


lllustration title page: (Lombardo, 2023).



Exploring the Process of Semi-

Automated Requirement Verification
within a BIM Model

Master Thesis Report

by

B. (Brian) Overbeek

to obtain the degree of Master of Science in Construction Management and Engineering
at the Delft University of Technology

June 26, 2025

Dr. ir. G.A. (Sander) van Nederveen

Faculty of Civil Engineering and Geosciences
Materials, Mechanics, Management & Design (3MD)
Chair supervisor

Dr.ir. T. (Tong) Wang

Faculty of Architecture and the Built Environment
Design & Construction Management (D&CM)
First supervisor

Dr. ir. R. (Ranjith) Kuttantharappel Soman

Faculty of Civil Engineering and Geosciences
Materials, Mechanics, Management & Design (3MD)
Second supervisor

ing. D. (Dies) Flikweert
Witteveen+Bos
Company supervisor






Preface

This thesis named “Exploring the Process of Semi-Automated Requirement Verification within a
BIM Model” was written as part of the Master's program in Construction Management and
Engineering at Delft University of Technology. It represents the final step in completing my studies
and reflects both my academic journey and professional interests. The graduation topic aligned
well with my academic interests in BIM and digital construction, as well as with the broader
industry shift towards more intelligent and data-driven processes. The research was carried out
in collaboration with Witteveen+Bos from early February 2025 until the end of June 2025.

| would like to thank my TU Delft supervisors Sander van Nederveen, Tong Wang, and Ranjith
Kuttantharappel Soman for their valuable feedback and guidance during the research process. |
also want to thank my company supervisor, Dies Flikweert, for his efforts and guidance during my
graduation period. In addition, | want to thank the colleagues at Witteveen+Bos who were
involved in my graduation project and gave me the opportunity to carry out my research within the
company.

Also, | want to thank my fellow students. It was helpful to be able to exchange ideas and discuss
challenges together. A special thanks to Emilio Murillo Sierra for his valuable insight on the IFC
file format. Furthermore, | am thankful to my parents for their support, patience and belief in me
throughout this journey. Their encouragement played an important role in helping me reach this
point. | would also like to thank my family and friends for their support along the way. Finally, |
want to thank my girlfriend for her continuous support and belief in me during my study time. Her
presence made a big difference. | would also like to express my gratitude to her parents for their
support along the way, especially her father whose insights proved particularly valuable along the
way.

Looking back, | feel grateful for my time at TU Delft. Having lived in Delft my whole life, | have
always looked up to the university. What once felt like a distant goal gradually became a reality.
After completing my Bachelor’s degree in Civil Engineering at a University of Applied Sciences
(HBO) and the TU Delft pre-master program, reaching this point has been a rewarding journey in
both academic and personal ways. | am grateful for the experiences | gained during my time as a
student and look forward to the next step in my career and personal life.

Brian Overbeek
Delft, June 2025



Summary

Digital technologies have increasingly shaped the global construction industry with the fourth
industrial revolution (Industry 4.0) emerging as a widely discussed concept. In this context,
Construction 4.0 represents the sector’s response to Industry 4.0 principles, particularly through
innovative technologies such as Building Information Modeling (BIM). Accurately defining and
verifying requirements is essential for project quality and safety, but complex projects often
involve thousands of requirements that must be manually checked. As projects grow more
complex, there is a clear need for automated verification. This research explores the process of
semi-automated requirement verification. The main research question is: “How can a (semi-)
automated process be developed to validate and verify requirements within a 3D model?”. This is
supported by four sub-questions exploring current limitations, existing tools and methods, and
key development stages of automated requirement verification.

A literature review highlights that project requirements are typically derived from the client’s
vision and form the basis of contractual obligations. Successfully extracting these requirements
is important for defining the project scope and achieving client satisfaction. The literature study
also explores various international and national BIM standards, which are adopted to different
extents across countries worldwide. Several verification tools were evaluated such as Solibri,
Navisworks, BIM Assure, SMARTreview and Verifi3D. From the comparison, Solibri and
Navisworks emerged as the tools that provide the most comprehensive functionalities. In terms
of requirement structuring methods, the RASE language was identified as the most promising
approach due to its clarity and expressiveness.

The research used the Oosterweel project as a case study that is being developed in Antwerp
(Belgium) with the aim of completing the city’s highway ring road. The verification process of
requirements is broken down in five key steps. The first step focused on the classification of
requirements into geometric and non-geometric requirements using a machine learning modelin
Python. The second step involved manual rule interpretation using the RASE mark-up language.
The third step focused on preparing the model data by filtering the model and performing
semantic enrichment. Step four looked at the actual execution of the verifications where different
types of requirements were distinguished in classes based on their computational complexity.
The last step focused on reporting of the verification results in a Common Data Environment.

Implementation challenges during this process included ambiguous requirement texts,
inconsistencies in model data and a fragmented workflow. The insights from the literature review,
findings and interviews were combined into guidelines which are divided into three levels:
strategic, operational and BIM level. The strategic level focuses on guidelines from the
organizational point of view. The operational level looks at how strategic intentions can be
translated into practical actions. The BIM level addresses guidelines that relate to the practical
use of BIM. The guidelines are validated through interviews with professionals.

The results of this research show that a semi-automated approach to requirement verification
within the BIM environment is feasible and significantly more efficient than current manual
methods. Research limitations include the limited scope of one case study and the internal
validation of the guidelines. Based on the research, multiple recommendations were given for
future research and practice. Practical recommendations include using a structured approach
and the use of open standards. Recommendations for future research include the further
investigation of Al beyond the current machine learning model for requirement verification and
the investigation of the impact of the automated verification process.
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1. Introduction

1.1 Context

Over the past decade, the use of digital technologies in the construction industry has significantly
increased across various sectors worldwide with the fourth industrial revolution (Industry 4.0)
emerging as a widely discussed concept (Elnadi & Abdallah, 2024). At the beginning of the fourth
industrial revolution, the rise of digitalization and innovative technologies began transforming the
construction industry. Construction 4.0 represents the construction sector’s adaptation to the
Industry 4.0 principles like Building Information Modeling (BIM), Artificial Intelligence and
automation (Casini, 2021). Adopting such advanced technologies can shorten construction
timelines, reduce life-cycle costs, improve quality, safety and sustainability (Casini, 2021).
Moreover, according to the World Economic Forum (2016), full-scale digitalization in non-
residential construction could generate annual global cost savings of $0.7-1.2 trillion in
engineering and construction within 10 years.

Similarly, in the construction and infrastructure sector, accurately defining and verifying
requirements is an indispensable step to ensure the quality and safety of projects. These
requirements form the basis of project standards and specifications and play a centralrole in all
phases of a project, from design and planning to final delivery. More specifically, requirements
ensure that essential aspects such as safety, functionality, sustainability and legal requirements
are met. Without a well-structured and effective requirements verification system, a project runs
the risk of quality losses, delays, increased costs and even safety risks (Teyseyre, 2002).

In complex projects, requirements often include hundreds, if not thousands, of specifications all
of which need to be accurately verified and tracked. Traditionally, this verification is performed
manually by comparing textual requirements with technical drawings. However, this approach is
very time consuming and prone to human error, especially given the size and complexity of
modern construction projects. Errors in the verification process can only come to light in later
project phases when corrections are not only costly but can also lead to disruptions in planning
and execution (Ghannad et al., 2019).

With the emergence of new digital technologies there is a growing need for innovative methods to
make this process more efficient and accurate. By linking requirements directly to objects with a
3D modelling environment and using automated processes, verification and compliance with
requirements can be optimised. Instead of manual checks an automated process provides a
systematic approach that detects conflicts faster. This allows project teams to identify and
resolve issues early leading to greater efficiency and accuracy in requirements compliance. By
investing in streamlining the requirement verification process the construction industry cannot
only improve the consistency and reliability of projects, but also contribute to cost savings,
reduce risks and increase overall project quality. Ultimately, this progress will not only benefit
individual projects but take the entire industry to a higher level.

1.2 Problem statement

In the construction industry, effective and efficient verification of project requirements is
essential to ensure quality and compliance with standards in a 3D design. Many organizations,
including Witteveen+Bos, work with different systems to verify requirements through structural
calculations, visualinspections and links to specifications from Relatics. However, the alighment
between the BIM model and the requirement specifications is often not optimal, leading to



inconsistencies such as the use of different names for the same element. This lack of consistency
makes verification error-prone, time consuming and inefficient.

There is a clear gap between the literature, which frequently promotes the integration of systems
and automated processes, and practice, where the use of multiple systems and software tools
such as Relatics, Autodesk Navisworks and BIMcollab leads to fragmentation and inefficiencies
(see Figure 1). Although technology in the sector is rapidly evolving and new tools such as
Autodesk Construction Cloud provide clash detection, integration between the systems remains
limited. Working with non-integrated systems complicates collaboration and hinders automation
which results in a lack of transparency and an increased risk of human error. These practical
differences form the basis of the gap between literature and practice.

Issue
Database with 3D model management
requirements viewer system
®
S @) 7%
—> —>
AUTODESK’ BIMcollab
relatics NAVISWORKS' &R
)

Figure 1. Current workflow of Witteveen+Bos for the manual requirement verification process.

1.3 Research framework

This section discusses the research framework of this study which includes the objective,
research gap, scope and research questions. These will be central throughout the duration of this
research.

1.3.1 Research objective

With the increasing complexity of construction projects and the growing volume and variety of
data, the need for automated processes in the construction sector is becoming increasingly
clear. In the traditional approach, requirements are manually checked and compared with BIM
models, resulting in inefficiencies, errors and delays. This research aims to explore the process
of semi-automated requirement verification within the BIM environment.

The primary goal of this research is to develop a (semi-)automated verification process that can
effectively integrate requirements recorded in Relatics with 3D models created in BIM software.
This process will utilize advanced technologies like data integration, Artificial Intelligence and
automated checks to reduce the risk of human errors and improve efficiency of the verification
process. The objective is to create a systematic approach that accelerates verification and
identities conflicts more quickly enabling project teams to respond faster and more effectively.

Additionally, the research focuses on identifying the standards and measurable criteria
necessary for accurate and efficient requirement verification. It will also analyse obstacles
associated with integrating different systems (such as Relatics and Autodesk software) and
investigate how these barriers can be overcome to achieve an automated workflow.



1.3.2 Research gap

The identified research gap lies in the integration of systems used to verify project requirements
within the BIM environment. While the literature often advocates for the integration of systems
and automation to improve the efficiency and accuracy of requirement verification, the reality in
the construction industry is fragmented. Companies like Witteveen+Bos rely on multiple non-
integrated tools to verify requirements. This disjointed approach creates inefficiencies, increases
the risk of errors and complicates collaboration among stakeholders. The lack of connection
between the different software tools leads to discrepancies in terminology and misalignments
between the 3D model and requirement specifications. This also results in time consuming and
error prone verification processes which hinder the automation of requirement verification.

The gap between the theoretical benefits of automated systems as highlighted in academic
research and the practical challenges faced by the industry show the need for solutions that
bridge this gap. This research focuses on addressing this gap by providing insight into how
systems can be better integrated within the BIM environment. By looking into the possibilities to
develop a (semi-)automated process this research aims to streamline the verification of
requirements and improve the efficiency. The research also seeks to overcome the current
limitations to enhance the overall productivity of construction projects.

1.3.3 Research scope

The scope of this research is limited to developing a ‘proof of concept’ rather than a fully
functional solution. A single case study is used to test certain aspects in practice and to identify
the key areas within automated code compliance that offer the greatest potential benefits. Based
on these findings, guidelines will be developed for implementation within Witteveen+Bos which
will be validated through interviews with the company's employees, as they are the primary
stakeholders. The interview protocol is presented in Appendix A1.

1.3.4 Research questions

To guide the research towards achieving its objective it is essential to answer the main research
question. In addition to the main research question there are four sub-questions formulated.
These sub-questions have been designed to break down this central question into more focused
and manageable components. Answering these sub-questions systematically will enable the
research to meet its objective. The main question that is formulated for this research is:

Main question (MQ)
“How can a (semi-)automated process be developed to validate and verify requirements within a
3D model?”

Sub-questions (SQ)
The sub-questions that help in guiding this research are:

1. “Whatare current challenges and limitations in the verification process of requirements in 3D
models?”

2. “What existing software is used for requirement verification in 3D models and what are the
alternatives?”

3. “What is the most effective method for translating human-readable requirements into a
structured format?”

4. “What are the key steps in developing a (semi-)automated process to verify requirements in a
3D model?”



1.3.5 Research methodology

This subsection outlines the research methods used to achieve the objectives of this research.
The research methods are displayed together with the research questions and the outcomes in
Figure 2. The research method ensures a structured and systematic investigation and provides a
solid foundation for the analysis of the findings.

Research questions Method Outcomes

What are current challenges and limitations in . . .
Literature review and semi-

G | the verification process of requirements in 3D : . Insight on the current process
@ structured interviews
models?
15t interview round (problem understanding) | |
What existi ft i d fi . .
o vhat existing sottware 1S Used for . . Insights in different methods and
g requirement verification in 3D models and Literature review

what are the alternatives? theie sirengths and Nmitatinne

Testing, case study and literature
review

Functioning of workflow
demonstrated through case study

sQ3

translating human-readable requirements int
a structured format?

What is the most effective method for >
o

sQ4

(semi-)automated process to verify .
A 3 review
requirements in a 3D model?

Recommendation/guidelines

N DN DA
vV

What are the key steps in developing a > Case study analysis and literature

2nd interview round (validation based on case study) | |

Main research question:

How can a (semi-)automated process
be developed to validate and verify
requirements within a 3D model?

N

Figure 2. Overview of research methodology including research questions and outcomes.

1.3.6 Research relevance
This subsection discusses the relevance of the research in both the scientific and practical field.

Scientific relevance

The scientific relevance of this research lies in its contribution to integrating automated
processes within the construction industry specifically in the verification of requirements in the
BIM environment. By addressing the fragmentation of tools used for requirement verification this
research explores how the integration of different systems can enhance the accuracy and
efficiency of the verification process. This research contributes to the theoretical development of
data verification and the efficient use of digital tools in construction project management. It
investigates how data from various BIM systems can be structured and processed to optimise
requirement verification. This work highlights the potential for a more efficient workflow, reduced
fragmentation and improved quality control in construction projects.

Practical relevance

The practical relevance of this research lies in its direct applicability to construction companies
like Witteveen+Bos which seek to improve their verification process of requirements. The findings
can offer practical solutions for integrating systems, optimizing requirement verification and
enhancing efficiency which benefit the sector.



1.3.7 Research outline

This subsection provides an overview of the structure of the thesis and highlights the progression
of the research. An overview is included to visually represent the research process (see Figure 3),
illustrating how the chapters are connected and how each chapter contributes to achieving the
research objective.

Research Literature review Development Framework Research results

introducti
fhtroduction Chapter 2 Chapter 3 Chapter 4 Chapter 5

Literature study ‘ Development phase - Guidelines - Discussion

Chapter 6
Conclusion

Chapter 1 -
Introduction

Chapter 7
Recommendations

I || | | ]

Figure 3. Outline of the thesis.

The thesis is structured into seven chapters where each chapter addresses different components
of the research process. Chapter 1 introduces the context and problem definition. Chapter 2
presents a literature review that discusses the current challenges and limitations of verifying
requirements within BIM models (SQ1). It also examines the existing software used for
requirement verification and the most effective methods for requirement formatting, answering
sub-questions 2 and 3. Chapter 3 focuses on the development phase and the case study, where
sub-question 4 will be answered. In Chapter 4, guidelines will be created based on the findings
from the previous stages. Chapter 5 includes a discussion of the findings. Chapter 6 presents the
conclusion and the thesis concludes with Chapter 7, which provides recommendations for future
work.



2. Literature study

This chapterintroduces the concepts of Building Information Modeling and project requirements.
Section 2.1 explores the role of requirements in construction projects and discusses common
challenges such as misinterpretation. In Section 2.2, the evolution of BIM will be discussed along
withits role in modern construction, relevant standards and emerging technologies that influence
the integration of requirement verification. Section 2.3 looks at automated model verification
tools and compares their strengths and limitations. Finally, Section 2.4 will look at different
languages for transforming textual requirements into a structured format. Through this literature
review, the chapter lays the foundation for understanding the current state of requirement
verification in BIM and the potential for improvement.

2.1 Requirements in construction projects

Throughout construction history numerous projects have fallen short of meeting the client
expectations due to a lack of precise understanding of the project requirements at an early stage
(Karim Jallow et al., 2014). This has led to clients now having higher demands which requires extra
effort to stay within the project constraints (Hassan & Le, 2020). Conflicting requirements are a
major cause of disputes which oftenresultin costly delays if not addressed early (Cheung & Pang,
2013). Also, due to the increasing complexity of construction contracts, it can occur that some
requirements are missed which can influence the understanding of the project scope and
obligations associated (Walsh, 2017). This can lead to variousissues in the project such as design
changes, waste of resources, legal conflicts and higher risks of accidents because of
construction errors (Moon et al., 2022).

Project requirements refer to the obligations outlined by the client within the contract documents
(Hassan & Le, 2020). The requirements outlined in the contract originate from the client's design
vision and the associated specifications. Effectively identifying and extracting the requirements
from the contractis essential for accurately defining the project scope and to ensure the projects
successful delivery while fully meeting client expectations (Hassan & Le, 2020).

Based on the project requirements from the contract, the engineering firm prepares a verification
and validation (V&V) plan (see Figure 4). The V&V-plan describes how requirements need to be
verified within a project to ensure the design meets the functional, legal and technical
specifications. Customer requirements are translated into engineering specifications and
expressed using clear technical terminology. During this process, some requirements may be
omitted or misinterpreted (Shabi et al., 2017). Therefore, it is advisable to implement continuous
verification and validation throughout the project lifecycle starting as early as possible (Sage &
Rouse, 2011).

Contract with
requirements

V&YV plan

Requirement
management
system

BIM model
(design)

Client
Engineering firm

Figure 4. Verification and validation (V&V) procedure from contract to design (simplified).



The paper by Lake (1999) defines verification and validation within the context of Systems
Engineering. Verification involves assessing a completed project to confirm that it meets the
specified technical requirements (Lake, 1999). On the other hand, validation refers to evaluating
a product against the defined client requirements to determine whether it satisfies stakeholder
expectations (Shabi et al., 2017). Once the verification and validation plan is approved by the
client, the requirements can be documented in a requirement management system (RMS) such
as Relatics. Based on the specified requirements within the RMS, a design can be developed,
which is then continuously evaluated against the V&V-plan.

2.2 Building Information Modeling

2.2.1 The evolution of BIM

Building Information Modeling has evolved significantly since its inception. The evolution of BIM
has been progressing for many years and continues to develop. It is difficult to pinpoint the exact
origin of the BIM concept (Borkowski, 2023). In 1957 Pronto was created by Dr. P.J. Hanratty which
was the first commercial software for computer-aided manufacturing (Elanchezhian et al., 2007).
This technology, initially focused on numerical control machining, eventually evolved into
modern computer-aided manufacturing (Khochare & Waghmare, 2018). The first computer-aided
design (CAD) software with a graphical user interface known as Sketchpad was developed in 1964
by Dr. I.E. Sutherland (Sutherland, 1964). This was the first instance of a user interacting with a
computer to design objects through a graphical interface (Fay, 2020).

In 1975 the concept of Building Description System (BDS) was introduced by C.M. Eastman
(Eastman, 1976). This early prototype discussed the principles of parametric design and detailed
3D representations and described the foundational ideas of what is now recognized as Building
Information Modeling (Khochare & Waghmare, 2018). Shortly after that, Eastman developed
GLIDE (Graphical Language for Interactive Design) in 1977 (Eastman & Henrion, 1977). This
language for design information systems showcased many of the features found in modern BIM
platforms (Khochare & Waghmare, 2018).

In the 1980s the development of digital modelling and the exchange of project data in the
construction sector started (Laakso & Kiviniemi, 2012). Also, numerous systems were being
developed and gained traction within the industry with some even being implemented in
construction projects (Khochare & Waghmare, 2018). The development of ArchiCAD began in
1982 led by Gabor Bojar who also released Radar CH in 1984 which used similar technology to
BDS (Khochare & Waghmare, 2018). Radar CH was reintroduced as ArchiCAD in 1987 making it
the first BIM software accessible on a personal computer (Khochare & Waghmare, 2018). During
that period, Vectorworks was developed by Diehl Graphsoftin 1985, which was one of the first 3D
modelling software programs (Khochare & Waghmare, 2018). In the same year (1985), Parametric
Technology Corporation (PTC) was founded which is known as the company that launched
Pro/ENGINEER in 1988, which was considered to be the first parametric modelling software in
BIM history (Gobesz, 2020; Khochare & Waghmare, 2018).

In 1992, the term ‘Building Information Model’ was first documented in a paper by G.A. van
Nederveen and F. Tolman (van Nederveen & Tolman, 1992; Sakib, 2021). Ayear later (in 1993), the
Building Design Advisor (BDA) was developed, offering software that ran simulations and
proposed solutions based on a model (Papamichael et al., 1997). After that miniCAD was created
by Mapsoft in 1994 that added the feature of CAD surveying (Sakib, 2021). During that period, a
significant shift towards BIM as it is known today started (Bloor & Owen, 1995). In 1995, the
Industry Foundation Classes (IFC) were introduced to provide a standardized data model and to



enable interoperability between different BIM applications (Laakso & Kiviniemi, 2012). Over the
years IFC has undergone various updates and evolved from simple data exchange mechanisms
to a framework that supports a wide range of construction processes (Eastman, 1999).

In 2000, two former PTC employees founded Charles River Software with the aim to create an
architectural version of Pro/ENGINEER capable of managing more complex projects than
ArchiCAD, which led to the creation of Revit (Sakib, 2021). A year later (2001), Navisworks was
developed which allowed 3D navigation and collaboration in a model with varying file formats
(Khochare & Waghmare, 2018; Sakib, 2021). The BIM Collaboration Format (BCF) was created in
2010 which enabled different BIM applications to exchange model based issues (Borkowski,
2023; buildingSMART, n.d.-e). Also, Augmented Reality (AR) and Virtual Reality (VR) began to be
integrated into BIM which improved visualisation and led to more interactive collaboration
(Matthys et al., 2021).

The openBIM concept was introduced in 2012 which is an international standard that enables
open collaboration among all project stakeholders (Borkowski, 2023; buildingSMART, n.d.-a). In
2013, the concept of Internet of Things (loT) began to emerge which enabled the connection with
real-time data of various devices (Borkowski, 2023; Tang et al., 2019). The blockchain technology
emerged in 2015, which could lead to benefits in construction management (Borkowski, 2023;
Nawari & Ravindran, 2019). In 2018, machine learning was introduced which can be used with
BIM to analyse data for example (Zabin et al., 2022). Besides, Artificial Intelligence (Al) has
emerged which has the potential to address existing limitations of BIM applications (Borkowski,
2023).

2.2.2 Standards and regulations in BIM

Standardizing information is crucial for effectively using data within a BIM project. For information
to be valuable, it must be understandable and accessible to all users and not just those who
initially entered the information into the model (Weygant, 2011). The adoption of standards helps
reduce therisk of misinterpretations and difficulties in implementation (Shehzad et al., 2021). The
international organization buildingSMART developed the open standard known as openBIM but
there are also standards on a national level.

2.2.2.1 International standards

The role of international standards in BIM is very important to ensure effective data sharing and
collaboration across all project stakeholders. BuildingSMART is dedicated to the adoption of
open standards that promote the digital transformation of the construction sector. OpenBIM is
an approach for designing, constructing and managing construction projects using open
standards. The openBIM methodology enables clear and open collaboration among all project
stakeholders regardless of the software they use (buildingSMART, n.d.-a).

BuildingSMART standards

OpenBIM is known for its collaborative approach to enhance the accessibility, usability and
sustainability of digital data within the construction sector. By supporting sharable project
information, it helps with interoperability and ensures smooth collaboration throughout the
lifecycle of a project (buildingSMART, n.d.-b). The buildingSMART standards, which are a core part
of the openBIM initiative, consist of five basic standards that focus on data sharing
(buildingSMART, n.d.-c). These standards are described below and displayed in Table 1 among
with their function.



Information Delivery Specification

The Information Delivery Specification (IDS) is designed to define information requirements in a
format that is both human readable and machine interpretable (buildingSMART, n.d.-d). It aims
to improve communication among stakeholders by providing a more structured approach to
specify requirements (buildingSMART, n.d.-d). In the openBIM workflow the client uses the IDS
editor to create IDS files and sends this to the IDS modeler (see Figure 5). The modeler verifies
the software capabilities and arranges the data. The integration of IDS with automated code
compliance checking (ACCC) is a significant advancement in making sure construction projects
follow standards and regulations, improving efficiency in the digital construction industry (de
Marco et al., 2024).

Generally, information regarding requirements is shared in formats that are not computer
interpretable like Excel or PDF which are hard to process automatically (buildingSMART, n.d.-d).
In the construction sector, users often understand the type of information they need for a specific
task but may struggle to clearly define it. This can significantly affect processes such as
automated code compliance checking, which demands different data than automated cost
estimation for example (buildingSMART, n.d.-d). The IDS addresses this by working best with
structured data according to the IFC standard, which enables automated validation of the
required project information (buildingSMART, n.d.-d; Eichler et al., 2023). Each IDS file contains
specifications representing specific information requirements (Bigai & Santos, 2024).
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Figure 5. openBIM workflow. Adapted from BibLus (2023).

BIM Collaboration Format

The BIM Collaboration Format (BCF) enables different BIM applications to exchange model
based issues by using IFC models shared among project collaborators (buildingSMART, n.d.-e).
The BCF uses two main approaches for sharing data (Jiang et al., 2019). One method involves a
file based workflow where issues are stored in a zip file using the BCF XML schema. The other
method makes use of a server based approach using the BCF API specification for data transfer
(Schulz et al., 2021). A BCF file can be exported from the IDS modeler together with an overview
of the issues (see Figure 5).



Originally, BCF relied on a XML format that allowed for round-tripping which makes it possible for
the same file to be extended with additional issues or to be modified. This avoids that the issues
are stored over multiple files, so a clear structure can be maintained (Schulz et al., 2021). The
BCF APl was created to replace the file based method of exchanging issues in building processes
(Schulz et al., 2021).

Industry Foundation Classes

The Industry Foundation Classes (IFC) standard is used to describe building information model
data. It establishes a standardized method for representing and storing data to enable various
software applications to import and export building data in the same format (Jiang et al., 2019).
IFC enables seamless sharing and interpretation of project data across different BIM software
applications throughout the project lifecycle. The IFC standard improves interoperability and
makes it easier for project stakeholders to work together (BIMcollab, 2024). The IFC2x3 TC1
version is currently the most widely adopted, with IFC4 closely following behind. Due to their
similar structure, both IFC versions are supported by many applications (digiGO, 2023a). An IFC
file can be exported from the IDS modeler and sent to the client for data validation against the IDS
(see Figure 5). This export can be carried out using a file or through the openCDE API, which is
explained in more detail in the next subsection.

Common Data Environment

In the construction sector, Common Data Environments (CDEs) serve as centralised platforms
that provide stakeholders with a unified source of project information to bring structure to the
project and make communication between stakeholders easier. BuildingSMART offers a set of
APls known as openCDE APls, which make the functionalities of these CDEs more accessible
(Schulz & Beetz, 2024). The openCDE initiative consists of a collection of APl standards
(buildingSMART, n.d.-b). An Application Programming Interface (APIl) is an interface that
facilitates standardised data exchange between different applications and software
components. By following a defined syntax, APls ensure that data and commands are transferred
across an organization wide environment (Bucher & Hall, 2020). Also, with the growing trend of
cloud-based BIM services, there is an increasing need to integrate BIM with web service APIs to
facilitate web-based data exchange (Afsari et al., 2017; Wu & Issa, 2012).

Information Delivery Manual

The Information Delivery Manual (IDM) is a methodology designed to define and document
business processes and data requirements to both new and existing processes (buildingSMART,
n.d.-c). This approach details the information that must be exchanged between various parties
and can be used to create a more detailed specification that can form the basis for a software
development process (buildingSMART, n.d.-f). The main purpose of an IDM is to ensure that data
is communicated in a way that can be interpreted by the receiving software (buildingSMART, n.d.-
f; Jiang et al., 2019). An IDM captures the entire process and information flow throughout the
project lifecycle to promote efficient data exchange (Jliang et al., 2019). Given the multiple
stakeholders in a construction project, it is important to know what and when information needs
to be communicated among them (Jiang et al., 2019).
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Table 1. Overview of the five buildingSMART standards and their corresponding ISO standards.

Name Function ISO standard

L Specifies data requirements -
Information Delivery Specification
BCF Facilitates model-based
BIM Collaboration Format communication i
IFC . ISO 16739-
Industry Foundation Classes Defines data models 1:2024
CDE .
. Standardizes data access -
Common Data Environment
IDM Documents processes and ISO 29481-
Information Delivery Manual requirements 1:2010

Industry Foundation Classes stand out as the most used initiative among the various
buildingSMART standards, such as IDM, BCF, et cetera (Hooper, 2015). With the growing adoption
of BIM applications within the construction industry, IFC has gained prominence as an open
format standard and is recognized as an ISO standard (Diara & Rinaudo, 2020). In general, as a
solution for addressing interoperability and data sharing challenges, openBIM has significantly
improved collaboration in construction projects. With the ongoing evolution of openBIM it is
expected to offer even more comprehensive solutions to the challenges currently faced in the
industry (Jiang et al., 2019).

ISO-standards

In addition to the standards established by buildingSMART, there are also ISO standards set by
the International Organization for Standardization. These ISO standards are internationally
agreed upon by experts to ensure a global consensus on best practices in BIM implementation
(ISO, n.d.). For some standards, both ISO and buildingSMART have the right to publish them (see
Table 1) due to a copyright agreement signed between these parties (Poljansek, 2017). This
subsection discusses the most important ISO standards for the construction industry regarding
the use of BIM.

The ISO 19650 standard is an international standard that facilitates the management of
information throughout the lifecycle of a project (Pan et al., 2024). This standard has been
developed over several years to improve digital information sharing across the value chain of
assets. Moreover, the ISO 19650 standard connects information management with the United
Nation’s sustainable development goals and consists of six parts (Bjgrn et al., 2022).

The first part outlines the core concepts and principles of information management (ISO, 2018a).
Part 2 specifies the requirements for managing information during the delivery phase of a project
(ISO, 2018b). The third part of the ISO 19650 standard focuses on the operational phase by
specifying the requirements for maintaining the project after its completion (ISO, 2020a). Part 4
outlines the principles for information exchange between parties and promotes data
interoperability throughout the lifecycle of a project (ISO, 2022). The fifth part of the standard
addresses the steps required to create a security-minded approach to keep information secured
across different organizations (ISO, 2020b). Lastly, part 6 emphasizes the integration of health
and safety information but this is still under development and yet to be published (ISO, 2025).
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In addition to ISO 19650, there are three standards that are part of the ISO standard triangle (see
Figure 6). This conceptual framework illustrates the integration of data, processes and terms
within the BIM environment. Each side of the triangle represents a critical component that
ensures seamless data exchange and collaboration in construction projects (Laakso & Kiviniemi,
2012). At the core of the data component is the IFC standard (ISO 16739), which enables the
exchanges and sharing of information across different software platforms as discussed earlier
(buildingSMART, n.d.-g). The process component is represented by the IDM standard under ISO
29481 which also is a buildingSMART standard. This standard about IDM provides a method for
defining the processes of information exchange (buildingSMART, n.d.-f). The third component is
associated with the International Framework for Dictionaries (IFD) covered by ISO 12006. The IFD
standard provides standardised terminology for the construction industry (Cho et al., 2011).

ISO 16739 (IFC)
Figure 6. The triangle with ISO standards. Adapted from Laakso and Kiviniemi (2012).

2.2.2.2 National standards

The paper by van Nederveen et al. (2010) describes that a remaining issue is the use of open
standards for BIM. The process of standardization is often perceived as slow and challenging,
which can hinder broader adoption and integration efforts (van Nederveen et al., 2010). The
organisation digiGO, formerly known as BIM Loket, is a Dutch initiative that aims at advancing the
digital transformation in the construction industry for open BIM standards (digiGO, 2023b).
DigiGO aims to make maximum use of international standards but also develops its own. DigiGO
is the owner of three open standards: NLCS, NL-SfB, and VISI (digiGO, 2023c), as can be seen in
Table 2.

Table 2. Dutch open standards by digiGO.
Open standard ‘ Description
NLCS is the 2D drawing standard within the Dutch construction sector.
Having a CAD standard is essential to ensure consistency across technical
m drawings and improve the sharing of digital files. This open standard
includes guidelines for managing data, the visual presentation of drawings,
and the system for organizing layers within the drawings.
The open standard NL-SfB is the most commonly used classification for
building elements. NL-SfB has been used for many years to code layers and
objects in BIM and CAD systems. Several initiatives from the Netherlands
have been brought together to link NL-SfB with IFC in order to achieve
consistency in this approach.
VISl is an open standard for digital communication which is crucial for the
) | s success of complex construction projects. It assists in determining when,
\'J " | who, what and to whom information should be provided.
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Dutch NEN-standards

Besides the open standards from digiGO there are also national standards developed by the
Royal Netherlands Standardization Institute (NEN). An important national standard is NEN-EN
ISO 19650 which descends from the international ISO 19650 standard discussed in Subsection
2.2.2.1. Since the implementation of this standard, adaption or updating of existing protocols to
ISO and NEN standards is expected (Bruggeman, 2020). In the Netherlands, the IFC standard is
broadly acknowledged as the leading standard for BIMwhich also is part of the NEN-EN ISO 19650
(van Nederveen et al., 2010).

2.2.2.3 BIM Basis ILS

The BIM Base IDS (in Dutch: BIM Basis ILS) is a Dutch standard that provides guidelines for the
exchange of information in BIM projects. The Information Delivery Specification (IDS) is covered
in more detail in Subsection 2.2.2.1 as part of the buildingSMART standards. However, the BIM
Base IDS is specifically tailored to the Dutch construction sector. Effective cooperation within a
project is enhanced when the information used is exchangeable, structured, accurate and
reusable (digiGO, 2023a). The BIM Base IDS serves as an essential first step in achieving this
(digiGO, 2023a). The BIM Base IDS is supported by digiGO which provides access to all relevant
documents. The adoption within the Dutch industry is widespread, with over 500 companies
recognized as partners of the BIM Base IDS (digiGO, 2023a). The BIM Base IDS consists of four
parts or ‘questions’ that one can ask themselves to ensure effective information management,
namely: 1) Why we exchange information, 2) How we exchange information, 3) What we agree on
to enable collaboration and 4) Which information is required in one of the aspect models (see

Figure 7).
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The first and the second part of the BIM Base IDS are a bit more general then the third and the
fourth part. The first part has the purpose to effectively reuse building information throughout the
construction process. It is a set of agreements that define the requirements that the integrated
building information model must meet (digiGO, 2023a). The second part discusses how
information is exchanged using the IFC standard. Part 3 looks at enabling collaboration by
agreeing on the structure of aspect models to ensure they are interchangeable. This includes file
naming, local positioningamong others as can be seen in Figure 7. The fourth part of the BIM Base
IDS discusses the minimum information that is required.

2.2.2.4 The adoption of BIM standards

Countries around the world have invested significant effort in developing distinct standards
independently to effectively implement BIM in projects (Ganah & Lea, 2021). Improving the
existing BIM standards is necessary to allow the integration of BIM with other technologies for
managing structured and unstructured data (Godager et al., 2021). BIM standards have a strong
effect on whether companies and individuals adopt BIM in projects (Xu et al., 2014). One of the
major barriers to BIM adoption within the construction industry is the lack of BIM standards (Chan
et al., 2019). The ongoing advancements in BIM standards continue to play a crucial role in
facilitating seamless communication and collaboration across the diverse stakeholders involved
in construction projects (Kiviniemi et al., 2008).

The use of BIM standards is essential for the broad adoption and implementation of BIM.
However, many countries such as China, India, France, Germany, the Netherlands, Norway and
Brazil, do not provide project stakeholders with any form of guidelines and standards (Ganah &
Lea, 2021). The United States has developed the most BIM standards, but these standards are
state led which has resulted in duplicated efforts and fragmented standardisation (Ganah & Lea,
2021).

Among all continents, North America, Europe, Asia and Oceania are progressing quickly towards
reaching a high level of maturity (introduced in following subsection). On the other hand, Africa
and South America are still in the early stages of BIM implementation as can be seen in Figure 8
(Jung & Lee, 2015). Europe has a greater number of standards, guidelines and templates than all
other continents combined with 5,2 times as many BIM standards and document relations as the
second ranking continent, Asia (Ganah & Lea, 2021). Also, Europe holds more than three times
the number of relationships between BIM standards compared to all other continents. In
particular, these relationships between standards ensure a consistent workflow at the full length
of any project (Ganah & Lea, 2021).
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Figure 8. Adoption of BIM standards worldwide. Adapted from Eischet (2022).
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In recent years, public sector organizations in the Netherlands (e.g. Rijkswaterstaat) have
significantly expanded the use of BIM technology (Cheng & Lu, 2015). Although there is no official
legislation, clients frequently require the use of BIM in projects (Panteli et al., 2020). Significant
efforts have been undertaken in the Netherlands (as seen in Subsection 2.2.2.2) to establish
standardised BIM methodologies and tools for documenting the information requirements
(Ganah & Lea, 2021). The public sector is crucial in driving the construction industry’s transition
to BIM adoption (Cheng & Lu, 2015). Lately, there has been a notable rise in BIM implementation
as numerous government agencies have integrated BIM into their projects and introduced diverse
BIM standards (Cheng & Lu, 2015).

Overall, BIM standards are still underdeveloped and have not yet achieved full implementation
and widespread adoptionin many countries. Numerous countries have yet to begin adopting BIM,
while others have adopted BIM standards from other counties rather than developing their own
(Ganah & Lea, 2021). The adoption and development of BIM have been driven by the need for
greater efficiency and collaboration within construction projects (Laakso & Kiviniemi, 2012).

2.2.3 BIM maturity

BIM technology is mainly used in new construction projects. However, a significant obstacle to
its adoption for older or existing projects that were not originally designed with modelling, lies in
acquiring precise building data and transforming it into a BIM model (Megahed & Hassan, 2022).
The construction industry cannot achieve the massive shift to fully digitized model-based
workflows all at once. Rather, a more suitable approach is to gradually introduce the new
technologies and the associated changes in steps (Borrmann et al., 2018). The range of steps that
a BIM model can achieve are referred to as maturity levels (Dakhil et al., 2015). BIM maturity
reflects the quality, repeatability and excellence achieved in the production and delivery of a BIM
model (Succar, 2010). An increasing number of evaluation models have been developed to
assess BIM maturity (Dakhil et al., 2015). The United Kingdom (UK) BIM framework is among the
most frequently referenced models for assessing BIM maturity (Adekunle et al., 2022).

The UK BIM maturity model, initially developed by Bew and Richard (2008) as the foundational
framework, was later advanced by the UK BIM Taskforce for the British government and is
increasingly being adopted across Europe (BDR, 2014; Dakhil et al., 2015). The model can easily
be understood by stakeholders and measures maturity based on adherence to its specifications
(Dakhil et al., 2015). However, this model is restricted to the UK as its maturity levels are
specifically aligned with local standards (Dakhil et al., 2015). As a result, the
Bouwdigitaliseringsraad (BDR) developed a Dutch BIM maturity model based on the UK BIM
maturity model (see Figure 9). This model is a growth framework for BIM and does not say
anything about the organization’s maturity (BDR, 2014).
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Figure 9. The Dutch BIM maturity levels. Adapted from BDR (2014).

The BDR encourages the adoption of BIM with the maturity levels being a helpful tool (BDR, 2014).
The BDR is a collaboration between the government, clients, contractors and knowledge
institutions with the focus on accelerating BIM adoption and digitalisation in the construction
sector (digiGO, 2023b). The line in Figure 9 illustrates the extent of information and integration
across the various stages of a project lifecycle (BDR, 2014). The Dutch BIM maturity model uses
four distinct levels ranging from 0 to 3 (see Table 3). Each level correlates with specific strategies,
including data types, software tools, collaboration methods and cultural approaches (BDR,
2014). In relation to automated requirement verification, its applicability becomes relevant at the
higher BIM maturity levels. The lower levels lack the necessary information structure to enable
automated compliance checking. At the higher maturity levels, the prerequisites for automated
requirement verification, such as interoperable data and integrated web services, are more fully
established (see Figure 9). Advancement to a higher level requires the completion of the
preceding BIM maturity levels (BDR, 2014).
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Table 3. Description of the Dutch BIM maturity levels. Based on BDR (2014).

BIM level | Description
Level O uses text, lines, arcs, etc. These are digitally processed at document level such as
Level O drawings in CAD software. This concerns non-intelligent information where no digital
objects are applied.
The first step in implementing BIM involves working with objects (either 2D or 3D). A key
characteristic of level 1 is the use of specific objects that can be linked to information. At
Level 1 this stage there is no integration between different aspects, meaning there is no connection
of the 3D model with for example a requirement database.

At this level the object models developed in level 1 can be shared. Collaboration occurs
using a federation of databases where each participant has its own model and all these
Level 2 models are combined into a single view model to collaborate on a project in a file based
manner. Also, applications like planning (4D BIM) and cost calculations (5D BIM) can be
linked to the modelin this maturity level.

Level 3 involves using interoperable open BIM standards to share information among
various parties. This is done in an integrated web services environment, shifting from file-
Level 3 based to object-based exchanges. The construction process is fully integrated into the
chain, and by the end of this level, lifecycle information is shared within the integrated
environment.

The Dutch BIM maturity level is already far advanced (Papadonikolaki, 2018). This has been
achieved independently of any obligatory regulations or external pressures from the Dutch
government (Kassem et al., 2015). Rather, there are numerous initiatives in the Netherlands
aimed at promoting BIM adoption as different companies create standards to facilitate BIM
implementation (Papadonikolaki, 2018). As BIM technology has matured, it has transitioned from
a digital tool for visual representation to an integrated system that supports the entire building
lifecycle (Laakso & Kiviniemi, 2012).

2.2.4 Future trends and emerging technologies

The construction industry has been known for its slow adoption of innovative technologies. The
use of digital technologies was often viewed as an unrealistic or improbable approach
(Sepasgozar et al., 2023). The reason that the construction industry lags in adopting new
technologies is because of interdependencies and the specialized nature of its projects (Khan et
al., 2021). With the ongoing advancements in technology, it becomes important to explore the
future of BIM and its potential influence on the construction industry (Altieri, 2024). This
subsection outlines the most discussed future trends and emerging technologies in the field of
BIM as highlighted in recent studies (Cassandro et al., 2024; Kim & Kim, 2022; Mahajan &
Narkhede, 2024).

2.2.4.1 Artificial intelligence and subfields

In recent years, Artificial Intelligence (Al) has rapidly advanced demonstrating its effectiveness in
processing vast amounts of data in complex and uncertain conditions (Pan & Zhang, 2023).
Artificial intelligence is designed to use the same human-like abilities, including logical thinking,
problem solving and reasoning (Heidari et al., 2023). As the construction industry moves toward
increased digitalisation it is crucial to uncover the connection between BIM and Al to support the
intelligent development of civil engineering (Pan & Zhang, 2023). Integration of Al technologies
with BIM can benefit the construction industry by improving planning, construction, maintenance
and operations through digitalisation (Huang et al., 2021).
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In comparison to traditional analytical methods, Al offers a more reliable and automated solution
to address complex real world problems (Pan & Zhang, 2023). It is helpful for making decisions
more easily with less reliance on human knowledge and increases the chances of successfully
achieving the project goals (Hu et al., 2022). The characteristics of Al make it an effective tool for
managing the complex and often repetitive challenges found in construction projects (Pan &
Zhang, 2023). Because of this integrating different Al technologies is anticipated to provide
sustainable advantages in automation, risk reduction, enhanced efficiency and safety within the
construction sector (Pan & Zhang, 2021).

While the growing use of Al in the construction industry has driven research efforts, the field
remains in its early stages with significant growth expected in the coming years (Pan & Zhang,
2023). The limited adoption of Al in the industry is likely due to factors such as high costs, lack of
trust, security concerns, a shortage of skilled people, the uniqueness of projects and other
challenges (Mahajan & Narkhede, 2024; Zabin et al., 2022).

Machine learning (ML) is a subfield of artificial intelligence (Yussuf & Asfour, 2024). Machine
learning in Al plays an important role in analysing large amounts of data from different sources
and using insights from both structured and unstructured data to make intelligent decisions
(Heidari et al., 2023). Deep learning (DL) is a branch of ML that uses multiple layers of computing
elements to process data (Baduge et al., 2022). This technology can be used to improve the
analysis of construction projects by providing visual insights. For example, infrared and video-
based systems are being more widely adopted in deep learning algorithms by using various types
of cameras to gather image and video data (Baduge et al., 2022).

2.2.4.2 Digital twins

A Digital Twin (DT) is a virtual replica of a physical asset or object such as a viaduct which can
continuously adapt over time as additional data becomes available throughout the project’s
lifecycle (Baduge et al., 2022; Boje et al., 2020). A DT is typically developed using data gathered
from sensors and other sources including BIM models and is used to reflect the current condition
of the object (Sepasgozar, 2020; Sepasgozar et al., 2023). Artificial intelligence technology can be
integrated with digital twins to enhance the precision of these models and progressively refine
them using the vast amount of data gathered during the construction process and the buildings
remaining lifecycle (Baduge et al., 2022; Madubuike et al., 2022).

Despite increasing BIM adoption in the construction sector, progress toward DTs remains limited
with minimal reliance on IFC, as the technology is still in its early stages but holds significant
potential for impactful applications (Boje et al., 2020; Madubuike et al., 2022). Digital twin
technology has shown considerable potentialin the construction sector by allowing stakeholders
throughout the value chain to interact, collaborate and simulate actions on the physical asset in
a virtual setting (Zhu et al., 2024). This leads to valuable information that benefits the project
lifecycle while also enabling effective data management (Madubuike et al., 2022; Zhu et al.,
2024).

The development of an effective DT involves complex and technical steps (Madubuike et al.,
2022). The challenges of developing a DT in combination with the unpredictable nature of the
construction industry make it a difficult process to implement DTs in the construction sector
(Brilakis et al., 2019). The absence of standards for developing a DT in the industry complicate the
adoption as the construction sector would need tailored standards for different types of projects
(Madubuike et al., 2022). Given the challenges in creating a DT and the complexity of the
construction industry, it would be harder to convince stakeholders about the feasibility of a DT
because of the limited data available on its implementation (Madubuike et al., 2022).
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The emergence of advanced technologies like BIM, augmented reality, artificial intelligence,
machine learning and sensors has made the implementation of DTs in the construction industry
more achievable (Madubuike et al., 2022). Due to the complexities in the construction sector,
there is a need to implement DT applications to solve the ongoing issues in the industry
(Madubuike et al., 2022). For DT technology to realise its full potential, all stakeholders in the
industry must be willing to share data and adopt standardised tools and methods. This
collaborative approach allows everyone to access and contribute to an unified platform, whichin
the end reduces fragmentation within the construction sector (Moshood et al., 2024). The
construction industry should tailor best practices for DTs from other sectors to suit its specific
needs while establishing industry standards that promote technology integration and enhance
collaboration among stakeholders (Zhu et al., 2024).

2.2.4.3 Virtual reality and augmented reality

Virtual and Augmented Reality (VR/AR) are innovative technological developments that connect
the physical world with the virtual world (Pan & Zhang, 2023). Virtual reality (VR) creates a full
simulation of a scenario, while augmented reality (AR) integrates the information about real
entities with computer generated elements (Pan & Zhang, 2021). Given the characteristics of BIM
and VR/AR, their combined use is emerging as a promising development which offers significant
benefits during both the design and construction phases (Pan & Zhang, 2023). The construction
industry is progressively looking for methods that help clients with incomplete knowledge of a
project with a clearer understanding of the final result. Virtual reality has the potential to close
the gap between clients and construction professionals by using the data already integrated into
BIM models (Asgari & Rahimian, 2017).

In the recent years, the use of VR/AR has rapidly increased across various industries driven by
their strengths in 3D visualisation, interactive experiences, among other benefits (Sidani et al.,
2021). The capability to virtually experience a physically non-existent space with participants
located in different parts of the world represents a shift in perception rather than just technology
within the construction sector (Asgari & Rahimian, 2017). Virtual reality technology can also help
improve design reviews of a BIM model by allowing issues to be identified early in the design
process to prevent delays later on (Asgari & Rahimian, 2017). Given the vast amount of geometric
and semantic data embedded in BIM for virtual simulation and information sharing, it is practical
to integrate VR/AR technologies with the BIM environment (Sidani et al., 2021).

2.2.4.4 Internet of things and cloud computing

The Internet of Things (loT) lacks a universally accepted definition but is widely viewed as an
interconnected network of physical devices such as drones, sensors, Extended Reality (XR),
global positioning systems (GPS) and other tools for communication (Ghosh et al., 2021). By
integrating with other technologies, loT transforms the internet and serves as a potential bridge
to merge physical and virtual worlds (Sepasgozar et al.,, 2023). The adoption of loT in the
construction industry offers opportunities for economic growth and supports the development of
a larger data environment enabling future insights powered by big data (Bilal et al., 2016). The loT
technology will enable rapid reporting which can lower communication costs and minimize the
risk of human errors (Ghosh et al., 2021). Also, it will enhance process control and optimization
by using advanced algorithms and Al which can interpret the data rather than just analysing it (Al-
Alietal., 2017).

Artificial Intelligence Internet of Things (AloT) is the new generation of loT that integrates Al
technologies into loT systems to enhance operational efficiency and data analysis (Pan & Zhang,
2021). While various studies have applied loT-based sensing technologies in projects, the
integration of Al can improve decision making and predictions for construction activities such as
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project planning and maintenance (Baduge et al., 2022; Sepasgozar et al., 2023). Despite its
potential, the practical application of AloT is stillin its early stages as technology faces challenges
such as edge computing issues and security concerns among others (Pan & Zhang, 2021).

The concept of (A)loT revolves around the integration of sensors into a network that facilitates
seamless information sharing through the internet (Tang et al., 2019). Cloud computing refers to
hosting computing services online to allow loT devices to integrate with the current internet
network (Khalid et al., 2017). Cloud computing systems simplify the processing of large datasets
and enable informed decision making through ML and big data analytics (Baduge et al., 2022). The
construction industry has broadly adopted cloud computing due to its ability to support various
BIM tool applications and data storage (Tang et al., 2019).

An example is cloud VR/AR which refers to the use of VR/AR technologies hosted in the cloud to
enable information sharing across different devices (Baduge et al., 2022). These cloud based
solutions are becoming essential in applications like clash detection, model improvements and
education (Baduge et al., 2022). Also, the increased adoption of technologies like loT and cloud
computing is expected to drive the expansion of the digital twin market (Singh et al., 2021). In
addition, the combination of AloT and BIM will play an important role in realizing smart cities and
infrastructure within the construction sector in the future (Mannino et al., 2021).

2.2.4.5 Future perspective

The integration of BIM and Al is expected to remain a prominent focus of research in the coming
years (Pan & Zhang, 2023). Many Al applications in the construction industry are still in the early
stage with a handful of organisations providing commercial solutions (Baduge et al., 2022). Given
the benefits of the described technologies the integration is considered an interesting area for
exploration. BIM can serve as a digital foundation that collaborates with different techniques like
Al and cloud computing to improve intelligence in project management across the entire project
lifecycle (Pan & Zhang, 2023).

2.3 Automated model verification tools

In the traditional process, building authorities manually review 2D drawings to ensure they align
with the codes and regulations (Preidel & Borrmann, 2018). Any modifications to the design that
follow at a later stage, require the affected elements to be checked again (Preidel & Borrmann,
2018). Manually verifying designs for compliance with requirements is a complex task that carries
the risk of human error and can lead to high costs (Tan et al., 2010). The use of digital technologies
like BIM along with the creation of data standards for digital construction models (e.g. IFC), has
introduced new tools that offer a highly effective foundation to enhance the validation process
(Preidel & Borrmann, 2018).

Thatis why automated modelverification tools are becoming an important part of new technology
in the BIM sector. These tools help improve compliance checks and requirement verification and
make project coordination more efficient (Eastman et al., 2018). Automated code compliance
checking (ACCQC) is said to offer significant advantages for both designers and consultants as well
as certifiers, regulatory authorities and construction professionals (Tan et al., 2010). Various
companies around the world have launched initiatives to create automated systems for checking
designs (Eastman et al., 2009). Companies like Solibri and SmartReview have created tools that
automatically check whether models follow certain rules and codes using IFC files. These tools
reduce the time spent on manual reviews, which allows for quicker identification of issues and
better project timelines (Eastman et al., 2018).
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Automated compliance checking relies on the use of software tools that are typically
international while requirements are often local and specific. Most compliance checking
software has focused on converting BIM models into the international IFC format and creating
custom rules to apply on these models (Greenwood et al., 2010). This approach faces challenges
because international tools often fail to include all necessary data in the IFC models. As a result,
foraccurate compliance checking, additional data must be added as a separate task (Greenwood
etal., 2010).

2.3.1 Evolution of automated verification tools

The first successful attempt at automating design compliance in the construction industry was
done by Fenves (1966), who explored the use of decision tables to represent the American
Institute of Steel Construction (AISC) standard specifications (Nawari, 2018). He noted that
decision tables, a new programming method using if-then statements, could be used to clearly
represent design rules (llal & Gunaydin, 2017). The research of Lopez et al. (1989) expanded on
Fenves’s work by developing the Standard Interface for Computer Aided Design (SICAD) system.
This software program was developed to demonstrate how designed components could be
checked for compliance with the requirements (Nawari, 2018).

Automated compliance checking has been a subject of ongoing research for over 50 years (Zou
et al., 2023). Research on frameworks for automating code compliance checking through the
representation and processing of design standards began two decades ago (Nawari, 2018). Back
then building models and rule checking methods were developed, but fully functional
computable code systems have only recently started to appear (Nawari, 2018). Significant
progress in automated code compliance checking occurred after the introduction of the IFC
standard for BIM in the late 1990s (Han et al., 1998). Some examples of such automated code
compliance checking tools are SMARTcodes, AutoCodes, ePlanCheck, and DesignCheck (see
Figure 10).

In 2000, ePlanCheck was developed in Singapore as part of the Construction and Real Estate
NETwork (CORENET) project (Malsane et al., 2015). This system enabled online submission and
approval of building plans, combining 2D drawings with additional IFC-based data (Malsane et
al., 2015). The tool ePlanCheck used an early version of IFC as an open standard, but various
limitations hindered its widespread adoption so the project was stopped (Solihin et al., 2020).
DesignCheck was developed in Australiain 2005 and was one of the first ACCC tools in the world,
but it was not used in the industry and it is no longer being developed (Zou et al., 2023).
DesignCheck had the benefit to assess compliance at different stages of the design process, but
it lacked the ability to view 3D models and all reports were text-based (Malsane et al., 2015).

Solibri Model Checker

, Navisworks ’/

t
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Figure 10. Origin of automated compliance checking tools.
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The International Code Council (ICC) located in the US, developed the SMARTcodes system
which used Solibri Model Checker to evaluate the accuracy of the code compliance results
(Eastman et al., 2009). This project has primarily concentrated on the problem of converting
human written codes into rules that can be understood by machines (Greenwood et al., 2010).
The ICC ended the developments in 2010 due to insufficient funding, but the company AEC3 has
continued to develop the mark-up language originally used by SMARTcodes (Dimyadi & Amor,
2013; Preidel & Borrmann, 2018). Another effort to automate code checking is the AutoCodes
project initiated by the organization Fiatech based in the US (Eid et al., 2020). The project was
launched in 2011 aiming to accelerate and standardize the regulatory process by using
technology to automate code checks for BIM models and to make the review process more
efficient (Eid et al., 2020). The AutoCodes project was discontinued by Fiatech in 2017 after failing
to gain traction (Khemlani, 2018).

2.3.2 Current automated compliance checking software
This subsection discusses the current automated code compliance checking software.

Solibri Model Checker

Solibri Model Checker is developed by the Finish company Solibri and was released in the year
2000 (Preidel & Borrmann, 2018). The company is acquired in 2015 by the German firm
Nemetschek AG (Solibri, 2015). Solibri Model Checker (SMC) is a widely used BIM tool that helps
designers identify and address potential issues with a model before and during the construction
process (Ismail et al., 2017). The tool offers automated checking including highlighting potential
design problems, identifying design deficiencies and missing components (Ismail et al., 2017).
Every process within SMC relies on data from IFC files, which are integrated into an internal data
structure (Preidel & Borrmann, 2018). While SMC interacts directly with building model data in
IFC format, it selectively extracts only necessary objects for the compliance check (Malsane et
al., 2015). Even though the IFC format is standardised, different BIM software may export IFC data
in their own unique ways. As a result, SMC uses custom routines to adjust to these different
export methods which allows SMC to read the IFC files from various BIM applications (Preidel &
Borrmann, 2018).

Solibri Model Checker has a rule manager component that offers a library of rules and guidelines
that allow users to choose a customized review process based on their requirements (Eastman
etal., 2009). These predefined templates, representing a standard checking procedure, can only
be modified by a few parameters (Preidel & Borrmann, 2018). Apart from basic rules that check
the quality of the imported IFC model, the manager component primarily offers geometry oriented
rules such as those related to accessibility which are hard-coded (Preidel & Borrmann, 2015).
This means that the information is accessed via the data model through a programming interface
which is not visible to the users (Ismail et al., 2017). Adding new rules in SMC is hard as they can
only be custom created by software developers from Solibri (Greenwood et al., 2010). This results
in the fact that most of the users rely on the predefined rules by SMC and focus on basic checks
like information completeness or verifying clashes which are the intersections of construction
elements (Preidel & Borrmann, 2018).

As SMC is designed for checking the quality of model data it is not intended for editing or creating
IFC data, but the results from the checking routines can be exported as PDF or BCF reports
(Preidel & Borrmann, 2018). For the Dutch industry, digiGO provides a guide to check whether BIM
models of version IFC2x3 comply with the BIM Base IDS by importing them into SMC (digiGO,
2020). The Solibri Model Checker uses strict guidelines on model structure requirements, such
as ensuring the space layout does not intersect and attribute nhames are consistent with the
spaces (Ismail et al., 2017). Also, SMC offers a 3D modelling engine that, combined with its ability
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to read IFC files, enables clear visual reports of rule violations. Besides, its built-in rule library
includes validation rules for the data model before checking, which adds extra value to the tool
(Malsane et al., 2015).

Navisworks

Navisworks is a software program developed in the United Kingdom (later acquired by Autodesk),
and has been used for over a decade for clash detection and model reviewing and does support
multiple file formats (Hjelseth, 2015; Thapa, 2019). Navisworks allows users to visualise and
assess multiple BIM models within a single environment (Abdalhameed, 2023). Navisworks is
used a lotininfrastructure projects because of its ability to handle and import various file formats
(Hjelseth, 2015). The advanced features for model review make Navisworks one of the best
visualisation tools on the BIM market (Thapa, 2019). Navisworks allows users to conduct virtual
inspections by doing walkthroughs and visualise issues and non-compliances within the digital
model (Paskoff et al., 2024).

Navisworks stands out from other 3D model coordination software by offering a simulation
feature which makes 4D BIM (time included) and 5D BIM (costs included) implementation
possible (Thapa, 2019). While Navisworks supports various file formats, the checking capabilities
are somewhat limited (Paskoff et al., 2024). Navisworks lacks BCF management and monitoring
capabilities, but the BIMcollab plug-in enables collaboration with the stakeholders (Thapa, 2019).

BIM Assure

In 2016 the company Invicara launched BIM Assure which is an online platform designed for
model checking (Preidel & Borrmann, 2018). Invicara was involved as a BIM application
development company within Singapore’s Building Construction Authority, which helped in
gaining valuable insights in code checking and automation (Eastman et al., 2018). The required
model data is obtained by BIM Assure through a plug-in for Autodesk Revit (Preidel & Borrmann,
2018). As acloud-based application, BIM Assure handles rule checks and focuses particularly on
rule checking throughout the design phase (Eastman etal., 2018). BIM Assure provides users with
visibility into construction data through features like 2D/3D model viewing in the cloud by
supporting the IFC format (Parsamehr et al., 2023). The tool enhances workflows by ensuring data
quality and helps in minimising model errors and the need for rework (Eastman et al., 2018).

A process called normalization is used to align the data from the model with elements and object
classes (Eastman et al., 2018). Elements that remain undetected after this process can be
modified manually (Preidel & Borrmann, 2018). Users can create a customized checking process
by selecting templates with adjustable parameters, while non-geometric issues like incorrect
attributes can be solved quickly within BIM Assure (Preidel & Borrmann, 2018). BIM Assure can
be used with minimal programming and domain knowledge and makes rule definition easy
(Parsamehr et al., 2023). As the BIM model data and check routines are stored in the cloud, rule
execution can be done without local hardware or software and even automated as part of a
workflow (Preidel & Borrmann, 2018).

SMARTreview

SMARTreview Automated Plan Review (APR) is an innovative rule checking solution designed to
evaluate models for compliance with construction codes (Eastman et al., 2018). SMARTreview is
a plug-in for Autodesk’s Revit BIM authoring tool which is designed to assist compliance checks
for specific aspects of the International Building Code (Clayton et al., 2013). Autodesk Revitis one
of the most well-known BIM software programmes worldwide (Waas, 2022). SMARTreview
functions by integrating a limited amount of data within the BIM environment. It then extracts
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relevant quantities and relationships to analyse them against the rules outlined in the
International Building Code (Clayton et al., 2013).

The International Building Code (IBC) describes the base requirements which are applied
throughout the United States and various international governing bodies (Eastman et al., 2018).
SMARTreview checks the Revit model by collecting data and forwarding it to a cloud based system
to analyse it (Eastman et al., 2018). SMARTreview integrates directly with the BIM authoring tool
and in that way designers can perform plan reviews as they work on the design (Clayton et al.,
2013). Storing the rules in the cloud helps reduce processing work and allows users to receive
new rules quickly (Eastman et al., 2018). The software generates a report which is linked with the
Revit model, that highlights compliant and non-compliant elements by displaying the results
through both drawings and text (Clayton et al., 2013; Eastman et al., 2018).

Verifi3D

Verifi3D is a cloud based platform, developed by the Dutch company Xinaps, that performs real
time checks and verifications of the designed model (Autodesk, 2025; Xinaps, n.d.-a). Verifi3D
offers integration with various Common Data Environments (e.g. Autodesk Construction Cloud)
and multiple issue trackers like BIMcollab (Xinaps, n.d.-a). The platform automates model
checking and design coordination according to ISO 19650 standards (Autodesk, 2025). Verifi3D
allows users to upload Revit models and IFC files to a browser for automated compliance
checking (Autodesk, 2025). The platform offers a customisable reporting feature that compiles
results from the verification tests into a report. Users can define the report format to suit their
needs with export options including BCF, PDF, CSV and XLS (Day, 2019). In the beginning of 2025,
Xinaps was acquired by Solibri and the platform was renamed to Solibri CheckPoint (Solibri,
2025).

2.3.3 Comparison of the different tools

The different software tools are compared based on five criteria, namely: 1) IFC compatibility, 2)
Report generation, 3) Merge BIM files, 4) Direct edit possibility and 5) Rule-based checks. The
comparison of the various compliance checking tools was conducted based on several sources.
The insights gained from the exploratory interviews helped to establish the criteria used to
compare the tools. The significance of these criteria for automated verification of requirements
is further explained below.

The IFC compatibility is essential to ensure that models from different sources can be integrated
to allow for an effective verification process. By supporting an open standard, IFC-compliant
software enables interoperability between different BIM platforms to facilitate accurate and
efficient automated requirement verification. Furthermore, report generation has been selected
as a criterion because it plays a critical role in documenting and communicating verification
results in a structured manner. Clear and well-structured reports help to ensure transparency
and avoid misunderstandings (see Appendix A2.12).

The ability to merge BIM files is another important criterion, as large projects often involve
multiple discipline specific models such as structural, electrical and mechanical models that are
combined into a coordination model (see Appendix A2.11). Software that can merge multiple BIM
files enables more advanced verification processes by allowing cross-disciplinary checks. In
addition, the direct edit possibility criterion evaluates whether the software allows direct
modifications to the model after an issue has been identified during verification. This feature
helps designers to incorporate feedback efficiently and improves the overall workflow. Also, the
ability to directly edit the model can facilitate the resolution of design changes, which often lead
to rework (see Appendix A2.2).
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Finally, the rule-based check criterion assesses the extent to which verification rules can be
structured and implemented within the software. This capability is essential for automating the
requirement verification process and to ensure that compliance checks are performed
consistently. The results of the comparison of the different tools are shown in Table 4 and further
explanation is provided below. The colours in the table indicate if the software tools meet the
respective criteria: the tool meets the criteria (¥), does not meet them (X) or meets them under
certain conditions ().

Table 4. Comparison of different compliance checking software. Based on Kincelova et al. (2019). The numbers in
parentheses correspond to the reference list.

IFC
compatibility v v v v v
Report v v X v v
generation
Me;ge BIM v v X X X
iles
Direct edit X x Ve x x
possibility
Rule-based v J2 v e v
check

Only possible for non-geometrical parameters, 2only clash detection possible and 3possible with plug-in.

All of the tools are compatible with the IFC openBIM standard and allow these files to be imported
(Autodesk, 2024; Invicara, 2017; Solibri, 2024; Solihin et al., 2020; Xinaps, n.d.-a). In terms of
report generation, Solibri Model Checker, Navisworks, SMARTreview and Verifi3D can export a
report that exchanges model based issues which can be shared among project collaborators
(Autodesk, n.d.-a; SMARTreview, n.d.; Solibri, 2024; Xinaps, n.d.-b). This is something that is not
possible with BIM Assure (Invicara, n.d.). With Solibri Model Checker and Navisworks, BIM files
can be merged into one file, which is not possible for the other tools that were analysed
(Autodesk, n.d.-b; Invicara, n.d.; SMARTreview, n.d.; Solibri, n.d.-a; Xinaps, n.d.-b).

If a code checking tool detects non-compliance, direct modification of the model’s properties
based on feedback can enable faster corrections (Kincelova et al., 2019). The possibilities to do
such a thing are very limited, but BIM Assure allows the direct modification of hon-geometrical
parameters, for example material properties (Invicara, n.d.; Kincelova et al., 2019). The other
tools that were analysed do not provide the option to directly edit the model after detecting non-
compliance with the requirements (Autodesk, n.d.-c; Preidel & Borrmann, 2018; SMARTreview,
n.d.; Xinaps, n.d.-b).

Finally, automated rule checking refers to software that evaluates a design without changing it
(Eastman et al., 2009). Design rules are initially defined by people and expressed in human
readable formats such as written text (Eastman et al., 2009). Solibri Model Checker makes it
difficult to create custom rules so most users depend on predefined rules provided by Solibri
(Solibri, n.d.-b). BIM Assure executes rule-based checks throughout the design phase in the cloud
(Preidel & Borrmann, 2018). With Verifi3D, design checks can be carried out according to ISO
19650 standards (Xinaps, n.d.-a). However, SMARTreview and Navisworks allow for limited rule-
based checks. Navisworks focuses mainly on clash detection and model coordination, but its
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checking capabilities are not that advanced as those in SMC (Autodesk, n.d.-c). SMARTreview has
limited checking capabilities since it requires an add-on for Revit (SMARTreview, n.d.).

2.3.4 Challenges with automated requirement checking

The use of automated compliance checking not only improves compliance with regulations but
also minimises the effort that is needed for verification (Preidel & Borrmann, 2018). Automated
code compliance checking offers significant potential benefits, but it also presents many
challenges which make it a highly investigated topic (Nawari, 2018). The process of automated
compliance checking can be divided into four main parts (see Figure 11): 1) Rule interpretation
by translation in machine readable language, 2) Preparation of the building model data, 3) Rule
checking execution and 4) Reporting of the checking results (Eastman et al., 2009; Preidel &
Borrmann, 2018).

_»| Preparation of the
building model data

—-————n

Rule interpretation by
translation in machine

i Reporting of the
readable language ¥

checking results

Execution of the rule
checking process

Figure 11. Simplified process of automated compliance checking. Based on Eastman et al. (2009).

Rule interpretation by translation in machine readable language

One of the most difficult challenges is converting human-readable text into code that computers
can interpret (Preidel & Borrmann, 2018). This converting process is the first essential step of any
compliance review (Preidel & Borrmann, 2015). Design regulations are initially defined by humans
and expressed in written language and hold legal authority in building codes (Eastman et al.,
2009). The concept of converting oral or written language into digital form has been present since
the beginning of computer science and remains a relevant subject across various fields (Preidel
& Borrmann, 2015). The aim is to accurately convert the content of standards and guidelines into
binary code, but the varying ways in which information is presented, make standardising this
process a significant challenge (Preidel & Borrmann, 2015). There are two methods for the
conversion of the contents that help with rule interpretation (Preidel & Borrmann, 2018).

The simplest approach of conversion involves directly embedding the checking process into a
predefined program routine (Preidel & Borrmann, 2018). The translation here focuses on defining
machine readable algorithms which remain hidden from the user (Preidel & Borrmann, 2018). This
approach emphasizes the automated checking process but fails to consider the involvement of
the user (Eastman et al., 2009). The checking process is hidden from the user with only the input
and output data visible (Preidel & Borrmann, 2018). This is referred to as the Black-Box method
fromthe General System Theory by Von Bertalanffy (1972) as shown in Figure 12. The main benefit
of this method is its low error rate which results from its closed nature and direct access to the
code checking system’s internal data (Preidel & Borrmann, 2018).
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Figure 12. Visualisation of Black-Box and White-Box approach. Adapted from Preidel and Borrmann (2015).

On the other hand, there is a method that makes the checking process itself visible for the user
(Preidel & Borrmann, 2018). This is called the White-Box method where the user is incorporated
into the processing, as can be seen in Figure 12 (Preidel & Borrmann, 2015). Many current
research projects adopt the White-Box approach by creating a computer language that aligns with
the domain concepts and that is easy to use to allow it to manually translate regulations into a
computer readable format (Preidel & Bormann, 2018). For transparency associated with the
White-Box approach, the translated code should be understandable by both the machine and the
user by converting the rules using a specific language (Preidel & Bormann, 2018). While more
effort is needed to develop a system like this compared to the Black-Box approach, it offers
benefits by keeping control over the outcome of each process step (Preidel & Bormann, 2018).

Preparation of the building model data

Often the BIM model requires pre-processing because some information, needed to check
regulations, is not directly included in the model and must be derived first (Preidel & Borrmann,
2018). The preparation of the modelis necessary to ensure thatit contains the required properties
such as names and objects needed (Eastman et al., 2009). Before generating new model views,
pre-checking is carried out to ensure that the required data for verification is present in the model
(Eastman et al., 2009). It is important for the building model to be accurate for the checking
process to produce reliable results (Preidel & Borrmann, 2018). Achieving full correctness of data
standards requires the use of formally defined data structure (Beetz et al., 2009). Itis challenging
to formulate an universally applicable checking process for a specific data standard and this can
only be accomplished through a pre-processing procedure that verifies and prepares the model
data (Preidel & Borrmann, 2018). However, executing rules directly can introduce significant
errors due to inconsistencies, missing information, contradictions or inaccuracies within the
building model (Beetz et al., 2009).

Rule checking execution

After the preparation of the building model, the rule checking process can be done. In the
execution step, the rules are interpreted and applied based on the information provided by the
digital building model (Preidel & Borrmann, 2015). The rule checking becomes relatively simple
when the rules are translated in computer readable form with functions and that the required
functions correspond with the building model’s available data (Eastman et al., 2009).

Reporting of the checking results

After the checking process, the outcomes need to be documented in a way that allows the user
to understand the identified issue and take corrective action (Preidel & Borrmann, 2018). Also,
the design parameters that comply with the required standards must be documented to ensure
the check’s completeness (Eastman et al., 2009). The identified issues can be shared through the
BIM Collaboration Format or in a report and in modern practices the results are displayed
graphically (Preidel & Borrmann, 2015; Preidel & Borrmann, 2018).
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Organizational challenges and limitations

Several of these challenges are also recognized within Witteveen+Bos. The paper by Preidel &
Borrmann (2018) mentioned that one of the most difficult challenges for automated code
compliance checking is converting written text into computer readable language. At
Witteveen+Bos, efforts are being made to make requirements SMART, as some requirements are
unclear or ambiguous to interpret. However, no specific mark-up language is used for this
process (see Appendix A2.12 and A2.13).

Project requirements are provided by the client. Witteveen+Bos develops a verification &
validation plan, which specifies how the requirements for the design will be verified. Not all
requirements can be visually checked in a BIM model and some are, for example, verified through
structural calculations. The verification of requirements therefore depends on a classification
step, where a selection is made regarding which requirements can be checked within the BIM
model (see Appendix A2.7 and A2.14).

Another challenge in automating the requirement verification is the fragmented workflow (see
Figure 13). At Witteveen+Bos, the program Navisworks by Autodesk is used for verifying
requirements within the BIM environment. The requirements are recorded in Relatics, which
serves as a database for project requirements. In Relatics, requirements are stored as text in
human written language, with the possibility of linking additional information such as the
responsible person and verification method. Additionally, Witteveen+Bos uses BlIMcollab as an
issue management system, where issues identified during requirement verification in the BIM
model can be logged (see Appendix A2.10 and A2.11).
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Figure 13. Simplified workflow of Witteveen+Bos for manual requirement verification using BIM.

A further challenge in this process is that after visually verifying a requirement in the model, a
design change might occur. As a result, a requirement that was initially met may no longer be
satisfied within the design. Manually checking requirements is highly labour intensive, especially
if design changes occur frequently. Currently, automation is used to a limited extent at
Witteveen+Bos for requirement verification. This is mainly restricted to visual checks in
Navisworks, with small-scale use of Dynamo scripts in the Revit design. With Dynamo, certain
actions can be automated where possible. Creating a Dynamo script does require some time, but
it can provide benefits if the tool can be applied multiple times within a project. However, such a
toolis project specific and cannot be directly re-used in another project (see Appendix A2.9).
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2.3.5 Findings

Various software tools exist for verifying requirements in BIM models with each offering different
functionalities and facing diverse limitations. Navisworks and Solibri Model Checker are among
the most commonly used tools for compliance checking. These tools assist in automating model
verification by enabling clash detection and rule based checks. Solibri Model Checker is widely
adopted due to its predefined rule sets, while Navisworks is often used for visualisation and
coordination rather than advanced compliance checking. BIM Assure leverages cloud based rule
execution, SMARTreview integrates compliance verification within Autodesk Revit and Verifi3D
provides real-time model validation. Despite these advancements, most tools rely heavily on
predefined rule sets that are difficult to modify, limiting their adaptability for project specific
requirements. Additionally, interoperability challenges persist due to variations in how different
platforms interpret IFC data.

The verification of requirements in a BIM model remains a complex and evolving process. One of
the primary challenges is the translation of human-readable requirements into structured
machine-readable formats. Existing compliance tools are generally limited to predefined rule
sets, making it difficult to accommodate unique project specifications without extensive
customisation. Another issue lies in the preparation of BIM models, as many lack the necessary
attributes required for accurate verification. Missing or inconsistent data can lead to unreliable
compliance results, making it essential to pre-process models before rule execution.

Beyond data-related challenges, fragmented workflows present significant inefficiencies. At
Witteveen+Bos, requirement verification relies on multiple disconnected systems: Navisworks is
used for visual verification, Relatics serves as a database for requirements, Revit is used as 3D
modelling software and BIMcollab functions as an issue management platform. This separation
creates inefficiencies and increases the need for manual coordination. Furthermore, the iterative
nature of design verification adds to the complexity. When design changes occur, previously
verified requirements may no longer be met, requiring additional checks which are very time
consuming. While some automation exists through tools like Dynamo scripts, the project specific
nature makes it difficult to scale or re-use across different projects.

2.4 Transforming requirements into computer code

According to Ghannad et al. (2019) the effective formalization of various norms, guidelines and
requirements into a machine readable format is key for making the implementation of
compliance checking software successful. The challenge is converting human readable
requirements into a format that can be processed by computers in a way that enables their
validation within a BIM model (Ghannad et al., 2019). Recent research has primarily focused on
the application of Natural Language Processing (NLP) and Artificial Intelligence techniques to
automate this translation process (Ghannad et al., 2019; Salama & El-Gohary, 2016; Zhang & El-
Gohary, 2015).

Requirements often consist of complex and interconnected legal documents which can include
contradictions and are frequently poorly organised. These documents also undergo regular
revisions and updates, making their automated conversion into computable formats challenging.
While NLP and Al techniques can help maintain an updated computable representation, the lack
of an official data exchange standard remains a critical gap that needs to be addressed (Dimyadi
& Amor, 2013).
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Many studies have worked on creating a computer language to help experts turn legal
requirement texts into rules that computers can understand (Ghannad et al., 2019). One example
is the SMARTcodes project by the International Code Council in 2005. Later, AEC3 introduced a
new method called RASE which organizes legal texts into rule objects (Ghannad et al., 2019). This
section will discuss these methods among others and will look into language-based approaches
to transform requirement texts into a structured format.

2.4.1 Natural Language Processing

Natural Language Processing (NLP) is a branch of Artificial Intelligence (Al) focused at making
natural language text understandable for a computer so that the text can be processed by
computers to make it easier for people to interact with them (Cherpas, 1992). In the field of
infrastructure construction NLP has demonstrated its value by automatically extracting text data
and transforming it into a structured format (Cai et al., 2020). NLP uses Machine Learning and
Deep Learning to analyse human language by training models on large datasets to recognize
patterns.

The NLP techniques can be categorized into shallow and deep methods. Shallow NLP involves
partial sentence analysis or extracting specific information, whereas deep NLP focuses on
analysing entire sentences to fully understand their meaning (Zouaq, 2011). Because of this
difference in information extraction, shallow NLP tasks have achieved reasonable performances
while deep NLP tasks continue to present challenges (Tierney, 2012). Although many studies have
focused on NLP, it is clear that the full potential of the existing techniques has yet to be fully
realised (Zouaq, 2011).

Natural Language Processing tasks can be approached in two ways, namely through a machine
learning approach or by using a rule-based approach. An ML-based method employs machine
learning algorithms to process text, while a rule-based method relies on manually defined rules
(Zhang & El-Gohary, 2015). Rule-based methods demand more human input for creating rules but
often result in better text processing performance (Crowston et al., 2010). The NLP technology
can be used in combination with language-based approaches to transform requirements into a
structured format. However, NLP should be seen more as a method and therefore cannot be
compared to the languages covered in the following subsections (RASE, BIMRL and BERA).

Information retrieval

Information retrieval (IR) is one of the two primary mechanisms in NLP along with information
extraction (IE). Information retrieval is described as the automated process of locating and
retrieving relevant information within documents within a large collection of data (Manning et al.,
2009). Figure 14 shows the compliance checking processes with the extracting of regulatory
documents into logical sentences, gathering project data, performing compliance checks and
reporting the results (Salama & El-Gohary, 2016).

One of the simplest tasks in IR is documentretrieval. In an IR process the user’s information need
is expressed through keywords which are submitted to the system. The system then searches its
database to retrieve the most relevant results and returns them to the user (Li & Lu, 2016). More
complex IR tasks include answering questions based on documents, databases or knowledge
bases. Recent advances in deep learning have introduced new opportunities for IR. A key
challenge in the field is integrating deep learning with traditional processing (Li & Lu, 2016).
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Figure 14. Compliance checking processes. Adapted from Salama and El-Gohary (2016).

Text classification

Text classification is a part of NLP that involves sorting text into one or more preset classes
(Hassan & Le, 2020). Text classification is recognized as a subfield of information retrieval
(Manning et al., 2009). The aim of text classification is to classify parts of documents into
predefined labels for easier retrieval and further information extraction (Salama & El-Gohary,
2016). Also, text classification helps in identifying the categories to which a text belongs.
Categories, often referred to as concepts or classes, are represented by labels (Manning et al.,
2009).

Text classification can be divided into single-label text and multi-label classification where labels
are assigned to text units after determining their relevance to particular categories (Hassan & Le,
2020; Salama & El-Gohary, 2016). Single label classification assigns one label per text sample
whereas multi label classification is able to assign multiple labels to a single text (Hassan & Le,
2020). Single label classification can be further categorised into binary text classification which
involves only two classes and multiclass text classification where more than two classes are
included (Hotho et al., 2005).

Information extraction

Information extraction is a core NLP mechanism focused on identifying and extracting data from
unstructured sources (such as text, images, etc.) and organise itinto a structured format (Salama
& El-Gohary, 2016). This technology emerged to address the growing need for efficient processing
of texts in specialized domains (Hobbs & Riloff, 2010). Information extraction systems are
typically domain specific and focus on retrieving relevant information to a user’s interest (Hobbs
& Riloff, 2010). In the construction sector, where much of the data exists as unstructured text, |E
plays a critical role in enhancing efficiency. Advances in NLP techniques over recent decades
have significantly improved these capabilities (Wu et al., 2022).

Information extraction approaches can be categorized into rule-based methods and machine
learning based methods (Kim & Chi, 2019). Rule-based systems rely on manually crafted patterns
to extract specific information which offers high accuracy but requires substantial manual effort.
Conversely, machine learning methods make it possible to automatically analyse text data by
training algorithms to learn extraction tasks when sufficient training data is available (Kim & Chi,
2019).

Subdomains of NLP

Pre-trained language models have made significant advancements in NLP tasks, but applying
them to specialized domains remains a challenge (Liu et al., 2023). There are various subdomains
of NLP as illustrated in Figure 15. This figure also shows the relationships between these
subdomains.
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One such subdomain, Natural Language Generation (NLG), focuses on producing natural
language output from non-linguistic inputs (Mehra, 2024). The primary goal of NLG is to explore
how computer programs can generate natural language texts from internal data (Semaan, 2012).
Natural Language Generation is the opposite of Natural Language Understanding (NLU) or
Natural Language Interpretation (NLI) as it translates meaning to text whereas NLU interprets text
to derive the meaning (Semaan, 2012). The complexity of NLG is relatively easier in comparison
to NLU, because it deals with the unpredictable nature of input language structure (Semaan,
2012).
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Figure 15. Relation between NLP, NLG, and NLU. Adapted from Ding et al. (2022).

Text

Natural Language Inference which is also referred to as textual entailment, is a key aspect of NLP
that involves identifying the logical connection between two text segments (Mehra, 2024). This
technique can be used to identify logical relationships between project documents, such as
contracts and design specifications to detect any contradictions between them.

Within the construction industry, NLP applications, such as automatic compliance checking,
have been gaining popularity in BIM (Ding et al., 2022). Despite this, the presence of NLG in the
construction sector remains relatively limited compared to NLU (Ding et al., 2022). An example
of NLG is its ability to automatically generate compliance reports from construction data, while
NLU can for example interpret unstructured text from project documents to verify if design plans
meet the required standards.

Ethics in NLP

The paper by Strube and Pan (2023) describes that large pre-trained language models, such as
GPT-3, serve as the foundation for numerous applications that are designed to process natural
language. As these models predominantly rely on datasets created by humans the models often
reflect human biases and prejudices (Strube & Pan, 2023). Natural language processing is a
critical area within Al focused on transforming human language into a format that is
understandable by machines to enable the analysis and processing of human linguistic data
(Rafsanjani & Nabizadeh, 2023).
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Given the information intensive nature of the architecture, engineering, and construction (AEC)
industry, NLP has significant potential to extract valuable insights from various forms of human
language. Application ranges from understanding stakeholder perspectives to verifying the
compliance of designs with requirements of building codes (Rafsanjani & Nabizadeh, 2023).
Natural language processing has evolved rapidly from a specialised discipline into a field of
considerable industrial significance (Hovy & Prabhumoye, 2021). Despite its rapid adoption, the
understanding of its unintended consequences has not kept pace with its widespread application
(Hovy & Prabhumoye, 2021).

Research highlights the potential misuse of NLP technologies for harmful purposes, such as
breaching privacy, suppressing dissent or profiling (Hovy & Prabhumoye, 2021). Incorporating
human centred Al into the AEC industry requires good security measures. Advanced technologies
in this field are attractive targets for cyberattacks and unauthorized access to sensitive data can
harm privacy, reduce trust and make it harder to use these technologies in the construction
industry (Hovy & Prabhumoye, 2021).

2.4.2 RASE language

The RASE mark-up language, originally developed as part of the SMARTcodes project, is currently
supported by the company AEC3 (Dimyadi & Amor, 2013). The initiative was designed to create
computable rules through user-friendly tools to enable individuals without programming
experience to efficiently tag and organize requirement texts (llal & Gunaydin, 2017). The RASE
framework is a semantic driven methodology to convert human written text into a computer
readable format that can be integrated into BIM models using the IFC format (Hjelseth & Nisbet,
2011). The RASE methodology is built upon a mark-up system that uses four operators to extract
the meaning of the requirement texts (Hjelseth & Nisbet, 2011; Ilal & Gunaydin, 2017). These
operators include Requirement, which specifies the conditions that must be met; Applicability,
which identifies the components to which the requirements apply to; Selection, which defines
criteria for applying the rule to particular elements; and Exception, which outlines the conditions
where the requirement does not apply (Ilal & Gunaydin, 2017).

This approach allows even complex requirement text to be structured and broken down into
simple components (Preidel & Borrmann, 2018). The RASE framework is used for the
interpretation of normative text by having three methods (Hjelseth & Nisbet, 2011). First, clear
text can be directly translated into RASE operators. Second, vague text needs to be transformed
by rewriting it to clarify its meaning. Finally, overly general statements that cannot be modelled
accurately are flagged for manual interpretation by experts. By using this approach RASE
improves efficiency by reducing the time needed to process requirements (Hjelseth & Nisbet,
2011). The model checker demands the applied requirements to be interpretated in an
unambiguous manner (Hjelseth & Nisbet, 2011). A color-coded system within the mark-up
language highlights the connection between the operators and the requirement text, as can be
seen in Figure 16 (Hjelseth & Nisbet, 2011).

Requirement Applicability Selection Exception
(blue) (green) (red) (orange)
Figure 16. RASE mark-up language operators. Based on Hjelseth and Nisbet (2011).

33



2.4.3 BIMRL

The BIM Rule Language (BIMRL) is a specialised language designed for automating the process of
rule checking in BIM (Solihin & Eastman, 2016). BIMRL was created to simplify and standardise
the process of rule checking with a language-based approach, but it became clear that the
challenges involved are more complex than simply formulating the rules (Dimyadi et al., 2016).
The BIM Rule Language supports spatial operation in a building model with geometry and offers a
complete environment for data, rule definition and execution (Solihin & Eastman, 2016). The rule
language offers several common functions (e.g. clash detection) that can be used to define BIM
rules (Solihin, 2016).

BIMRL supports extensions through plug-ins that make it possible to add new functions to the
language without changing it (Solihin, 2016). Besides, BIMRL has been developed to provide
efficient querying of IFC data to support multiple geometric representations (Dimyadi et al.,
2016). Highly complex rules can be structured as a sequence of interconnected rules (Solihin,
2016). The language can function as an independent IFC engine to support a variety of software
interfaces that need BIM data for any application (Dimyadi et al., 2018). The BIM Rule Language is
created to manage BIM-related rules and requires a basic programming knowledge (Solihin et al.,
2019).

2.4.4 BERA language

The Building Environment Rule and Analysis (BERA) language is developed to interact with BIM
models intuitively in order to define and evaluate rules for assessing the arrangement of building
elements (Lee, 2011). The language is known for its user friendly readability and the ability to
directly access information within a BIM model (Preidel & Borrmann, 2018). Focusing on the
creation of building objects, the BERA language is developed to incorporate the properties and
relationships between them (Lee et al., 2015). BERA is a domain specific language that is
designed to handle BIM models in a way to effectively define, analyse and verify rules (Nawari,
2018). BERA language is designed to be user friendly which allows users to use it without
knowledge of general purpose languages that are typically used in the development of BIM
software (Lee et al, 2015).

The BERA language is closely related to building information models by using the IFC format (Lee
etal., 2015). Since the BERA language functions within a building model, the initial step is defining
the BERA Object Model (BOM), followed by creating rules using the defined objects (Lee et al.,
2015). The BERA language makes use of BERA code to write the rules (Lee, 2011). From there the
BERA Listener processes input and transforms it into a defined data structure format (Lee et al.,
2015). This initial stage of language recognition is managed by the BERA listener (Lee, 2011). The
BERA Object Modelis a semantic set of datathatis interpreted and processed through predefined
rules (Lee et al., 2015). It holds the details of a building model, enabling more efficient analysis
and execution. While both IFC and BOM contain similar building model information, the BERA
Object Model’s format is more suitable for rule-based checking compared to IFC (Lee et al.,
2015).

2.4.5 Comparison of the different methods

In Subsection 2.3.4, it is explained that the rule checking process is divided into four parts, where
this subsection focuses specifically on the first step: rule interpretation through translation into
machine-readable language. As a rule checking system needs a method to define rules, it follows
that such a system will be language based (Solihin et al., 2019). The methods described in the
previous subsection are compared here to see how they relate to each other.
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Although comparing the different languages can be challenging or even impossible due to the lack
of examples for direct comparisons, available references are used to classify each language
appropriately (Solihin et al., 2019). For instance, one such reference comes from the Regulatory
Room initiated by buildingSMART on automated rule checking (buildingSMART, 2017).
Specifically, this initiative seeks to create a platform for open discission among users, with the
aim of promoting an open BIM-based approach that will result in shared frameworks ortemplates
(Preidel & Borrmann, 2018). The buildingSMART platform applies various methods for automated
compliance checking to a part of the Korean Building Act providing a useful comparison (Solihin
etal., 2019).

Due to the complexity of the rules, it is challenging for an application to offer a solution. A well-
defined language-based method could create a platform for combining building blocks into more
complex rules, but the complexity of the language may reduce its ability to handle simpler rule
definitions (Solihin et al., 2019). This concept is referred to as Domain Specific Language (DSL).
In particular, a DSL typically simplifies the translation of codes by offering a more structured
approach to make it easier to read compared to the lower level languages used by computers to
check a code (Dimyadi et al., 2020). BIM rule languages are usually classified as DSLs since they
are designed specifically for building information and related requirements (Solihin et al., 2019).

To compare the different languages six criteria are used, namely: 1) Standard for rule definition,
2) User-friendliness and accessibility, 3) Language expressiveness, 4) Efficiency and scalability,
5) Level of maturity and 6) Openness and interoperability. The significance of these criteria for
automated verification of requirements is further explained below. Each method has been
assigned a score of low, medium, high or not applicable for each criterion. The aim of comparing
the different methods is to find out which of these is the most effective for translating human-
readable requirements into a structured format. The comparison results for each language and
criterion are shown in

Table 5.

2.4.5.1 Standard for rule definition

The existence of a standard schema for defining rules is a standardized way to represent
computable forms of requirements (Ghannad et al., 2019; Solihin et al., 2019). A well-defined
standard ensures that requirements can be interpreted consistently by different software tools.
This reduces the risk of misinterpretation or implementation errors in automated compliance
checking (see Appendix A2.7). In the context of automated requirement verification, having a
standard for rule definition enables these rules to be represented in a machine-readable format
that can be systematically processed. This improves repeatability and accuracy during the
verification of requirements in BIM models. Not having a standard schema can result in
inconsistent rule definitions across different projects which creates inefficiencies when
embedding automated verification processes in the BIM workflow (see Appendix A2.12).

Among the compared rule languages, only the RASE language meets this criteria, as it uses a
formal schema specifically for BIM rule definition. The RASE language structures requirement
texts using four operators: Requirement, Applicability, Selection and Exception to ensure that
requirements are precisely processed in a logical manner (Hjelseth & Nisbet, 2011). In contrast,
both the BIMRL and BERA languages do not use a standardised schema for rule definition making
this criteria not applicable for them (Lee, 2011; Solihin, 2016; Solihin et al., 2019).

2.4.5.2 User-friendliness and accessibility
Given the varying complexity of BIM rules, some form of programming is necessary to address the
complex rule requirements (Solihin et al., 2019). The criteria user-friendliness and accessibility
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looks at how easily requirements can be translated into computer code in a way that is intuitive
for the user. This is important for the automation of requirement verification as it enhances
usability and minimises errors.

The RASE language uses a color-coded system to visually link operators with the requirement
text, making their connection clear and structured (Hjelseth & Nisbet, 2011). AEC3, the company
behind RASE, has developed a checking engine that directly processes the RASE content and
eliminates the need for any intermediary format (buildingSMART, 2017). Similarly, the BERA
language is relatively easy readable by humans and offers direct access to the BIM contents
(Preidel & Borrmann, 2018). This allows users to work effectively without needing in-depth
knowledge of general purpose languages that are typically used in BIM software development
(buildingSMART, 2017; Lee, et al., 2015). In addition, the BIMRL language is developed to work
with BIM rules while requiring minimal programming knowledge (Solihin, 2016). The language is
both highly expressive and user-friendly (Solihin et al., 2019).

Table 5. Comparison of languages. Based on Solihin et al. (2019).
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2.4.5.3 Language expressiveness

The level of expressiveness of a language is important to determine how well it can define a wide
range of rules. A less expressive language may be difficult to use and become impractical for
handling complex requirements (Solihin et al., 2019). In the process of automated requirement
verification, a highly expressive language ensures that rules can accurately represent practical
requirements, which reduces the risk of misinterpretation and non-compliance. Not all
requirements are always easy to interpret, which can lead to misinterpretations (see Appendix
A2.7 and A2.12). This shows the importance of language expressiveness, as a more expressive
language helps minimize ambiguity and ensures that requirements are clearly understood.

Looking at RASE, the automatic creation of logical statements is reliable, despite the fact that
badly written requirements need extra attention (Hjelseth & Nisbet, 2011). The RASE language
allows any requirement to be structured using its standard schema, which makes its language
expressiveness high (buildingSMART, 2017). Moreover, BIMRL is developed to handle BIM specific
rules with minimal programming skills required (Solihin et al., 2019). Its ability to process a broad
range of rules makes it both very flexible and compact (buildingSMART, 2017; Solihin et al., 2019).
On the other hand, the BERA language is capable of expressing a wide range of rules and
conditions through its semantic structure (Lee, 2011). It supports several commands that
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enables users to easily perform rule-checking on specific components (Lee et al., 2014).
However, its level of expressiveness is moderate, as it lacks the advanced flexibility and
integration capabilities seen in more mature languages.

2.4.5.4 Efficiency and scalability

The efficiency and scalability evaluates how efficient each method translates human readable
requirements into a structured format. It also considers how well the method handles increased
volume or complexity to ensure consistent performance as the task grows. This criteria is
selected given the importance of it for requirement verification, a process that can take up to one
hour per requirement manually (see Appendix A2.18).

The RASE language has proven to be an effective method for capturing requirements,
demonstrating up to 15 times greater efficiency compared to procedural coding, according to an
analysis by a client of AEC3 (buildingSMART, 2017). The development of rules is based on the
interpretation of normative text, an area in which RASE excels and provides efficient support
(Hjelseth & Nisbet, 2011). The BIM Rule Language uses a relational database schema to enable
efficient access to building data using the SQL standard (buildingSMART, 2017; Dimyadi et al.,
2016). The language's adaptable and expandable nature allows for a wide range of rules to be
created (buildingSMART, 2017). Considering BERA, that uses scripting language, enables rule
verification in an efficient and flexible manner (Lee et al., 2014; Solihin, 2016). It has the potential
for extensibility, but this has not yet been fully developed (Solihin, 2016).

2.45.5 Level of maturity

The maturity level is assessed based on how long the language exists, its widespread adoption,
the frequency of updates and maintenance and the number of implementations it has been used
in (Solihin et al., 2019). The level of maturity was chosen as a criteria because the effectiveness
of rule language depends on its reliability and ongoing development. The criteria contributes to
requirement verification by ensuring the language is stable and continuously updated to make it
more dependable for automating the verification process.

RASE

The RASE language originates from the SMARTcodes project, which was initiated by the
International Code Council (ICC) in 2006. At that time, the mark-up language was far ahead of any
other system (buildingSMART, 2017). However, after the ICC stopped its developmentin 2010 due
to a lack of funding, the company AEC3 took over and continued to develop the RASE language
(Dimyadi & Amor, 2013; Preidel & Borrmann, 2018). Despite this, the RASE language continues to
be used as demonstrated by Al-Turki et al. (2024), who explored the automation of RASE for
regulatory compliance using Large Language Models. Similarly, Mendonca et al. (2020) examined
the potential of integrating RASE with Solibri Model Checker. Further efforts to advance the
language include a presentation at the European Conference on Computing in Construction last
year (Nisbet et al., 2024). The continued development, application and integration of RASE in
various studies over nearly two decades demonstrate its high level of maturity within the field of
automated compliance checking.

BIMRL

In 2015 the BIM Rule Language (BIMRL) was developed as part of a PhD thesis at the Georgia
Institute of Technology (Solihin, 2016). The development of ePlanCheck (see Subsection 2.3.1)
has had a major impact on shaping the concept of BIMRL (buildingSMART, 2017). The language is
specifically designed to automate requirement verification in the BIM environment (Solihin &
Eastman, 2016). BIMRL is developed using Structured Query Language (SQL) which is a
programming language designed for managing data within a database management system
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(Solihin, 2016). The BIM Rule Language is referenced on a small scale, indicating that its
widespread adoption remains limited. Examples include the paper by Dimyadi et al. (2016) which
explores integration of BIMRL into a computer-aided compliance audit framework and the study
by Parsamehr et al. (2023), which discusses BIM-based model checking to enhance building
occupant safety. While its potential is clear, the relatively limited references and adoption
suggest that BIMRL is still in the process of gaining broader implementation, positioning it at a
medium maturity level.

BERA

The BERA language was developed in 2010, also as part of a PhD dissertation at the Georgia
Institute of Technology (Lee, 2011). Originally designed as a domain-specific programming
language for model checking, it has received minimal support and updates (Sydora & Stroulia,
2020). The usage of BERA is poorly documented, and most papers discussing the language, such
as Nawari (2018) and Preidel & Borrmann (2018), focus on comparisons rather than actual
implementation. Detailed insights into BERA mainly come from its developer, including a paper
by Lee et al. (2015) on the implementation process and another by Lee & Eastman (2019) on
offsite construction design analysis using BERA. Despite these efforts, its practical
implementation remains limited, highlighting its low maturity in the field of automated
compliance checking.

2.4.5.6 Openness and interoperability

The openness and interoperability of a language is important as it allows the use of available tools
and ensures it will last over time because of the open specifications (Solihin et al., 2019). In terms
of requirement verification, the openness and interoperability of a language makes it easier to
process requirements automatically. The process of requirement verification in BIM is
fragmented with different software used throughout the process. A BIM rule language with high
openness and interoperability contributes to making the process easier.

Looking at the RASE language, it ensures interoperability with any XML-based technology by using
XHTML for its marked-up documents. This allows integration with different regulatory and
compliance systems and demonstrates a high level of openness (buildingSMART, 2017).
Similarly, BIMRL is built based on IFC and SQL and is open source which promotes both
interoperability and openness (buildingSMART, 2017). Finally, the BERA language is developed to
be open-ended so it can cover the entire set of building objects (Lee, 2011). However, the
language is largely based on Java, which can be challenging for those without programming
experience and may make it less transparent (Sydora & Stroulia, 2020).

2.4.6 Findings

When comparing the various languages for translating written requirements into a structured
format, it is important to evaluate them based on the defined criteria. Each language has its
strengths and weaknesses in these areas, which must be considered when determining the most
effective method. The RASE language stands out in terms of standardization, language
expressiveness, and interoperability. It uses a well-defined schema and has been shown to
efficiently process requirements through its color-coded system, making it easy for users to
understand and apply. Furthermore, its XML-based format ensures high openness with other
systems.

BIMRL also demonstrates strong performance in terms of efficiency, language expressiveness,
and scalability, thanks to its relational database-based structure and open source nature. The
BIM Rule Language is user-friendly, requiring minimal programming knowledge and has potential
for further development in automated compliance checking. However, its relatively limited
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adoption indicates that it is still gaining traction within the industry. BERA, although open-ended
and capable of expressing a broad range of rules, lacks widespread adoption and support. Its
reliance on Java programming can make it less accessible for users without programming
experience which hinders its transparency and ease of use.

In conclusion, the most effective method for translating human readable requirements into a
structured format among the analysed languages is the RASE language. Its strong
standardisation, user-friendly design, high language expressiveness and interoperability make it
a good choice for automated compliance checking. However, BIMRL also shows promise and
may become more effective as it matures, while BERA still faces significant hurdles in terms of
efficiency, scalability and user accessibility.
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3. Development phase

3.1 Case study

The case study central to this thesis is the Oosterweel connection project thatis being developed
in Antwerp, Belgium. The aim of the Oosterweel connection is to complete the highway around
the city of Antwerp and turn it into a ring road (Oosterweelverbinding, n.d.). Parts of the project
involve the construction of tunnels and the partial underground placement of the ring road in
order to create harmony between the ring and its surroundings (Oosterweelverbinding, n.d.). In
this way, road traffic is moved underground, freeing up significant space for the development of
parks, (play)squares and cycle paths (Lantis, n.d.). The goal of the project is to contribute to a
healthier and more pleasant city and region for living, working and recreation (ROCO, n.d.). In
addition, the Oosterweel project is intended to reduce traffic congestion and accidents by
diverting port traffic away from the ring road (De Grote Verbinding, n.d.).

Given the complexity and large scale of the Oosterweel connection, the project has been divided
into four different subprojects (see Figure 17a). The contractor ROCO is responsible for the
largest section (section 3b) on the right bank of the city of Antwerp. The work on this section
includes the construction of the Kanaalzone tunnels to complete the ring and the demolition of
the Merksem viaduct to create a highway with a lowered road profile. The contractor consortium
ROCO consists of companies such as Besix, Jan de Nul and DEME among others, as shown in
Figure 17b. The project is being carried out on behalf of the client Lantis and Witteveen+Bos has
an advisory role and is responsible for the engineering work of the project (Oosterweelverbinding,
n.d.; Witteveen+Bos, n.d.).
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Figure 17. (a) Overview of Oosterweelverbinding project and (b) involved project parties. Based on Oosterweel (n.d.),
Witteveen+Bos (n.d.) and ROCO (n.d.).

Due to the size and technical complexity of project area 3b, it has been divided into seven
subareas: 1) Kanaalzone tunnels, 2) Vork, 3) R1-North, 4) R1-East, 5) Underground crossing of the
Albert Canal, 6) Bypass and 7) Schijnkoker (ROCO, n.d.). The case study is framed to the Vork
subproject as part of project area 3b of the Oosterweelproject (see Figure 18). Dividing the project
into the seven subareas allows for a phased execution of the work. To effectively manage the
complexity of processes within the project, the Integral Project Management (IPM) model is
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applied. This means that the project team consists of five key components: project management,
project control, stakeholder management, technical management and contract management
(ROCO, n.d.). Moreover, the Oosterweelverbinding project uses the innovative NEC4 contract
form, which is highly focused on collaboration (see Appendix A2.6). Originally developed in the
UK, this type of contract allows for an integrated and solution-oriented approach within the
project. The NEC4 contract has been rarely used within the European Union (EU), making its
implementation in Belgium a first (Appendix A2.6; ROCO, n.d.).

Figure 18. Partial overview of subproject the 'Vork' with crossing of the Albert canal. Adapted from COB (2018).

3.2 Implementation

The workflow for automated requirements verification consists of several fragmented steps. This
section looks in detail at the steps required to automate requirement verification in a BIM model
where the case study will be used as a focus point. The process is distinguished into five steps:
classification of requirements, manual rule interpretation, preparation of the building model
data, execution of the verification and the reporting of the results (see Figure 19). These steps in
the process are structured with the subsections below. The steps also correspond with the
workflow described in Section 3.4.

1. Classification of 4. Execution of the 5. Reporting of the
requirements verification i results
2. Manual rule 3. Preparation of the
interpretation (RASE) building model data

Figure 19. Simplified workflow of the semi-automated requirement verification steps.

3.2.1 Classification of requirements

The classification step consists of identifying and distinguishing which requirements can be
verified in a BIM model and for which requirements this is not possible. For example, some
requirements must be verified through structural calculations by a structural engineer, while
other requirements can be verified in a BIM model with a visual inspection (see Appendix A2.8).
The contractor has the complete freedom to determine the verification method. However, if the
client suggests a specific verification method, it is not recommended but mandatory to verify the
requirement that way (see Appendix A2.1). The classification step is important for the contractor
to determine which requirements can be verified in a BIM model. In Table 6, two requirements
are given as an indication to show what kind of requirements are geometrical requirements and
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which are not. Both the original requirement text in Dutch and the direct translation into English
are included in the table. Verification of geometrical requirements is generally possible directly
within a BIM model. Verification of non-geometrical requirements typically requires additional
calculations or analyses that go beyond pure geometry. However, if BIM is defined broadly to
include integrated simulation and analytical tools, some non-geometrical requirements can also
be verified within the BIM environment.

Table 6. Example of geometrical and non-geometrical requirement from the case study.

Geometrical requirement Non-geometrical requirement
. All foundation bases must be located at .
> For structural works, the minimum
2 least 1 m below the ground surface to . .
0 revent anv adverse effects from frost concrete strength class required is C30/37
& P y and maximum C90/105.

heave.
Alle funderingsaanzetten dienen zich . L
< . . Voor kunstwerken is de minimale
[} tenminste 1 m onder het maaiveld te .
5 . . sterkteklasse C30/37 en maximaal
a bevinden om geen nadelige gevolgen van
. . C90/105.
opvriezing te ondervinden.

The given example of the geometrical requirement can be verified in a BIM model by checking that
the distance between the foundation bases and ground level is at least 1 meter. However, it is
important here that the requirement is interpreted correctly (more on this in the following
subsection). For example, it should be clear what the foundation bases are which can be done by
linking the objects to the requirement in the model directly (see Subsection 3.2.3). On the
contrary, the given example of the non-geometrical requirement cannot be verified in a BIM model
but must rather be demonstrated through a structural calculation. The screening between
geometrical requirement and non-geometrical requirement is a step that is performed based on
the requirement package from the contract. This analysis requires a lot of manual work and has
to be performed again for each project.

As aresult, the possibilities for automating this process were explored. A Python script is created
using Natural Language Processing to classify textual requirements into two categories:
geometrical requirements (1) and non-geometrical requirements (0). A machine learning model
was trained using the scikit-learn package to make these predictions (see Appendix B). The input
data consisted of various geometrical and non-geometrical project requirements. The model was
tested on more than 600 requirements and the results were compared to their actual categories
as defined by the company for validation. The results of the classification of the dataset are
shown through a confusion matrix in Figure 20. The figure provides insight into the performance
of the model by showing the number of correct and incorrect predictions for each requirement.
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Figure 20. Confusion matrix of DataFrame with project requirements.
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The confusion matrix distinguishes between true negatives (TN), true positives (TP), false
negatives (FN) and false positives (FP). The plot shows that the model correctly classified 488
requirements as non-geometrical, representing the true negatives. Additionally, 64 requirements
were accurately identified as geometrical requirements, which are the true positives. However,
the model also made some errors where 5 non-geometrical requirements where incorrectly
predicted as geometrical, referred to as false positives. Also, 23 geometrical requirements were
mistakenly predicted as non-geometrical, known as false negatives. Overall, the model achieves
an accuracy of 0.95 which means that it correctly categorizes 95% of all requirements. The
requirements that have expired or are no longer applicable to the project have been filtered out
and therefore do not contribute to the accuracy score.

Further analysis showed that the deviations that occurred can be categorised into three groups.
Forthe first group, the verification method from the requirement database is stated as ‘document
inspection’, where the word BIM was not mentioned in the requirement which could have misled
the model. The second group did not mention any specific verification method and the word BIM
was not used in the requirement text. In these cases, the model failed to classify the requirement
correctly as geometrical or non-geometrical. For the latter group, the requirement was no longer
applicable for the project (based on the verification method in the database) and has therefore
been removed from the system engineering package. The geometrical requirements from the
second group were included in the subsequent steps.

Requirement categorisation by rule classes

Looking at the verification of requirements, depending solely on visual inspection is no longer an
effective method to ensure the compliance of BIM models (Solihin & Eastman, 2015). There is a
growing need for automated checking processes that use clearly defined requirements and
require little user involvement. As simpler requirements become automated, experts will
increasingly focus on more complex tasks, which involve requirements that are harder to define
and cannot be easily automated (Nawari, 2012). Since the RASE methodology, earlier identified
as the most effective approach for translating requirements, focuses only on the semantic
structure, it must be combined with an additional method for executing the rules (Solihin &
Eastman, 2016). Not all requirements can be verified in a BIM model using the same approach.
According to Solihin and Eastman (2015), requirements for BIM verification can be grouped into
four classes based on their computational complexity as can be seen in Table 7 (Hjelseth, 2016;
Solihin et al., 2020).

Table 7. Different classes for automated BIM rule verification. Based on Solihin and Eastman (2015).

Rule classification Description
Class 1 e General BIM file structure rules: “Model
Rules based on a single or small number should have components” checks
of explicit data ifcElement

e Component properties rules: “free area in
front of components rules” checks

e Clash detection: finds overlapping
elements using basic geometry

Class 2
Rules that require simple derived
attribute values

Class 3 e Checks thatrequire extensive analysis of
Rules that require extended data spatial relationships between elements
structure
e Used whenthe model must demonstrate a
Class 4

solution

Rules that require a ‘proof of solution’ ) . .
e Simulation based solutions
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The categorisation from this framework is also applied in this research to provide a targeted
approach for carrying out the verification within the BIM model. The rule classes do not reflect
their importance, as each class serves a valid purpose in the process of automated requirement
verification, though they differ in application and scope (Solihin & Eastman, 2015). The four
classes that are part of the framework are as follows: Class 1 includes checks based on explicit
data; Class 2 involves checks based on simple derived attribute values; Class 3 consists of
checks based on an extended data structure and Class 4 covers checks and corrective actions
or solutions (Hjelseth, 2016). The difference between the classes and examples of their
application are further explained below.

The first class involves verifying requirements by using clearly defined attributes and element
references that are directly available within the BIM model data (Solihin & Eastman, 2015).
Common applications of this class of requirements are entity attribute checks and basic
requirement verifications. At this level, the required information can be directly accessed from
the BIM model, either through the entities or through their properties which allows simple
navigation of the relationships needed for requirement verification. When looking at Class 2,
verifications are based on a single value or a limited number of derived values without generating
new data structures. For this class the verification of requirements often relies on implicit
relationships, which are typically not explicitly represented in the model. Therefore, the values
need to be derived from the basic BIM model data and relationships within the model. An example
of Class 2 checks is clash detection where conflicts between different elements in the BIM model
are identified (Solihin & Eastman, 2015).

Class 3 of requirements involves expanding the data structure to represent higher level semantic
conditions of building data (Solihin & Eastman, 2015). This type of requirements is commonly
used when checking regulations that contain more complex requirements. Finally, Class 4 can
be seen as a collection of requirements that are not limited to determining compliance or non-
compliance, butinstead focus on demonstrating that a valid solution has been achieved. In other
words, the requirements focus on how the building model demonstrates compliance rather than
just meeting specific criteria. Class 4 does not introduce complexity but requires more semantic
information compared to the other three classes (Solihin & Eastman, 2016). Furthermore,
requirements that are usually assigned to a specific class may shift to a different one when the
problemisviewed from another perspective. This is particularly the case for Class 3 requirements
which can involve into Class 4 (Solihin & Eastman, 2015).

Based on the requirement classes, four examples from the dataset are given for each class. Table
8 shows these examples with requirement text in combination with the corresponding RASE
mark-up (more on RASE in Subsection 3.2.2). The first example in the table aligns with Class 1, as
the requirement is based on a small set of explicit data. The minimum pipe diameter is specified
as 200 mm which represents a clear threshold and in combination with the slope, the
requirement can be verified in the model directly. The example of the Class 2 requirements also
includes a clear threshold (at least 1 meter below ground level), but also demands semantic
understanding of the requirement’s underlying purpose. This requirement can be categorised in
Class 2, asitis based on derived attribute values and can be verified through a geometric analysis
looking at the dimensions within the model.

Moreover, the example of Class 3 involves extended data structure and requires detailed
information beyond simple numeric checks. Specifically, the requirement refers to an attached
document which suggests that interpretation of the design and spatial relationships are
necessary. This makes it harder to automate as it demands a more complex understanding. The
lastexample is categorised as Class 4 because it suggests corrective actions to ensure a conflict-
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free space. It does not provide clear, measurable thresholds but implies that human intervention
may be needed to resolve conflicts or to come up with a solution.

Table 8. Requirement text classification using rule classes by Solihin and Eastman (2015) for automated BIM checking with
RASE mark-up.

De buisdiameter van de ingestorte riolering in de verkeerskokers dient afgestemd te
Dutch zijn op de langshelling en de gevraagde transportcapaciteit, maar is minimaal 200
mm.

The pipe diameter of the embedded sewer system in the traffic ducts must be adjusted
English according to the longitudinal slope and the required transport capacity, but it is at
least 200 mm.

<R>The <a>pipe diameter</a> of the <a>embedded sewer system</a> in the
RASE <a>traffic ducts</a> must <r>be adjusted according to the longitudinal slope and
the required transport capacity<r>, but <r>it is at least 200 mm.</r></R>

L ssein

Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevinden
Dutch om geen nadelige gevolgen van opvriezing te ondervinden.

All foundation bases must be located at least 1 m below the ground surface to prevent
English any adverse effects from frost heave.

zssein

<R>All <a>foundation bases</a> must <r>be located at least 1 m below the
RASE ground surface</r>to <r>prevent any adverse effects from frost heave.</r></R>

Een tunnelconstructie dient de van toepassing zijnde verkeerskoker-, viuchtkoker- en
Dutch dienstkokerruimtes conform gekoppeld document te realiseren.

A tunnel construction must realize the applicable traffic, escape- and service tube
English spaces in accordance with the linked document.

€ ssein

<R>A <a>tunnel construction</a> <r>must realize</r> the <a>applicable
RASE traffic</a>, <a>escape-</a> and <a>service tube spaces</a> <s>in accordance
with the linked document</s>.</R>

Eenvluchtkokerin een tunnelconstructie dient conflictvrij ruimte te bieden aan de van
Dutch toepassing zijnde PVR, afbouwelementen, installaties en alle daarbij benodigde vrije
ruimtes.

An escape duct in a tunnel construction must provide conflict-free space for the
English applicable PVR, finishing elements, installations, and all necessary free spaces.

v sseln

<R>An <a>escape duct</a>in a <a>tunnel construction</a> must <r>provide
RASE conflict-free space</r> for the <s>applicable PVR</s>, <s>finishing
elements</s>, <s>installations</s>, and <s>all necessary free spaces</s>.</R>

I Requirement Applicability i Selection i Exception | I

3.2.2 Manual rule interpretation

The interpretation of rules in automated code compliance checking goes two ways. On one hand,
requirements must be correctly interpreted from the contract. On the other hand, itis crucial that
the computer accurately interprets these requirements. The literature review showed that
translating human-readable text into code that a computer can interpret, is one of the most
challenging tasks, yet it is an essential step in the process (Preidel & Borrmann, 2015; Preidel &
Borrmann, 2018). Additionally, correctly interpreting requirements within a BIM modelis the most
error-prone aspect of this process. It is also essential to ensure that verification results clearly
demonstrate whether the requirement has been met (see Appendix A2.17).
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To ensure accurate requirement interpretation, the SMART methodology is applied within the
company. However, even though some requirements are SMART, they are not always specifiable
within a BIM model (see Appendix A2.24). Furthermore, certain requirements are difficult to
measure because they have not been made SMART enough (see Appendix A2.7). At
Witteveen+Bos no specific markup language is used besides the SMART methodology, but a
review process is in place to verify that requirements are clear and leave no room for
misinterpretation (see Appendix A2.12). The literature review indicates that the RASE language is
the most effective method for translating human-readable requirements into a structured format
among the analysed languages. Mainly because of the strong standardisation, user-friendliness,
and high language expressiveness, the RASE language is a suitable approach for automated
compliance checking.

The RASE language was developed to efficiently tag and organize requirement texts. It uses four
operators to extract the meaning of the requirement text: Requirement, which specifies the
conditions that must be met; Applicability, that identifies which components the requirements
apply to; Selection, which specifies criteria for applying the rule to particular elements; and
Exception, which outlines the conditions where the requirement does not apply (llal & Glunaydin,
2017). The RASE language has been applied to the project requirements from the case study (see
Table 8). It is worth noting that no exception (E) operator is visible in the markup of the
requirements, which means that there are no exceptions to the requirement texts. The
requirement text examples are manually marked and to automate this process, the RASE mark-
up tool developed by La Salle University for the EU ACCORD project has been explored (Accord,
n.d.).

3.2.3 Preparation of the building model data

After the requirements have been interpreted using the RASE language, the next step is to prepare
the building model data. Verifying requirements in a BIM model is not always straightforward, as
there is sometimes insufficient information in the BIM model to perform the check (see Appendix
A2.14). An example of this could be the missing material type for an object in the model.
Additionally, one of the challenges is linking the requirements to the different objects in the
model. A requirement concerns an object within the project, but this link is not always properly
established or the way the requirement is formulated may not align well with the BIM model (see
Appendix A2.23). It would be helpful if the requirements were written in a way that could be
directly linked to elements in the BIM model (see Appendix A2.19).

The BIM model is composed of various sub-models which all are integrated into a single
coordination model (CMO). The structure of the BIM model () is illustrated in the Selection Tree
shown in Figure 21a from Navisworks. The model consists of a layer (&) that is named T.A.W.
which refers to the reference level used for height measurements in Belgium. Under this layer
several collections (=) are organised (e.g. Floors and Generic Models), each containing a series
of items in the model. These collections are further subdivided into additional collections
representing groupings of building elements, such as Multilayer pipelines. This collection is then
structured into groups (&) and instanced groups (-%) under which individual items are placed (&
)- The model contains properties which are assigned at the group level for each building element
within the model. These properties include various attributes such as the element name, a unique
identifier and an object code, as shown in Figure 21b.
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In this research, four requirement classes were used based on their computational complexity
and the nature of the verification process. Class 1 requirements involve basic checks based on
explicit data, such as verifying the presence of components in the IFC model. These checks are
generally straightforward and do not require any additional processing. Class 2 requirements
include verifications that depend on simple derived properties, such as clearance distances or
basic clash detection. These require some interpretation of geometric relationships and often
rely on checking tools such as Navisworks.

For Class 3 and Class 4 requirements, the complexity increases. Class 3 verifications require an
extended understanding of spatial relationships within the model, such as verifying spatial
hierarchy. These rules often demand semantic enrichment where additional properties, data
structuring or classification is needed. Class 4 requirements represent the most complex
category, which typically requires simulation based verifications or a ‘proof of solution’.

eﬁ OWRB-01099-ROC-CMO-W33-000001.nwd Properties © x
EJ OWRB-01097-ROC-DMO-W66-000001.nwc Ttem  Revit Material Element Phase Created ElementID TimeLiner Material
OETAW. Property Value
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@3+, [DAK-BMO]_tunnel roof rectangle_ROCO_(GMA4) Category Id 200011
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Figure 21. (a) Example of Selection Tree and (b) Model properties from Autodesk Navisworks.

3.2.4 Execution of the verifications

Once the preparation of the building model data is complete, the next step is to focus on the
execution of the verification. However, even when a requirement can be verified in a BIM model,
the verification method itself can still present challenges. Often, verifications in a BIM model
require a significant amount of manual work. On average, verifying a requirement in a BIM model
takes about one hour per requirement (see Appendix A2.18). The verification process can be
(semi-)automated using scripts. Within Witteveen+Bos, this is only used to a limited extent. For
example, there is a script that can group clashes in Navisworks. These scripts are often very
project-specific, making them applicable only in certain situations (see Appendix A2.9). This
subsection focuses on automated requirement verification where a distinction between the
different requirement classes is made. The verifications will be conducted using the requirement
text examples previously discussed.
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3.2.41 Verifications of Class 1

A requirement from Class 1 can be verified based on a limited amount of data. The earlier given
example of a Class 1 requirement is presented in Figure 22. Although this requirement is
classified by the model in the classification step as a geometrical requirement, it is in fact a
twofold requirement. The required transport capacity and the corresponding slope of the pipe
must be verified through calculations, which fall outside the scope of the BIM model. However,
the minimum pipe diameter of 200 mm can be verified within the BIM model. The requirement text
can be broken down to emphasize which part of the requirement is geometric and which part is
not (see Figure 22). Such requirements will be referred to from now on as hybrid requirements,
since they are partly geometric and partly non-geometric. In practice, both parts will need to be
verified simultaneously given their dependency on each other. It can therefore be argued that the
full hybrid requirement might rather be considered a Class 2 requirement.

Requirement text
The pipe diameter of the embedded sewer system in the traffic ducts must be
adjusted according to the longitudinal slope and the required transport capacity,
butitis at least 200 mm.

| sse1D

Geometric part Non-geometric part
The pipe diameter of the embedded The pipe diameter of the embedded sewer
sewer system in the traffic ducts must system in the traffic ducts must be adjusted
be at least 200 mm. according to the longitudinal slope and the

required transport capacity.
Figure 22. Example of a Class 1 requirement text with distinction between geometric and non-geometric part.

Given that the requirement text has been made more specific for the verification process within
the BIM model, its complexity has been reduced as only the pipe diameter needs to be analysed.
To make the verification of the requirement possible, it is necessary to clearly identify the specific
part of the project to which the requirement applies. The requirement text has been linked in
Relatics to object codes which can be traced back to the models. Figure 23a presents an
overview of the tunnel elements associated with the requirement. Since this requirement relates
to the road drainage system, the pipelines within the models of these tunnel elements can be
isolated (see Figure 23b).

(b)

Figure 23. (a) Overview of tunnel elements related to the verification of the requirement and (b) the isolated pipelines that
need to be verified based on the requirement text.
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For the automated execution of this verification within the BIM model, the Python module
IfcOpenShell was used. This open-source library enables the reading of the IFC file format to
extract building information from the model. Within the company the IFC file format is used as
the standard for exchanging building model data. To prevent information loss, it is essential that
IFC files are exported correctly from Autodesk Revit. This requires selecting the most
comprehensive export settings when generating the IFC modelfile.

In the script, a similar filtering approach was applied to isolate the pipeline elements for the
verification as illustrated in Figure 23b. The script extracts specific properties, such as the
element name, identifier and diameter. It is capable of verifying, for each pipeline element in the
model, whether the diameter is larger than or equal to the 200 millimeter specified in the
requirement. A code snippet of the script along with a more detailed explanation and reporting of
the results is provided in Appendix C.

In total 138 elements in the BIM models were verified to assess the pipe diameter. By using a
count function in the script, it was determined that verifying 138 elements within the models
required 80 seconds. The generated output presents whether the pipe diameter meets the
specified requirement for each unique building elementin the model (see Figure 24a). The results
show that all elements in the model comply with the minimum pipe diameter requirement of 200
millimeters. Additionally, a manual verification was conducted to validate the script. Based on
measurements in the model (see Figure 24b), it was confirmed that the automated verification of
the pipe diameters was performed correctly. The manual verification led to the same conclusion
that all the elements in the model meet the pipe diameter requirement. In contrast to the 80
seconds needed for the execution of the automated verification, the manual verification required
approximately 120 minutes to verify the same number of building elements in the model. This
time difference shows the potential of automated requirement verification.

Element name
[XXX-BUI]_Multilayer pipelines for
water_ROCO_(GMA2):DN500:11552736

Globalld
29Pxnphm91ABFMqQggporc

Verification
d=0.4520.20

(a) (b)

Figure 24. (a) Extraction of verification output (shortened) and (b) manual measurement of pipe diameter in the BIM model.

Verification of Class 1 (Example 2)

This subsection looks at another verification of a Class 1 requirement which is shown in Table 9.
The requirement text specifically pertains to the diaphragm walls that must be verified against the
groundwater level. Figure 25a gives an overview of the tunnel elements relevant to the verification
process. Since the ground level mentioned in the requirement text is not explicitly defined, it must
first be determined. Based on project documentation, the groundwater level during the
construction works is determined to be +3,00 m T.A.W. The groundwater level after the
construction works is set at +4,75 m T.A.W. This represents an exceptionally high groundwater
level that corresponds to an extreme event expected to occur once during the 100 year design life
of the tunnel construction.
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Table 9. Second example of a Class 1 requirement from the case study.

Requirement text
The top of the diaphragm wall must be at a height that prevents
groundwater from flowing in during and after the works.

1L sse1n

To verify the requirement, the diaphragm wall mentioned in the requirement text must be linked
to the corresponding elements within the BIM model. A Python script was used to filter the IFC
files of the models related to this requirement (see Appendix D). Only the elements associated
with the diaphragm walls were extracted which resulted in the situation shown in Figure 25a,
where the ground level is also shown as the green plane. This figure demonstrates that the top of
the diaphragm walls prevent groundwater from flowing into the excavation pit during the
construction works.

Given that a different groundwater level is applied after the construction works, the requirement
must be verified twice for the two distinct situations. However, the major difference in the
situation after the works is that the tunnel structure is fully completed. Figure 25b shows the
tunnel structure with a groundwater level of +4,75 m T.A.W. It can be seen that the diaphragm
walls do not prevent groundwater from all parts of the tunnel structure as some parts are located
below the groundwater level. Nevertheless, it can be concluded that after construction, the
tunnelis equipped with a roof structure which ensures that groundwater cannot enter the tunnel.
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Figure 25. (a) Overview of tunnel elements related to the verification of the requirement in relation to the ground level during
the works and (b) an overview of the tunnel elements in relation to the ground level after the works.

3.2.4.2 Verifications of Class 2

A Class 2 requirement can be verified based on simple derived attribute values. The example of a
Class 2 requirement provided earlier is presented again in Table 10. In Figure 26a an overview is
provided of the tunnel elements that must be verified against this requirement. The requirement
text refers to a ground surface level which is not further specified. For the purpose of verification,
a reference level relative to T.AW. has been used (see Figure 26b). Based on project
documentation, the ground surface level has been established at +5.5 m T.A.W. According to the
requirement text, the foundation bases must be located at least one meter below the ground
surface which corresponds to +4,5 m T.A.W. No foundation elements should therefore be present
above this level in order to prevent frost heave. In addition to the ambiguity regarding the ground
surface level in the requirement text, it is also unclear to which specific elements are referred to
as foundation bases.
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Table 10. Example of a Class 2 requirement from the case study.

Requirement text
All foundation bases must be located at least 1 m below the
ground surface to prevent any adverse effects from frost heave.

¢ sse1n

To verify the requirement, the ‘foundation bases’ mentioned in the requirement text must be
traced down to the element level within the BIM model. For this purpose, a manual selection was
made for the elements in the model based on their Family Name and Workset, which are relevant
to the requirement (see Appendix E1). After this step, a Python script was used to filter the IFC
files of the models related to the requirement (see Appendix E1). Only the elements associated
with foundation bases which are relevant for the verification of the requirement were retained.
Additionally, the remaining elements in the models were filtered based on the BIM phasing
parameter (OWV_BIM_Fasering), distinguishing between Temporary Condition (TT) and Non-
Temporary (NT). Temporary elements in the model, such as sheet piles, will be removed after
construction and will not be part of the permanent structure. Therefore, temporary construction
elements are not relevant for the verification of the requirement in terms of frost heave and have
been excluded from the BIM model. This filtering process ensures that only the non-temporary
elements that are associated with foundation bases are verified in the model.
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Figure 26. (a) Overview of tunnel elements related to the verification of the requirement and (b) overview of tunnel elements
with plane layer at T A.W. level.

After filtering the models, the verification process was examined using the IfcOpenShell module
in Python. For each element in the model, the cartesian coordinates can be extracted which
define the spatial position of the element. The requirement states that no foundation base
elements may be present one meter below ground level. Within the model, a reference plane can
be used to identify which elements are located above this plane based on their vertical position
(Z-coordinate). However, elements may share the same Z-coordinate even if they are oriented
differently within the model (e.g., facing upward or downward). The exact spatial extent of an
element relative to the plane can be determined using the Top Offset and Base Offset properties
in combination with the Z-coordinate. Nevertheless, not all elements in the model contain these
properties. Figure 27 illustrates a specific instance of this issue, indicating which elements have
these properties and which do not. As a result, this verification approach based on the cartesian
coordinates combined with the IfcOpenShell module is not feasible in this case. This highlights
the importance of using consistent parameters when performing automated requirement
verification in the BIM models.
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- No offset properties
[ Element has offset properties

ROCO_CLE_Top_Offset = 8.0 m

ROCO_CLE_Base_Offset=1.5m
ROCO_CLE_Top_Offset=1.5m

ROCO_CLE_Base_Offset=-21.4m

Figure 27. Indication of Offset properties in a model instance.

A different verification approach is explored using Navisworks where the filtered files from Python
are used specifically targeting elements related to ‘foundation bases’. To verify the requirement,
a clearance checkis done between the model elements and a reference layer. A clearance check
is a type of clash detection that checks whether there is sufficient space between objects in a
model. The model includes a layer at +100 m T.A.W. which is used for conducting the clearance
check. Since the requirement states that no elements should be present at least 1 meter below
ground level (previously determined at +5,5 m T.A.W.), this translates to a tolerance of 95,5
meters relative to the layer at +100 m T.A.W. (see Figure 28a). The clearance check shows no
clashes between the model and the layer, indicating that no foundation base elements are
located 1 meter below ground level that could be adversely affected by frost (see Figure 28b). A
clearance check with a tolerance of 96 meters results in 4 clashes, which indicates that these
elements are located 1,5 meters below the ground level (see Appendix E2). This falls within the
margin of the requirement, which verifies that all foundation base elements are at least 1 meter
below the ground level to prevent freezing. This demonstrates that all foundation base elements
meet the specified requirement.
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Figure 28. (a) Clearance check with tolerance of 95,5 meter and (b) results of the performed clearance check.
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Verification of Class 2 (Example 2)

This subsection presents the verification of another Class 2 requirement which is shown in Table
11. The requirement concerns the minimum clearance between the road and the wall of the
tunnel structure which must remain unobstructed. Figure 29 illustrates both the tunnel
configuration and the clearance profile (PVR) used for the verification. Specifically, Figure 29a
indicates that the clearance profile has a width of 200 mm measured from the top of the barrier,
while Figure 29b shows a width of 155 mm at the top of the clearance profile. These clearance
profiles extend along the entire length of the tunnel structure.

Table 11. Second example of an Class 2 requirement from the case study.
Requirement text

Atunnel structure should keep the space between the road and
the finished wall, from the top of the barrier to the top of the PVR
completely clear. This PVR should also be at least 200 mm wide
at the top of escape pictograms along the entire length of the
tunnel and at least 155 mm wide at the top of pictograms above
the auxiliary station boxes along the entire length of the tunnel.
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To verify this requirement, the clearance profile was used to perform a clash detection within the
BIM model (see Appendix F). The clash detection was conducted between the clearance profiles
in the tunnel structure and the escape pictograms and auxiliary station boxes along the entire
length of the tunnel. This requirement ensures that sufficient space remains between these
elements and the roadway used by traffic. The clash detection revealed that nearly all clashes
occurred at the lower part of the clearance profile. An example is shown in Figure 30, where the
clash detection revealed that the escape pictogram extends more than 200 millimeters into the
roadway from the wall of the tunnel structure. In total, 75 clashes were detected in relation to this
specific requirement. Consequently, compliance with the requirement could not be confirmed
due to these identified clashes.

(a) (b)

Figure 29. (a) Tunnel structure with clearance profile shown with a top width of 200 mm and (b) tunnel structure with
clearance profile with a bottom width of 155 mm.

Although clash detection is useful for identifying spatial conflicts in the model, a detected clash
does not necessarily indicate non-compliance with the requirement. Each clash must be
reviewed in context, considering its relation to the clearance profile. Automating this evaluation
process is difficult, as it often requires visual inspection to judge whether a clash presents a real
design issue or remains within acceptable limits. Based on this review, the design may need
adjustments.
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Figure 30. Clash between signing and wall element.

3.2.4.3 Verifications of Class 3

This subsection discusses the verification of Class 3 requirements, which necessitate an
extended data structure. Class 3 requirements involve checks that require an in-depth analysis
of spatial relationships between elements. The previously introduced example of a Class 3
requirement is show again in Table 12. Also, Figure 31a provides an overview of the tunnel
elements that must be verified against this requirement. Prior to the verification, it is necessary
to determine which elements in the models correspond to the traffic, escape and service tube
spaces. This classification must take into account the information provided in the linked
documents to this requirement and mentioned in the requirement text. These documents include
technical drawings of the alignment and specify the various tunnel sections (see Appendix G1).
According to these documents, the identified spaces must remain free of obstructions in the

model.
Table 12. Example of an Class 3 requirement from the case study.

Requirement text

A tunnel construction must realize the applicable traffic,
escape- and service tube spaces in accordance with the linked
document.
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In order to verify this requirement, the traffic, escape and service tube spaces referenced in the
requirement text must be identified at the element level within the BIM model. This process began
with a manual selection of relevant elements based on their Family Name to ensure alignment
with the specified spatial zones. A Python script was used to process the corresponding IFC files
to isolate only those elements situated within the tunnel tube spaces and considered relevant for
the verification (see Appendix G1). Also, a filtering was done based on the BIM phasing parameter
which distinguishes between elements in temporary condition and those classified as non-
temporary. This ensured that the model contains only the permanent elements that are relevant
to the requirement (see Figure 31b).
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(a) (b)

Figure 31. (a) Overview of tunnel elements related to the verification of the requirement and (b) overview of filtered tunnel
elements.

To carry out the verification, a clearance profile (in Dutch: profiel van vrije ruimte or PVR) was used
to assess whether the traffic, escape- and service spaces within the tunnels are free from
obstructions. This clearance profile extends along the entire alignment of the tunnel elements
and was incorporated into the model to enable the verification process (see Figure 32). The clash
detection identified 366 clashes in the models and the clearance profile by using a tolerance of 0
millimeters. These clashes were grouped by workset and revealed that over half of the total
number of clashes occur in the workset general water management. A more detailed overview of
the clash detection results is provided in Appendix G2. When the clash detection tolerance was
increased to 0,05 meters, the total number of clashes was reduced to 18. This reduction shows
the sensitivity of clash detection outcomes to the selected tolerance level and emphasizes the
importance of defining context appropriate threshold to distinguish between critical and non-
critical clashes in the model.
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Figure 32. Impression of clearance profile in the model.

Compliance with the requirement cannot be confirmed due to the clashes identified during the
verification process using the clearance profile. Although clash detection provides valuable
insights into potential spatial conflicts, the presence of a clash does not automatically indicate
non-compliance. Each clash must be evaluated based on its severity, location and relevance to
the clearance profile. This evaluation is difficult to automate and typically relies on visual
inspection of the clash context to determine whether the clash constitutes a design issue or falls
within acceptable tolerances. Based on the outcome of this assessment, the design and the BIM
model must be adjusted accordingly to ensure compliance with the requirement. Subsection
3.2.5 provides a more detailed discussion on reporting the results from the verification.
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Verification of Class 3 (Example 2)

This second example of a Class 3 requirement closely resembles the previous one. In this case,
the requirement text presented in Table 13 is used. Additionally, Figure 33a provides an overview
of all tunnel elements that must be verified in accordance with this requirement. To conduct the
verification, it is essential to identify which elements in the model correspond to the escape,
service and cable ducts. Moreover, it is important to incorporate the information from the linked
documents into the verification process. These documents include technical drawings of the
alignment, with sectional views of the tunnel segments, indicating the specific elements that are
subject to verification. According to these documents, the identified spaces must remain free
from obstructions. This approach, which uses a clearance profile, is consistent with the previous
Class 3 verification process, which also uses a Python script to filter the model.

Table 13. Second example of a Class 3 requirement from the case study.

Requirement text

A tunnel structure shall realize the spaces in escape shafts,
service shafts and cable ducts in accordance with linked
documents.
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To perform the verification, a clearance profile was used to assess whether the spaces within the
escape, service and cable ducts are unobstructed. This clearance profile is embedded across all
tunnel elements throughout the entire modelled alignment which enables the verification
process (see Figure 33b). A clearance check revealed 333 clashes between the model and the
clearance profile. As a result, compliance with the requirement could not be confirmed due to
these identified clashes.

While clash detection is a useful method for identifying potential spatial interferences within a
model, the detection of a clash does not inherently signify that the requirement has been violated.
Each identified clash needs to be carefully reviewed, taking into account its significance and its
relationship to the defined clearance profile. The review process can be carried out within the
CDE which is used for documenting and tracking issues. However, automating such an
evaluation process proves to be challenging as it typically depends on visual inspection to
understand the context of the clash and to judge whether it represents an actual design problem
or remains within acceptable limits. Depending on the findings of this review, necessary
modifications must be made to both the design and the BIM modelto ensure that the requirement
is met.

n

(a) (b)

Figure 33. (a) Overview of tunnel elements related to the verification of the requirement and (b) overview of filtered tunnel elements with clearance
profile.
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3.2.4.4 Verification of Class 4

This subsection focuses on the verification example of a Class 4 requirement. The example of the
Class 4 requirement provided earlier is presented again in Table 14. The requirement is
categorised in this class since it suggests corrective actions to ensure a conflict-free space. The
requirement does not provide a clear measurable threshold but it rather implies human
intervention is needed to resolve conflicts. This class of requirement is not very common, so no
other example is available from the requirement dataset. Figure 34 and Figure 35a show an
overview of the tunnel elements that must be verified against this requirement. The figure also
illustrates what is referred to as the escape duct within the tunnel structures. Additional
information is linked to the requirement regarding the minimum clearance profile (PVR)
dimensions for the escape ducts in the tunneltube. For the Vork, these minimum dimensions are
specified as 1,7 meters in width and 2,1 meters in height. These clearance profile dimensions
must be achieved along the entire length of the section to comply with the requirement.

Table 14. Example of a Class 4 requirement from the case study.

Requirement text

An escape duct in a tunnel construction must provide conflict-
free space for the applicable PVR, finishing elements,
installations, and all necessary free spaces.
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To perform the verification, a selection is made within the BIM model of the elements related to
the escape ducts that are relevant to the requirement. The filtering of the BIM model was carried
out using the Python module IfcOpenShell. The building elements are filtered based on the
parameter OWV_SE_fysiek_naam, which contains the physical names of the elements in the
model. This filtering process isolated and retained elements with names such as ‘espace door’
and ‘escape duct floor’. Additionally, a filter was applied using the BIM phasing parameter to
remove temporary construction elements from the model. These temporary components are
dismantled after construction and are therefore not directly relevant for verifying the requirement.
As aresult, only the building elements necessary for the verification of the requirement remain in
the BIM model (see Figure 35b).

Escape duct

Figure 34. Tunnel close-up of escape duct.
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Following the selection of the relevant building elements for verifying the requirement using
Python, the requirement verification can be carried out. A clearance profile within the model was
used for this purpose, representing the escape ducts of the tunnel structure. The clearance
profile spans the entire length of the tunnelto verify whether the escape ducts maintain a conflict-
free space. The clash detection process in Navisworks identified 340 clashes between the model
elements and the clearance profile. Appendix H provides a more detailed explanation of the
filtering of building elements for the requirement verification and the implementation of the
verification process in Navisworks. Since a Class 4 requirement is rare due to its computational
complexity, the requirement discussed above is the only one of this class that appears in the
filtered dataframe.

Figure 35. (a) BIM model with all the elements in place and (b) filtered model focusing on tunnel escape ducts.

3.2.5 Reporting of the results

After verifying the BIM models against the specified requirements, the outcomes must be
documented in a way that enables the users to understand the identified issues and take
appropriate corrective actions. To manage the issues, Autodesk Construction Cloud (ACC) is
chosen as the issue management system. In addition to issue tracking, ACC offers functionalities
for project management, model coordination and document control. Autodesk Construction
Cloud serves as a Common Data Environment (CDE) by centralizing project data across all
construction phases and allows for real-time collaboration. The use of a CDE aligns with the
buildingSMART standard and complies with ISO 19650 (see Subsection 2.2.2). According to ISO
19650 clause 3.3.15, a CDE is the agreed source of information for a given project used to collect,
manage and share each information container through a managed process (ISO, 2018a).

Figure 36 presents a simplified representation of the requirement verification process and the
use of the Common Data Environment (discussed in detail in Section 3.4). The figure shows two
verification approaches: the first approach involves directly verifying the requirement in Python
by importing the IFC file of the model, while the second involves filtering the BIM model prior to
performing the verification in Navisworks. In both cases, the verification results are exported to
Autodesk Construction Cloud which serves as the CDE in this process.
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Figure 36. Process of BIM requirement verification and reporting of results to the Common Data Environment.

An overview of how issues are displayed within Autodesk Construction Cloud is shown in Figure
37a.The issues stored in ACC are based on IFC files derived from the BIM models. These IFC files
enhance interoperability and facilitate collaboration among project stakeholders. Moreover, their
use aligns with the buildingSMART IFC standard and the related ISO 16739 standard. Figure 37b
illustrates how issue details are presented within Autodesk Construction Cloud. The issue details
shown in this figure originate from the verification of the Class 4 requirement discussed in
Subsection 3.2.4.4. Itindicates which elements constitute the issue, the associated requirement,
the responsible party, the relevant model and other contextual information. Within the Model
Coordination environment of ACC, users have direct access to the most recent version of the
model with the related issue. This setup with using a CDE enables cloud-based collaboration
among various disciplines involved in requirement verification.

The issues stored in ACC can be exported into the BIM Collaboration Format (BCF). This is another
international openBIM standard, which enables different BIM applications to exchange model-
based issues using IFC files of the models. Additionally, ACC also makes it possible to generate
issue reports from the issue overview shown in Figure 37a. Besides recording issues in ACC, itis
also important to document the approved requirement verifications. An example of this is shown
in Figure 37c, where the example corresponds to the verification of the Class 1 requirement
discussed in Subsection 3.2.4.1. It is important to note that this illustrates how results from both
requirements verified using Python with the IfcOpenShell module and those verified using clash
detection in Navisworks can be integrated into the Common Data Environment.
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3.3 Implementation challenges

This section addresses the implementation challenges encountered during the execution of the
verification process. Although the verifications carried out show potential for automated
requirement verification, several difficulties arose during the practical implementation of the
requirement checks. The order in which the challenges are presented does not reflect their
relative importance.

3.3.1 Ambiguity in requirement texts

One of the main challenges in automating the verification of requirements in this research lies in
the frequent ambiguity and incompleteness of those requirements. Often formulated in natural
language, requirements tend to be imprecise, open to interpretation or lacking crucial
information. As a result, manual interpretation or clarification is frequently required before
automated verification can even begin. This dependence on human input reduces the efficiency
of automated approaches and shows the need for more structured requirement definitions.

3.3.2 Hybrid requirements

In Subsection 3.2.4.1, the term hybrid requirement was introduced for the first time referring to a
requirement that is partially geometric and partially non-geometric. In the given example, one
part of the requirement text concerned a geometric property (pipe diameter) which could be
verified within the BIM model. However, the other part related to a non-geometric aspect
(transport capacity), necessitated a structural calculation in addition to verification within the
BIM model. Verifying such hybrid requirements presents additional challenges, as it demands
increased coordination between the various disciplines involved in the verification process.

3.3.3 Inconsistent model data and parameters

Inconsistencies in the BIM model’s data and parameter structure limited the effectiveness of
automated verification. The lack of standardised element properties led to missing orincomplete
information across various model building elements. This issue was particularly problematic for
special checks as seen in Subsection 3.2.4.2, where required property data was not consistently
available making it difficult to verify the requirements. In addition to hindering automation, the
inconsistent use of parameters also reduces the reusability of verification procedures across
different BIM models. This shows the need for a consistent use of parameters and building
information within the process of automated requirement verification.

3.3.4 Classification of requirements

The classification step within the process of automated requirement verification focuses on
identifying which requirements can be verified within the BIM model (geometric) and which
cannot (non-geometric requirements). To facilitate this classification, a machine learning model
was developed and trained using Python to predict the category for each requirement as
described in Subsection 3.2.1. The model achieved a classification accuracy of 95%,
successfully categorizing the majority of the requirements. However, the remaining 5% were
misclassified, indicating that full automation is not yet feasible. This shows that human
intervention is still necessary to review and validate the outcomes of the classification step. It
ensures that requirements are correctly classified before the verification process continues.
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3.3.5 Linking model elements to requirements

In addition to the fact that requirement texts are often ambiguous and open to interpretation, the
requirement texts are not directly linked to building elements within the model. The requirement
textfrom the contractis associated with an object code thatis related to the BIM model. However,
this means that the building elements are not linked to the requirement text at an element level.
As aresult, itis often unclear which specific elements inthe BIM model need to be verified against
the requirement. The requirement text is reviewed from a Systems Engineering perspective to
ensure it is SMART, but the focus does not extend to linking the requirement text to elements in
the model. The absence of a direct connection between individual building elements and the
requirement text unnecessarily complicates the process of automated requirement verification.

3.3.6 Fragmented workflow

The case study demonstrates that the automated requirement verification process involves a
fragmented workflow. This is partly unavoidable due to the structure of the process which
necessitates manual steps. For example, requirements from the Relatics database must first be
processed into geometrical and non-geometrical categories to see which requirements can be
verified using a BIM model. This filtering was performed using Python in order to reduce the need
for manual selection during the automated verification process. Nevertheless, this step, along
with the ambiguity in requirement texts and the inconsistent use of model data, contributes to
the fragmentation of the workflow.

A more structured approach to project (model)data and the formulation of clear, unambiguous
requirements that are directly linked to the BIM model can improve the efficiency of the workflow.
While the workflow for automated requirement verification will continue to depend on multiple
tools, the findings demonstrate significant potential for improving the efficiency of their
integration. The workflow used in this research is explained in the following section. In addition,
guidelines were developed based on the implementation challenges, which are discussed in
detail in Chapter 4.

3.4 Workflow

This section focuses on the workflow throughout the entire process of automated requirement
verification, starting from the contractual requirements to the reporting of the verification results.
At the initiation of the project, the contractual requirements are first entered into a requirement
database which is Relatics in this case. According to Eastman et al. (2009), the process of
automated requirement verification can be divided into four main parts. The workflow described
in this report broadly corresponds to this structure. However, an additional fifth part has been
included in the workflow which addresses the classification of the requirements. The complete
workflow of the process is presented in Figure 38.

After the requirements have been entered into Relatics, they can be exported into an Excel file.
This data is then processed in the classification step (see part 1 in Figure 38), where a machine
learning model developed in Python distinguishes between geometrical and non-geometrical
requirements. Geometrical requirements can be verified using a BIM model, whereas non-
geometrical requirements must be verified in another way (e.g. calculation). In addition to this
categorisation, the requirements are also classified into four classes during the classification
step. These classes differentiate how the requirements can be verified within the BIM model,
based on their computational complexity (Solihin & Eastman, 2015). After that, the sequencing of
the rules must be considered, focusing on requirements that depend on the outcome of other
requirements.
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Figure 38. Workflow of the automated requirement verification process.

Following the classification of the requirements, the next step involves manual rule interpretation
(see part 2 in Figure 38). This is done using the RASE mark-up language which is a method that
converts human-readable requirements into a machine-readable format that is compatible with
BIM models using the IFC standard (Hjelseth & Nisbet, 2011). Once the requirements have been
interpreted, the building model data is prepared (see part 3). This preparation includes filtering
the BIM model to isolate elements relevant for verifying specific requirements. The process is
done in Python using IFC files derived from the latest BIM models, which can be obtained from
Autodesk Construction Cloud by exporting Revit files to IFC format. Also, depending on the
requirement class, it may be necessary to semantically enrich the model to ensure that missing
or implicit information is added for the verification. The resulting IFC file can then be used for
verification in Navisworks or the verification can be done directly in Python using the IFC file (see
part 4).

Part 5 focuses on the reporting of verification results, where the outcomes are exported to
Autodesk Construction Cloud which functions as a CDE within the workflow. From ACC, a
verification report is generated if the requirement is met. If the requirement is not met, either a
deviation requestis filed or a design change is initiated. In the latter case, the verification process
needs to be repeated. This iterative nature of the process is reflected in the cyclic representation
of the design process in Figure 38.

3.5 Efficiency metrics

This section looks at efficiency metrics to evaluate the performance of the proposed (semi-
)automated approach in comparison to the traditional method. A before-and-after comparison is
done to evaluate changes in the semi-automated requirement verification process. The findings
from the case study are applied using an empirical approach to provide insight into the
effectiveness of the implementation. The comparison uses the following metrices to evaluate the
effectiveness: 1) time savings, 2) repeatability and 3) the quality of the result. The time savings
metric evaluates the reduction in time when using the automated approach compared to the
manual method. The repeatability metric examines the extent to which the verification can be
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consistently replicated and still get the same results. Lastly, the quality of the result metric
assesses the accuracy and precision of the output. The evaluation of the performance of the
proposed approach was conducted by assessing the five main steps as presented in the workflow
(see Figure 38). Atable is used in this section to facilitate a quantitative comparison of the metrics
used in the evaluation (see Table 15).

Efficiency of the classification

The classification of requirements in the semi-automated process involves categorizing the
requirements as either geometrical of non-geometrical depending on whether they can be
verified within the BIM model. This classification step, performed manually, takes approximately
139 minutes for the full dataset of the case study consisting of 614 requirements. To automate
this classification step, a machine learning model was developed in Python to classify the
requirements into the same categories. The model completed the classification in 42 seconds.
This shows a time reduction of 99.5% for this specific dataset (see Appendix I).

In terms of repeatability, the manual approach may produce inconsistent results as the
classification of requirements is influenced by subjective human judgment. It is therefore likely
that, when repeating the classification step, not all requirements will be categorized consistently
as either geometrical or non-geometrical. In contrast, the repeatability of the automated
approach is significantly higher as the classification is performed using a consistent algorithm.
Regarding the quality of the results, the manual approach aligns with the repeatability metric in
the sense that the output may vary. As such, it is difficult to assign an exact performance value to
the manual method. However, the machine learning model used in the automation approach
achieved an accuracy of 0.95 which indicates that it correctly categorized 95% of the
requirements (see Appendix ).

Efficiency of the rule interpretation

For the rule interpretation step of the process, no exact efficiency metric can be provided as the
RASE language was not applied in the traditional approach. Moreover, because the RASE mark-
up is performed manually, a direct comparison between the two approaches is not possible.
Regarding the repeatability of the RASE mark-up, it can be considered moderate. While the
standardised algorithm provides a consistent framework for marking up requirements, the
manual nature of its application might introduce some variability. In terms of quality, the results
produced using RASE are likely to be high, as the structured approach improves accuracy relative
to the manual approach.

Efficiency of the preparation

Although exact time savings were not measured, the semi-automated preparation of building
model data improved the efficiency. Automating element filtering with scripts using IfcOpenShell
reduces manual effort which suggests time savings. The approach also enhances repeatability by
applying consistent filtering and eliminating variability in the manual approach. This consistency
is important for Class 3 and 4 requirements that need semantic data. The quality improves as
automated filtering reduces errors which results in more accurate results.
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Table 15. Efficiency metrics of the proposed semi-automated approach relative to the manual approach for the steps in the
workflow of automated compliance checking.

Quality of the

Automation | Time savings | Repeatability result

1. Classification of the
requirement

2. Interpretation of the
requirements

99,5% High 95,0%

® Moderate High

O00@
O

3. Preparation of the .
building model data Moderate High

4. Executionofthe 98,9% High High
verification

5. Reporting of the ® High High
results

Manual O Semi-automated Q Automated . Not quantifiable ®

Efficiency of the verification process

The execution phase of the verification process showed improvements in efficiency when
comparing the manual and semi-automated approaches. In terms of time savings, the Class 1
requirement example involving the verification of pipe diameters served as a quantifiable
benchmark. The manual verification within the BIM model required 120 minutes to assess
compliance with the specified requirement. In contrast, the automated approach, using the
Python module IfcOpenShell, completed the verification of the same number of elements in 80
seconds. This shows areduction of 98.9% in terms of time for this specific case. While exact time
measurement could not be directly compared for the other requirement examples, the
verification workflows were largely consistent. In all cases, the use of Python for filtering reduced
manual navigation time within the model.

In terms of repeatability, the manual approach relies on measurements within the BIM model,
which may vary upon repetition. In contrast, the automated verification produces consistent
results that show a high degree of repeatability. However, it is essential to ensure that the same
parameters are used during each verification to maintain this level of repeatability. The final
metric examines the quality of the result by evaluating the precision of the output. As previously
noted, the repeatability of the manual approach may vary which can affect the precision of the
results. To assess this, the precision was measured based on ten verification attempts. The
absolute deviation of these observations was found to be 0.0011 meters which corresponded to
a 0.24% deviation. The automated approach showed no variation in the results, leading to a
deviation of zero percent (see Appendix I).

Efficiency of reporting the results

The final step of the process, the reporting of the results, cannot be directly compared in the
before-and-after analysis and therefore no exact value can be provided for the efficiency metrics
(see Table 15). However, it can be stated that the outcomes of both the manual and semi-
automated processes are expected to be comparable when the same verifications are repeated
resulting in a high degree of repeatability. This is because each approach employs a consistent
method for reporting the results which will give similar results upon repetition. Regarding the
quality of the reported results, the two approaches cannot be quantitatively compared.
Nonetheless, it is reasonable to assume that both the manual and semi-automated methods
produce outputs of similar quality. However, the semi-automated approach does offer improved
traceability as it is better integrated within the CDE instead of relying on another software tool.
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4. Guidelines

4.1 Creating guidelines

For creating the guidelines, a distinction has been made between three levels, namely: a strategic
level, an operational level and a BIM level (see Figure 39). The strategic level concerns the vision,
policy and culture of the organisation. The operational level looks at the translation of strategy
into daily practice. The BIM level focuses on concrete applications of tools, formats, standards
and models. The Oosterweel case study project serves as the scope for developing the
guidelines. The insights from the literature review and the conducted interviews were also used
in the development of the guidelines.

Strategic level: organizational
Operational level: projects & people

@ BIM level: technical & implementation

/

Figure 39. Distinction between different levels for developing guidelines.

4.1.1 Strategic level

At the strategic level, making automated requirement verification a standard part of BIM
processes requires clear decisions and actions from the top of an organisation. This means
deliberate changes are needed in procurement practices and engagement with the client from
the start of the project. If these changes are not made at the higher, strategic level, then it
becomes much harder to implement automated verification properly in the project. Also, without
a top down push, implementation at the operational or BIM level will remain fragmented and
inconsistent.

Ambiguity in requirement texts

During the implementation of the case study, it became clear that ambiguity in requirement texts
presents a significant barrier to the automation of the verification process (see Subsection 3.3).
This issue must be addressed at a strategic level, beginning in the early stages of the project.
Contracts should clearly define the expectations regarding the automated verification of
requirements within BIM models. This includes the specification of required formats, deliverables
and the allocation of responsibilities. Establishing clear and computer interpretable
requirements during the procurement phase sends a strong signal to both clients and the market
that verification within the BIM process should transition from a reactive task to a proactive
responsibility shared among all stakeholders.
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Project requirement

The pipe diameter of the embedded sewer system
in the traffic ducts must be at least 200 mm.

Specified requirement \

Every IfcFlowSegment of type PIPE with
PredefinedType = ‘SEWER’, located in the traffic
ducts, must have a property ‘NominalDiameter’ in

property set ‘Pset_PipeSegmentTypeCommon’
and that value must be = 200 mm.

Figure 40. Computer interpretable requirement text using the IDS standard.

The requirements used in the case study were insufficiently specific which hindered the
automation of the verification process. To address this, the RASE mark-up language was applied
to structure the requirement texts. For automated requirement verification to be effective,
requirements must be computer-interpretable and explicitly linked to the corresponding building
elements within the BIM model in accordance with the IFC/IDS bSI standards and ISO 16739
(IFC). As an illustration of this approach, a requirement from the case study was reformulated
and specifically linked to model elements following these standards (see Figure 40). To test the
full use of the bSI standards using the IDS, the verification of this same requirement is included
in Appendix J.

To prevent ambiguity in requirement texts during their formulation, a guideline has been
formulated (see S1 in Table 16). Once a requirement is made specific, as illustrated in the
provided example, it becomes significantly easier to automate its verification within the IFC
model. This leads to both improved quality control and data fidelity. The verification results can
be generated using the BIM Collaboration Format which enables the linking of verification
information directly to building elements in the model in accordance with the bSI BCF standard.
This approach aligns with ISO 19650 which outlines a framework for the structured exchange of
information across disciplines throughout the entire project duration. Figure 41 provides a
simplified overview of the complete process, from clearly defining project requirements to avoid
ambiguity to reporting verification results using BCF. If this approach and guideline S1 had been
followed from the start, the process of automated verification would have been much simpler in
execution.

Define
requirements

Report the
results

A

o

Perform
verification

Create BIM
model

Figure 41. Simplified verification process using bSI standards.

Hybrid requirements

The use of hybrid requirements was identified in Subsection 3.3 as an implementation challenge
in the process of automated requirement verification. The presence of both a geometric and a
non-geometric component within a single requirement complicates automation as it
necessitates manualinterpretation to determine which parts can be verified within the BIM model
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and which require alternative validation methods. Verifying a hybrid requirement also demands
increased coordination between disciplines as the verification process becomes
interdependent. Moreover, hybrid requirements introduce uncertainty when the boundary
between geometric and non-geometric aspects is unclear. Therefore, the guideline presented in
Table 16 (see S2) recommends avoiding the use of hybrid requirements, if the geometric property
can be individually verified. If hybrid requirements were avoided in the case study by following
guideline S2, the process of automated requirement verification would require significantly less
coordination.

When hybrid requirements are avoided, the original requirement is divided into a geometric and
a non-geometric component. The handling of these interrelated parts is closely aligned with the
bSI IDM standard and ISO 29481 (IDM). These standards offer a structured methodology for
specifyingwho isresponsible for delivering particular information and at what pointinthe process
itmust be provided. This approach facilitates a clear allocation of responsibilities for verifying the
geometric and non-geometric aspects of a requirement. Furthermore, ISO 19650 supports this by
providing a framework for managing information throughout the project lifecycle to ensure that
these verifications remain coordinated and traceable through the use of a CDE.

Table 16. Guideline overview with related standards.

Guidelines

bSI

Standards

SO

(W19) 05961

(ad1) 900zL

(Wan Levee
(od1 egLol

interoperability and automation.

S1 | Address ambiguity by formulating clear and machine-interpretable

requirements to improve automated verification using bSl standards. X X X
S2 | Avoid hybrid requirements by separating geometric requirements that

can be verified in the BIM model from those requiring alternative X | X | X X

methods, if the geometric property can be individually verified.
Operational level
O1 | Establish a structured Common Data Environment for consistent

storage of verification results and BIM model data. X | X X X
02 | Use the BIM Collaboration Format for issue tracking during the

verification process and integrate it with the CDE. X | X X X
O3 | Use standardised terminology from the Information Framework

Dictionary (IFD) in all BIM model data to ensure consistency, X X X

the automated requirement verification process.

B1 | Standardize the use of properties and data structures across BIM

models to support consistent requirement verification. X X X
B2 | Establish a direct and traceable link between requirement texts and

the corresponding building elements in the BIM model. X X | X X
B3 | Use the latest available IFC version to ensure long-term

interoperability, enhance data exchange, and improve the efficiency of X X X
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4.1.2 Operational level

The operational level focuses on translating strategic intentions into practical actions that can be
consistently implemented across projects. While strategic decisions define the overall direction
and priorities, such as the adoption of automated requirement verification, the operational level
ensures these goals are embedded in the daily workflows. This subsection addresses guidelines
that focusing on how processes are carried out in practice.

Common Data Environment

To support a reliable automated requirement verification process, it is important to use a well-
organised Common Data Environment. The CDE should serve as the central platform where all
relevant model files, verification data and reports are stored (see Figure 42). A cloud-based CDE
solution like Autodesk Construction Cloud used in the case study implementation, enables real-
time collaboration between disciplines and ensure all users are working with the most current
information. This not only reduces the risk of working with outdated files but also ensures that the
automated requirement verifications are aligned with the most recent design iterations.
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Figure 42. Visualisation of Common Data Environment.

The resulting guideline is presented in Table 16 (see O1), which also includes the relevant
standards. The use of a CDE aligns with the ISO 19650 standard for information management and
the bSI standard in that area. It also connects with the bSI standards for IFC and BCF, including
the ISO 16739 standard on IFC. The IFC file format facilitates automated requirement verification
by supporting data exchange across different software environments. The BIM Collaboration
Format further supports this process by enabling structured issue tracking and communication
among project stakeholders. The use of a CDE is beneficial given that a fragmented workflow was
identified as one of the implementation challenges during the practical execution of the
verifications within the case study (see Subsection 3.3).

BIM Collaboration Format for issues

A fragmented workflow, characterized by disconnected communication between stakeholders
and systems, remains a challenge which results in inefficiencies in the automated requirement
verification process (see Subsection 3.3). The use of the BIM Collaboration Format facilitates
structured issue tracking and communication throughout the project lifecycle. This ensures that
issues are clearly documented and linked to specific elements in the BIM model. The BCF is
designed for model-based communication which means that, in addition to text and images,
references to objects can be included for easier navigation to the location in the BIM model. The
use of BCF is presented in a guideline in Table 16 (see O2) which also shows the associated BIM
standards.
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results (BCF)

Figure 43. BIM Collaboration Format and relationship with IFC and CDE.

The use of BCF is related to the bSI IFC standard and ISO 16739 (IFC), as IFC provides an open
data model for describing building elements and their interrelationships. BCF enables the linking
of issues in the BIM models to specific elements which enhances data traceability and
consistency. This is important in the process of automated requirement verification, where BCF
information can be linked to model data stored in the IFC. Furthermore, integrating BCF with a
CDE facilitates centralised data storage which supports data exchange and automation. Figure
43 shows the relationship between BCF, IFC and CDE. This approach aligns with ISO 19650 which
promotes collaboration and the use of standardised processes.

Standardised terminology

Given the substantial amount of data embedded within a BIM model, it is essential to ensure
consistent use of terminology. This becomes especially important with implementing an
automated requirement verification process where adherence to uniform terms simplifies the
execution. The case study revealed inconsistencies in the naming of data used within the model.
For example, the Dutch term dak platen (roof panels) was applied to a workset, while tunnel roof
was used as a family name for the same element type. Such variation introduces an additional
interpretative layer which complicates the automation of requirement checks. To address this, a
guideline has been developed to promote the use of standardised terminology throughout the
model (see O3 in Table 16).

The International Framework Dictionary (IFD) enhances the interpretability of data exchanged via
the IFC standard by providing contextual meaning. While IFC offers a foundational structure for
describing model elements, it lacks detailed semantic definitions. The IFD library provides this by
assigning precise meanings to object-related information. By linking IFC-based models to
databases containing project specific data, the IFD framework introduces a level of flexibility in
information handling. This aligns with the ISO 12006 (IFD) standard and the buildingSMART Data
Dictionary (bSDD) which implements the concepts covered in ISO 12006. For example, within the
dictionary there are definitions of what a Foundation and NetArea are linked to defining the
requirements (see Figure 44). Furthermore, the IFD library can state that a foundation must be
modelled with an IfcSpace and the NetArea must be expressed as a positive number in square
meters. The adoption of standardised terminology as facilitated by IFD and bSDD support the
automation process of requirement verification.
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‘Foundation’ = The structural elements that support and anchor the bridge to
the ground, transmitting all loads to the supporting strata.

‘NetArea’ = Total net area of the object. Openings, recesses and cut-outs
are taken into account by subtraction, projections by addition.

Define
requirements

Create BIM
model

Figure 44. Dictionary based on ISO 12006 (IFD) and bSDD.

4.1.3 BIM level

The BIM level addresses guidelines that relate to the practical use of Building Information
Modeling in the context of automated requirement verification. This level focuses on model
specific aspects such as data structuring and the application of relevant BIM formats. The
guidelines discussed in this subsection translate higher level intentions into specific actions
within the BIM environment based on the insights gained from the implementation of the case
study.

Inconsistent model data

The case study revealed inconsistencies in the parameter structure of the BIM model data. This
issue is also identified as one of the implementation challenges for automated requirement
verification (see Subsection 3.3). The IFC format uses properties to define custom data linked to
building elements within the model. The IFC schema includes predefined properties organised
into property sets associated with specific entities. Each entity contains multiple properties
grouped together within these sets.

The IFC files from the case study contain a mixture of standard and custom IFC properties with
the majority being custom properties. While the models include standard IFC property sets such
as Pset_QuantityTakeOff, Pset_SlabCommon and Pset_Dimensions, most of the property sets
are custom like for example Identity Data, Constraints and others. These custom property sets
also contain custom properties in the model, such as ROCO_Local_Width and
ROCO_CLE_Base_Offset. However, these custom properties were inconsistently available
across the different building elements within the model making it difficult to verify the
requirements. It is advisable to structure the BIM model using buildingSMART standardised
properties before introducing custom ones. In addition to complicating the automation of
requirement verification, the inconsistent use of parameters also diminishes the reusability of
verification procedures across different BIM models and future projects. This emphasizes the
need for consistent use of parameters and building information within the process of automated
requirement verification.

This leads to the guideline presented in Table 16 (see B1), where the use of standardisation of
parameters is promoted. The use of standardised IFC properties defined by buildingSMART
supports reliable automated requirement verification and aligns with both the bSI IFC standard
and ISO 16739. Additionally, the IDS standard by bSl and the national BIM Base IDS are closely
related to this guideline. The IDS defines the required information for the model and prescribes
how it should be structured. For instance, it may specify that every IfcBridgePart must include a
LoadBearingCapacity property within Pset_BridgePartCommon. Implementing IDS enforces
standardised parameter structures within the IFC schema which ensures that each building
element contains the correct and consistent properties to simplify automated requirement
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verification. If more standardisation of properties according to guideline B1 had been applied in
the case study, the automation process could have been easier. Additionally, by using property
standardisation, the reusability of verification procedures across different models and projects
would have been significantly increased.

Linking model elements to requirements

During the implementation of the case study, it became evident that there is no direct link
between the requirement texts and the building elements within the BIM models. Although a
Systems Engineer reviews the requirement text according to the SMART principle, this specific
connection to the BIM model is lacking. This represents one of the main challenges hindering the
process of automated requirement verification (see Subsection 3.3). While requirements are
associated with object codes that are indirectly related to the BIM model, they are not explicitly
connected to individual model elements. Furthermore, the requirement texts are often vague and
ambiguous which leaves room for interpretation regarding which specific elements in the BIM
model must be verified. As a result, manual selection of the relevant building elements is required
for verification against each requirement. Therefore, the absence of a direct link between the
requirement text and the model elements can be considered a significant barrier to the efficiency
of automated requirement verification.

To address this issue, a guideline has been formulated recommending the establishment of a
direct link between requirement texts and building elements (see B2 in Table 16). This connection
can be achieved by associating each requirement text with individual objects in the BIM model at
the element level. This approach alighs with ISO 16739 (IFC) and the bSI IFC standard, as it allows
requirements to be linked to model elements via their unique identifier (GloballD). Furthermore,
itis advisable to use standardised terminology for both the requirement texts and BIM elements.
This is in accordance with ISO 12006 (IFD), which supports the use of a shared and consistent
vocabulary. Applying standard terms for the IFD reduces ambiguity and enhances the accuracy
of automated requirement verification. Linking model elements to requirements is also
consistent with ISO 19650, as this standard promotes the use of structured information and
facilitates traceability. It ensures that data is properly managed and exchanged between the
project stakeholders. If guideline B2 had been followed from the start, the implementation of the
case study with using automated requirement verifications would have been easier due to the
presence of direct links between the building elements in the model and the requirement.

IFC version

The version of IFC is crucial for automated requirement verification, as the verification process
relies on the IFC files of the BIM model. The most recent official version of IFC is 4.3.2.0,
commonly referred to as IFC 4.3. This version has been published by ISO as the official ISO 16739-
1:2024 standard (buildingSMART, n.d.-g). In addition, the next generation of IFC, version IFC 5.0,
is currently under development by buildingSMART. The project from the case study uses the
version IFC2x3, which is a widely adopted version. Many applications are capable of supporting
both IFC2x3 and IFC4, as these versions share a similar structure (digiGO, 2023a).

Despite the continued use of older IFC versions, there are notable differences in properties and
property sets across various versions. For example, IfcBuildingElement (IFC2x3) was renamed to
IfcBuiltElement in IFC4. As previously mentioned, properties are used in automated requirement
verification by linking them to the IFC model data. Itis therefore recommended to always use the
latest IFC version to ensure the efficiency of the automated verification process and maintain
interoperability with other tools. Using the latest IFC version enhances interoperability which is
essential for exchanging model data between different stakeholders (aligns with ISO 19650). This
leads to a guideline presented in Table 16 (see B3). Each new IFC version introduces additional
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features that are also aligned with other standards, such as bSlI CDE, BCF and IDS. Because of
this using the latest version and following guideline B3 positively contributes to the automation
of the requirement verification process.

4.2 Validation through interview

To evaluate the applicability and practicality of the proposed guidelines for the process of
automated requirement verification in the BIM environment, a series of interviews were
conducted with professionals from the industry (see Appendix A3). The interviewees were
selected based on their diverse roles within the organization in order to align with the strategic,
operational and BIM levels at which the guidelines are categorised. This section is structured by
briefly restating each guideline along with its corresponding level, followed by the findings based
on the results of the interviews.

Strategic level
S1 | Address ambiguity by formulating clear and machine-interpretable requirements to improve
automated verification using bSI standards.

It was highlighted that making requirements unambiguous and machine-interpretable from the
start of a project is both necessary and challenging. A commonly cited method is to formulate
requirements in a SMART manner tailored to BIM model elements. The use of Object Type
Libraries (OTLs) was also mentioned which were also used within the case study. The OTL codes
are used to structure the model elements according to the Object Breakdown Structure (OBS).
However, a direct link between individual requirements and the corresponding OTL elements is
lacking. This is why the guideline promotes the use of buildingSMART standards, such as the IDS
which facilitates the definition of requirements in a machine-interpretable format. The
interviewees indicated that implementing such structured approaches would positively impact
the automation of the requirement verification process. ldeally, a standard IDS should be
adopted industry-wide to reduce the need for custom coding. Also, it was mentioned that IDS
offers a way to bridge the gap by linking requirements more directly to IFC model data. It was also
mentioned that integrating tools like Relatics with the IDS format would be a major step.
Nonetheless, concerns were raised about the fact that, in the early stages of a project, a BIM
modelis not always yet available. This might make it challenging to link requirements to the model
in such a structured manner.

Strategic level

S2 | Avoid hybrid requirements by separating geometric requirements that can be verified in the BIM
model from those requiring alternative methods, if the geometric property can be individually
verified.

Although a screening of the requirements is initially done during the early stages of the project,
where the SMART criteria is applied, the case study reveals that certain requirements may still be
classified as hybrid requirements after this process. The interview results indicated that these
hybrid requirements are sometimes mistakenly categorised as geometrical which prevents their
complete verification within the BIM model. Consequently, a note is included to the verification
output stating that the requirement also contains a non-geometrical component that cannot be
verified in the BIM model. This necessitates coordination as the requirement cannot yet be
considered resolved and the verification of its non-geometrical part may influence the results of
the geometrical verification. Therefore, it is advisable to avoid the use of hybrid requirements as
much as possible.
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Operational level
O1 | Establish a structured Common Data Environment for consistent storage of verification results
and BIM model data.

Using a Common Data Environment is essential for ensuring a reliable automated requirement
verification process. The CDE can be used to store BIM models, as well as issues from the
verifications or other project data. Currently, the company uses BlMcollab to manage issues
arising from the BIM model. However, the implementation of a CDE, such as Autodesk
Construction Cloud, can provide a central platform for storing both BIM model data and
verification results. The interviews confirmed the importance of a CDE, highlighting its role in
improving accessibility and coordination across different disciplines. Additionally, it was noted
that the use of a CDE aligns with ISO 19650, which addresses information management
throughout the project lifecycle. This further indicates that the guideline is well aligned with the
proposed workflow outlined in Section 3.4. However, some interviewees acknowledged that
there is often resistance to adopting new tools or systems, which can slow down the transition
towards a centralised environment.

 Operationallevet . .
02 | Use the BIM Collaboration Format for issue tracking during the verification process and integrate
it with the CDE.

The BIM Collaboration Format can be used to exchange model-based issues derived from IFC
models which can be further integrated with a CDE. The issue management system BIMcollab,
which is currently used within the company, also supports exporting issues in BCF. However, the
integration with a CDE is lacking. By linking issues using BCF to a CDE it becomes possible to
review issues at the element level directly within the model. Although interviewees indicated that
a viewpoint as a graphical representation of the issue is often sufficient, this additional step
demonstrates that such integration is feasible. Linking issues in a model-based manner using
BCF and a CDE enhances the accessibility and traceability of the automated requirement
verification process for the users. Moreover, integrating BCF with a CDE helps reduce workflow
fragmentation.

Operational level
O3 | Use standardised terminology from the Information Framework Dictionary (IFD) in all BIM model
data to ensure consistency, interoperability and automation.

Given the large volumes of data handled in a BIM model, it is essential to use terminology
consistently. This is particularly important when implementing an automated requirement
verification approach, as the use of uniform terminology simplifies the verification process. The
Oosterweel case study revealed inconsistencies in the naming of data within the model. The
interviews confirmed that terminology standardization is recognized as important factor for
automating requirement verification. However, at present, no comprehensive dictionary is being
used. It was noted during the interviews that Object Type Libraries are applied, which rely on
standardized data structures to document information about objects. Nevertheless, the use of
terminology standards such as ISO 12006 (IFD) or the buildingSMART Data Dictionary, which uses
similar concepts, is currently not adopted in practice. The standardisation of terminology in
accordance with these frameworks could substantially enhance the efficiency and reliability of
the automation process.
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BIM level

B1 | Standardize the use of properties and data structures across BIM models to support consistent
requirement verification.

A BIM model contains properties that are used to define custom data linked to building elements.
These properties are essential for performing automated requirement verifications as they hold
the element-specific information necessary for executing the checks. The IFC models from the
case study revealed limited use of standardised properties. According to the interviews, the
frequent reliance on custom properties was primarily motivated by the need to track additional
performance indicators, such as linking elements to quantities for financial purposes.
Nevertheless, the use of standardised properties enables the reuse of verification approaches
across different models and thereby supports the scalability and consistency in the verification
process.

BIM level

B2 | Establish a direct and traceable link between requirement texts and the corresponding building
elements in the BIM model.

In the process of automated requirement verification, it is beneficial if the requirement text
contains a direct link to the building elements in the BIM model that are subject to the verification.
Nevertheless, during the implementation of the case study it became clear that none of the
requirement texts were directly associated with the building elements within the BIM model.
However, the requirements were exclusively associated with object codes in the model. The
interviews indicated that alternative methods are frequently used to match requirement texts
with the relevant model elements. These methods include filtering based on physical names, OTL
codes or worksets. Furthermore, interviewees indicated that establishing a direct connection
between the requirement text and building elements using a unique identifier is not considered
practical. This is due to the possibility that design changes may result in altered identifiers which
could disturb this link. However, it is possible to use the Information Delivery Specification to
explicitly link requirement texts to IFC model data to facilitate the verification of model elements
against the specified requirements. This approach is more structured and addresses the
previously mentioned practical challenge. Therefore, the existence of a clear link between the
requirement text and the corresponding building elements is essential for the effective
automation of the requirement verification process.

BIM level

B3 | Use the latest available IFC version to ensure long-term interoperability, enhance data exchange,
and improve the efficiency of the automated requirement verification process.

To promote interoperability and improve the efficiency of automated requirement verification, it
is recommended to use the most recent available IFC version. The BIM models used in the case
study were based on IFC2x3 version, which remains widely adopted in current practice. However,
different IFC versions define varying naming for property sets which can impact consistency and
interpretation. The interview results indicated that the continued reliance on older versions (e.g.
IFC2x3), is often driven by client preferences and established workflows. Although newer versions
like IFC4 provide enhanced data structures and more comprehensive property definitions, their
adoption in practice remains limited. This suggests that while the guideline supports
technological advancements in data exchange and automation, its practical implementation
depends on project specific requirements and the willingness of stakeholders to adopt a more
recent version of the standard. Promoting the use of updated IFC versions among clients and
project teams is therefore essential to further realise the benefits of automated requirement
verification.
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5. Discussion

This chapter discusses the validity of the research, followed by an interpretation of the results. It
also addresses the limitations of the study and explores the implications for practice and future
research.

5.1 Validity of the research

The validity of this research is influenced by the methodological choices made throughout the
research process. The internal validity was supported by the use of the Oosterweel project which
provided a relevant context for testing the proposed verification workflow. The case study allowed
the semi-automated requirement verification process to be implemented effectively, covering
classification, rule interpretation, model preparation, execution and reporting of the results. This
ensured that the research outcomes were based on practical challenges and real data.

To ensure the research approach aligned with the practical needs, two round of interviews were
conducted with the company experts. The firstround aimed to gain a deeper understanding of the
existing requirement verification process, including the challenges encountered in practice and
user experiences of the different software tools. These insights directly contributed to the design
of the semi-automated verification workflow by highlighting issues and areas for improvement. A
second round of interviews was conducted after the guidelines had been developed to validate
their relevance. These interviews provided useful feedback on the proposed recommendations,
helping to refine them to the company’s context.

However, external validity is more limited. The study is based on a single case study and all
interviews were conducted within Witteveen+Bos. Although this approach ensured internal
alignment and contextual relevance from the engineering firms perspective, it limits how
generalisable the findings are to other projects and organisations. Furthermore, the use of
industry standards such as IFC, ISO 19650 and the openBIM method ensured that the workflow
applied in this research reflected common practices in the construction sector. However, the
implementation still revealed several challenges such as for example the need for manual
intervention for requirement classification. This indicates that while the approach is suitable to
the case study, further development and testing across different projects is necessary to improve
its reliability and broader applicability.

5.2 Result interpretation

The results of this research show that a semi-automated approach to requirement verification
within the BIM environment is feasible and significantly more efficient than current manual
methods. Integrating a machine learning model, Python scripts and Autodesk tools such as
Navisworks and Autodesk Construction Cloud optimised the verification process. Furthermore,
the RASE language was found to be the most effective method for structuring requirements due
to its standardisation, readability and expressiveness. The language was also well aligned with
industry standards which support compatibility with IFC based model checking and strengthen
the automation potential.
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5.3 Research limitations

While this research provides insights into the development of a semi-automated requirement
verification process within the BIM environment, it is important to recognize the limitations of the
study. Understanding these limitations is essential to accurately interpret the results and identify
areas for improvement in the future. The key limitations to this research are listed below:

e Scope limited to one case study
The research used a single infrastructure project as a case study which limits the
generalizability of the findings. While the case was useful for testing the feasibility of the
proposed workflow, other projects may involve other types of requirements and workflows
not addressed in this study.

e Onlyinternal validation
Both rounds of interviews and all testing was done through employees from Witteveen+Bos.
While this helped to ensure relevance to the company’s internal processes, it introduces
potential bias and reduces the external validity of the findings. Broader validation across
multiple project stakeholders would provide a more generalizable conclusion.

o Fragmented use of tools
The development process relied on a combination of individual tools such as Relatics,
Autodesk Revit/Navisworks, Autodesk Construction Cloud and Python. Each tool was used
for a different task, but they lacked overall integration. Consequently, manual effort was
needed to transfer data between tools to align information and maintain consistency across
the different systems. For this process to be practical it is necessary to integrate these steps
into a more unified and automated platform.

e No full automation of the process

The research focused on developing and testing a proof of concept to demonstrate the
feasibility of automating requirement verification in the BIM environment. While the results
confirmed that several steps such as classification of requirements and verifications, can be
partially automated, the overall process is not fully automated. This means the full workflow
has not yet been integrated into a scalable solution. This restricts the direct use of the
approach and highlights the need for further development, research and testing to achieve
full automation in practice.

5.4 Research implications

From a practical perspective, the findings show that automation can improve the efficiency of
requirement verification processes, even when full automation has not yet been achieved.
However, the fragmented nature of the tools combined with the need for manual coordination
shows the importance of further integration. In terms of research implications, this study helps
to bridge the gap between the theoretical approaches proposed in academic literature and the
practical implementation within the construction industry. While many studies promote the use
of automation, it is not always shown how it can be applied in the BIM environment using multiple
software tools. By basing the research on a case study and validating the findings through
interviews, this study improves the understanding of how a semi-automated verification process
can be designed.
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6. Conclusion

This chapter presents a conclusion by answering the research questions formulated at the
beginning of this report. The objective of this research was to develop a (semi-)automated
process that optimises the verification of requirements within the BIM environment. By exploring
the possibilities of developing such a process, this research aimed to optimize requirement
verification and improve efficiency by overcoming current limitations. To achieve this objective, a
main research question was formulated, supported by four sub-research questions. The
conclusion is drawn by first addressing the sub-questions followed by answering the main
research question.

6.1 Sub-research questions

SQl: What are current challenges and limitations in the verification process of
requirements in 3D models?

While automated requirement verification shows considerable potential, the process is still
subject to several challenges and limitations, making it an ongoing topic of academic and
industry interest. One of the most fundamental and complex challenges identified in the literature
is the translation of human-readable texts into a structured computer interpretable format. The
difficulty of converting requirement texts also emerged as a significant challenge during the
execution of this research. A closely related problem is the inherent ambiguity in many
requirement texts which often leaves room for subjective interpretation. As a result, human
clarification remains necessary, which limits the efficiency of the automated approach. It can
also be concluded that human input is required when processing hybrid requirements, which
consist of both geometric and non-geometric parts.

Additionally, there are also some more practical limitations to the process of automated
requirement verification. The inconsistent use of element properties within BIM models hinders
automation and considerably reduces the reusability of verification rules across different
projects and models. Furthermore, the absence of explicit allocation of requirements to specific
elements in the model often makes it unclear which components need to be verified. Finally, it
can be concluded that the overall workflow of automated requirement verification remains
fragmented as it typically depends on multiple tools. Nevertheless, the findings suggest that there
is significant potential for improving the efficiency of their integration.

SQ2: What existing software is used for requirement verification in 3D models and what
are the alternatives?

The integration of BIM technology with standardised digital construction models has introduced
tools that support the verification process. These tools can help with automated requirement
verification and compliance checks. A variety of software tools are available for requirement
verification with each offering different functionalities. Among the analysed tools, SMC,
Navisworks, BIM Assure, SMARTreview and Verifi3D, all support IFC compatibility and rule-based
verification to some extent. However, they vary significantly in features such as report generation,
the ability to merge BIM files, direct edit capabilities and the depth of rule-based checks. Solibri
Model Checker and Navisworks provide the most comprehensive functionalities, particularly in
merging models and generating reports while BIM Assure stands out for allowing to edit non-
geometrical parameters. Alternatives like Verifi3D and SMARTreview offer cloud-based or plug-in
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solutions with varying levels of automation and flexibility. For the purpose of this research,
Navisworks was used to conduct requirement verifications from the analysed software tools. This
was primarily based on the fact that Navisworks offers one of the most extensive sets of
functionalities among the analysed tools. Moreover, it already is in use within the company which
makes it the preferred option from a licensing and practical implementation perspective.

SQ3: What is the most effective method for translating human-readable requirements
into a structured format?

To enable automated requirement verification, human-readable requirements must first be
translated into a structured machine readable format. Various methods have been developed to
support this translation process, including RASE, BIMRL and BERA. The BIM Rule Language shows
strong integration with IFC models and spatial reasoning, while BERA emphasizes domain
specific handling of building elements. However, it can be concluded that RASE stands out as the
most effective method due to its use of a standardised schema, clear semantic structure based
on four operators and its accessibility for users without programming expertise. This allows
complex requirement texts to be consistently interpreted which makes RASE the most suitable
approach for converting requirement texts into a structured format ready for automated
requirement verification.

SQ4: What are the key steps in developing a (semi-)automated process to verify
requirements in a 3D model?

There are several essential steps for developing a (semi-)automated process for requirement
verification within a BIM model. Based on the findings of this research, the process can be divided
into five key phases. The first phase concerns the classification of requirements to determine
whether a requirement can be verified using a BIM model or whether an alternative verification
method is necessary. For this categorization, a machine learning model was developed in Python.
The interpretation of the requirements can be regarded as the key step in the process. The case
study revealed that many requirements are ambiguous and open to multiple interpretations,
which significantly complicates the automation process. To address this, the RASE mark-up
language was applied to enable effective tagging and structuring of the requirement texts. From
the case study it could be concluded that clearly formulated requirements, explicitly linked to
elements in the model, could significantly reduce the time needed for interpretation. Once the
requirements have been interpreted, the subsequent verification and reporting phases can be
executed in a relatively straightforward manner.

6.2 Main research question

MQ: How can a (semi-)automated process be developed to validate and verify
requirements within a 3D model?

To answer the main research question, the process of automated requirement verification was
systematically mapped out. A case study was used to test the theory in a practical context. The
requirement classification step proved to be a crucial foundation for the process of semi-
automated requirement verification for the proposed approach in this research. It involved
differentiating between requirements that could be verified within a BIM model (geometrical) and
those that cannot (non-geometrical). A Python script was developed to classify textual
requirements accordingly. The model was tested on a dataset of 614 requirements and its
predictions were compared against their actual classifications. It was found that the model
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correctly identified 488 requirements as non-geometrical (true negatives) and 64 requirements
as geometrical (true positives). Some misclassifications were observed with the model
occasionally predicting geometrical requirements as hon-geometrical and vice versa. However,
these errors accounted for less than 5% of the total dataset. The model achieved an overall
accuracy of 0.95 which indicates that 95% of the requirements were classified correctly. It was
observed that misclassifications often occurred when the term “BIM” or related terminology was
absent from the requirement text which potentially misled the model.

The second step in the process of automated requirement verification focused on manual rule
interpretation. It was found that, despite the requirements being formulated according to the
SMART criteria at the start of the project, the requirement texts remained open to interpretation.
Therefore, the RASE mark-up language was applied, as it appeared to be the most effective
method for translating human-readable requirements into a structured format based on the
literature review. However, despite the use of RASE, the absence of a direct link to specific
elements within the model made the interpretation process more complex. Literature indicated
that accurately interpreting requirements within a BIM model is the most error-prone aspect of
the verification process. Due to the absence of a direct link between the requirement text and the
model elements, significant effort was required to prepare the building model data (step 3 in the
process). This involved identifying which model elements were referenced in the requirement
texts and needed to be verified. It was found that the steps of rule interpretation and the
preparation of the building model data was very time consuming and inefficient within the case
study which complicated the process of automated requirement verification.

In contrast, the execution phase of the verification process showed promising outcomes after the
requirements were interpreted correctly. It was found that the semi-automated execution of the
verifications showed a significant time reduction, although the exact time savings were not
always directly quantifiable. Finally, the results were documented in a Common Data
Environment where non-compliances were marked as issues. Once the design is revised, re-
verification can be done against the specified requirement. Overall, it was found that ambiguity
in requirement texts, inconsistent use of parameters, and the absence of explicit links to model
elements made the process of automated requirement verification unnecessarily complex.
Based on theoretical insights and the case study findings, a set of guidelines was developed to
support the verification process. These guidelines were validated through expert interviews,
where practitioners generally affirmed their relevance across strategic, operational and BIM level
guidelines.
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7. Recommendations

This chapter presents the recommendations derived from the findings of this research. Based on
the development and evaluation of a (semi-)automated process for requirement verification
valuable insights were obtained. The implementation of an automated process shows potential
for increasing efficiency, reducing errors and enhancing collaboration in construction projects.
However, challenges related to system integration, data consistency and requirement
interpretation remain and require further attention.

To address these insights, the recommendations are divided into two sections. Section 7.1
provides recommendations for practice which aim at enhancing the efficiency, accuracy and
integration of requirement verification processes in a professional setting. Section 7.2 focuses on
directions for future research by identifying areas where further investigation is needed. The
recommendations aim to address the disconnect between academic research and practical
implementation while supporting further development of automated requirement verification.

7.1 Recommendations for practice

The following recommendations focus on improving the process of automated requirement
verification in practice:

1. The case study showed that project requirements from the contract are often formulated
ambiguously which leads to challenges in their interpretation and verification. To address
this issue, it is recommended that project requirements are expressed in a computer
interpretable format such as RASE and the IDS standard. By linking the model elements
and the corresponding requirement texts, the risk for misinterpretation can be
significantly reduced. Furthermore, it is advisable to encourage clients to explicitly define
within contractual documentation, how requirement verification is to be performed in the
BIM environment. This should include verification methods, data formats and
responsibilities. These measures help to reduce ambiguity and ensure consistent and
verifiable requirements throughout the project and set clear expectations from the start.

2. In addition to making requirements computer interpretable, it is recommended to avoid
hybrid requirements by clearly separating geometric and non-geometric components of
the requirements during the formulation stage. This approach reduces the required
coordination between disciplines and minimizes manual interpretation which enhances
the potential for automation.

3. It is recommended to further explore the adoption of open standards that are not yet
actively applied in current practice within the company. Relevant examples include the
Information Delivery Specification (IDS), the BIM Collaboration Format (BCF), the
Information Delivery Manual (IDM) and the International Framework for Dictionaries (IFD).
The IDS makes it possible to define requirements in a computer interpretable format. BCF
enables users of different BIM applications to communicate clearly about issues related
to IFC models. The IDM standard provides a structured approach for documenting
responsibilities for delivering specific information. The IFD offers standardised
terminology to ensure consistent data exchange. Together, these standards support
interoperability and provide a more reliable foundation for automating the verification of
project requirements.
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4. To support efficient collaboration and clear documentation, it is recommended to use a
Common Data Environment as a centralised place for storing project documents and BIM
models. Also, it is recommended to use the CDE, Autodesk Construction Cloud in this
case, as an issue management system to further integrate the verification process. The
identified issues from the verifications can be stored in the CDE by either using the BIM
Collaboration Format or a verification report. This ensures all relevant information
remains accessible and well-coordinated.

5. To improve consistency and reduce manual effort it is recommended to integrate the
requirement management system (Relatics in this case), directly with the modelling
software. This integration helps bridge the gap between the textual requirements and
visual model elements reducing errors and disconnected systems which improves the
verification process. For example, Autodesk Docs can be used for integration with
Relatics. Autodesk Docs is a cloud-based solution for document and data management
within Autodesk Construction Cloud which is used as CDE in this research.

6. To improve the effectiveness and scalability of automated requirement verification, it is
recommended to adopt a consistent and standardised property structure within the BIM
models. If possible, the use of predefined IFC property sets is advisable before
introducing custom properties.

7.2 Recommendations for future research

The following recommendations are intended to support future research on automated
requirement verification:

1. Thisresearch was limited to a single case study which focused on the Oosterweel project.
To assess the generalizability of the proposed process, future research should apply it to
multiple case studies across different disciplines. This would help to identify potential
limitations and necessary refinements for broader implementation.

2. While this research developed a semi-automated verification process, some tasks may
be fully automatable especially those relying on geometry. Future research should
explore which requirement types are suitable for complete automation and under what
conditions this is possible.

3. It is recommended to investigate the machine learning model to improve the
classification of requirements, especially those that are hybrid or ambiguous. Future
research should focus on analysing the misclassifications made by the model to
determine whether these can be addressed to increase its accuracy.

4. Future research should look at the expanded application of Al beyond the current
machine learning model used for requirement classification within the automated
requirement verification process. It is advisable to investigate how Al can enhance
classification accuracy, interpret (ambiguous) requirements and support decision-
making to further improve the efficiency and reliability of the automated requirement
verification process.

5. Itis recommended to link the verification process to a Digital Twin to enable continuous
validation throughout the operation phase. Future research should study how the
automated verification process can be extended beyond the desigh phase by
incorporating sensor data and real-time monitoring to ensure ongoing compliance with
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the requirements. Also, the use of AR/VR technology should be explored to visualize the
BIM model and verification results.

It is advisable that future research investigates the impact of automated requirement
verification on project outcomes such as cost savings, error reduction, rework and
efficiency. Quantifying these effects across multiple projects can provide clearer insight
into the practical value of implementing an automated verification process.

It is recommended to investigate how automated requirement verification aligns with
existing legal and contractual frameworks. This includes assessing whether automated
verifications can be considered equivalent to manual inspections and clarifying the
liabilities when using automated verification software for regulatory compliance.
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Appendix A: Interview protocol and insights

This appendix outlines the interview protocol used in this research and presents the insights
gained from the interviews. Appendix A1 describes the interview approach, Appendix A2 contains
the statements from the exploratory interviews and Appendix A3 presents the statements from
the validation interviews. These statements are referenced at several points throughout the
report. The interviews were conducted among employees of Witteveen+Bos, but the statements
have been anonymized for privacy reasons.

Appendix Al: Interview protocol

Purpose of the interviews
Two rounds of semi-structured interviews were conducted as part of thisresearch. The interviews
were intended to serve the following purposes:

Table A1.1. Interview objectives.
Round 1 | To identify practical challenges and needs related
to (automated) requirement verification.
Round 2 | To assess the clarity, feasibility and applicability of
the proposed guidelines for automated requirement
verification.

Interview approach
The general interview approach used in this research is shown in the table below.

Table A1.2. Interview approach.

Item | Description

Interview type Semi-structured interviews
Format In-person or online (based on availability)
Duration 30-60 minutes

Recording method | Notes (anonymized)
Number of rounds | 2

Participant selection

To ensure both a thorough exploration of the problem and a well-informed validation of the
proposed guidelines, professionals with diverse roles and expertise related to BIM were
interviewed. In the first round, participants were selected to represent a range of perspectives
from strategic, operational and BIM level in order to gain a comprehensive understanding of the
challenges associated with requirement verification in practice. In the second round, the same
layered approach was used to validate the developed guidelines across different organisational
levels.

Interview objectives
The interview objectives of each round are presented in the following table.

Table A1.3. Interview objectives.
Round | Objective
Round 1 | Understand the current requirement verification
workflows, problems and information gaps.
Round 2 | Validate and evaluate the practical applicability of
the proposed guidelines.
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Interview questions
The questions used during the interview rounds are shown in the table below.

Table A1.4. Interview questions.

What are the current challenges and limitations in the requirement verification process within

1 3D models?
1.2 How are requirements currently verified within the BIM environment?
1.3 How do you ensure that requirements are correctly interpreted and applied in the BIM model?
Are requirements processed according to a specific standard methodology (e.g. SMART) before
1.4 . -
they are validated within the BIM model?
] To what extend is automation currently used in the verification process and what limitations are
’ encountered?
1.6 What are the most common errors or problems you observe during the verification process?
17 How is collaboration between different disciplines (e.g. structural engineers, BIM modelers, et
’ cetera) organised during the requirement verification process in BIM?
Not all requirements can be verified within the BIM model and are sometimes verified through,
1.8 | for example structural calculations. Who determines which verification method is used for each
requirement?
1.9 On average, how much time does it take to verify a single requirement in a BIM model and which
’ step in the process is the most prone to errors?
1.10 | What improvements could make the verification process more efficient?
111 What existing software is used for requirement verification in 3D models and what are the
alternatives?
1.12 | Which software tools are currently used for verifying requirements in 3D models?
1.13 | What are the main limitations of the software you use?
1.14 | Are manual methods or workarounds applied to compensate for software limitations?
1.15 | Which standards are applied when verifying requirements in BIM models?
1.16 | To what extent are scripts used to automate parts of the verification process?
21 To what extend do you agree that ambiguity in requirement texts hinders automation in BIM
) verification?
29 Have you seen or used computer-interpretable requirement formats like RASE or IDS in
’ practice? If so, what was your experience?
23 How realistic is it to demand machine-readable requirement texts during procurement or
’ tendering phases?
2.4 Do you think clients are ready to include requirements for automated verification in contracts?
2.5 | Whatis your experience with hybrid requirements?
2.6 Do you think splitting hybrid requirements into separate checks is practical and realistic?
2.7 How do teams in your experience handle these types of requirements in current projects?
28 Do you work with a Common Data Environment? If so, how effectively does it support
) requirement verification workflows?
29 Have you used BCF for issue tracking in BIM? If so, does it improve coordination for requirement
) verification?
2.10 | Islinking BCF issues to IFC elements a common practice in your project environment?
2.11 | How often do you encounter inconsistent terminology across your BIM models?
2.12 | Do you see value in using standardised terminology like IFD or bSDD?
2.13 | What obstacles might prevent teams from adopting these dictionaries?
2.14 | To what extent are BIM models standardised in terms of property usage and data structure?
2.15 | Would standardising properties improve requirement verification in your view?
2.16 | Do you currently link requirement texts directly to model elements?
2.17 | What tools or processes have you used to support traceability for requirement to model object?
2.18 | Are you working with the latest IFC versions (e.g. IFC4.3)?
219 Do you believe using newer IFC versions improves automation and interoperability in your

workflow?
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Ethical considerations

In accordance with the TU Delft Regulations on Human Trials, any research involving human
participants must be approved by the Human Research Ethics Committee (HREC). Prior to this
research, a HREC application procedure was initiated. As part of this process, a completed HREC
Checklist, informed consent forms, and a Data Management Plan were created and approved by
the faculty’s data steward. These documents outline several key ethical safeguards including the
anonymization of interview statements and the requirement that participants give verbal consent
for their input to be used for academic research purposes.

Appendix A2: Exploratory interview statements (round 1)

Nr.

1

Table A2. Overview of statements made during the exploratory interviews.
Statement

The contractor has full freedom to determine the verification method. However, if the client

suggests a specific method, it is not arecommendation but it becomes a mandatory
requirement.

Ideally, you have a complete set of requirements before starting the design. However, what often
happens is that a Preliminary Design (DO) is made that meets all requirements, but then the
client suddenly introduces changes, leading to rework.

If Relatics states that a BIM model is the verification method, Witteveen+Bos adds a clash
detection report. If a clash is detected, it is documented and a conclusion is drawn on whether
the requirement is met.

In clash detection reports, ambiguous sentences like ‘...the requirement is considered verified’
should be avoided. A requirement should either be verified and met or not met but there should
be no room for interpretation. Precise language is crucial in requirement verification to ensure
clarity and prevent misunderstandings.

UAV-GC is the most commonly used contract form for large projects in the Netherlands. It allows
the contractor to design based on a set of requirements, maintaining flexibility and room for
innovation.

The Oosterweelverbinding project uses a NEC4 contract, which is highly focused on
collaboration. NEC4 originates from the UK and is only now being applied in a few European
projects, making it a relatively new contract form in the region.

Some requirements are not easily measurable, meaning they have not been made sufficiently
SMART.

A verification plan has been established that determines whether a requirement should be
demonstrated through calculations by a structural engineer or validated using the BIM model.
This plan is leading because it has been agreed upon with the client.

At the moment, not much scripting is used. Some tools have been developed in Navisworks to
group clashes, making the process more efficient, but there is no significant scripting involved.
However, these scripts are project specific and can therefore only used once.

10

We have a BIMcollab environment where we can assign issues to people.

11

We primarily use Navisworks for clash detection, which | believe is still the most powerful tool for
this purpose. Our coordination model (CMO) is also a Navisworks model, where we store all
relevant information.

12

There is no specific language used for defining requirements. There is a review process to check
if requirements are clear and to ensure there is no room for misinterpretation.

13

The SMART methodology is used as a standard to describe requirements properly.

14

Verifying a requirement in the BIM model is not always straightforward because there may not be
enough information in the BIM model to perform the check.

15

If the requirement can be validated in the BIM model the verification method itself is still a
challenge. Sometimes verifying requirements involves a lot of manual work.

16

Clash detection is performed within Navisworks to check for conflicts.
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17

The most error-prone aspect of verifying requirements in a BIM model is interpreting the
requirements correctly and ensuring that the verification results truly confirm that the
requirements have been met.

18

Verifying requirements in a BIM model requires about one hour per requirement on average.

19

The way requirements are formulated does not align well with the BIM model. It would be helpful
if requirements were written in a way that directly links elements in the text to elements in the
BIM model.

20

A contractor must carry out all activities in such a way that the results explicitly and objectively
comply with the project requirements.

21

Verification must be done during the Preliminary Design (DO) phase and again in the Detailed
Design (UO) phase. Some requirements are so specific or critical that they might also be verified
upon completion of construction which is called an inspection. This is sometimes done for large
projects.

22

Sometimes projects fail to meet client expectations due to a lack of early stage insight into
project requirements. Ideally, you have a complete set of requirements before starting the
design, so you can verify them during the DO and UO phases. What often happensisthataDO is
made that meets all requirements, but then there are changes introduced.

23

The main challenges or limitations that are faced is linking the requirements to the different
components in the model. A requirement concerns an object within your project, but this linkage
is not always good.

24

Even though requirements are SMART, they are not always specifiable in the BIM model.

25

From the contract system requirements without translation only 30% of the total can be verified.
There is a wide range of requirements that cannot be properly verified without someone manually
checking them.

26

Maybe the way of writing contracts needs to change and explicitly state what is needed in terms
of requirement verification in the BIM model. It can also be a signal to the market and clients that
the way of thinking needs to change from their point of view instead from those verifying.

Appendix A3: Validation interview statements (round 2)

Table A3. Overview of statements made during the validation interviews.

1 Ideally, there would be a standard template for IDS that every company uses, instead of writing
custom codes themselves.

2 A link from Relatics to the IDS format would be a significant step forward.

3 There is value in breaking down hybrid requirements. You can extract the information that can be
interpreted and verified in the BIM model and return the information that cannot be verified
within the model.

4 The use of bSDD can be very valuable for drafting requirements.

5 The question is why the client wants to use custom properties instead of standard property sets.
By using standard property sets, they can likely still request the same information.

6 Using custom properties quickly undermines standardization.

7 There is often resistance to implementing new tools or software.

8 The IDS could help bridge that gap by linking requirements to IFC data more reliably.

9 In early project phases, there's usually no complete BIM model yet, which makes linking
requirements at that stage difficult, but it's still crucial for automation.

10 | The IDS looks promising for structuring requirements in a way that software can understand
them.

11 We need to flag requirements that can’t be entirely verified in the model, so it's clear that manual
calculations are still needed.

12 | Storing verification results and BIM files in one platform would really improve team coordination
and tracking progress.

13 | The process of requirement verification is about traceability. ISO 19650 emphasizes this kind of

structured information management.
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14 | We track modelissues in BIMcollab and export BCFs, but there’s no direct link between that and
the rest of our project data.

15 | Aviewpointin the BCF is usually enough, but if we could link it to the CDE, that would really help
streamline the process.

16 | We do use Object Type Libraries (OTLs), but there's no universal dictionary being followed.

17 | Aninternational standard like the IFD would help reduce confusion and make requirement
verification more reliable.

18 | The client wants a lot of custom properties just to track things like costs or quantities. That’s why
standard properties are not used so much in practice.

19 | The downside of custom properties is that we can't reuse scripts or tools between projects so it
is always starting from scratch.

20 | Right now, requirements aren’t really linked directly to the BIM model. We rely on worksets or
OTL codes to find matching elements.

21 A unique requirement ID linked to the model elements sounds good in theory, but design

changes can break those links.
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Appendix B: Requirement classification script

This appendix explains the Python script that is created to categorize requirements into two
categories: geometrical requirements (1) and non-geometrical requirements (0). The model uses
the pandas library to organize the dataset, the re module for regular expressions, nltk for text
processing and the Scikit-learn (or sklearn) library for machine learning tasks. The script uses
NLTK’s stopwords from Dutch and downloads a predefined set of common words that don’t
contribute to the meaning of the text e.g. ‘the’ (in Dutch ‘de’) and removes them from the text
during processing. The script loads the Excel export file from Relatics into a DataFrame (see
Figure B1).

EislD Requirement title Requirement text |Verifi:atiun method client ‘ Object ID ‘l}bjecttille

E-00952.1 Sloop Leidingkoker Noorderlaanbrug De bestaande leidingkoker onder het Albertkanaal thy oostzijde Noorderlaanbrug dient in het tracé van de tunnel verwijderd te Obj-01539 Tunneldeel 10 Splitsingsconsti
E-03843.1 Tunneldelen Kanaalkruisingen Top-down Tunneldelen 3, 10, 11, 12, 13 en 16 van de Vork dienen met een top-down bouwmethode gerealiseerd te worden. 0Obj-01081 Tunneldeel 11 Kruising Albert|
TE-00058.1 Buisdimeter riolering verkeerskokers De buisdiameter van de ingestortte riolering in de verkeerskokers dient afgestemd te zijn op de langshelling en de gevraagde tr Obj-01539 Tunneldeel 10 Splitsingsconst
TE-00060.1 Voorkomen bezwijken vioer verkeerskoker  Indien een afvoersysteem met rioolbuizen in verkeerskoker zonder ballastbeton wordt toegepast, dient er te worden aangetoo Obj-01091 Tunneldeel 11 Kruising Albert!
TE-00190.1 Kunstwerk, minimale diepte fundering Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevinden om geen nadeligen gevolgen van opvriezit Obj-01091 Tunneldeel 11 Kruising Albert!
TE-00213.1 Drukbelasting constructies op leidingen Kunstwerken in de nabijheid van ondergrondse leidingen dienen zodanig ontworpen te worden dat er geen onaanvaardbare dr Obj-01091 Tunneldeel 11 Kruising Albert!
TE-00490.1 Hoogte polderwand ten opzichte van maxima De bovenzijde van de polderwand dient op een hoogte te liggen dat het Indien de top van de polderwand onder maaiveldniveai Obj-01091 Tunneldeel 11 Kruising Albert|
TE-01564.3 Tunnelconstructie ruimtes Een tunnelconstructie dient de van toepassing zijnde verkeerskoker-, vl BIM model: Een 3D BIM model waarin het minimale ruir Obj-01091 Tunneldeel 11 Kruising Albert|
TE-01603.1 Ruimte vliuchtkoker Een vluchtkoker in een tunnelconstructie dient conflictvrij ruimte te biec BIM model: Een 3D BIM model waarin het minimale ruir Obj-01539 Tunneldeel 10 Splitsingsconsti
TE-01605.1 Tunnelconstructie aansluiten ruimtes Ruimtes in een tunnelconstructie dienen technisch en geometrisch aan’ BIM model: Een 3D BIM model waarin het minimale ruir Obj-01539 Tunneldeel 10 Splitsingsconsti
TE-04057.1 Tunnelconstructie realiseren ruimtes vluchtke Een tunnelconstructie dient de ruimtes in de vluchtkokers, dienstkokers Voor aantoning dient een ruimte BIM-model gemaakt t: Obj-01539 Tunneldeel 10 Splitsingsconsti
TE-04074.1 Sloopniveau maaiveld Een te slopen constructie dient tot ten minste 2,0 m onder maaiveld geheel verwijderd te zijn. Hierbij inbegrepen funderingszol Obj-01684 Leidingenkoker Bredastraat
TE-04076.1 Sloopniveau waterbodem Constructie(onderdelen) onder het Albertkanaal dienen tot ten minste TAW -2,75m verwijderd te zijn. Obj-01684 Leidingenkoker Bredastraat
TE-04077.1 Maximaal peil tunneldak Albertkanaal De bovenzijde van de tunnelconstructies onder het Albertkanaal dienen maximaal het peil te hebben conform gekoppeld docur Obj-01031 Tunneldeel 11 Kruising Albert|
TE-04096.1 Functie Afwatering Vluchtkoker De Afwatering Vluchtkoker dient te voorkomen dat vloeistoffen blijven staan op diepe punten in de viuchtkoker. 0Obj-01091 Tunneldeel 11 Kruising Albert|
TE-04141.3 PVBR in de verkeerskokers, viaducten en over De profiel van beschikbare ruimte (PVBR) voor de verschillende deelget In de volgende ontwerp stappen, dient de PVBR voor de Obj-01091 Tunneldeel 11 Kruising Albert|
TE-04281.1 Halve barrier, toepassing Indien een halve barrier wordt toegepast dient deze over de volledige hoogte van het profiel en over de volledige geplaatste le Obj-01091 Tunneldeel 11 Kruising Albert|
TE-04341.1 Tunnelconstructie PVBR langs de rijbaan Een tunnelconstructie dient de ruimte tussen de weg en de afgewerkte BIM model: Een 3D BIM model waarin het minimale ruir Obj-01091 Tunneldeel 11 Kruising Albert|
E-03843.1 Tunneldelen Kanaalkruisingen Top-down Tunneldelen 3, 10, 11, 12, 13 en 16 van de Vork dienen met een top-down bouwmethode gerealiseerd te worden. 0bj-01091 Tunneldeel 11 Kruising Albert|
E-03843.1 Tunneldelen Kanaalkruisingen Top-down Tunneldelen 9, 10, 11, 12, 13 en 16 van de Vork dienen met een top-down bouwmethode gerealiseerd te worden. 0Obj-01552 Tunneldeel 12 Busopstelplaat:
TE-00058.1 Buisdimeter riolering verkeerskokers De buisdiameter van de ingestortte riolering in de verkeerskokers dient afgestemd te zijn op de langshelling en de gevraagde tr Obj-01091 Tunneldeel 11 Kruising Albert|
TE-00058.1 Buisdimeter riolering verkeerskokers De buisdiameter van de ingestortte riolering in de verkeerskokers dient afgestemd te zijn op de langshelling en de gevraagde tr Obj-01552 Tunneldeel 12 Busopstelplaat:

TE-00060.1 Voorkomen bezwijken vloer verkeerskoker Indien een afvoersysteem met ricolbuiz
TE-00060.1 Voorkomen bezwijken vloer verkeerskoker  Indien een afvoersysteem met ricolbuizen

n verkeerskoker zonder ballastbeton wordt toegepast, dient er te worden aangetoo Obj-01552 Tunneldeel 12 Busopstelplaat:
in verkeerskoker zonder ballastbeton wordt toegepast, dient er te worden aangetoo Obj-01091 Tunneldeel 11 Kruising Albert!

TE-00190.1 Kunstwerk, minimale diepte fundering Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevinden om geen nadeligen gevolgen van opvriezit Obj-01091 Tunneldeel 11 Kruising Albert!
TE-00190.1 Kunstwerk, minimale diepte fundering Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevinden om geen nadeligen gevolgen van opvriezit Obj-01552 Tunneldeel 12 Busopstelplaat:
TE-00213.1 Drukbelasting constructies op leidingen Kunstwerken in de nabijheid van ondergrondse leidingen dienen zodanig ontworpen te worden dat er geen onaanvaardbare dri Obj-01091 Tunneldeel 11 Kruising Albert!
TE-00213.1 Drukbelasting constructies op leidingen Kunstwerken in de nabijheid van ondergrondse leidingen dienen zodanig ontworpen te worden dat er geen onaanvaardbare dri Obj-01552 Tunneldeel 12 Busopstelplaat:

TE-00490.1 Hoogte polderwand ten opzichte van maxima De bovenzijde van de polderwand dient op een hoogte te liggen dat het Indien de top van de polderwand onder maaiveldniveai Obj-01552 Tunneldeel 12 Busopstelplaat:

Figure B1. Snippet from the export from Relatics.

The function bim_labels is created to label requirements as geometrical (1) and non-
geometrical (0) and are added to a new column called ‘Geometrical requirement’ in the
DataFrame. The columns ‘Requirement text’, ‘Requirement title’ and ‘Verification method client’
are concatenated to a new column called ‘Tekst’. This combined text will be used as input for the
machine learning model. After that, the dataset is divided into a training set (80%) and a test set
(20%) to train and evaluate the model. A machine learning pipeline is created which first
vectorizes the text data using TF-IDF (Term Frequency-Inverse Document Frequency) and then
trains a logistic regression model to classify the data. The model is trained on the training set
(X_train,y_train)to predict whether a requirement is geometrical or non-geometrical.

A separate dataset is created which maps geometrical requirements to four different classes.
This data is used to train a second model for predicting the class of the requirements based on
the requirement text. A second pipeline is created and trained using the same TF-IDF vectorizer
and regression model but this time to predict the class for each requirement based on the
manual_data set. For each requirement that is classified as geometrical, the script predicts
which class it belongs to using the class_model.
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import pandas as pd

import re

import nltk

from nltk.corpus import stopwords

from sklearn.model_selection import train_test_split

from sklearn.feature_extraction.text import TfidfVectorizer
from sklearn.linear_model import LogisticRegression

from sklearn.pipeline import make_pipeline

from sklearn.metrics import accuracy_score

nltk.download("stopwords™)
stopwords = set(stopwords.words("dutch"))

df = pd.read_excel("Requirement database v2.x1lsx")

def bim_labels(row):
if row["Methode"] == "BIM model clash controle":
return 1
if any(re.search(r"BIM\S*", str(row[col]), re.IGNORECASE) for col in ["Verificatie
voorschrift 0G", "Verificatie toelichting"]):
return 1
return ©

df["Geometrical requirement”] = df.apply(bim_labels, axis=1)

df["Tekst"] = df["Eistekst"].astype(str) + " " + df["Eistitel"].astype(str) + " " + df
["Verificatievoorschrift 0G"].astype(str)

X_train, X_test, y_train, y_test = train_test_split(df["Tekst"], df["Geometrical requi
rement"], test_size=0.2, random_state=42)

model = make_pipeline(TfidfVectorizer(stop_words=stopwords), LogisticRegression(max_it
er=500))
model.fit(X_train, y_train)

manual_data = pd.DataFrame({
"EisID": [
"TE-00190.1", "TE-00490.1", "TE-01260.1", "TE-01286.1",
"TE-01564.3", "TE-01603.1", "TE-01605.1", "TE-04057.1", "TE-04341.1"
1,
"Eistekst": [

"Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevi
nden om geen nadeligen gevolgen van opvriezing te ondervinden.",

"De bovenzijde van de polderwand dient op een hoogte te liggen dat het grondwa
ter niet over de polderwand kan stromen tijdens en na de werken.",

"Polderwanden dienen verticaal minimaal 2,0m in de Boomse kleilaag te worden g
eplaatst.”,

"De stortvoeg voor opstort na afkappen diepwand dient boven het grondwaterpeil
te worden uitgevoerd.",

"Een tunnelconstructie dient de van toepassing zijnde verkeerskoker-, vluchtko
ker- en dienstkokerruimtes conform gekoppeld document te realiseren.",

"Een vluchtkoker in een tunnelconstructie dient conflictvrij ruimte te bieden
aan de van toepassing zijnde PVR, afbouwelementen, installaties en alle daarbij benodi
gde vrije ruimtes.",

"Ruimtes in een tunnelconstructie dienen technisch en geometrisch aan te sluit
en op het gedeelte van deze ruimtes in aangrenzende tunnelconstructies.",

"Een tunnelconstructie dient de ruimtes in de vluchtkokers, dienstkokers en ka
belkokers te realiseren conform gekoppelde documenten.",

"Een tunnelconstructie dient de ruimte tussen de weg en de afgewerkte wand, va
naf de bovenkant van de barrier tot aan de bovenkant van het PVR volledig vrij te houd
en. Dit PVBR dient voorts ter hoogte van de bovenkant van vluchtpictogrammen over de g
ehele tunnellengte minimaal 200mm en ter hoogte van de pictogrammen boven de hulppostk
asten over de gehele tunnellengte minimaal 155mm breed te zijn."
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1,
"Class": [

"Class 2",
"Class 3",

1))

X_class = manual_data["Eistekst"]
manual_data["Class"]

y_class

class_model =

"Class 1",
"Class 3",

df["Predicted Class"] = ""
geometrical_df = df[df["Geometrical requirement"] == 1]
df.loc[geometrical_df.index, "Predicted Class"] = class_model.predict(geometrical df["

Tekst"])

"Class 1", "Class 1", "Class 3",
"Class 2"

for _, row in manual_data.iterrows():
df.loc[df["EisID"] == row["EisID"], "Predicted Class"] = row["Class"]

"Class 4",

make_pipeline(TfidfVectorizer(stop_words=stopwoorden_nl), LogisticRegres
sion(max_iter=500))
class_model.fit(X_class, y_class)

df["Geometrical requirement"] = df["Geometrical requirement"] | model.predict(df["Teks

D)

pd.set_option("display.max_rows", None)
pd.set_option("display.max_columns", None)
pd.set_option("display.width", 1000)
pd.set_option("display.max_colwidth", None)

Q Q
+ -+
inn

df.loc[:, ~df.columns.str.contains('~Unnamed: 21")]
df.loc[:, ~df.columns.str.contains('~Unnamed: 22')]

df = df.loc[:, ~df.columns.str.contains('"Tekst")]

# print(df[["EisID",

"Object ID"]])

"BIM requirement”,

"Geometrical requirement"”, "Predicted Class

"
2

output = df[["EisID", "BIM requirement", "Geometrical requirement", "Predicted Class",

"Object ID"]]

pd.set_option("display.max_rows", None)
pd.set_option("display.max_columns"™, None)

EisID BIM requirement

display(output)
0 E-00952.1
1 E-03843.1
2 TE-00058.1
3 TE-00060.1
4 TE-00190.1
5 TE-00213.1
6 TE-00490.1
7 TE-00646.1
8 TE-00660.1
9 TE-00687.1
10 TE-00735.1
11 TE-01041.1
12 TE-01084.2
13 TE-01085.1
14 TE-01101.1
15 TE-01260.1
16 TE-01283.1

Nee
Nee
Nee
Nee

Ja
n.v.t.
Ja
n.v.t.
Nee
Nee
Nee
Nee
Nee
Nee
Nee

Ja

Ja

Geometrical requirement Predicted Class Object ID

PRPOOOOOOOOFHROROROO®

0bj-01539
0bj-01091
Class 1 0bj-01539
0b3j-01091
Class 2 O0bj-01091
0bj-01091
Class 1 0bj-01091
0bj-01539
0bj-01539
0bj-01539
0bj-01091
0bj-01091
0bj-01539
0bj-01539
0b3j-01091
Class 1 0bj-01539
Class 1 0bj-01539
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17 TE-01286.1 Ja 1 Class 1 0bj-01539
18 TE-01287.1 Nee 0 Obj-01091
19 TE-01364.1 Nee 0 Obj-01091
20 TE-01485.1 Nee 0 Obj-01091
21 TE-01490.1 Nee 0 Obj-01091
22 TE-01491.1 Nee 0 Obj-01091
23  TE-01564.3 Ja 1 Class 3 0bj-01091
24  TE-01603.1 Ja 1 Class 4 0bj-01539
25 TE-01605.1 Ja 1 Class 3 0bj-01539
26 TE-04057.1 Ja 1 Class 3 0bj-01539
27 TE-04074.1 Nee 0 Obj-01684
28 TE-04076.1 Nee 0 Obj-01684
29 TE-04077.1 Nee 0 Obj-01091
30 TE-04096.1 Nee 0 Obj-01091
31 TE-04141.3 Nee 0 Obj-01091
32 TE-04281.1 Nee 0 Obj-01091
33 TE-04341.1 Ja 1 Class 2 0bj-01091
34 E-03843.1 Nee 0 Obj-01091
35 E-03843.1 Nee 0 Obj-01552
36 TE-00058.1 Nee 1 Class 1 0Obj-01091
37 TE-00058.1 Nee 1 Class 1 0bj-01552
38 TE-00060.1 Nee 0 Obj-01552
39 TE-00060.1 Nee 0 Obj-01091
40 TE-00190.1 Ja 1 Class 2 0bj-01091
41 TE-00190.1 Ja 1 Class 2 0bj-01552
42 TE-00213.1 Nee 0 Obj-01091
43  TE-00213.1 Nee 0 Obj-01552
44  TE-00490.1 Ja 1 Class 1 0bj-01552
45 TE-00490.1 Ja 1 Class 1 0bj-01091
46  TE-00646.1 Nee 0 Obj-01552
47 TE-00646.1 Nee 0 Obj-01091
48 TE-00660.1 Nee 0 Obj-01091
49 TE-00660.1 Nee 0 Obj-01552
50 TE-00687.1 Nee 0

The output is shortened.

from sklearn.metrics import confusion_matrix, classification_report, ConfusionMatrixDi
splay
import matplotlib.pyplot as plt

valid_df = df[df["BIM requirement"].isin(["Ja", "Nee"])].copy()
valid_df["True Label"] = valid_df["BIM requirement"].map({"Ja": 1, "Nee": 0})

y_true
y_pred

valid_df["True Label"]
valid_df["Geometrical requirement"]

cm = confusion_matrix(y_true, y_pred)

print("Confusion matrix:")
print(cm)

print("\nClassification report:")
print(classification_report(y_true, y_pred, target_names=["Non-geometrical (©)", "Geom
etrical (1)"]))

disp = ConfusionMatrixDisplay(confusion_matrix=cm, display_ labels=["Non-geometrical",
"Geometrical"])
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fig, ax = plt.subplots()
disp.plot(cmap=plt.cm.Blues, ax=ax, include_values=False)
plt.title("Confusion matrix")

labels = [["TN", "FP"], ["FN",

for i in range(2):

for j in range(2):

ax.text(j, i, f"{labels[i][j]1}\n{cm[i, F1}",

"TP]]

ha='center', va='center', fontsize=12, fontweight='bold', color="'grey'’

)

ax.set_xlabel("Geometrical label", fontsize=10)
ax.set_ylabel("BIM label", fontsize=10)
ax.set_yticklabels(["Nee", "Ja"], fontsize=10)

plt.show()

Confusion matrix:
[[488 5]
[ 23 64]]

Classification report:

precision recall fl-score
Non-geometrical (©) 0.95 0.99 0.97
Geometrical (1) 0.93 0.74 0.82
accuracy 0.95
macro avg 0.94 0.86 0.90
weighted avg 0.95 0.95 0.95
Confusion matrix
400
MNea e
5
— 300
LA
=
o
2
= - 200
. FN TP
23 64 L 100
T T —
Mon-geometrical Geometrical

Geometrical label

support

493
87

580
580
580

relevant_df = df[df["BIM requirement"].isin(["Ja", "Nee"])]

def check_result(row):

if row["BIM requirement"] == "Nee" and row["Geometrical requirement"] == 0:

return "Correct"

elif row["BIM requirement"] == "Ja" and row["Geometrical requirement"] == 1:

return "Correct"

else:

return "Wrong"

relevant_df["Result check"] = relevant_df.apply(check_result, axis=1)
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correct = (relevant_df["Result check"] == "Correct").sum()
total = len(relevant_df)
percentage = correct / total * 100

print(f"Correctness: {correct} van {total} ({percentage:.2f}%)")
print(relevant_df["Result check"].value_counts())

Correctness: 552 van 580 (95.17%)
Result check

Correct 552

Wrong 28

Name: count, dtype: int64

filtered df = df[(df["Geometrical requirement"] == 1) | ((df["BIM requirement"] == "Ja

") & (df["Geometrical requirement"] == 0))]

display(filtered_df[["EisID", "BIM requirement", "Geometrical requirement", "Predicted

Class", "Object ID"]])

EisID BIM requirement Geometrical requirement Predicted Class

2 TE-00058.1 Nee 1
4 TE-00190.1 Ja 1
6 TE-00490.1 Ja 1
15 TE-01260.1 Ja 1
16 TE-01283.1 Ja 1
17 TE-01286.1 Ja 1
23 TE-01564.3 Ja 1
24  TE-01603.1 Ja 1
25 TE-01605.1 Ja 1
26 TE-04057.1 Ja 1
33 TE-04341.1 Ja 1
36 TE-00058.1 Nee 1
37 TE-00058.1 Nee 1
40 TE-00190.1 Ja 1
41 TE-00190.1 Ja 1
44  TE-00490.1 Ja 1
45 TE-00490.1 Ja 1
61 TE-01260.1 Ja 1
62 TE-01260.1 Ja 1
64 TE-01283.1 Ja 1
65 TE-01283.1 Ja 1
66 TE-01286.1 Ja 1
67 TE-01286.1 Ja 1
75 TE-01564.3 Ja 1
76 TE-01564.3 Ja 1
77 TE-01603.1 Ja 1
78 TE-01603.1 Ja 1
79 TE-01605.1 Ja 1
80 TE-01605.1 Ja 1
81 TE-04057.1 Ja 1
82 TE-04057.1 Ja 1
92 TE-04341.1 Ja 1
93 TE-04341.1 Ja 1
108 TE-00058.1 Nee 1
110 TE-00190.1 Ja 1
113 TE-00490.1 Ja 1
149 TE-01260.1 Ja 1
150 TE-01283.1 Ja 1
151 TE-01286.1 Ja 1

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

PR RRNRNNWWWWARNWWRRRRPRERRPRRPRERNNRPREPNWWDNWRRERRRNR

Object ID
0bj-01539
Obj-01091
Obj-01091
0bj-01539
0Obj-01539
0bj-01539
Obj-01091
Obj-01539
0b3j-01539
0bj-01539
Obj-01091
0bj-01091
Obj-01552
Obj-01091
0b3j-01552
0Obj-01552
0bj-01091
0b3j-01552
Obj-01091
0b3j-01552
0bj-01091
Obj-01091
0b3j-01552
0b3j-01552
Obj-01091
0bj-01091
0b3j-01552
Obj-01091
Obj-01552
0Obj-01552
Obj-01091
0bj-01091
0Obj-01552
0Obj-01516
0bj-01516
0bj-01516
0Obj-01516
0bj-01516
0Obj-01516
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154
155
156
196
200
274
275
276
282
283
284
349
352
361
362
363
364
365
366
368
369
371
372
373
374
375
376
377
378
379
380
381
382
383
387
388
393
415
418
421
452
453
454
457
458
459
497
499
501
562
563
569
570

filtered_df = df[df["Geometrical requirement"] == 1]

eistekst_table
"Eistekst":
"Object ID":
"Predicted Class":

TE-01564.
TE-01603.
TE-01605.
TE-04057.
TE-04341.
TE-01261.
TE-01261.
TE-01261.
TE-01281.
TE-01281.
TE-01281.
TE-01283.
TE-01286.
TE-00490.
TE-00490.
TE-00490.
TE-00490.
TE-00490.
TE-00190.
TE-04141.
TE-01603.
TE-01605.
TE-04341.
TE-04057.
TE-04057.
TE-04057.
TE-04057.
TE-04057.
TE-04057.
TE-04057.
TE-04057.
TE-01564.
TE-01564.
TE-01564.
TE-01260.

E-00631.

E-03843.
TE-00058.
TE-00190.
TE-00490.
TE-01260.
TE-01283.
TE-01286.
TE-01564.
TE-01603.
TE-01605.
TE-04057.
TE-04141.
TE-04341.
TE-01261.
TE-01261.
TE-01281.
TE-01281.

RRPRRRPRRWRRRPWRRRPRRPRRRPRRRPRRPRPRRPRRPRRPRPRRPRPRRPRPRRRRRPRPpPRRRPRRRPRPRRPpPRRPRRRRPRRPRRRW

Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Nee
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja
Ja

filtered_df.groupby("EisID").agg({

, ".join(x.dropna().astype(str)),
"first"

OCOOORORRRRPRRRPRRPRRPROOORRRRPRRRPRRPRRPRRPRPRROCOOOOOOOODOOOOOORRRRRE

Class
Class
Class
Class
Class

Class
Class
Class
Class
Class
Class
Class

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

Class

NRPRRRRRR NWwwhAwWw

P WWWwWwWwWwwWwwwwwwwNnwbd

WWAWRRRRNR

N

0Obj-01516
Obj-01516
Obj-01516
Obj-01516
0Obj-01516
Obj-06766
Obj -06766
Obj-06766
Obj-06766
Obj -06766
0bj-06766
Obj-01099
Obj-01099
0Obj-01099
Obj-01099
0Obj-01099
0bj-01099
Obj-01099
0b3j-01099
0b3j-01099
Obj-01099
0b3j-01099
0Obj-01099
Obj-01099
0b3j-01099
0Obj-01099
Obj-01099
0b3j-01099
0Obj-01099
Obj-01099
0b3j-01099
0Obj-01099
0Obj-01099
0b3j-01099
0bj-01099
Obj-01097
0b3j-01097
Obj-01097
0b3j-01097
0bj-01097
Obj-01097
0b3j-01097
0bj-01097
Obj-01097
0b3j-01097
0bj-01097
Obj-01097
0b3j-01097
Obj-01097
Obj-06768
Obj-06768
Obj-06768
Obj-06768
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}).reset_index()
display(eistekst_table)

EisID
Eisteks
t
Object ID Predicted Class
© TE-00058.1
De buisdiameter van de ingestortte riolering in de verkeerskokers dient afgestemd te z
ijn op de langshelling en de gevraagde transportcapaciteit, maar is minimaal 200 mm.
Obj-01539, 0bj-01091, Obj-01552, Obj-01516, Obj-01097 Class 1
1 TE-00190.1
Alle funderingsaanzetten dienen zich tenminste 1 m onder het maaiveld te bevinden om g
een nadeligen gevolgen van opvriezing te ondervinden

Obj-01091, 0Obj-01091, Obj-01552, 0Obj-01516, Obj-01097 Class 2

2 TE-00490.1

De bovenzijde van de polderwand dient op een hoogte te liggen dat het grondwater niet
over de polderwand kan stromen tijdens en na de werken

0bj-01091, Obj-01552, Obj-01091, Obj-01516, Obj-01097 Class 1
3 TE-01260.1
Polderwanden dienen verticaal minimaal 2,0m in de Boomse kleilaag te worden geplaatst

Obj-01539, 0Obj-01552, 0Obj-01091, 0Obj-01516, Obj-01097 Class 1

4 TE-01283.1

Compartimenteringswanden, voor het compartimenteren van polders, dienen minimaal tot a
an het hoogste drainagepeil niveau van de twee aansluitende poldercompartimenten te re
iken.

Obj-01539, 0Obj-01552, 0Obj-01091, 0Obj-01516, Obj-01097 Class 1

5 TE-01286.1

De stortvoeg voor opstort na afkappen diepwand dient boven het grondwaterpeil te worde
n uitgevoerd

0bj-01539, 0bj-01091, Obj-01552, Obj-01516, Obj-01097 Class 1

6 TE-01564.1

Een tunnelconstructie dient de van toepassing zijnde verkeerskoker-, vluchtkoker- en d
ienstkokerruimtes conform gekoppeld document te realiseren

0Ob3j-01099, 0Obj-01099, 0bj-01099 Class 3

7 TE-01564.3

Een tunnelconstructie dient de van toepassing zijnde verkeerskoker-, vluchtkoker- en d
ienstkokerruimtes conform gekoppeld document te realiseren

Obj-01091, 0bj-01552, Obj-01091, Obj-01516, Obj-01097 Class 3

8 TE-01603.1 Een vluchtkoker in een tunnelconstructie dient conflictvrij ruimte te

bieden aan de van toepassing zijnde PVR, afbouwelementen, installaties en alle daarbij
benodigde vrije ruimtes.\n\nHet minimale PVR voor vluchtkokers in een tunnel bedraagt:
\n- OKA tunnel: 2,0m breed x 2,1m hoog\n- Scheldetunnel: 2,0m breed x 2,1m hoog\n- Sch
ijnpoorttunnel midden: 2,1m breed x 2,1m hoog\n- Schijnpoorttunnel zijkanten: 1,8m bre
ed x 2,1m hoog\n- Kanaalzonetunnel boven: 1,7m breed x 2,1m hoog\n- Kanaalzonetunnel o
nder: 1,7m breed x 2,1m hoog\n- Luchtbaltunnel: 2,0m breed x 2,1m hoog

Obj-01539, 0bj-01091, Obj-01552, Obj-01516, Obj-01099, 0Obj-01097 Class 4

9 TE-01605.1

Ruimtes in een tunnelconstructie dienen technisch en geometrisch aan te sluiten op het
gedeelte van deze ruimtes in aangrenzende tunnelconstructies

Obj-01539, 0bj-01091, Obj-01552, Obj-01516, Obj-01099, 0Obj-01097 Class 3

10 TE-04057.1

Een tunnelconstructie dient de ruimtes in de vluchtkokers, dienstkokers en kabelkokers
te realiseren conform gekoppelde documenten. 0bj-01539, Obj-01552, 0bj-01091, Obj-015
16, 0bj-01099, Obj-01099, 0Obj-01099, 0bj-01099, 0bj-01099, 0bj-01099, Obj-01099, Obj-0
1099, 0Obj-01097 Class 3

11 TE-04341.1
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Een tunnelconstructie dient de ruimte tussen de weg en de afgewerkte wand, vanaf de bo
venkant van de barrier tot aan de bovenkant van het PVR volledig vrij te houden. Dit P
VBR dient voorts ter hoogte van de bovenkant van vluchtpictogrammen over de gehele tun
nellengte minimaal 200mm en ter hoogte van de pictogrammen boven de hulppostkasten ove
r de gehele tunnellengte minimaal 155mm breed te zijn.

Obj-01091, 0bj-01091, Obj-01552, Obj-01516, 0bj-01099, 0Obj-01097 Class 2
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Appendix C: Verification of pipe diameter (Class 1)

This appendix discusses the Python script that was used to verify a requirement in Class 1 (see
Table C1). The script uses the IfcOpenShell module, which can extract information from the IFC
file that is loaded at the beginning of the script. It loops through all elements in the model and
groups them by the first part of their name. Then it searches for elements that match a specific
target filter related to pipelines. Once the relevant elements are filtered, the script extracts
specific property and quantity values from each element, such as the sectional area and element
name. These values are stored in a DataFrame using the Pandas module. Based on the sectional
area, the script calculates the diameter of each pipe using the formula for a circular cross-
section. The calculated diameter is then compared to the requirement of a minimum diameter of
200 mm. For each element, the script adds a verification result indicating whether the
requirement is met. The results of this verification process are shown in a Table C2. The script
and the results presented in this appendix relate to Obj-01539. The remaining object codes and
their corresponding BIM models have been verified in the same manner.

Table C1. Requirement text used for verification of Class 1.

Requirement text

The pipe diameter of the embedded sewer system in the traffic
ducts must be adjusted according to the longitudinal slope and
the required transport capacity, but it is at least 200 mm.

import ifcopenshell

import pandas as pd

from IPython.display import display
import numpy as np

import re

import time

start_time = time.time()
ifc_path = r"C:\Users\oveb\Downloads\IFC tunneldelen\OWRB-01539-ROC-DMO-W66-000001.ifc
model = ifcopenshell.open(ifc_path)
category map = {}
for element in model.by_type("IfcProduct"):
if element.Name:
base_name = element.Name.split(':"')[9]

category_map.setdefault(base_name, []).append(element)

target_filter = "[XXX-BUI]_Multilayer pipelines for water_ROCO_(GMA2)"
filtered_elements = []

for category in category map.values():
for element in category:
if element.Name and target_filter in element.Name:
filtered_elements.append(element)

data = []
for element in filtered_elements:
element_data = {

"Element Name": element.Name or 'Unnamed’,
"GlobalId": element.Globalld

for rel in element.IsDefinedBy:
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if rel.is_a("IfcRelDefinesByProperties"):
prop_def = rel.RelatingPropertyDefinition
if prop_def.is_a("IfcPropertySet"):
for prop in prop_def.HasProperties:

if prop.Name in ["ROCO_CAR_Sectional_Area", "OWV_SE_fysiek_naam",

"Workset"]:
value = getattr(prop, "NominalValue", None)
element_data[prop.Name] = value.wrappedValue if value else
ne

elif prop_def.is_a("IfcElementQuantity™):
for quantity in prop_def.Quantities:
if quantity.Name == "ROCO_CAR_Sectional Area":

val = getattr(quantity, "LengthValue", None) or \
getattr(quantity, "AreavValue", None) or \
getattr(quantity, "VolumeValue", None) or \
getattr(quantity, "CountValue", None) or \
getattr(quantity, "WeightValue", None)

element_data[quantity.Name] = val

data.append(element_data)

df = pd.DataFrame(data)

"No

df[ 'ROCO_CAR_Sectional_ Area'] = pd.to_numeric(df['ROCO_CAR_Sectional Area'], errors='c

oerce')
df['Diameter'] = 2 * np.sqrt(df[ 'ROCO_CAR_Sectional_Area'] / np.pi)

df['Verification'] = df['Diameter'].apply(
lambda d: f"d = {d:.2f} > 0.20 " if d >= 0.200 else f"d = {d:.2f} > 0.20 X"

pd.set_option('display.max_rows', None)
pd.set_option('display.max_columns', None)
pd.set_option('display.width', None)
pd.set_option('display.max_colwidth', None)

display(df)

total_elements = len(df)

passed_elements = (df['Diameter'] >= 0.200).sum()

match = re.search(r'OWRB-(\d{5})"', ifc_path)

obj_number = f"0Obj-{match.group(1)}" if match else "Obj-XXXXX"

end_time = time.time()
total_time = end_time - start_time
print(f"Script executed in {total_time:.2f} seconds.")

summary = f"{passed_elements} out of {total_elements} requirements with requirementID
TE-00058.1 meet the requirement of a minimum pipe diameter of 200 mm for {obj_number}.

print(summary)
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Table C2. DataFrame of verification results of requirement TE-00058.1 for each element in the model.
Globalld ROCO_CAR Sectional_Area

Eement Name
DOX-BUI Multilayer pipelines for water ROCO_{GMA2):DN300:11552736
[OX-BUI|_ Multilayer pipelines for water ROCO_(GMA2):DN500:11552740
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DNS00:11552744
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11552748
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN500:11552752
[XXX-BUIL_Multilayer pipelines for water ROCC_(GMAZ):DN300:11552736
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11552760
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11552764
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11552768
DOX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN500:11552772
[X¥X-BUI_Multilayer pipelines for water_ROCC_(GMAZ):DN300:11552776
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11552780
PCX-BUI_Multilayer pipelines for water_ROCO_{GMA2):DN300:11552784
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11552788
POX(-BUIL_Multilayer pipelines for water_ROCC_(GMAZ2):DN300:11552792
[DOX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11552796
PCX-BUI_Multilayer pipelines for water_ROCO_{GMA2):DN300:11552800
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN500:11553110
DOX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN300:11553114
[X¥X-BUIL_Multilayer pipelines for water ROCC_(GMAZ):DN300:11553118
PCX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN300:11553122
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN500:11553126
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553130
POX-BUIL_Multilayer pipelines for water ROCO_(GMA2):DN300:11553134
PCX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN300:11553138
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11553142
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN500:11553146
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11553150
[X¥X-BUI_Multilayer pipelines for water_ROCC_(GMAZ):DN300:11553134
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN300:11553158
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN500:11553162
[OX-BUI Multilayer pipelines for water ROCO_(GMA2:DN315:11553166
POX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN215:11553170
PCX-BUI Multilayer pipelines for water ROCO_(GMA2):DN300:11553174
PCX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN300:11553178
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553412
PCX-BUI_Multilayer pipelines for water ROCO_{GMA2):DN300:11553416
DOX-BUI Multilayer pipelines for water ROCO_(GMA2):DN300:11553420
PCX-BUI_Multilayer pipelines for water_ROCO_{GMA2):DN300:11553424
[OX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553428
[OO-BUI Multilayer pipelines for water ROCO_(GMAZ}:DN500:11553432
DOX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN500:11553436
[OO-BUI Multilayer pipelines for water ROCO_(GMAZ}:DNS00:11553440
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN500:11553444
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553448
DCX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553452
[OX-BUI Multilayer pipelines for water ROCO_(GMAZ}:DNS00:11553456
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553460
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553464
PCXX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553468
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553472
[XOXX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553476
POX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553480
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN500:11553484
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553808
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553812
[POX-BUIL_Multilayer pipelines for water_ROCO_(GMAZ):DN500:11553816
[OX-BUI Multilayer pipelines for water ROCO_(GMAZ}:DN500:11553820
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553824
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553828
PCX-BUI Multilayer pipelines for water ROCO_(GMA2):DN500:11553832
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553836
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553840
PCX-BUI_Multilayer pipelines for water ROCO_(GMA2):DN500:11553844
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553848
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553852
[OO-BUI Multilayer pipelines for water ROCO_(GMAZ}:DN500:11553856

20Pxnphm31ABFMaQgqpore
29Pxnphm91ABFMqQgqpory
20Punphm@1ABFMqQgqpork
29Pxnphm@1ABFMqQgaperg
298xnphm91ABFMqQgapors
29Pxnphm21ABFMgQggporo
29Pxnphm91ABFMqQgapor_
29Pxnphm01ABFMgqQgqporw
29Pxnphm@1ABFMAQggpol6
20Punphm@1ABFMqClggpot2
29Pxnphm91ABFMgQggpoAE
29PxnphmO1ABFMaCggpoda
20Pxnphm31ABFMgQggpaiM
29Pxnphm91ABFMqQgqpoAl
29Pxnphm91ABFMaCggpoAll
29Pxnphm91ABFMaQgqpoAl
29Pxnphm@1ABFMqQgapoic
29Pynphm91ABFMqQgqpoFG
20Punphm@1 ABFMgClggpars
29Pxnphm91ABFMgqQgqpoFCQ
29PxnphmO1ABFMgQgqpoFe
29Pxnphm91ABFMqQgqpoFW
29Pxnphm91ABFMgQgqpoFi
29Pxnphm31ABFMgQggpoFe
29Pxnphm21ABFMqQgqpoFq
29Pxnphm91ABFMgQggpoFm
20Pxnphm1ABFMaQaqpoFy
29Pxnphm01ABFMqQggpoFu
29Pxnphm31ABFMqQgapoC4
29Pxnphm1ABFMgqQggpotD
29Pxnphm1ABFMgQgqpaCC
29Pynphm1ABFMqQaqpoC8
20Pxnphm1ABFMaQgapaCk
29Pxnphm@1ABFMqCgapalG
29Pxnphm31ABFMgQgqpoCs
29Pxnphm21ABFMgQgqpoD2
29Pxnphm@1ABFMgQgqpa0E
20Pxnphm@1ABFMqQlggpolA
20Pxnphma1 ABFMqQgapolM
29Pxnphmd1ABFMqQaqpoll
29Pxnphm31ABFMaQgqpa0U
20Pnphm@1ABFMaQgapalQ
29Pxnphm91ABFMqQggpolc
29Pxnphm31ABFMgQggpolY
29Pxnphm@1ABFMaQgqpalk
29Pxnphm@1ABFMgQgapalg
29Pxnphm1ABFMgQgq pals
29Pxnphm1ABFMgQggpalo
20Punphm@1 ABFMgQgqpal_
29Pxnphm21ABFMqQgapel
29Pxnphm14BFMaQgapels
29Pxnphm91ABFMqQgqpoT12
29PxnphmO1ABFMgQggpolE
29Pxnphm@1ABFMqQggpolA
20Pxnphm@1ABFMgQgapaM
29Pxnphm91ABFMqQgapoQl
29Pxnphm31ABFMaQggpoQU
29Pxnphm91ABFMqQgapoQQ
29Pxnphm@1ABFMaQgqpeQc
29Pxnphm%1ABFMqQgopoQy
29Pxnphm21ABFMqQgapelk
29Pxnphm91ABFMqQgapolg
20Pxnphma1ABFMqQgapels
20Pxnphm21ABFfMqQgapole
20Pxnphm@1ABFMqQgqpol_
29Pxnphm@1ABFMaQgqpaQw
29Pxnphm1ABFNgQgqpoRs

0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0157080
0.157080
0.157080
0.057805
0.057803
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080
0.157080

0.157080

OWV _SE fysiek naam
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegricleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Waegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZO-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wiegrioleringsstelsel TKZB-MO VRK

Wiegrioleringsstelsel TKZB-MO VRK

Workset
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
210, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
210. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen

310, Waterhuishouding algemeen

Diameter
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0271293
0271293
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214
0447214

Verification
d=045>020 2
d=04520.20 @
d=04520.20 2
d=0452020 3
d=04520.20 2
d=0452020 3
d=04520.20 2
d=0452020 3
d=04520.20 2
d=045>0.20 3
d=0452020 2
d=0452020 3
d=0452020 2
d=04520.20 @
d=0452020 2
d=04520.20 @
d=0452020 2
d=04520.20 @
d=0453>0.20 2
d=0452020 2
d=0452020 2
d=04520.20 @
d=04520.20 2
d=0452020 3
d=0452020 2
d=0452020 3
d=04520.20 2
d=0452020 3
d=0452020 2
d=0452020 3
d=04520.20 2
d=0272020 @
d=027:020 2
d=0452020 3
d=0452020 2
d=04520.20 @
d=0452020 2
d=045>0.20 3
d=0452020 2
d=04520.20 @
d=0452020 [2
d=0452>020 @
d=0452020 [2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 [2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 2
d=0452020 [2
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Eement Name
[OX-BUI Multilayer pipelines for water ROCO_(GMA2}:DN500:11553860
[XXX-BUI_Multilayer pipelines for water_ROCO_(GMAZ):DN500:11553864
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553868
PCX-BUI_Multilayer pipelines for water_ROCO_(GMA2):.DN500:11553872
PCX-BUI_Multilayer pipelines for water_ ROCO_(GMA2):DN500:11553876
[XX0X-BUI Multilayer pipelines for water ROCO_(GMAZ):DN500:11554205

[X¥X-BUI_Multilayer pipelines for water_ROCO_(GMA2):DN500:11554209

Globalld ROCO_CAR Sectional_Area

29Pxnphm@1ABFMaQgqpoR2
29Pxnphm21ABFMgQgaopoRE
29Pxnphm01ABFMgQgqpoRA
20Pxnphm01ABFMqQggpoRM

29Pxnphm21ABFMqQgapaRl
29Pxnphm@1ABFMaQgqpasR
20Pxnphm@1ABFMagaposd

Script executed in 43.20 seconds.
74 out of 74 requirements with requirementID TE-00058.1 meet the requirement of a mini

mum pipe diameter of 200 mm for Obj-01539.

0.157080
0.157080
0.157080
0157080
0.157080
0.157080

0.157080

OWV _SE fysiek naam
Wiegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZB-MO VRK
Wegrioleringsstelsel TKZO-MO VRK

Wegrioleringsstelsel TKZO-MO VRK

Workset
310. Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310, Waterhuishouding algemeen
310. Waterhuishouding algemeen

310, Waterhuishouding algemeen

Diameter

0447214

0447214

0447214

0447214

0447214

0447214

0447214

Verification
d=04520.20 @
d=0452020 2
d=0452020 3
d=0452020 @
d=0452020 3
d=0452020 2
d=045>0.20 3
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Appendix D: Verification of diaphragm walls (Class 1)

This appendix discusses the Python script that was used to verify a requirement in Class 1 (see
Table D1). The appendix is divided into two parts, with the first part (Appendix D1) focusing on
understanding the requirement and filtering the BIM models and Appendix D2 looks at the
verification.

Table D1. Requirement text used for verification of Class 1 (second example).

Requirement text
The top of the diaphragm wall must be at a height that prevents
groundwater from flowing in during and after the works.

1L sse1n

Appendix D1: Filtering of the models

Prior to conducting the verification, it is essential to identify which elements belong to the
diaphragm walls in the tunnel structure. The selection of these elements was based on their
Workset within the BIM model. The Python script used to filter the IFC models used the
IfcOpenShell module. Besides, the groundwater level, during and after the works, must be
determined since it is not specifically specified within the requirement text. Based on project
documentation, the groundwater level during the construction works is determined to be +3,00
m T.A.W. The groundwater level after the construction works is set at +4,75 m T.A.W. This
represents an exceptionally high groundwater level that corresponds to an extreme event
expected to occur once during the 100 year design life of the tunnel construction. Figure D1a
shows the situation with a ground water level of +3,00 m T.A.W during construction and Figure
D1b displays the situation after the construction works.

import ifcopenshell

ifc_path = r"C:\Users\oveb\Downloads\IFC tunneldelen\OWRB-01091-ROC-DMO-W66-
000001 .ifc"

model = ifcopenshell.open(ifc_path)

worksets_to_keep "251. Diepwanden, CB en Baretten"

[l

for rel_defines in model.by_type("IfcRelDefinesByProperties"):
element = rel_defines.RelatedObjects[@]
prop_set = rel_defines.RelatingPropertyDefinition
if hasattr(prop_set, "HasProperties"):
for prop in prop_set.HasProperties:
if prop.Name == "Workset":
workset_value = prop.NominalValue.wrappedValue
if workset_value in worksets_to_keep:
elements_to_keep.append(element)
break

elements_to_keep

for element in model.by_type("IfcElement"):
if element not in elements_to_keep:
model.remove(element)

output_path = r"C:\Users\oveb\Downloads\FilteredIFC Workset01091.ifc"

model.write(output_path)
print(f"Filtered IFC saved to:\n{output_path}")
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Filtered IFC saved to:
C:\Users\oveb\Downloads\FilteredIFC_Workset01091.ifc

e e e,
/4::"'—': e nge, - " . \ /:’::::: e
e - = - / \ ,—._/A.

(a) (b)

Figure D1. (a) Overview of tunnel elements related to the verification of the requirement in relation to the ground level during
the works and (b) an overview of the tunnel elements in relation to the ground level after the works.

Appendix D2: Verification in Navisworks

To verify the requirement, the diaphragm wall mentioned in the requirement text are filtered out
in the IFC model. Figure D1a shows the situation displaying the diaphragm walls and a
groundwater level of +3,00 m T.A.W. during the construction works. A clearance check using a
plane representing the groundwater level shows that the diaphragm walls are high enough to
prevent the groundwater from flowing in the excavation pit during the construction works. The
verification must also be conducted for a groundwater level of +4,75 m T.A.W., after the
construction works are completed. This situation is depicted in Figure D1b which shows that at
some parts of the top of the diaphragm walls will be located underneath the groundwater level.
Nevertheless, it can be concluded that after the construction phase, the tunnel will be equipped
with a roof structure which ensures that the groundwater cannot enter the tunnel. This shows that
the requirement, to prevent groundwater from flowing into the tunnel construction, is met.
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Appendix E: Verification of element depth (Class 2)

This appendix discusses the Python script that was used to verify a requirement in Class 2 (see
Table E1). The appendix is divided into two parts, with the first part (Appendix E1) focusing on
understanding the requirement and filtering the BIM models and Appendix E2 looks at the
clearance check for the verification.

Table E1. Requirement text used for verification of Class 2.

Requirement text
All foundation bases must be located at least 1 m below the

ground surface to prevent any adverse effects from frost heave.

Appendix E1: Filtering of the models

To perform the verification, a selection was made of elements related to foundation bases based
on their Family Name and Workset (see Table E1.1). The resulting selection was used to filter the
BIM models. Only the elements associated with foundation bases that are relevant for the
verification of the requirement were retained. In addition, all temporary elements were filtered
out of the model as they will be removed after construction. These temporary construction
elements are not relevant for the verification of the requirement concerning frost heave. The
elements were filtered based on the BIM phasing parameter (called OWv_BIM Fasering in the
model).

Table E1.1. Overview of worksets and family names used for filtering the BIM model based on ‘foundation base’ name.

Workset Family name
250. General Civil Foundations Floor
251. Diaphragm Walls, CB and Barrettes | [DWA-DWP]_Concrete diaphragm wall units_ROCO_(GMA2)
255. Anchors [XXX-GNK]_GM_Anchor head_vert
[XXX-GNK]_grouted ground anchor_ROCO_(GMAZ2)
257. Underwater Concrete Floor Toposolid
301. Floors Floor
304. Columns [XXX-KLM]_Concrete Columns_Round_ROCO_(GMA1)

The Python script uses the IfcOpenShell module to read the IFC models. The script makes it
possible to filter the BIM model by selecting only specific building elements based on their
properties and then write a new version of the model. A predefined list of Family Names is created
that represent the specific categories of elements that are relevant for the verification. The script
loops through all objects to find elements with a Family property that matches the predefined list.
These elements are added to a list of elements to keep. It then filters out any temporary elements
by checking the OWV_BIM_Fasering property. If this property equals TT, the elementis removed from
the list to ensure only permanent elements are retained. Finally, the script deletes all elements
not in the list and writes the filtered model to a new IFC file. Figure E1 provides a visual
representation of the script’s functionality where Figure E1a shows the unfiltered model and
Figure E1b displays the model after filtering by the script.

import ifcopenshell

ifc_path = r"C:\Users\oveb\Downloads\IFC tunneldelen\OWRB-01516-ROC-DMO-W66-000001.ifc

model = ifcopenshell.open(ifc_path)
family _names = [

"Toposolid",
"Floor",
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"[XXX-GNK]_GM_Anchor head_vert",

"[XXX-GNK]_grouted ground anchor_ROCO_(GMA2)",

"[XXX-KLM]_Concrete Columns_Round_ROCO_(GMA1)",

"[DWA-DWP]_Concrete diaphragm wall units_ROCO_(GMA2)"
]

elements_to_keep = []

for rel_defines in model.by type("IfcRelDefinesByProperties"):
element = rel_defines.RelatedObjects[9]
prop_set = rel_defines.RelatingPropertyDefinition

if prop_set.Name == "Other":
for prop in prop_set.HasProperties:
if prop.Name == "Family":
family value = prop.NominalValue.wrappedValue
if family _value in family_names:
elements_to_keep.append(element)
break

if prop_set.Name == "Identity Data":
for prop in prop_set.HasProperties:
if prop.Name == "OWV_BIM_ Fasering":
fasering_value = prop.NominalValue.wrappedValue
if fasering_value == "TT" and element in elements_to_keep:
elements_to_keep.remove(element)

for element in model.by_ type("IfcElement”):
if element not in elements_to_keep:
model.remove(element)

output_path = r"C:\Users\oveb\Downloads\01552 Filtered.ifc"
model.write(output_path)
print(f"Filtered IFC saved to:\n{output_path}")

Filtered IFC saved to:
C:\Users\oveb\Downloads\01516 Filtered.ifc

(a) (b)

Figure E1. (a) BIM model with all the elements in place and (b) filtered model.
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Appendix E2: Verification in Navisworks

The verification was performed in Navisworks, where a clearance check was done between the
models related to the requirement and a fictional layer. The layer was placed at +100 m T.A.W.
while the ground level was previously determined at +5,5 m T.A.W. As indicated in the
requirement text, all foundation base elements must be at least 1 meter below the ground level
(see Table E1). This corresponds to a height of +4,5 m T.A\W. To verify compliance with the
requirement, a clearance check was conducted with a tolerance of 95,5 meters (see Figure E2).
No clashes were found in this clearance check with building elements in the models and the layer
at the fictional level of +4,5 m T.A.W. (see Figure E3). In addition, a check was also carried out to
determine from which level the first foundation base elements are present in the models. This
turned out to be at a clearance check with a tolerance of 96 meters, which corresponds to 1,5
meters below ground level (i.e., + 4 m T.A.W.). This is within the margin of at least one meter below
ground level to prevent frost heave. At this level, four clashes were observed which are shown in
Figures E4-E7.

Clash Detective x
Clearance check - TE-00190.1 Last Run: zaterdag 3 mei 2025 16:04:18
Clashes - Total: 0 (Open: 0 Closed: 0)
‘ Name Status Clashes I New || Active I Reviewed I Approved Resolved
‘ [iAdd Test l l Reset All , Compact All ‘ Delete All @ ¢
| Rules ‘ Select ‘ Results l Report ‘
Selection A - Selection B
Standard ¥, Standard v
@|[5] OWRB-01099-ROC-CMO-WS3! nwd OWRB-03757-LAN-DMO-W59-000001.nwc
[:]E]01097 Fitered.ifc] OWRB-05826-LAN-DMO-W67-000001.nwc
[:-]EJo1516 Filtered.ifc] OWRB-05898-ROC-DMO-W59-000001.nwc
01552 Filtered.ifc] OWRB-05899-ROC-DMO-W59-000001.nwc
01091 Filtered.ifc] OWRB-05900-ROC-DMO-W59-000001.nwc
OWRB-05901-ROC-DMO-W59-000001.nwc
OWRB-05820-ROC-DMO-W40-000001.nwc
OWRB-06818-ROC-DMO-W40-000001.nwc
OWRB-06818-ROC-DMO-W69-000001.nwc
OWRB-06863-ROC-DMO-W69-000001.nwc I
OWRB-02839-ROC-DMO-W28-000002.nwc
OWRB-06135-R0OC-DMO-W28-000009.nwc
OWRB-06135-ROC-DMO-W28-000011.nwc
AW + 100.nw
=1 OWRR-NNAI G-ROC-DMO-W41-000001.nwe
21 e | (] [e3 e D2En | (3 as
= PAENCIN ElAR G
- Settings
Type: | Clearance v | Tolerance: 95,500 m
3 Run Test
Link: | None v | Step(sec: 0,1
[C] Composite Object Clashing

Figure E2. Clearance check (selection tab)between BIM models and fictional layer with a tolerance of 95,5 meters.
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Clash Detective x

# Clearance check - TE-00190.1 Last Run: zaterdag 3 mei 2025 16:04:18
Clashes - Total: 0 (Open: 0 Closed: 0)

IApproved ‘ jResolved

| Name Status | Clashes ‘ Invew  Jacive | Reviewed

TE-00190.1

[E.AddTest][ Reset All |CompactAII| Delete Al ] | @ Update 1

| Rules | Select IResuIts | Report |

- Selection A ~ Selection B

Standard e Standard V.

[5) OWRB-01099-ROC-CMO-W33-000001.nwd —®|5]
|5] OWRB-05826-LAN-DMO-W67-000001.nwc
1516 Filtered.ifc —@|5] OWRB-05898-ROC-DMO-W59-000001.nwc
| OWRB-05899-ROC-DMO-W59-000001.nwc
5| OWRB-05900-ROC-DMO-W59-000001.nwc
5] OWRB-05901-ROC-DMO-W59-000001.nwc
v#] OWRB-05820-R0OC-DMO-W40-000001.nwc
] OWRB-06818-ROC-DMO-W40-000001.nwc
5] OWRB-06818-ROC-DMO-W69-000001.nwc
—@|5| OWRB-06863-ROC-DMO-W69-000001.nwc I

| OWRB-03757-LAN-DMO-W59-000001.nwc

=]

0000
=]

E] OWRB-02839-R0OC-DMO-W28-000002.nwc
T] OWRB-06135-ROC-DMO-W28-000009.nwc
r—";] OWRB-06135-ROC-DMO-W28-000011.nwc

BPE [raw + 100.0wd]

LM |=1 OWRR-NNAI 6-ROC-DMO-W41-N00001_nwc

@[] ] [@]s)

(- Settings

Type: lCIearanoe V‘ Tolerance: 95,500 m ‘

Link: | None v | Step (seck: 0,1 ‘ fun Jest

[] Composite Object Clashing

Figure E3. Clearance check (Results tab) between BIM models and fictional layer with a tolerance of 95,5 meters.
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Figure E4. Visualization of clash 1 between the BIM model and fictional layer.
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Figure E5. Visualization of clash 2 between the BIM model and fictional layer.
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Figure E7. Visualization of clash 4 between the BIM model and fictional layer.
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Appendix F: Verification of tunnel equipment (Class 2)

This appendix looks at the verification of the tunnel equipment related to the roadway. The
requirement used in this appendix for the verification is shown in Table F1. The requirement text
distinguishes between a width of 200 mm at the top of the escape pictograms from the top of the
barrier and a width of 155 mm above the auxiliary station boxes along the entire length of the
tunnel construction.

Table F1. Second example of an Class 2 requirement from the case study.
Requirement text

Atunnel structure should keep the space between the road and
the finished wall, from the top of the barrier to the top of the PVR
completely clear. This PVR should also be at least 200 mm wide
at the top of escape pictograms along the entire length of the
tunneland at least 155 mm wide at the top of pictograms above
the auxiliary station boxes along the entire length of the tunnel.

¢ sse1n

Forthis a clearance profile was used to perform a clash detection within the BIM model. The clash
detection was conducted between the clearance profiles in the tunnel structure and the escape
pictograms and auxiliary station boxes along the entire length of the tunnel (see Figure F1). The
requirement must ensure that there is sufficient space between the signalling elements and the
roadway used by traffic.

Figure F1. Impression of escape pictograms and auxiliary station boxes in the tunnel elements.

A clash detection was done by importing a XML file clash import into Navisworks (see Figure F2).
The clash detection shows that almost all the clashes occurred at the lower part of the clearance
profile. The clash detection is carried out by using the workset that contained the escape
pictograms combined with the clearance profiles along the tunnel length. The clash detection
identified multiple clashes which leads to non-compliance of the requirement.
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<exchange
xmlns:xsi="http://www.w3. org/2801/XMLSchema-instance"” xsi:noNamespaceSchemalocation=

"http://download.autodesk.com/us/navisworks/schemas/nw-exchange-12.8.xsd" units="m" filename="" filepath=""»>
<batchtest name="Clash test tunnel signing" internal_name="Clash test tunnel signing" units="m">
<clashtests/>
<selectionsets>

<viewfolder name="IFC Collections" guid="e84bca5f-b885-560c-8411-ed6704960964" >
<viewfolder name="Containers" guid="6e9b6173-b@57-54a8-8f8d-78724b62805F">
<viewfolder name="BuildingStorey" guid="728def6f-731a-50d4-9071-48108ceed902"/></viewfolder>
<viewfolder name="lLayers" guid="48c33998-1192-546¢c-b7d5-3304f208a3e11"/></viewfolder>
<viewfolder name="TFC Collections (OWRB-81897-ROC-DMO-W6E6-866881.1ifc)" guid="251a18c9-9195-5702-8604-9856b80297b3" >
<viewfolder name="Containers" guid="5cbcbf88-8e81-5bea-addb-081eb938f83a">
<viewfolder name="BuildingStorey" guid="5946b754-480e-50ec-9afe-13736e54eb2d"/></viewfolder:
<viewfolder name="Layers" guid="6baB758a-215a-5cfB-8675-2a839d32c¢578"/></viewfolder>
<viewfolder name="IFC Collections (OWRB-©81552-ROC-DMO-W66-000001.ifc)" guid="64cbc69b-2eb7-5228-994e-da30fPalc3af">
<viewfolder name="Containers" guid="d12e463a-1266-5fc9-9361-4270bc3d8ead">
<viewfolder name="BuildingStorey" guid="45aeB4ad-d71b-5122-bae2-clfac3677a4a"/></viewfolder>
<viewfolder name="Layers" guid="08db7d61b-1245-5fd6-9fad-d481alfaB8702"/></viewfolder>
<viewfolder name="TFC Collections (OWRB-81539-ROC-DMO-W6E6-866881.1ifc)" guid="e7994536-c836-5Ff12-bBA5-8e067a3861e0" >
<viewfolder name="Containers" guid="12866827-824a-50dc-9156-8e@1dcb1B8c5c">
<viewfolder name="BuildingStorey" guid="e5230930-e4ff-572b-9968-3d4480571376"/></viewfolder>
<viewfolder name="Layers" guid="528d8286-afd7-5227-87b@-ead67a976518"/></viewfolder>
<viewfolder name="IFC Collections (OWRB-81051-ROC-DMO-W66-800001.ifc)" guid="2a043160-a5cb-5abl-9ac4-d47dal762647">
<viewfolder name="Containers" guid="©a@33389-aefb-53f2-b3ae-db@39dbeadfs™>
<viewfolder name="BuildingStorey" guid="cebed@71-efad-5f@4-bdef-3788addfal5a"/></viewfolder>
<viewfolder name="Layers" guid="f83efaBa-39b5-582b-94d4-083441f64albb"/></viewfolder>
<fselectionsets>
</batchtest>
</exchange>

Figure F2. Clash detection import XML file between tunnel parts and signalling elements in Navisworks.
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Appendix G: Verification of tunnel compartments (Class 3)

This appendix explains the Python script that was used to verify a requirement in Class 3 (see
Table G1). The appendix is divided into two parts, where the first part (Appendix G1) focuses on
understanding the requirement and filtering of the BIM models and Appendix G2 looks at the

verification.
Table G1. Requirement text used for verification of Class 3.

Requirement text

A tunnel construction must realize the applicable traffic,
escape- and service tube spaces in accordance with the linked
document.

Appendix Gl: Filtering of the models

Prior to conducting the verification, it is essential to identify which elements belong to the traffic,
escape and service tube spaces. The selection of these elements was based on their Family
property within the BIM model. A filtering process was applied to exclude diaphragm wall
elements, as these are not relevant to the requirement being verified. In addition, all temporary
elements were removed from the model, since they will not be present in the final construction
and are therefore not applicable to the verification of the tunnel tube spaces. This filtering was
based on the BIM phasing parameter (OWV_BIM_Fasering), which distinguishes between
temporary and permanent components.

The Python script uses the IfcOpenShell module to process the IFC models. The script removes
specific elements from the BIM model based on defined property criteria, thereby creating a
filtered model that is suitable for the verification process. The filtering logic targets two specific
properties, namely the family name property and the BIM phasing parameter. A predefined list of
family names is used to identify categories of elements that must be excluded from the model.
Additionally, elements with the OWv_BIM Fasering property setto TT are excluded to ensure that
only permanent elements remain. The script iterates through the property definitions of all model
elements to identify those matching the exclusion criteria and removes them from the model. The
filtered model only contains the relevant elements for the intended requirement verification.
Figure G1 provides a visual overview of the process, where Figure G1a displays the unfiltered
model and Figure G2b shows the filtered model with the specified elements removed.

import ifcopenshell

ifc_path = r"C:\Users\oveb\Downloads\IFC tunneldelen\OWRB-01552-ROC-DMO-W66-000001.1ifc

model = ifcopenshell.open(ifc_path)

family names_to_remove = [
"[DWA-DWP]_Concrete diaphragm wall units_ROCO_(GMA2)",
" [DWA-DWP-TOL]_Diaphragm wall tolerance zone_(GMA2)"

]

elements_to_keep = set(model.by type("IfcElement™))

for rel_defines in model.by_type("IfcRelDefinesByProperties"):
element = rel_defines.RelatedObjects[@]
prop_set = rel_defines.RelatingPropertyDefinition

if not hasattr(prop_set, "HasProperties"):

continue
for prop in prop_set.HasProperties:
if prop.Name == "Family":
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family value = prop.NominalValue.wrappedValue
if family_value in family_names_to_remove:
elements_to_keep.discard(element)

break
if prop.Name == "OWV_BIM Fasering":
fasering_value = prop.NominalValue.wrappedValue
if fasering_value == "TT":
elements_to_keep.discard(element)
break

for element in model.by_type("IfcElement"):
if element not in elements_to_keep:
model.remove(element)

output_path = r"C:\Users\oveb\Downloads\01552 Filtered Tube.ifc"
model.write(output_path)
print(f"Filtered IFC saved to:\n{output_path}")

Filtered IFC saved to:
C:\Users\oveb\Downloads\@1552 Filtered Tube.ifc

-
|

J

(a) (b)

i
3
|

Figure G1. (a) BIM model with all the elements in place and (b) filtered model focusing on tunnel elements.

In addition to the fact that the applicable tunnel tube spaces are not clearly defined in the
requirement text, the requirement also refers to supplementary documents. To fully understand
the context of the requirement, it is important to take the information from these documents into
account. These documents include technical drawings of the tunnel alignment and the
corresponding coding. Figure G2 presents an excerpt from the documents referenced in the
requirement text. These documents indicate that the tunnel spaces must remain free of
obstructions within the design and the model.
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Figure G2. Impression from technical drawing referenced in the requirement.

Appendix G2: Verification in Navisworks

The verification was performed in Navisworks, where a clearance check was done between
models related to the requirement and a clearance profile. The clearance profile is used to assess
whether the traffic, escape- and service spaces within the tunnel elements are free from
obstructions. A clearance check was done where 366 clashes were identified between the
clearance profile and the model with a tolerance of 0 millimeters. These clashes were grouped by
workset and revealed that over 70% of the total number of clashes occur in the Workset 310.
General water management (see Table G2).
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Table G2. Clashes broken down to workset.

Workset Amount of clashes
301. Vloeren 33 (9%)

310. Waterhuishouding algemeen 270 (74%)

400. Algemeen Civiele Bovenbouw 8 (2%)

501. Voorzetwanden 16 (4%)

502. Vulwanden 8 (2%)

900. Algemeen Context & Equipment | 31 (8%)

By increasing the tolerance to 0.05 meters, the total number of clashes decreased to 18. This
reduction shows the sensitivity of clash detection outcomes to the selected tolerance level.
Figures G3-G8 show a clash for each workset from the clearance check outcomes. The clashes
between the elements and the clearance profile are highlighted in green (clearance profile) and

red (building model element).

1]

/ { Vil JH i {
Figure G3. Clash example from Workset 310. Watermanagement general.

r/ L i !
Figure G4. Clash example from Workset 501. Pre-walls.
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Figure G6. Clash example from Workset 400. General Civil Superstructure.

Figure G7. Clash example from Workset 900. General Context & Equipment.
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,.‘
Figure G8. Clash example from Workset 301. Floors.
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Appendix H: Verification of escape ducts (Class 4)

This appendix explains the Python script that was used to verify a requirement in Class 4 (see
Table H1). The appendix is divided into two parts, where the first part (Appendix H1) looks at
understanding the requirement and the filtering of the BIM models and Appendix H2 focuses on
the verification itself.

Table H1. Requirement text used for verification of Class 4.

Requirement text

An escape duct in a tunnel construction must provide conflict-
free space for the applicable PVR, finishing elements,
installations, and all necessary free spaces.

7 sse1n

Appendix HI: Filtering of the models

To perform the verification, a Python script is used that systematically processes the IFC models
to identify and retain only the elements relevant to the escape ducts within the tunnel
constructions. Using the Python module IfcOpenShell, the script first loads the IFC file and begins
iterating over all elements associated with property definitions. By looping through the model, it
evaluates each elements attributes against predefined filtering criteria. The filtering is done
based onthe property OWV_SE_fysiek_naam, which contains the physical names of the elements
in the model. This ensured that only elements corresponding to specific terms related to the
escape ducts in the requirement text, such as ‘escape door’ and ‘escape corridor floor’, were
retained. Also, an additional filtering was done using the OWV_BIM_Fasering property, which led
to the removal of temporary construction elements in the models. These temporary construction
elements are not directly related for the requirement verification. The filtered model only contains
the relevant elements for the intended requirement verification. Figure H1 provides a visual
overview of the model, where Figure H1a displays the unfiltered model and Figure H1b shows
the filtered model with the specified elements removed.

import ifcopenshell
ifc_path = r"C:\Users\oveb\Downloads\IFC tunneldelen\OWRB-01539-ROC-DMO-W66-000001.ifc
model = ifcopenshell.open(ifc_path)
keywords = {

"OWV_SE_fysiek_naam": ["Vloer vluchtgang", "Wandopvulling", "Vloer dienstgang", "W
andafwerking", "Constructiewand"],

"OWV_SE_logisch_naam": ["Diepwand", "Vluchtdeur", "Uitvulling", "Bodemplaat tunnel
", "Dak tunnel"]

}

excluded_family name = "[DWA-DWP-TOL] Diaphragm wall tolerance zone_(GMA2)"
element_to_propsets = {}
elements_to_keep = set()

for rel_defines in model.by type("IfcRelDefinesByProperties"):
prop_set = rel_defines.RelatingPropertyDefinition

if not prop_set.is_a("IfcPropertySet"):
continue

for element in rel_defines.RelatedObjects:
element_to_propsets.setdefault(element, []).append(prop_set)
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if prop_set.Name == "Identity Data":
for prop in prop_set.HasProperties:
if prop.Name in keywords:

try:
value = prop.NominalValue.wrappedValue

except:
continue

for keyword in keywords[prop.Name]:
if keyword in value:

for element in rel_defines.RelatedObjects:

elements_to_keep.add(element)
break

for rel_defines in model.by_type("IfcRelDefinesByProperties"):
prop_set = rel_defines.RelatingPropertyDefinition

if not prop_set.is_a("IfcPropertySet"):
continue

if prop_set.Name == "Other":
for prop in prop_set.HasProperties:
if prop.Name == "Family":

try:
family_value = prop.NominalValue.wrappedValue

except:
continue

if excluded_family name in family_value:
for element in rel_defines.RelatedObjects:

elements_to_keep.discard(element)

for rel_defines in model.by_type("IfcRelDefinesByProperties”):
prop_set = rel_defines.RelatingPropertyDefinition

if not prop_set.is_a("IfcPropertySet"):
continue

for prop in prop_set.HasProperties:

if prop.Name == "OWV_BIM_ Fasering":
try:
fasering_value = prop.NominalValue.wrappedValue
except:
continue
if fasering_value == "TT":

for element in rel_defines.RelatedObjects:
elements_to_keep.discard(element)

for element in model.by_type("IfcElement"):
if element not in elements_to_keep:
model.remove(element)

output_path = r"C:\Users\oveb\Downloads\Escape tunnel 01539.ifc"
model.write(output_path)
print(f"Filtered IFC saved to:\n{output_path}")

Filtered IFC saved to:
C:\Users\oveb\Downloads\Escape tunnel ©1539.ifc
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(a) (b)

Figure H1. (a) BIM model with all the elements in place and (b) filtered model focusing on tunnel escape ducts.

Appendix H2: Verification in Navisworks

The verification was done in Navisworks, where a clearance check was performed between the
elements related to the requirement and a clearance profile. The clearance profile is used to
assess whether the escape ducts within the tunnel elements provide conflict-free spaces. By
doing the clash detection in Navisworks a total of 340 clashes between the model elements and
the clearance profile were identified. For this clearance check a clearance tolerance of 0.001
meter was used. The majority of the detected clashes can be attributed to tunnel section 10,
where 330 out of the total 340 clashes occur. An example of such a clash is shown in Figure H2.
The remaining clashes occur across the other tunnel sections.

| ! ‘“ 1l ’ R N 5 \i§ 8 gL
Figure H2. Clash between clearance profile and floor element in the BIM model.
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Appendix I: Efficiency metrics

This appendix elaborates on how the efficiency metrics were derived. The structure follows the
same categorisation as presented in Section 3.5, distinguishing between classification, rule
interpretation, preparation, execution and reporting of the verification process.

Efficiency of the classification

To evaluate the efficiency requirement classification process, a sample of 10 requirements was
used. These were manually categorised into geometrical and non-geometrical requirements
which took 136 seconds in total. To estimate the total time for the complete dataset of 614
requirements, the following was done:

Time = % 614 = 8350.40 seconds

_ 83504

= 139.17 minutes

In contrast, the automated classification approach processed the full datasetin only 42 seconds.
This results in a time reduction of:

42

= ). — 0
8350.40) 100 =99.5%

Time reduction = (1

Efficiency of the rule interpretation

The efficiency of the rule interpretation using RASE cannot be directly compared to the traditional
method, as RASE was not used previously and relies on manual input. Its repeatability is
determined to be moderate while the structured algorithm ensures consistency, manual
application introduces some variation. However, the quality of results is likely higher due to the
improved clarity and structure RASE provides.

Efficiency of the preparation

While precise time savings were not recorded, the semi-automated process for preparing
building model data led to increased efficiency. Using IfcOpenShell scripts to automate element
filtering minimizes manual work, indicating potential time reductions. This method also boosts
repeatability by ensuring consistent filtering, avoiding the inconsistencies common in manual
processes. Such consistency is especially valuable for Class 3 and 4 requirements that rely on
semantic data. Additionally, quality improves as automation lowers the risk of errors, resulting in
more reliable outcomes.

Efficiency of the verification process

In terms of time savings, the Class 1 requirement was used as a quantifiable example. The
verification of the requirement using manual checking took approximately 120 minutes, whereas
the automated approach completed the same process in 80 seconds.

Time reduction = (1 — ) 100 = 98.9%

12060
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To assess the accuracy of the automated verification approach compared to the manual
approach, ten measurements were analysed. These measurements were made in Navisworks'.
Table 11 shows the values and deviations for both approaches.

Table I1. Values of manual and automated measurements and their deviations.

Measurement | Value [m] Deviation [m]

Manual Automated | Manual Automated
1 0.452 0.450 0.002 0.000
2 0.450 0.450 0.000 0.000
3 0.453 0.450 0.003 0.000
4 0.449 0.450 0.001 0.000
5 0.448 0.450 0.002 0.000
6 0.451 0.450 0.001 0.000
7 0.451 0.450 0.001 0.000
8 0.450 0.450 0.000 0.000
9 0.451 0.450 0.001 0.000
10 0.450 0.450 0.000 0.000

To quantify the average error, the mean absolute deviation (MAD) was calculated using the

following formula:
1% .
HZ |x; — X
1=1

For the manual approach (man), this resulted in an MAD of:

0.002+0.000+0.003+0.001+0.002+0.001+0.001+0.000+0.001+0.000 0.0011
MAD, oy = - =222 =0.0011m

For the automated approach (auto), the following MAD was calculated.

0.000+0.000+0.000+0.000+0.000+0.000+0.000+0.000+0.000+0.000 0.000
MAD a0 = - = 2222 =0.0000 m

The relative deviation was calculated using the MAD for both approaches leading to the following
results:

0.0011
0.450

0.0000
0.450

Deviation,,, = ( ) +100 = 0.24%

Deviation,,, = ( ) -100 = 0.00%

Efficiency of reporting the results

The reporting step cannot be directly compared, so no specific efficiency metric is available in
terms of time savings. However, both manual and semi-automated methods are expected to yield
similar results when repeated, as they follow consistent reporting procedures. While quality can't
be measured quantitatively, both approaches likely produce comparable outputs. The semi-
automated method does offer an advantage in traceability due to better integration with the CDE,
avoiding reliance on external tools.

"When measurements done by a professional, they may vary from those measured by the author.
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Appendix J: openBIM approach

This appendix presents a verification example for a Class 1 requirement (see Table J1), previously
introduced in Section 3.2.4.1, conducted using the openBIM approach. Central to this approach
is the application of buildingSMART standards, aligning with several guidelines identified in
Chapter 4, specifically guidelines S1, O1, O2 and B2. Although the use of the openBIM
methodology deviates from the proposed workflow and therefore falls partially outside the
primary scope of this research, it demonstrates the significant potential of bSI standards for
enabling automated requirement verification.

Table J1. Requirement text used for verification of Class 1.

Requirement text
The pipe diameter of the embedded sewer system in the traffic
ducts must be at least 200 mm.

By using the openBIM workflow, the requirement is expressed using the buildingSMART
Information Delivery Specification standard. This standard directly addresses the challenges
previously identified in this research, namely ambiguity in requirement texts and the lack of
explicitlinkage between requirements and building elements in the BIM model. The IDS is an XML-
based schema that allows requirements to be defined in a machine-readable format. The IDS
used for the example is presented in Figure J1.

<ids:ids xmlns:xs="http://www.w3.0rg/2001,/XMLSchema”™ xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance”
xsi:schemalocation="http://standards.buildingsmart.org/IDS http://standards.buildingsmart.org/IDS/1.8/ids.xsd"
xmlns:ids="http://standards.buildingsmart.org/IDS" >
<ids:info>
<ids:title>New ids file</ids:title>
</ids:info>
<ids:specifications>
<ids:specification ifcVersion="IFC2X3" name="New Specification">
<ids:applicability minOccurs="1" maxOccurs="unbounded">
<ids:entity>
<ids:name>
<ids:simpleValue>IFCBUILDINGELEMENTPROXY< /ids:simpleValue>
</ids:name>
</ids:entity>
<fids:applicability>
<ids:requirements>
<ids:property dataType="IFCLENGTHMEASURE" cardinality="optional™>
<ids:propertySet>
<ids:simpleValue>Dimensions</ids:simpleValue>
</ids:propertySet>
<ids:baseName>
<ids:simpleValue>ROCO_CLE_Diameter_Inner</ids:simpleValue>
</ids:baseName>
<ids:value>
<xs:restriction base="xs:double">
<xs:minInclusive value="8.2" />
</xs:restriction>
</ids:value>
</ids:property>
<ids:property dataType="IFCTEXT" cardinality="required">
<ids:propertySet>
<ids:simpleValue>Identity Data</ids:simpleValue>
</ids:propertySet>
<ids:baselName>
<ids:simpleValue>OWV_SE_logisch_naam</ids:simpleValue>
</ids:baseName>
<ids:value>
<ids:simpleValue>Riool kunstwerk</ids:simpleValue>
</ids:value>
</ids:property>
</ids:requirements>
<fids:specification>
</ids:specifications>
</ids:ids>

Figure J1. IDS schema for requirement definition using XML-format.
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In this case, the IDS does specify that the IFC model MUST contain entities that have IFC class

IFCBUILDINGELEMENTPROXY that MEET the following requirements:

- MAY HAVE property ROCO_CLE_Diameter_Inner of Pset Dimensions (IFCLENGTHMEASURE) =
0.2

- MUST HAVE property OWV_SE_logisch _naam of Pset Identity Data (IFCTEXT) = Riool
kunstwerk

This method of specifying requirements using the bSI IDS standard eliminates ambiguity from
requirement descriptions and establishes a direct connection between the textual requirement
and the corresponding model elements. As a result, the process of automated requirement
verification becomes significantly less complex. Once the IDS is defined, it can be verified against
the IFC file to determine whether the model complies with the specified requirements. Figure J1a
shows the tunnel construction and in Figure J1b all the pipelines that need to be verified against
the requirement are visible. The verification using the IDS showed that all the assessed pipelines
comply with a minimum pipe diameter of 200 millimeters. These outcomes can be
communicated to stakeholders.

(a) (b)

Figure J1. (a) Overview of tunnel elements related to the verification of the requirement and (b) the isolated pipelines that
need to be verified based on the requirement text.
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