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SUMMARY 
Integration of Building Information Modeling (BIM) working methods in post construction 
phases are not very common in the Dutch Architecture Engineering and Construction (AEC) 
industry yet. However, in terms of money, subsequent Operation and Maintenance (O&M) 
costs of a building over its lifecycle could amount to many times more than the construction 
costs. In addition, this exploitation phase of a building is the longest phase.  
5ǳǊƛƴƎ ŀ ōǳƛƭŘƛƴƎΩǎ ŜȄǇƭƻƛǘŀǘƛƻƴΣ Řiverse models or representations of a building are available 
with a vast amount of external data resulting in the need for distributed data management. 
This information and the BIM are usually stored locally and shared via email or project 
management systems and rarely connected across domains. While during exploitation, a lot 
of (re)usable data is generated, the industry is failing to enrich available models with this 
information. This inefficient information management causes significant costs. Furthermore, 
the lack of interoperability between software applications hampers the integration of BIM 
during ǘƘŜ ǿƘƻƭŜ ōǳƛƭŘƛƴƎΩǎ ƭƛŦŜŎȅŎƭŜΦ 
The Industry Foundation Classes (IFC) standard is increasingly accepted by the AEC industry 
as interoperable file format due to the ongoing effort of BuildingSMART. IFC models are 
semantically rich because they capture not only the 3-dimensional geometry of objects, but 
metadata related to many other aspects of this object and the building as a whole. Semantic 
enrichment of these building models has the potential to facilitate a more optimal O&M 
processes by providing means to structure, preserve and visualize relevant data. In order to 
investigate this further, in this research, information management for risk-based O&M is 
optimized by semantic model enrichment. Risk-based O&M is a relatively novel approach in 
the industry for finding the optimal balance between structural reliability and lifecycle cost 
of deteriorating buildings. Frequently the Failure Mode and Criticality Analysis (FMECA) 
methodology is used to determine failure modes and associated risks for building objects. 
The discussed situation results in the following mŀƛƴ ǊŜǎŜŀǊŎƘ ǉǳŜǎǘƛƻƴΥ άHow can IFC models 
be enriched semantically to improve risk-based operations & maintenance of an AEC/ FM 
project?έΦ To be able to answer the question, first expert interviews were held to get a 
better understating of the current situation and future needs of the industry. The experts 
pointed out the inefficiency of current BIM project handover to O&M. In addition, experts 
recognize the potential of using 3D models for O&M to manage and structure information. 
Furthermore, making a good data selection prior to handover is essential. 
Then, two prototype tools are developed to enable a facility manager to enrich an IFC model 
with risk-based O&M data. For this tool development and testing, one building of the 
Ψ¦ƛǘƘƻŦƭƛƧƴΩ project is selected of which an IFC model is available. This model concerns an 
overpass facilitating the tramway passing a canal. 
Prototype tool one consists of three stages. The first stage enables the asset manager to 
extract all objects from an IFC model and write these to a FMECA sheet according to the 
NEN2767-4 object breakdown structure (OBS). Second, after completion of the FMECA by 
the asset manager, in stage two it is possible to write this FMECA information to IFC. 
Thereby, FMECA data can be viewed by any IFC viewer on the market. Finally, in stage three 
risk data can be visualized and IFC element properties (FMECA)  can be viewed.  
While a working prototype is the result some drawbacks of this first approach are 
discovered. The three main disadvantages are that this data in IFC is hard to query/reuse, 
versioning risks exist and the IFC file gets polluted. Due to these drawbacks, a second tool is 
developed using semantic web technologies. First, this second prototype tool transforms 
tabular FMECA data into RDF resulting in data with semantic meaning. Second, the tool 
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provides the possibility to view an IFC model with element properties and provide associated 
FMECA RDF data by selection of an element in 3D view. In addition, the ability exists to 
visualize RPN values, obtained from RDF, in terms of colors. No ontology which describes 
FMECA parameters seems to be available. Therefore, for this research a concise ontology is 
created. This ontology defines the FMECA parameters with associated data and value 
restrictions. This second tool eliminates the disadvantages of first approach, the data is 
queriable and reusable using SPARQL, no IFC pollution occurs and reduced versioning risks 
due to the separation of data repositories. In addition, this approach is more future proof 
due to the expected shift towards semantic web technologies within the industry. However, 
current IFC viewers are not compatible with semantic web technologies. 
As an answer to the main research questions both approaches are viable, although the 
second approach is highly preferred. Recommendations are that any object, whether in IFC 
or other data format, contains an object classification and Globally Unique Identifier (GUID). 
In addition, optimally no object properties are stored in the IFC model itself due to the 
discussed disadvantages respecting the importance of good data selection prior to handover 
O&M. The shift towards semantic web technologies could enhance data sharing between the 
AEC and FM industry facilitating e.g. design for maintenance. While the FM industry is 
considered rather traditional the initiative and incentives for such a shift should come from 
building owners by stimulation of innovations through more extensive implementation of 
performance based contracts.  
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SAMENVATTING 
Implementatie van een Bouw Informatie Model (BIM) tijdens beheer en onderhoud (B&O) 
van een bouwwerk is nog niet erg gebruikelijk in de Nederlandse bouwsector. Echter, 
financieel gezien is deze fase veel omvangrijker in vergelijking met de ontwerp en bouwfase. 
Ook is deze exploitatiefase veruit de langste fase van een bouwwerk.  
Gedurende de levensduur van een bouwwerk en daarmee ook de exploitatiefase, zijn er veel 
verschillende modellen of representaties met grote hoeveelheid externe gegevens 
beschikbaar waardoor gegevensbeheer van deze gedistribueerde informatie essentieel is. 
Deze informatie en het BIM zijn meestal lokaal opgeslagen en gedeeld via e-mail of project 
management systemen en zelden bestaat er een link tussen de verschillende 
bouwdisciplines. Terwijl tijdens de exploitatie veel (her)bruikbare gegevens worden 
gegenereerd slaagt de sector er niet in om een link tussen deze gegevens te leggen en 
zodanig op te slaan dat deze later makkelijk (her)gebruikt kunnen worden. Bovendien is het 
gebrek aan compatibiliteit tussen softwaretoepassingen belemmerend voor de integratie 
van BIM gedurende de gehele levenscyclus van een gebouw. Dergelijk inefficiënt 
informatiebeheer veroorzaakt daardoor aanzienlijke faalkosten.  
De ΨIndustry Foundation ClassesΩ (IFC) worden in toenemende mate door de bouwsector als 
interoperabel bestandsformaat geaccepteerd dankzij de voortdurende inspanningen van 
BuildingSMART. IFC modellen zijn semantisch rijk omdat ze niet alleen de 3-dimensionale 
geometrie van objecten bevatten maar ook de daaraan gerelateerde metadata op het 
gebied van vele aspecten. Semantische verrijking van deze modellen met B&O gegevens 
biedt potentieel voor een optimaler beheer- en onderhoudsproces door structureren en 
visualiseren van relevante gegevens. Om dit verder te kunnen onderzoeken is in dit 
onderzoek gekeken naar semantische modelverrijking met gegevens voor risicogestuurd 
B&O. Risicogestuurd B&O is een relatief nieuwe benadering voor de bouwsector waarbij er 
wordt gezocht naar een optimum tussen structurele betrouwbaarheid en onderhoudskosten 
van bouwwerken. Vaak wordt hiervoor de Failure Mode and Criticality Analysis (FMECA) 
toegepast waarbij de faalmodus en bijbehorend risico voor bouwelementen worden 
geïdentificeerd.  
De bovenstaande situatie ǊŜǎǳƭǘŜŜǊǘ ƛƴ ŘŜ ǾƻƭƎŜƴŘŜ ƘƻƻŦŘǾǊŀŀƎ ǾƻƻǊ Řƛǘ ƻƴŘŜǊȊƻŜƪΥ άIƻŜ 
kunnen IFC-modellen semantisch worden verrijkt om risicogestuurd beheer en onderhoud in 
ŘŜ ōƻǳǿǎŜŎǘƻǊ ǘŜ ƻǇǘƛƳŀƭƛǎŜǊŜƴΚέΦ Om deze vraag te kunnen beantwoorden zijn er eerst 
expert interviews gehouden om een beter beeld te krijgen van de huidige situatie en de 
toekomstige behoeften van de sector. De interviews bevestigde het vermoeden dat 
informatie na de bouw inefficiënt en vaak incompleet wordt overgedragen aan B&O. Hierbij 
blijkt het zeer belangrijk te zijn om een goede gegevensselectie te maken vóór de overdracht 
naar B&O. Bovendien erkennen de experts het potentieel van het gebruik van 3D BIM 
modellen voor B&O om informatie te structureren en beheren.  
Vervolgens zijn er twee prototype tools ontwikkeld om de beheerder in staat te stellen een 
IFC model te verrijken met risico gestuurd B&O informatie. Voor deze toolontwikkelingen is 
ŜŜƴ ōƻǳǿǿŜǊƪ Ǿŀƴ ƘŜǘ ǇǊƻƧŜŎǘ Ψ¦ƛǘƘƻŦƭƛƧƴΩ als case gebruikt, van dit bouwwerk is een IFC 
model beschikbaar. Dit model betreft een tram viaduct over een kanaal.  
De eerste prototype tool bevat drie stappen. De eerste stap maakt het mogelijk voor de 
beheerder om alle objecten uit het IFC model te extraheren en naar een FMECA werkblad te 
schrijven volgens de NEN2767-4 ΨObject Breakdown StructureΩ (OBS). In de tweede stap, na 
afronding van de complete FMECA analyse door de beheerder, is het mogelijk om alle 
FMECA informatie uit de werkblad naar IFC te schrijven. Daarna is het mogelijk om deze 
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informatie met een van de vele IFC viewers op de markt te benaderen. Ten slotte, in de 
derde stap is het mogelijk om, naast toegang te bieden tot FMECA informatie in het model, 
ǊƛǎƛŎƻΩǎ ǘŜ ǾƛǎǳŀƭƛǎŜǊŜƴ ƛƴ ƘŜǘ ƳƻŘŜƭΦ hƴŘŀƴƪǎ Řŀǘ Řƛǘ ŜŜƴ ǿŜǊƪŜƴŘ Ŝƴ ǇǊŀƪǘƛǎŎƘ ǘƻŜǇŀǎōŀŀǊ 
prototype betreft kunnen een aantal nadelen van deze methode worden onderscheden. De 
drie belangrijkste nadelen zijn dat informatie in IFC is moeilijk te doorzoeken en 
hergebruiken is (1)Σ ǾŜǊǎƛŜǊƛǎƛŎƻΩǎ ontstaan bij beheer van dezelfde informatie in IFC alsmede 
in een werksheet (2) en vervuiling van IFC bestand (3). Vanwege deze nadelen is er een 
tweede prototype tool ontwikkeld welke gebruik maakt van semantische web technologie. 
Eerst transformeert deze tool de tabulaire FMECA data naar RDF wat resulteert in data met 
semantische betekenis. Vervolgens is het mogelijk om het IFC model te bekijken en een 
element te selecteren waarna de eigenschappen uit IFC alsmede de bijbehorende FMECA 
informatie uit RDF wordt getoond. Daarnaast is het mogelijk om de risicowaardes, verkregen 
uit RDF, te visualiseren met kleuren. Omdat er geen FMECA ontologie beschikbaar is die de 
relevante parameters beschrijft is er een beknopte ontologie opgesteld in dit onderzoek. 
Deze ontologie definieert FMECA parameters met de bijbehorende datasoort en restricties. 
De tweede tool elimineert de nadelen van de eerste benadering, de informatie is 
doorzoekbaar en herbruikbaar met behulp van SPARQL, er treedt geen IFC vervuiling op en 
ŜŜƴ ǾŜǊƳƛƴŘŜǊƛƴƎ Ǿŀƴ ǾŜǊǎƛŜǊƛǎƛŎƻΩǎ ǾŀƴǿŜƎŜ ŘŜ ǎŎƘŜƛŘƛƴƎ van informatie is het resultaat. 
Ook lijkt deze aanpak toekomstbestendiger vanwege de verwachte verschuiving naar 
semantische web technologieën binnen de sector. Echter, momenteel beschikbare IFC 
software is niet compatibel met semantische web technologie. 
Als antwoord op de onderzoeksvraag zijn beide toolbenaderingen haalbaar en toepasbaar, 
hoewel de tweede benadering in hoge mate de voorkeur heeft. Aanbevelingen zijn dat ieder 
object, zowel in IFC als in een ander data formaat, een Globally Unique Identifier (GUID) en 
classificatie bevat. Optimaal gezien zouden objecteigenschappen ook niet worden 
opgeslagen in het IFC model zelf vanwege de besproken nadelen en daarbij rekening 
houdend met goede dataselectie vóór overdracht naar B&O. De verschuiving naar 
semantische web technologieën kunnen het delen van gegevens tussen ontwerp/bouw 
ǎŜŎǘƻǊ Ŝƴ .ϧh ǾŜǊƎŜƳŀƪƪŜƭƛƧƪŜƴ Ŝƴ ŘŀŀǊƳŜŜ ōƛƧǾƻƻǊōŜŜƭŘ ΨŘŜǎƛƎƴ ŦƻǊ ƳŀƛƴǘŜƴŀƴŎŜΩ 
faciliteren. Omdat de B&O sector als vrij traditioneel kan worden beschouwd moet het 
initiatief en stimulans voor een dergelijke verschuiving komen van de eigenaren van 
gebouwen door meer frequente toepassing van prestatiecontracten.  
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1 INTRODUCTION 
During mid-1990s, great amount innovative and new ICT applications in the architecture 
engineering and construction (AEC) sector have been developed. Developments resulted in 
sophisticated CAD systems, where it was possible to enrich 3D models of buildings with, in 
addition to vectorial data, complementary data such as physical characteristics, unit costs, 
quantity take-offs, etc. This methodology became known as building information modelling 
(BIM) (Grilo & Jardim-Goncalves, 2010a).  
In the AEC industry though, the focus of BIM integration is predominantly on (pre-) 
construction phases. Integration of BIM working methods in post construction phases is not 
very common in the Dutch AEC industry yet. So, while BIM processes are established for new 
buildings, the majority of existing buildings are not maintained, refurbished or deconstructed 
with BIM nowadays (Volk, Stengel, & Schultmann, 2014).  
However, when speaking in terms of money, these subsequent operation and maintenance 
(O&M) costs of a building over its lifecycle could amount to many times more than the 
construction costs (Becerik-Gerber, Jazizadeh, Li, & Calis, 2012). These cost proportions are 
schematic represented in figure 1-1. In addition, with a time span of 30, 50 or sometimes 
even more years it is also the longest phase. Therefore, there is a growing interest in the use 
of BIM in the exploitation phase for coordinated, consistent, and computable building 
information/ knowledge management during the whole lifecycle (Becerik-Gerber et al., 
2012). 

  
Figure 1-1: Schematic representation of building lifecycle costs (Verbaan, Visser, Koe, Boer, & Voet, 2014) 

 
However, the lack of interoperability between software applications hampers the integration 
of BIM during the whole buildingΩs lifecycle. The Industry Foundation Classes (IFC) are 
increasingly accepted by the AEC industry as interoperable file format due to the ongoing 
effort of BuildingSMART (Beetz, Leeuwen, & Vries, 2005). The use of IFC in every phase of a 
buildingΩs lifecycle has the potential to prevent information loss and ease the handover 
process from one department to another. 
Semantic enrichment of these building models has the potential to facilitate a more optimal 
O&M processes by providing means to structure, preserve and visualize relevant data. 
Pruvost et al. (2012) recognize the value of model enrichment (e.g. with linked models) 
providing the nested structure which can be of substantial help for performing risk-based 
O&M. Risk-based O&M is a relatively novel approach in the industry for finding the optimal 
balance between structural reliability and lifecycle cost of deteriorating buildings.  
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2 RESEARCH APPROACH 
In this chapter the research approach will be elaborated to set a research outline. First, the 
problem definition and research gap are defined in section 2.1. Thereafter in section 2.2, 
sub-research questions are presented with associated main research question and 
objectives/ limitations of this research. In section 2.3 the research design is discussed by 
means of a methodological justification and research model. Finally, in section 2.4 expected 
results are presented to conclude this chapter. 
 
 

2.1 Problem definition and research gap 
The exploitation phase of a building is the longest and most expensive phase (Becerik-Gerber 
et al., 2012). In this context, a growing amount of scientific literature is available which 
indicate that the potential benefits of using BIM for O&M seem to be significant (e.g. 
Becerik-Gerber et al., 2012; Arayici, 2008; Akcamete, Akinci, & Garrett, 2010).  
Within the exploitation phase of a building, vast amounts of information are being produced 
such as maintenance data, risk-based O&M data, energy use and occupancy patterns. In the 
current working methods, this information and the BIM are usually stored locally and shared 
via email or project management systems and are rarely  connected across domains. In 
addition, information generated outside the model based on exports of for instance quantity 
takeoffs is seldom fed back into the model. This inefficient information management causes 
significant costs (Dankers, Geel, & Segers, 2014).  
The BIM is generally the central point of information used in the construction process, more 
and more effort is put into using BIM during the exploitation phase of the building. However, 
information outside the BIM is usually not connected to the relevant elements inside the 
BIM (Dankers et al., 2014). 
Actual BIM application in the Dutch AEC and Facility Management (FM) industry however 
remains behind. This is partly caused by interoperability issues between BIM standards and 
O&M software. This incapable interoperability is still a major obstacle in BIM data exchanges 
both in new and existing buildings (Volk et al., 2014). The effects are vast amounts of data 
losses after construction. This is visualized in figure 2-1, where the traditional paper based 
Design-Build process is compared with the collaborative BIM-based process in terms of 
information assets. As illustrated in figure 2-1, information is lost after each phase in the 
traditional Design-Build working method. The BIM-based working method has overcome this 
problem significantly with exception of the handover from construction to future phases. 
Though, interoperability issues are reduced by the implementation of an open model 
standard, called Industry Foundation Classes (IFC).  
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Figure 2-1: Comparison of traditional and BIM-based processes in terms of information assets (Eastman, Teicholz, Sacks, Liston, 
2008) 

 
Figure 2-1 also illustrates a lack of model enrichment during post-construction phases, while 
a lot of (re)usable data is generated. Currently O&M information is stored in proprietary file 
formats or non-queryable data structures. This is resulting in inefficient information use and 
limits O&M information preservation and reuse in future projects.  
In order to overcome this, semantic enrichment of IFC models with O&M data is proposed in 
lots of scientific literature (i.a. Visser, Boer, & Voet, 2013; Belsky, Sacks, & Brilakis, 2015; 
Dankers et al., 2014; Vanlande, Cruz, & Nicolle, 2008; Beetz, Coebergh, Botter, Zlatanova, & 
de Laat, 2015).  
 
 

2.2 Research question 
CƻǊ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ƘȅǇƻǘƘŜǎƛǎ ƛǎ ŦƻǊƳǳƭŀǘŜŘΥ ά.ȅ {ŜƳŀƴǘƛŎ enrichment of IFC 
models O&M data Ŏŀƴ ōŜ ǇǊŜǎŜǊǾŜŘ ŀƴŘ ǎǘǊǳŎǘǳǊŜŘ ŜŦŦƛŎƛŜƴǘƭȅέΦ Lƴ ƻǊŘŜǊ ǘƻ ǘŜǎǘ ǘƘƛǎ 
hypothesis the following central question will be answered:  
 

 
How can IFC models be enriched semantically to improve risk-based operations & 
maintenance of an AEC/ FM project?  
 

 
The following sub questions will be answered in this research: 

1. What is the added value of Industry Foundation Classes (IFC) in Building Information 

Modeling use for O&M phases? 

2. Which approaches can be employed to semantically enrich IFC model populations 

and what are their possibilities and limitations? 
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3. What are object classifications and how can they be of added value in risk-based 

operation & maintenance? 

4. What are important IFC model conditions for handover towards the O&M phase? 

5. What is risk-based operation & maintenance and how can this be applied practically? 

6. How could risk-based O&M data be reused in future projects? 

2.2.1 Research objectives and limitations 

The aim of this research is to present an advice on how risk-based O&M can be integrated in 
BIM based working methods. The focus of this research is to enhance information 
management and preservation of risk-based O&M data. Therefore, a tool to integrate risk-
based O&M and IFC models is developed. This tool should enable the facility manager to 
view and visualize O&M data in a 3D model environment. The tool will be tested on a real-
world IFC model.  
This tool is developed to facilitate a connection between IFC and FMECA risk analysis, other 
risk-based O&M methods are not covered. Further research and testing is needed to 
improve and test the prototype tool for practical integration. 
 
 

2.3 Research design 
In this section the research design is elaborated by a methodological justification first. Here, 
the use of desk research, interviews and tool development with case study is justified. Then, 
the research model is presented with accompanying explanation.  
 
2.3.1 Methodological justification 

To get a better understanding of the problem and the current available scientific literature, 
desk research is done in the first stage. Desk research is the process of gathering and 
analyzing information, already available in print or published on the internet 
(Businessdictionary, 2014). According to Hilbe (2014) for a researcher to successfully 
ǳƴŘŜǊǘŀƪŜ ƴŜǿ ǊŜǎŜŀǊŎƘ ǘƘŜȅ Ƴǳǎǘ ŎƻƴǘǊƛōǳǘŜ ΨƴŜǿ ƪƴƻǿƭŜŘƎŜΩ ǘƻ ǘƘƛǎ ǘƻǘŀƭ ǎǘƻǊŜ ƻŦ 
knowledgŜ ǘƘǊƻǳƎƘ ǇǳōƭƛŎŀǘƛƻƴ ƛƴ ǘƘŜ ǎŀƳŜ ǿŀȅΦ Lƴ ƻǊŘŜǊ ǘƻ ŎǊŜŀǘŜ ΨƴŜǿ ƪƴƻǿƭŜŘƎŜΩΣ 
available literature must be studied first to set a baseline.  
Using the developed knowledge obtained by desk research, expert interviews will provide 
better understanding of the current situation in the AEC/ FM industry regarding the main 
topic of this research. Experts in the field of BIM and facility management of the engineering 
company Arcadis and other companies will be interviewed to get more knowledge about the 
industries latest developments and views on future needs. Based on expert views, a tool will 
be developed to support BIM and FM integration.  
In general this tool must enable the facility manager to link, view and visualize O&M data 
within 3D building models. Python programming language and various modules such as 
IfcOpenShell, PyQt, RDFLib and OpenPyXL are used for development. IfcOpenShell is an open 
source software library that helps users and software developers to work with the IFC file 
format. IfcOpenShell uses Open CASCADE internally to convert the implicit geometry in IFC 
files into explicit geometry that any software CAD or modelling package can understand 
(ifcOpenShell, 2015).  
The case study is a real worlŘ ǇǊƻƧŜŎǘ ŎŀƭƭŜŘ Ψ5Ŝ ¦ƛǘƘƻŦƭƛƧƴΩ ŎƻƳƳƛǎǎƛƻƴŜŘ ōȅ ΨwŜƎƛƻǘǊŀƳ 
¦ǘǊŜŎƘǘΩ όw¢¦ύΦ The Uithoflijn will be a tram connection between Utrecht Central Station and 
Utrecht Science Park De Uithof by 2018. For tool testing and validation, case models and 
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data are used. Case study research is inquiry focusing on describing, understanding, 
predicting and/or controlling the individual (Woodside & Wilson, 2003). Manageable parts of 
this case are used to test and validate if a working and usable tool is created. 
 
2.3.2 Research model 

The research model can be divided into four parts which represent the main phases of the 
research (figure 2-2). First, the objectives are set which are translated into research 
questions.  
In the second phase, desk research is done to set the base of the research by investigating 
Ψ.ǳƛƭŘƛƴƎ LƴŦƻǊƳŀǘƛƻƴ aƻŘŜƭƛƴƎ ό.LaύΩΣ ΨRisk-based ƻǇŜǊŀǘƛƻƴǎ ϧ ƳŀƛƴǘŜƴŀƴŎŜΩ ŀƴŘ ΨSemantic 
model eƴǊƛŎƘƳŜƴǘΩ. With this literature study, a number of sub-research questions can be 
(partially) answered.  
Third, a practical application with interviews and a case study will create insight into the 
practical possibilities and pros and cons of semantic IFC model enrichment. As stated in the 
previous section, a tool will be create which makes it possible to enrich a model with risk-
based O&M information and the possibility to visualize this data in a 3D environment. This 
tool will be tested using the real-world case.  
Fourth, tool reflection, interview conclusions and literature study will lead to the final 
conclusion. Here, the central research question is answered and recommendations for 
further research are proposed.  

 
Figure 2-2: Research model 
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2.4 Expected results 
By finding an answer to the central research question the expectation is that an advice can 
be presented on the preservation, reuse and optimization of risk-based O&M data using BIM 
methodologies. Results may be generalized to be able to present an advice on how data 
should be handed over to facility managers and reused by the AEC industry (figure 2-3). This 
seems challenging because currently both industries are rather disassociated. 
In order to answer the research questions and present an advice, a tool will be developed 
which must be free to use and provide a simple interface to work with IFC models and risk-
based O&M data. To be able to obtain practically relevant results, a real-world case will be 
used to test information management of risk-based O&M data and IFC.  

 
Figure 2-3: Expected generalizable results 
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3 BUILDING INFORMATION MODELING (BIM) 
Nowadays Building Information Modeling (BIM) seems to be a buzzword and often used 
when talking about 3D models. However, BIM is much more than just a 3D model. In section 
3.1, BIM is defined by discussing and comparing multiple definitions from the literature. In 
section 3.2, BIM maturity levels are explained to get insight in the extent in which BIM could 
be implemented. In section 3.3, BIM applications across the project lifecycle are elaborated 
in terms of current implementation in the industry and classification of BIM applications. 
Thereafter in section 3.4, interoperability is defined and current interoperability issues are 
discussed. In section 3.5, the open standard Industry Foundation Classes (IFC) is elaborated 
to get insight is the possibilities and limitations. Section 3.6, provides explanation of object 
ŎƭŀǎǎƛŦƛŎŀǘƛƻƴǎ ŀƴŘ ŎƻƴŎŜǇǘ ƭƛōǊŀǊƛŜǎΦ Cƛƴŀƭƭȅ ƛƴ ǎŜŎǘƛƻƴ оΦтΣ ǘƘŜ ǇǊƛƴŎƛǇƭŜǎ Ψ[ŜǾŜƭ ƻŦ 5ŜǘŀƛƭΩ ŀƴŘ 
Ψ[ŜǾŜƭ ƻŦ LƴŦƻǊƳŀǘƛƻƴΩ ŀǊŜ ŘƛǎŎǳǎǎŜŘΦ 
 
 

3.1 What is BIM? 
Building Information Modeling (BIM) is much more than just a 3D model, nowadays it can be 
considered as a proven AEC technology applied in a steadily growing number of projects in 
the industry. Due to the fact that the extent in which BIM is applied differs significantly 
among companies and/or projects, many definitions exist. Currently, it also seems scientific 
literature has failed to reached a consensus about a single, widely- accepted BIM definition 
(Eastman, Teicholz, Sacks, & Liston, 2008). Therefore, multiple definitions are discussed to 
get insight in differences and to select the most complete one for this thesis. 
Azhar, Khalfan, & Maqsood (2009) state that BIM is a revolutionary technology and process 
that has quickly transformed the way buildings are conceived, designed, constructed and 
operated. In contradiction to the conventional (3D) CAD systems which describe an AEC 
project by e.g. lines, arcs and circles and therewith independent views such as plans, sections 
and elevations, BIM models are defined in terms of building elements and systems such as 
spaces, walls, beams and columns.  
In the research of Love, Simpson, Hill, & Standing (2013) BIM is defined as an emerging 
technology that can be used to improve the performance and productivity of an asset's 
design, construction, operation and maintenance process. Both definitions show that BIM is 
not only applicable to the design and construction phase. This is also supported by Howard 
(2006)Υ ά .La ƛǎ ŀ ƳŜǘƘƻŘƻƭƻƎȅ to manage the essential building design and project data in 
digital format ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ōǳƛƭŘƛƴƎΩǎ ƭƛŦŜcycle.έ ¢Ƙƛǎ ŘŜŦƛƴƛǘƛƻƴ ŜȄǘŜƴŘǎ ǘƘŜ ŦƛǊǎǘ ŘŜŦinitions 
by using the term lifecycle because now inception up to decommissioning phases are 
covered as well. 
The NBIMS (2007) state that BIM should be a collective knowledge resource by defining BIM 
ŀǎΥ άŀ BIM is a digital representation of physical and functional characteristics of a facility. As 
such it serves as a shared knowledge resource for information about a facility forming a 
reliable basis for decisions during its lifecycleΦέ 
 
 
 
 
 
 
 



 

20 
 

SEMANTIC MODEL ENRICHMENT FOR BIM-ENABLED RISK-
BASED OPERATION AND MAINTENANCE 

 
BuildingSMART is an international acknowledged platform for knowledge exchange 
regarding BIM. The aim is to improve the exchange of information between software 
applications used in the AEC/ FM industry. The definition of BuildingSMART (2012) seems to 
integrate the discussed definitions in the following: 

ñBIM is a business process for generating and leveraging building data to 

design, construct and operate the building during its lifecycle. BIM allows 

all stakeholders to have access to the same information at the same time 

through interoperability between technology platforms.ò (BuildingSMART, 

2012). 

This definition is supported by Arcadis (2015) by defining BIM as a process of creating and 
using one or more (3D) object orientated databases of a construction in its environment, 
relevant for the design, realization, maintenance and repurposing of that construction during 
its lifecycle. 
The wide range of definition can be caused by the different levels on which BIM is 
implemented in the industry. These implementations levels are also known as maturity 
levels, discussed in the next section. 
 
 

3.2 BIM maturity levels 
The BIM maturity stages provided a systematic framework for the classification of BIM 
implementation. The Government Construction Client Group (GCCG) developed the UK 
Maturity model visualized in figure 3-1. Although many versions exist, the model created by 
the GCCG is widely used. By defining the levels from 0 to 3, different types of technical and 
collaborative working are categorized to create a better understanding of the processes, 
tools and techniques to be used (GCCG, 2011).  

 
Figure 3-1: UK Maturity Model (GCCG, 2011) 

 
As depicted in figure 3-1 four levels (ranging from 0 up to 3) in BIM implementation can be 
distinguished. These four levels are defined by Khosrowshahi & Arayici (2012) as pre-BIM (0), 
object-based (1), model-based (2) and network-based (3). The line on this graph represents 
the degree of automation and the integration of processes into building project lifecycles. 
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Level 0, or pre-BIM, is strictly document oriented meaning that everyone works with texts, 
lines, curves etc. on document level (BIR, 2008)Φ ¢Ƙƛǎ Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ Ψƴƻƴ-ƛƴǘŜƭƭƛƎŜƴǘΩ 
due to the lack of digital objects and therefore labeled as a pre-BIM level.  
Level 1, object based, refers to the migration from 2D to 3D and object-based modelling and 
documentation (Succar, 2009). Thereby, this is the first step of implementing BIM by working 
with objects. This does not mean only working with 3D , 2D objects can be used and so can 
objects without any geometric description (BIR, 2008). Clearly-defined objects are used to 
which information or intelligence can be linked.   
Level 2, model based, covers the progresses from modelling to collaboration and 
interoperability (Succar, 2009). This enables file based co-operation between departments in 
the same project. Hereby, the possibilities exist to link planning and cost calculations.  
Level 3, network-based, is the level at which information between both known and unknown 
parties can be exchanged (BIR, 2008). This results in less strict project lifecycle boundaries 
and players interact in real time to generate real benefits from increasingly virtual workflows 
(Succar, 2009). At the end of level 3, information is shared over the lifecycle in an integrated 
environment. 
 
 

3.3 BIM applications across the project lifecycle 
In this section more insight is gained in BIM applications across a buildingΩs lifecycle.   A 
buildingΩs lifecycle can be decomposed in project inception, feasibility, design, construction, 
handover, operation, maintenance and eventual demolition (Eadie, Browne, Odeyinka, 
McKeown, & McNiff, 2013). 
Eadie et al (2013) conducted a survey on BIM use during construction stages in the UK. 
Results in table 3-1 show the actual application in the AEC/ FM industry per construction 
stage. The survey was conducted amongst almost 100 professionals within the construction 
industry. Expectations are that these numbers do not differ significantly in the Netherlands. 
Table 3-1 BIM use during construction stages in the UK  (Adapted from Eadie et al., 2013 ) 

Use during the construction project stages 
Often 
% 

Occasionally 
% 

Never 
% 

Feasibility 26.92 52.56 20.51 

Design 54.88 42.68 2.44 

Preconstruction (Detail design & Tender) 51.9 39.24 8.86 

Construction 34.67 52 13.33 

Operation & Maintenance (O&M) 8.82 45.59 45.59 

 
Table 3-1 illustrates that BIM is most often used in the design (54.88%) and pre-construction 
stages (51.9%). Application during the construction stage and feasibility studies is even less 
common, 34.67% and 26.92% respectively. Often use of BIM during O&M stages are rare 
with 8.82%. BIM maturity levels are not taken into account in this research which could 
mean that however a large part applies BIM often during design phases low maturity levels 
are reached in this phase.  
 
3.3.1 Application classification 

Numerous scientific literature exists concerning the description and classification of BIM 
applications (e.g. Azhar et al., 2007; Becerik-Gerber et al., 2012 Eastman et al., 2008).  
The comprehensive classification of Kreider & Messner (2013) is discussed in this section 
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because it is generic and the ŘƛǎǘƛƴƎǳƛǎƘŜŘ ǳǎŜǎ Ŏŀƴ ŀǇǇƭȅ ǘƻ ŜŀŎƘ ǇƘŀǎŜ ƻŦ ŀ ŦŀŎƛƭƛǘȅΩǎ 
lifecycle. BIM applications are divided in five primary categories: gather, generate, analyze, 
communicate and realize (figure 3-2). Of these primary categories there are various 
subcategories that specify the BIM use.  

 
Figure 3-2: The BIM use purposes (Kreider & Messner, 2013). 

 
Gathering ƛƴŦƻǊƳŀǘƛƻƴ Ŏŀƴ ōŜ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ŀ .La ŀǘ ǾŀǊƛƻǳǎ ǇƘŀǎŜǎ ŘǳǊƛƴƎ ŀ ŦŀŎƛƭƛǘȅΩǎ ƭƛŦŜ 
(Kreider & Messner, 2013). Secondary BIM uses are qualifying, monitoring, capturing and 
quantifying. These BIM uses are solely focused on the collection and organization of 
information. 
Lƴ ŀ ŦŀŎƛƭƛǘȅΩǎ ƭƛŦŜŎȅŎƭŜ ŀƭƳƻǎǘ ŜǾŜǊȅ ǎǘŀƪŜƘƻƭŘŜǊ ǿƛƭƭ generate new information. Subcategories 
according to Kreider & Messner (2013) are prescribing, arranging and sizing facility elements 
to various levels of development. In the design phase, the engineers and architects will be 
the primary generators of information. During construction, the (sub-) contractors are the 
primary information generators. In addition, during O&M those maintaining the facility will 
generate information when updating or changing a facility. 
The analyzing purpose of BIM includes those actions in which an examination of the facility 
elements is needed. Secondary uses are coordinating, forecasting and validating. Prior to this 
use, previous generated and gathered information is needed that will be analyzed to come 
to decisions.  
Communication of facility information as primary use is intended to present information in 
such a way this information can be shared or exchanged. Visualize, draw, transform and 
document are the secondary uses. Communication optimization by BIM is often seen as one 
of the most valuable BIM uses.  
Realization includes the use in which BIM data is used to make or control a construction 
element, more and more often without human interaction. Fabricate, assemble, control and 
regulate are secondary uses of this primary use. Eventually this can lead to improved 
productivity of both construction and O&M of buildings (Kreider & Messner, 2013).  
 
 

3.4 Interoperability 
The goal of full interoperability is far from being realized, in the AEC/ FM sector (Grilo & 
Jardim-Goncalves, 2010b). Full interoperability must result in a situation in which all 
different systems are able to communicate with each other using open standards, protocols 
and procedures. Eastman et al. (2008) defined BIM interoperability as the need to pass data 
between applications, allowing multiple types of experts and applications to contribute to 
the work at hand. This is extremely important due to the fact that more than 150 software 
applications are supporting BIM nowadays (Visser et al., 2013). These software packages 
have various BIM applications and are used in different phases of a ōǳƛƭŘƛƴƎΩǎ lifecycle. A 
standard file format should ensure optimal cooperation between these software packages 
and thereby enhanced cooperation between AEC/ FM departments.  
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There is a need to develop an interoperable file format which is compatible with other 
software tools (Laakso & Kiviniemi, 2012). In addition to compatibility it is necessary this 
software can translate a model into an interoperable file format, in such a way that all of the 
object's information can be transferred correctly. In most cases it is a challenge for such a 
translation to retain all the information that the model contained in its original native file 
format (Grilo & Jardim-Goncalves, 2010b).  
Due to the many different interactions between the various participants across a buildingΩs 
lifecycle, interoperability dimension is critical for the success of BIM (Grilo & Jardim-
Goncalves, 2010b). Because interoperability relies on open standards, this concept is further 
elaborated and compared with proprietary formats in the next section. 
 
3.4.1 Open standard versus proprietary formats 

An open standard is a standard with an open standardization process which results in easy 
accessible documentation, no intellectual property right constraints, open participation in 
addition to independence and the sustainability of the standardization organization (BIR, 
2015). Proprietary file formats are the exact opposite, these are not standardized in an open 
process and created by specific software developers thereby often only supported by their 
own software. 
Interoperability using an open standard has many theoretical benefits in the application of 
BIM in the AEC/ FM industry. Without an open standard, each individual software 
application must develop direct translators back and forth for all other software application 
to communicate (Laakso & Kiviniemi, 2012). If an open standard is used instead, the 
application only needs be compatible with this open standard in order to be compatible with 
all other applications supporting that same standard. In figure 3-3, a graphical 
representation of this principle is visualized. 

 
Figure 3-3: Direct translators vs. an open standard (Laakso & Kiviniemi, 2012). 

 
The value of an open standard is supported by the NBIMS (2007), due to the elimination of 
integrating every application (and version) with every other application (and version). 
However, exchange of BIM data is dominated by proprietary solutions nowadays. This means 
in practice that construction projects are based on a solution in which all collaborators have 
software from the same or compatible vendors (Laakso & Kiviniemi, 2012). 
Open BIM is the concept of having all the relevant model information in open formats, 
making them accessible and readable for anyone, and not locked into proprietary software 
formats (Hallberg & Tarandi, 2011). Open BIM is an initiative of BuildingSMART and several 
leading software vendors using the open IFC data model (BuildingSMART, 2012). Amongst 
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the various data model formats, IFC is the only public, non-proprietary data model existing 
today formally adopted worldwide by different governments and agencies (Gupta, 
Cemesova, Hopfe, Rezgui, & Sweet, 2014). IFC is further elaborated in section 3.5. 
 
 

3.5 Industry Foundation Classes (IFC) 
Industry Foundation Classes (IFC) is an open and standardized data model intended to 
enable interoperability between building information modeling software applications in the 
AEC/FM industry (Laakso & Kiviniemi, 2012). The actively ongoing effort of BuildingSMART 
(formally known as the International Alliance for Interoperability, IAI) to bring together 
various software vendors and research institutions resulted in a standard that is increasingly 
accepted by the AEC/FM industry (Beetz et al., 2005). 
Since the first definition of IFC in 1996 by IAI, the standard has seen a number of minor and 
major revisions (Steel, Drogemuller, & Toth, 2012). The latest version is IFC4, however 
currently the versions 2x2 and 2x3 are still popular.  
IFC models contain not only the 3-dimensional geometry of objects, metadata related too 
many other aspects of the building are included as well. This makes IFC models semantically 
rich (Steel et al., 2012). While semantics are further elaborated in chapter 4, a simple 
example is provided: if we consider an instance of a window object, this window will be 
located in a wall, on a defined building level, within the building. It will have attributes 
associated with it that describe its thermal performance, price, manufacturer, window type, 
etc. 
A great amount of the significant BIM tools currently used by the industry supports import 
and export of IFC files (Steel et al., 2012). As stated in section 3.4, it is essential that various 
analysis tools used in the AEC/ FM domain are interoperable with the non-proprietary open 
IFC schema (Gupta et al., 2014). However, success depends on the quality of IFC exports, i.e. 
the mapping between different software packages to IFC. Studies reveal that data losses 
occur because IFC format-based information exchange fails to provide complete 
interoperability (Oh et al., 2015; Pazlar & Turk, 2008). Oh et al. (2015) discovered that up to 
78.8% of all objects can be lost in the process of exchanging information between IFC and 
Revit formats. In addition to objects, object properties (e.g., color, grid, layer, location, and 
view) were lost as well. This unsatisfying model handling is also proven in exchange scenarios 
using software of other large vendors (Pazlar & Turk, 2008). Continuous improvement of IFC 
import and export methods are required to minimize data loss.  
Although IFC data losses are an issue, the potentials of open interoperability are substantial. 
It would enable the seamless flow of design, cost, project, production and maintenance 
information, thereby reducing process inefficiency throughout a ōǳƛƭŘƛƴƎΩǎ lifecycle. Laakso 
and Kiviniemi (2012) consider the IFC effort as one of the most ambitious IT standardization 
efforts. 
 
3.5.1 IFC-EXPRESS 

The IFC specification is written according to the EXPRESS data definition language. IFC is 
accepted as an open international standard in the ISO 16739 (BuildingSMART, 2012).  
As stated by Laakso and Kiviniemi (2012) BIM data is intended to be readable, editable, and 
shared between various systems. Therefore the file structure needs to be standardized. IFC 
relies on the STEP physical file format. A STEP file consists of two sections, a header section 
with information about the file itself and a data section with the description of entity 
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instances. All objects in EXPRESS are called entities, with twenty-six defined base entities e.g. 
geometry, materials, properties (Eastman et al., 2008). By composing these base entities, 
commonly used objects are defined such as generic walls, floors, structural elements, 
building service elements, process elements, management elements, and generic features. 
Because IFC is specified as an extensible data model, the possibility emerges to elaborate 
base entities if required. 
IFC relies on a hierarchical inheritance object structure, the objects are incorporated within 
an entity tree as illustrated by figure 3-4. Each level of the tree introduces different 
attributes and relations to an entity. For example, IfcRoot assigns a Global ID and other 
identifier information. IfcProduct defines the location of the wall and its shape. IfcElement 
has attributes which define the relationship of this element with others. Many of these 
attributes and relations are optional, this brings the option to exclude attributes from the 
export to IFC (Eastman et al., 2008). All independent entities generally contain the attributes 
ΨDƭƻōŀƭ ¦ƴƛǉǳŜ LŘŜƴǘƛŦƛŜǊ όD¦L5ύΩΣ ƻǿƴŜǊ ƘƛǎǘƻǊȅΣ ƴŀƳŜ ŀƴŘ ŘŜǎŎǊƛǇǘƛƻƴΦ 

 
Figure 3-4: Simplified IFC2x3 schema (Heinen, 2015) 

 
 
Complementary, BuildingSMART extended the scope of IFC-based exchanges beyond the IFC 
data model. Figure 3-5 shows other BuildingSMART concepts explained in section 3.5.2 and 
3.5.3 and 3.5.4. 
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Figure 3-5: The BuildingSMART standards (BuildingSMART, 2011). 

 
3.5.2 Information Delivery Manual (IDM) 

Information Delivery Manual (IDM) describes a set of process maps, exchange requirements 
and functional parts, and has been recognized as the key feature that makes IFCs work (Grilo 
& Jardim-Goncalves, 2010b). An IDM provides a standardization framework to structure the 
information need for specific tasƪǎ ƻŦ ŀ ōǳƛƭŘƛƴƎΩǎ ƭƛŦŜŎȅŎƭŜΦ .ȅ ƛƴǘŜƎǊŀǘƛƴƎ L5aΩǎ, all 
participants can set when specific information is needed and in what quality. 
The main purpose of an IDM is to make sure that the relevant data are communicated in 
such a way that they can be interpreted by the software at the receiving side 
(BuildingSMART, 2011). BuildingSMART has an IDM framework available for O&M, however 
this IDM is still in draft status and therefore not ready to implement in the industry. 
 
3.5.3 Model View Definition (MVD) 

A Model View Definition (MVD) defines a subset of the IFC schema that is needed to satisfy 
one or many exchange requirements (BuildingSMART, 2011). Often the complete IFC schema 
is not required, a MVD provides only the relevant information for a specific AEC/ FM 
department or task. The MVD acts like a filter of the IFC data schema to obtain only the 
required information for a specific purpose. For O&M purposes, Construction Operation 
Building information exchange (COBie) is the international standard to exchange contact an 
general building information as well as information about spaces, floors, zones, components, 
technical systems and equipment (Volk et al., 2014).  
 
3.5.4 BuildingSMART Data Dictionary (bsDD) 

The BuildingSMART Data Dictionary (bSDD)  is a terminology standard for BIM libraries and 
ontologies (Volk et al., 2014). The bsDD, with its former name ΨInternational Framework for 
Dictionaries (IFD)ΩΣ  is an ISO 12006-3 based ontology for the AEC industry to connect 
information from existing databases to IFC data models (BuildingSMART, 2013). The bSDD 
currently contains over 80k concepts along with approx. 200k natural language names and 
descriptions (DURAARK, 2013). Using bsDD, modeled objects are separated from its name 
and language and described using an ontology for the definition and storage of building 
model objects that can be reused on different projects (Steel et al., 2012). This helps to 
prevent ambiguities such as the example of the Norwegian άŘǄǊέ. TƘŜ ǿƻǊŘ άŘǄǊέ ƛƴ 
bƻǊǿŜƎƛŀƴ ƛǎ ƛƴ ŀ ƴƻǊƳŀƭ ŘƛŎǘƛƻƴŀǊȅ ǘǊŀƴǎƭŀǘŜŘ ǘƻ άŘƻƻǊέ ƛƴ 9ƴƎƭƛǎƘΦ However, the ǿƻǊŘ άŘǄǊέ 
refers to the door with its frame, while άdoorέ in English only referrers to the door itself. 
²ƘŜƴ ǘǊŀƴǎƭŀǘƛƴƎ άdørέ ƛǘ should be άdoor setέ in English. This simple example illustrates a 
critical problem which has to be overcome for BIM- based object oriented working methods.  
The bsDD concepts relate to other concepts with objectified relationships and are assigned 
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with Global Unique Identifiers (GUID), names and descriptions. While not all stakeholders in 
every lifecycle phase of a building will use all described information, a unique and 
identifiable object can be created (figure 3-6).  

 
Figure 3-6: Concept with relationships (BuildingSMART, 2009) 

 
Depending on the use case, an object view can be instantiated showing only the desired 
bsDD context. Figure 3-7 illustrates how a window concept can be described by a set of 
characteristics. These characteristics can originate from e.g. a window suppliers object 
specification. The different contexts of a window are illustrated in figure 3-7.  

 
Figure 3-7: BsDD (IFD) as a mapping mechanism(BuildingSMART, 2009) 

 
The bsDD does not describe instances of e.g. a window of a specific project or from a 
product database. This obligation is fulfilled by a BIM model in, for example, IFC format. The 
BuildingSMART Data Dictionary bsDD is being developed with an emphasis on buildings 
(Nederveen, Luiten, & Böhms, 2015). Infrastructural assets are not covered yet. 
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3.6 Classifications & Concept Libraries 
Classifications are used to classify collections according to their similarity and providing a 
hierarchal structure to these collections. For interoperability within an object oriented 
working method, classifications are key. As stated by Pauwels et al. (2011) a proper 
classification framework is the key to manage and provide access to information. By 
annotating 3D models semantically with non-geometric information an improved search 
over the information is possible. For example, good classification enable informational 
ƳƻŘŜƭ ǉǳŜǊƛŜǎ ǿƛǘƘƻǳǘ ōŜƛƴƎ ƘƛƴŘŜǊŜŘ ōȅ ƴŀƳƛƴƎ ŀƳōƛƎǳƛǘƛŜǎ ǎǳŎƘ ŀǎ ΨǘƛƭǘƛƴƎ ǿƛƴŘƻǿΩ ŀƴŘ 
ΨǿƛƴŘƻǿΩ ōŜŎŀǳǎŜ ǘƘŜȅ ōŜƭƻƴƎ ǘƻ ŀ ǎƛƳƛƭŀǊ ŎƭŀǎǎΦ Thereby, a standard classification 
implementation within a BIM model will allow same information sorting and retrieval across 
multiple platforms and at any stage in the ōǳƛƭŘƛƴƎΩǎ ƭƛŦŜcycle. In section 3.6.1 some common 
Dutch classifications are discussed. Thereafter in section 3.6.2, concept libraries are 
discussed which can basically be seen as a more extensive form of object classification. 
 
3.6.1 Object Classification 

According to ETIM (2015) object classification is simply a logical, unambiguous classification 
(taxonomy) of products in different product classes, designed so that anyone within the 
sector can communicate about those products without misunderstandings. Currently, many 
classification systems are developed both on national as international scale. The ISO 12006(-
2/3):2015 defines a framework for the development of built environment classification 
systems. It identifies a set of recommended classification table titles for a range of 
information object classes according to particular views. While not common in the 
Netherlands, internationally used classifications based on this ISO standardization are e.g. 
Omniclass, DBK and Uniclass. A number of frequently used classification systems in the 
Netherlands are: 
 

¶ NL/SfB: Classification method to group and code semantic building information 
during its lifecycle. It originates from the Swedish SfB- system published in 1947 
(STABU, 2015). In total the NL/SfB consists of five parts e.g. encodings for a buildingΩs 
environment, functional parts and construction materials. 

¶ ETIM international: The European Technical Information Model (ETIM) gives a listing 
of the most important technical characteristics of product classes to describe and find 
the products (ETIM, 2015). ETIM finds its application in the installation, construction 
and maritime sectors and is intends to share product classes clearly on an 
international scale.  

¶ IMGeo: Information Model Geography (IMGeo) forms the standard for exchange of 
3D geo-information and contains agreements about the exchange. This includes 
agreements relating to the legally compulsory Basis Registration Large-Scale 
Topography or BGT (Geonovum, 2015). 

¶ STABU BWBRD: Ψ{¢!.¦ .ƻǳǿōǊŜŜŘΩ ƛǎ ŀ ǇǊŀƎƳŀǘƛŎ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ŦƻǊ ǘƘŜ ǘŜŎƘƴƛŎŀƭ 
description of entire building systems and installations (STABU, 2015). This 
classification system contains six modules and thereby applicable in each lifecycle 
phase of a building.  

¶ NEN2767: Classification and standardization of inspection of the technical state of 
construction components introduced by the Netherlands Standardization Institute 
(NEN). Contains different parts of which the first defines a Methodology for 
measuring the condition of building and installation parts (NEN 2767-1). Second, the 
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NEN 2767-2 includes defect lists for measuring the condition of building and 
installation parts. Then, NEN 2767-3 is an aggregation of condition scores for 
measuring the condition of building and installation parts. Finally, NEN2767-4 is the 
standardization of the condition assessment for infrastructure specifically. In 
addition, it provides a breakdown of elements and components of infrastructural 
works and associated defect lists (NEN, 2010). The aggregation of condition 
assessment scores of management objects and areas is still under development. 

 
3.6.2 Concept library 

An concept library or also referred to as Object Type Library (OTL) is a library containing 
generic reusable objects covering the complete building lifecycle (LDAC, 2014). A BIM 
describing specific construction objects in various stages of its lifecycle is composed of data 
specific for this project. However, some information has a more generic nature and can be of 
use for the category the construction object belongs to. Therefore, this kind of category 
specific object information could be stored in a concept library that can be referenced by 
ƻǘƘŜǊ .LaΩǎ ǘƘŀǘ Ƙold construction objects of the same category (Hoeber, Alsem, & Willems, 
2015). By doing so, an enhancement of semantics is offered by concept libraries due to the 
reusability of data. 
The AEC/ FM industry faces the challenge of improving effectiveness and efficiency of their 
processes in the areas of project management, FM and network management where 
information management seems to be crucial (Nederveen et al., 2015). Ideally, information 
that has been created at a particular location would be used and reused by other actors at 
other locations, inside or outside an organization. 
In the Netherlands a nation-wide concept library with the name CB-NL is developed. In 
addition, the Dutch ministry of Infrastructure (Rijkswaterstaat) develops a concept library for 
its asset types (e.g. highways and waterways), while the Dutch railway authority (ProRail) is 
developing a concept library specific for railways (Hoeber et al., 2015). Eventually these 
infrastructural concept library initiatives will be harmonized by mappings to the nation-wide 
CB-NL. While the CB-NL is still in a conceptual stage it creates great object standardization 
and associated data reusability opportunities (Dankers et al., 2014). The CB-NL has adopted a 
linked data approach (Nederveen et al., 2015). Thereby not only combining before 
mentioned concept libraries but a great number of distinct standards, databases, and 
ontologies, including STABU, NET, NLCS, BID CROW, ImGeo, AQUO, INSPIRE, CORA RioNED, 
ETIM, and so forth (LDAC, 2014). This combination effort by CB-NL is illustrated in figure 3-8, 
where some standards have distinct mappings directly between them, they can all be 
connect by the nation-wide concept library CB-NL. It relies on links between the diverse 
ontologies, and will become a dedicated context in the BuildingSMART Data Dictionary 
(bsDD) (LDAC, 2014). 
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Figure 3-8: CB-NL (LDAC, 2014). 

 
 

3.7 Level of detail (LOD) and level of information (LOI) 
Level of Detail (LOD) is defined by Volk et al. (2014) as the geometric and non-geometric 
attribute information provided by a model, commonly referring to a point in time, lifecycle 
stage or to a contractual responsibility. Different levels of detail are defined to enable 
specific informational requirements to be set for e.g. a project phase. Love et al. (2013) 
defines LOD as an indicator of how much information is known about a model at a given 
time which increases in richness as an asset progresses throughout each project lifecycle 
phase. Generally, Levels of Detail values range from LOD100 to LOD500 with increments of 
100. On this scale LOD100 contains only spatial objects or masses ranging up to LOD500 
representing the as-built condition and is configured to a central data storage for integration 
into maintenance and operations systems (Love et al., 2013). For maintenance 
functionalities, the Construction Operations Building information exchange (COBie) standard 
defines a LOD for technical equipment, regarding type and location, make, model and serial 
numbers, tag, installation date, warranty and scheduled maintenance requirements (Volk et 
al., 2014). 
Level of Information (LOI) refers to all non-graphical content of a model at a point of time or 
lifecycle stage. While scientific literature commonly only refers to LOD, LOI is a part of this 
broader definition. Hence, LOI is a proper subset of LOD thus:  
 

ὒὕὍṒ ὒὕὈ 
 
Due to building complexity high levels of information for its facility management are 
required. This information is essential and thereby required to be available as highly 
accurate as possible (Lavy & Jawadekar, 2013). 
During design phases architects and other engineers preliminary produce graphical data 
whereby the amount attribute data increases in time. Most valuable O&M information is 
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added during construction to obtain an as-built situation (Verbaan, Visser, Koe, Boer, & Voet, 
2014). For an asset manager BIM attribute data is more important than the graphics and 
visual data of the as-built model (Visser et al., 2013). This principle of proportional shift and 
transfer of information over time is illustrated in figure 3-9.  

 
Figure 3-9: The significance, ratio and transfer of data per phase (Verbaan et al., 2014) 
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4 SEMANTIC MODEL ENRICHMENT 
While BIM models are elaborated to a high level during design and construction of a 
buildingΣ ǘƘŜȅ Řƻ ƴƻǘ ƘŀǾŜ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ Ψŀǎ-ōǳƛƭǘΩ ǎƛǘǳŀǘƛƻƴΦ ¢ƘŜ ŀŎǘǳŀƭ ŀǎ-built conditions 
can differ significantly from the design, and the as-used conditions can change extensively 
throughout a buildingΩs lifecycle (Huber, Adan, & Okorn, 2011)Φ ¢ƘŜǊŜŦƻǊŜΣ Ψŀǎ-ŘŜǎƛƎƴŜŘΩ .La 
models ƴŜŜŘǎ ǘƻ ōŜ ŀŘƧǳǎǘŜŘ ǘƻ ŎǊŜŀǘŜ Ψŀǎ-ōǳƛƭǘΩ ƳƻŘŜƭs. In addition, a lot of external data is 
available that is to some extend related to a specific building. Missing, obsolete or 
unstructured building information might result in ineffective project management, uncertain 
process results and time loss or cost increases in maintenance, retrofit or remediation 
processes (Volk et al., 2014). Koukias, Nadoveza, and Kiritsis (2013) consider management of 
a buildingΩs data as key to achieve optimization of FM. 
A semantic model is a model in which semantic information is included describing the 
meaning of its instances. As discussed in chapter 3, IFC models can be considered as 
semantic models. Generally, diverse models or representations of a building are available 
with a vast amount of external data resulting in the need for distributed data management 
(figure 4-1). Additionally, datasets are distributed over various places and in possession of 
different stakeholders making the challenge only more complex. Hence, development 
towards a Web of Data becomes more relevant for the AEC/ FM industry (LDAC, 2014). 
First, in section 4.1 the term semantic enrichment is elaborated. Thereafter in section 4.2, 
the semantic web is discussed in more detail and some relevant terms are defined. Finally, in 
section 4.3, approaches of semantic IFC enrichment are introduced and discussed in more 
detail. 

 

Figure 4-1: Distributed data management (LDAC, 2014) 

 
 

4.1 Semantic enrichment 
Semantic enrichment is defined by IBM (2015) as elaborating the content/context of data by 
tagging, categorizing, and/or classifying data in relationship to each other, to dictionaries, 
and/or other base reference sources. This means adding additional contextual information 
to some existing data set. Thus, semantic enrichment also includes the reference of external 
information resources, e.g. from building regulations, classification systems, or product data 
(Beetz, Dietze, Berndt, & Tamke, 2013). Due to the changing state of the built environment, 
this process of enrichment of existing datasets with knowledge and information should be an 
iterative process during the whole buildingΩs lifecycle.  
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Semantic enrichment of building models is defined by Belsky et al. (2015) as  a process in 
which an expert system applies domain-specific rule sets to identify new facts about building 
objects and relationships in an input building model and adds them to the model. The 
semantics of a building object are composed of its form, function, and behavior (Lee et al., 
2006). These semantics are represented by its shape (3D geometry), material and 
mechanical properties, functional classification, topological and aggregation relationships 
with other objects, all of which have particular meaning. The relative locations of objects to 
one another are key determinants for their functional classification and topological/  
aggregation relationships. 
 
 

4.2 The semantic web 
The semantic web is introduced in 2001 with the aim of turning the current web ƛƴǘƻ ŀ άǿŜō 
ƻŦ ŘŀǘŀέΣ thereby eliminating unstructured and semi-structured documents (Berners-Lee, 
Shadbolt, & Hall, 2006). Basically, the idea behind the semantic web is to add semantic 
metadata to the existing data in order to describe data content and their relations in a way 
so that the meaning of data can be processed by machines. Common linked data 
technologies are RDF, SPARQL, OWL, and SKOS (W3C, 2015b). The World Wide Web 
Consortium (W3C) has directed major efforts at specifying, developing, and deploying 
languages for sharing meaning. These languages provide a foundation for semantic 
interoperability (Berners-Lee et al., 2006). The need has increased for shared semantics and 
a web of data and information derived from it (Berners-Lee et al., 2006). Various industries 
have recognized the value semantic web applications, including the AEC/FM industry.  
By using semantic web technologies, BIM models can be linked with external information 
from other ecosystems (product catalogues, libraries of design elements, public 
procurement requirements, etc.) on the internet (Costa & Madrazo, 2015). 
According to Berners-Lee et al. (2006) four main rules must be taken into account for 
semantic web application. First, tings must be identified with Uniform Resource Identifiers 
(URIs). Without application of universal URIs data is not a part of the semantic web. The 
second rule is to integrate HTTP URIs to enable people to look up specific information 
connected with an URI. The third rule states that information connected to an URI should be 
useful in terms of well-formed ontologies, thereby structuring data following e.g. RDF, RDFS 
and OWL. The fourth and last rule defines the importance of linking to other URIs, thereby 
creating a web of information. 
Linked Open Data (LOD) is Linked Data which is released under an open license, thereby not 
limiting free usage (W3C, 2015b). The five star Linked Open Data model is commonly 
mentioned in the literature, classifying the level of LOD integration. This model contains the 
following levels: 

 Make data available on the web in any format (e.g. pdf, image, scans); 

 Make it available as structured data (e.g. Excel); 

 Publish data in non-proprietary open format ( e.g. CSV); 

 Use URIs to denote so that data becomes unique (e.g. RDF); 

 
Link the data to other data to provide context as Linked Open Data 
(LOD). 
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A key strength of the semantic web is the ability to create new links between data 
automatically, referred to as inference. Inference can be characterized by discovering new 
relationships due to the modelling of data as named relationships between resources. These 
new relationships could be added to the set of data or returned by a query.  The semantic 
web principles can be the key to harmonization of information models, due to the ability to 
let software agents understand the meaning of data and create connections between data 
automatically thereby gaining new information. Based on this vision, ontologies can be used 
to capture the semantics of data, resolve semantic heterogeneities and optimize data quality 
and availability (Koukias, Nadoveza, & Kiritsis, 2013b). The semantic web stack illustrates the 
hierarchy of languages where each layer uses parts of the layer below (figure 4-2). To get a 
better understanding of the semantic web and current developments in the AEC industry, 
ontologies, Resource Description Framework (RDF) and IfcOWL are further elaborated. 

 
Figure 4-2: Semantic web stack (Berners-Lee et al., 2006). 

 
4.2.1 Resource Description Framework (RDF) 

Semantic web information is represented by triples, which are Resource Description 
Framework (RDF) expressions composed of subjects, predicates, and objects. By semantically 
linking all kinds of objects and subjects (resources) using predicates, large clouds of Linked 
Data can be created. This information is stored in RDF triple stores, which is a specific kind of 
graph database (Dimyadi, Pauwels, Spearpoint, Clifton, & Amor, 2015). 
Figure 4-3 represents an RDF graph example containing four triples with information about a 
person. This RDF example includes various kinds of information. First, it contains an 
ƛƴŘƛǾƛŘǳŀƭΣ ƛƴ ǘƘƛǎ ŎŀǎŜ Ψ9ǊƛŎ aƛƭƭŜǊΩΦ {ŜŎƻƴŘΣ ǘƘŜ w5C ǎǘŀǘŜǎ ǘƘŀǘ 9ǊƛŎ aƛƭƭŜǊ ƛǎ ŀ ǇŜǊǎƻƴ 
indicating the type of ΨthingΩ. Third, properties of those ΨthingsΩ are indicated such as the 
ΨƳŀƛƭōƻȄΩ ǇǊƻǇŜǊǘȅΦ !ƴŘ Ŧƛƴŀƭƭȅ ǇǊƻǇŜǊǘȅ ǾŀƭǳŜǎ ŀǊŜ ƛŘŜntified which in this case is the email 
address for example. In terms of subject, predicate and object one instance from figure 4-3 is 
ΨƳŜΩΣ ΨŦǳƭƭbŀƳŜΩ ŀƴŘ Ψ9ǊƛŎ aƛƭƭŜǊΩ ǊŜǎǇŜŎǘƛǾŜƭȅΦ  
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Figure 4-3: RDF graph representing Eric Miller (Berners-Lee et al., 2006). 

 
By application of RDF specific Universal Resource Identifiers (URIs) are assigned to individual 
fields. URIs have a global scope, associating an URI with a resource means that anyone can 
link to it, refer to it, or retrieve a representation of it (Berners-Lee et al., 2006).  Because RDF 
statements can be diagrammed as a directed graph representing facts, explicit links can 
provide an unambiguous reference that may refer to data specified in other graphs. Thereby, 
creating a network of linked data available for any application (Costa & Madrazo, 2015).  
The primary query language for RDF graphs is SPARQL (SPARQL Protocol and RDF Query 
Language) able to retrieve and manipulate subgraph information (Dimyadi et al., 2015). 
SPARQL can be deployed across various data sources, whether the data is stored natively as 
RDF or viewed as RDF. In addition, it is possible to test values and query constrains by source 
RDF graph.  
 
4.2.2 Ontologies 

Ontologies define the concepts and relationships used to describe and represent an area of 
concern (W3C, 2015b). These common conceptualizations are also referred to as 
vocabularies (Berners-Lee et al., 2006). There is no obvious distinction between what is 
ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨƻƴǘƻƭƻƎȅΩ ŀƴŘ ΨǾƻŎŀōǳƭŀǊȅΩΦ DŜƴŜǊŀƭƭȅΣ ƻƴǘƻƭƻƎȅ ƛǎ ǳǎŜŘ ŦƻǊ ƳƻǊŜ ŎƻƳǇƭŜȄ ŀƴŘ 
formal collections of terms, whereas vocabulary is used when such strictness is not 
necessarily important (W3C, 2015b). Ontologies are to improve data integration when 
ambiguities could exist on terms used in data sets or when extra knowledge can lead to the 
discovery of new relationships. Ontologies can capture the semantics of data, describing the 
knowledge for sharing in a specific domain and provide reasoning capabilities (Koukias et al., 
2013b). Markup ontology languages are used to encode knowledge. The most used language 
created by the World Wide Web Consortium to describe ontologies in a formal way is the 
Web Language Ontology (OWL) (Costa & Madrazo, 2015). Providing a formal and explicit 
specification of a shared conceptualization defined by means of classes, attributes, values, 
relationships, roles and rules. The OWL recommendation is now at version 2.0 (OWL2) 
extending the capabilities of version 1.0. The OWL specification integrated several efforts. 
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The W3C recommendation presents various versions of OWL, depending on the degree of 
expressive power required (Berners-Lee et al., 2006). These different OWL profiles are 
illustrated in figure 4-4. OWL uses the Recourse Description Framework Schema (RDFS) 
concepts as subset to describe ontologies. Subsequently, RDFS took the basic RDF 
specification and extended it to support structured vocabularies. RDFS provides a minimal 
ontology representation language that the research community has adopted fairly widely 
(Berners-Lee et al., 2006). To conclude, RDF graphs can obtain an improved semantic 
structure using vocabularies or ontologies with the most basic elements to describe such 
ontologies available in RDFS vocabulary (Pauwels et al., 2011). 

 
Figure 4-4: The various OWL2 profiles (LDAC, 2015) 

 
4.2.3 IfcOWL 

As discussed in section 3.5 the Industry Foundation Classes (IFC) model standard enables the 
exchange and representation of building data in a more interoperable way. However, the 
lack of mechanisms to extend the semantics of the model is identified as one of its major 
limitations (Costa & Madrazo, 2015). Therefore, Beetz, Van Leeuwen, and De Vries (2009) 
introduced an ontology for the building and construction sector based on IFC.  By the 
introduction of semantic web technologies, IFC model information based on EXPRESS is 
proposed to be transformed into a semantically enhanced model encoded in OWL. This OWL 
version of the IFC schema named ifcOWL makes it possible to use semantic web technologies 
for BIM models. Amongst others, the benefits of transition to semantic web technologies 
and ifcOWL specifically are the ability to link different types of datasets of the same concept 
or elements, querying of data, publishing of data and reasoning with data (LDAC, 2014). As 
comparison, figure 4-5 illustrates the difference in approach ƛƴ ǘŜǊƳǎ ƻŦ άhƭŘ {ŎƘƻƻƭέ ŀƴŘ 
άbŜǿ {ŎƘƻƻƭέ ƻŦ Řŀǘŀ ƳŀƴŀƎŜƳŜƴǘΦ ¢ƘŜ άhƭŘ {ŎƘƻƻƭέ ŀǇǇǊƻŀŎƘ ƛǎ ōŀǎŜŘ ƻƴ Ƴŀƴȅ 
technologies (STEP, XML, etc.) where one data structure is selected and applied. This central 
ŀǇǇǊƻŀŎƘ ƛǎ ǊŜƭŀǘƛǾŜƭȅ ƛƴŦƭŜȄƛōƭŜ ŀƴŘ ǎǘŀǘƛŎΦ Lƴ ŎƻƴǘǊŀǎǘΣ ǘƘŜ άbŜǿ {ŎƘƻƻƭέ ŀǇǇǊƻŀŎƘ Ƙŀǎ ƛǘǎ 
fundaments in one logic-based technology which is the semantic web. Thereby, the ability 
emerges to interlink many data structures. This decentralized approach can be characterized 
as more flexible and dynamic. 
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Figure 4-5: Opposition between traditional techniques and new techniques (LDAC, 2015) 

 
Considering the features of the different OWL2 profiles as visualized in figure 4-4, multiple 
opportunities are available regarding the IFC conversion. On the one hand, one could aim at 
an ifcOWL ontology with as much type information as possible (high expressiveness). On the 
other hand, one could aim for an ifcOWL ontology that is in one of the less expressive 
profiles, but is more efficient at execution time (LDAC, 2015).  
In order to standardize transformation rules, the development of ifcOWL is managed by a 
standardization body. The BuildingSMART Linked Data Working Group is responsible for 
building and maintaining the ifcOWL ontology. The group meets at regular intervals, both 
virtual and live, to keep track of and discuss possible ifcOWL ontology enhancements 
(Pauwels, Törmä, Beetz, Weise, & Liebich, 2015). The Linked Data Working Group is part of 
the Technical Room of BuildingSMART and closely interacts with the other working groups 
within the BuildingSMART organization. This work has resulted in a draft ifcOWL ontology. 
 
 

4.3 Semantic enrichment of IFC 
As stated, IFC models are semantically rich because they capture not only the 3-dimensional 
geometry of an object, but metadata related to many other aspects of this object and the 
building as a whole.  Objects within the model will have attributes associated with it that 
describe its thermal performance, costing, fire safety performance, etc. (Steel et al., 2012). 
As discussed in section 3.5, IFC files are made of objects and connections between these 
ƻōƧŜŎǘǎΦ hōƧŜŎǘ ŀǘǘǊƛōǳǘŜǎ ŘŜǎŎǊƛōŜ ǘƘŜ άōǳǎƛƴŜǎǎ ǎŜƳŀƴǘƛŎέ ƻŦ ǘƘŜ ƻōƧŜŎǘΦ /ƻƴƴŜŎǘƛƻƴǎ 
between objects are represented by relation elements, for example 
IfcRelDefinesByProperties. Generally, a great amount of information can already be found in 
the semantically rich IFC model developed during a buildingΩs design and construction. 
Ranging from provenance data such as authorship, creation date and stakeholder roles for all 
instances descending from the IfcRoot class to information of individual components such as 
material and configuration properties (Beetz et al., 2013). Individual component metadata is 
generally stored in IfcProperties through IfcPropertySets included into the IFC model 
capabilities. This provides the possibility to extend and adjust object metadata within the 
model itself.  
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While some relevant O&M metadata is already present in the model by handover from 
design and construction phases, other data has to be added manually or through automated 
procedures by the asset manager. In such data networked structures, this process, referred 
to as semantic enrichment also includes the reference of external information resources e.g. 
from building regulations, classification systems, or product data (Beetz et al., 2013b). For 
O&M, this practically would mean that additional metadata is added or updated while 
geometry data would be adjusted less frequently. In the research of Dankers et al. (2014), 
researchers have chosen to enrich an IFC model by adding hyperlinks objects and thereby 
referencing to external information. An advantage of this IFC enrichment method would be 
that data in a web database is much easier to update to new or updated datasets then tags 
in an IFC property. However, this method still requires the manual interaction of adding the 
hyperlink itself to every single object in the model which could become a significantly large 
task for extensive models. Though, many of the significant BIM tools currently used by 
industry support import and export of IFC file (Steel et al., 2012). Thereby, by adding either 
metadata directly into the IFC model or indirectly by adding hyperlinks to the location of the 
associated data, a usable model for O&M can be the result. 
Following the semantic web principle elaborated in section 4.2, with the well-known 
statement of ά!ƴȅƻƴŜ Ŏŀƴ ǎŀȅ !ƴȅǘƘƛƴƎ ŀōƻǳǘ !ƴȅǘƘƛƴƎέ ό!!!ύ, relying on links between 
resources and is therefore a more decentralized situation. As stated earlier, additional 
arbitrary links between data resources can be created if the resources can be identified by 
an URI. In contrast to IFC, this does not require elaborate changes in the schema but is 
inherent to all RDF data sets (Beetz et al., 2013b). While the efforts of developing ifcOWL 
making good progress and certainly have potential of future adoption and implementation in 
the industry, currently the ontology is still in a conceptual stage. To overcome this issue, a 
transitional approach is suggested by the DURAARK project. DURAARK (Durable Architectural 
Knowledge) is funded by the European Commission with the collaborative aim of developing 
methods and tools for semantic enrichment and long-term preservation of architectural 
knowledge and data. The transitional approach implies simple implementation agreements 
whereby IFC models can be semantically enriched with arbitrary linked datasets without 
raising compatibility issues with existing commercial-of-the-shelf tools (DURAARK, 2013). In 
other words, the IFC model remains valid and can still be understood by available IFC 
viewers. Besides the current challenges of ifcOWL and its current conceptual stage, 
transformation of IFC models or partial sub-model chunks itself into RDF demand a 
considerable shift in technologies and would require an even higher implementation effort 
than schema extensions (Beetz, Coebergh, Botter, Zlatanova, & de Laat, 2015). 
As graphically illustrated in figure 4-6, the transitional solution proposed by DURAARK (2013)  
allows the combination of STEP-based IFC models with RDF data. The suggested approach 
allows much more rigid semantics using a wide range of methods and technologies that can 
be applied and integrated into existing processes and tools. 
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Figure 4-6: Web of Data technologies (LDAC, 2014) 


















































































































































