection and maintenance processes, costs, and their
interconnected relationships in IFC. This proposition fills an existing gap in the literature,
establishing a standardized representation framework that supports data exchange and could
potentially favor the employment of IFC and openBIM initiatives in facility management,
maintenance planning, and asset monitoring of buildings, industrial plants, and infrastructure

projects.

The IFC usage, as introduced, offers well-known advantages within the A&C industry and BIM
application. Beyond that, IFC usage enables detailed information sharing with semantic
richness between stakeholders without giving access to private databases, particularly useful in
government tenders and general third-party contracts. Considering that facility management

and maintenance are commonly performed by different parties, the IFC schema - and
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consequently, the proposed framework - can be widely used as a standard for sharing inspection

and maintenance information, adaptable to the context needs.
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CHAPTER 6 - CONCLUDING REMARKS

Abstract

This chapter presents the concluding remarks of the thesis, compiling insights
for future works.
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1. General conclusions

This thesis explores and proposes solutions for the digitalization and automation of
bridge and viaduct maintenance quantification and budgeting. Supported by an extensive
literature review and an analysis of contextual demands, this research introduces a parametric
model for the design and budgeting of maintenance work platforms, a machine learning
application for predicting maintenance quantities based on inspection data, and an IFC-based

framework for structuring inspection and maintenance data.

Each proposed approach advances the bridge maintenance field. The literature review
compiles the most recent developments in BIM applications for bridge management,
identifying existing gaps and guiding future research. The parametric model for maintenance
work platforms addresses the need for standardization and automation in their design and
quantification, particularly within the Brazilian federal context. The machine learning
application represents a pioneering effort in data-driven bridge maintenance quantification,
demonstrating its potential and outlining directions for improvement. Finally, the IFC-based
framework integrates inspection, maintenance, damage, and cost representation into a

standardized data structure, ensuring interoperability within facility management systems.

In summary, this research contributes to the advancement of bridge management by
demonstrating the feasibility and applicability of digital, automated, and data-driven
methodologies. The proposed solutions provide a foundation for improving existing bridge
management systems, enhancing decision-making processes, and facilitating the transition
toward a more structured, automated, and interoperable maintenance workflow. By filling key
gaps in digitalization and automation, this study reinforces the importance of data integration

in the future of bridge management.

2. Future works

The pioneering nature of the studies presented in this thesis opens up several

possibilities for further research and future practical developments.

The parametric model for designing and budgeting working platforms for maintenance
was intended to be adaptable to systems with limited data. Future studies could expand the
methodology by incorporating a broader range of parameters. Additional optimization criteria

should be explored according to the analyzed context, which could lead to more accurate results.
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The methodology should be employed in larger datasets for a more comprehensive evaluation

of its performance in diverse scenarios, helping to identify potential improvements.

The machine learning application for maintenance services quantification based on
inspection data, as an exploratory study, leaves significant room for improvement. The analysis
could improve significantly with additional pre-processing techniques and individual
hyperparameter optimization. Employing computer vision and large language models would
enable the inclusion of complementary data, such as photographic records and unstructured
text. Expanding the dataset would diminish the feature-to-sample ratio, potentially reducing

overfitting and increasing model accuracy.

The IFC-based framework for structuring inspection and maintenance data was
evaluated in test study cases with limited data. Applying the framework with actual facility
management data could provide insights into areas for refinement and potential improvements.
Future work could extend the framework to include a broader range of management processes
and costs. Further studies should evaluate the compatibility of the data structure across multiple

IFC versions and IFC-compatible software, ensuring broader interoperability.



