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Summary

This thesis is part of the graduation project of thedWa program Construction Management

and Engineering dhe Eindhoven University of Technology. The aim of this thesis is to develop
a fall prevention system during the construction phase of a building project. The system uses
the Buildinginformation Management (BIM) workingnethod. The research question is:

Gl 26 aK2dZ R I . La NBfFTGSR aeaidsSy ¢62N] (2 KSf¢
For the research to be structured, the research is divided into fowgsidstions. 1)Where in

the project lifecycle should the system be implemente@lfAWhat are the safety rules and
regulations towards fall hazard8)} What are the requirements for the data representation?

4) What are the requirements to the building modelfe research is done accordirgthe

waterfall development model. This is a whkilown methodology within software
development.

Firstly, a literature study was conductebhisanalyseshe status of safety on the construction

site and whakind ofresearch has already been done towasadety on the construction site.
Constructionsites are one of the most dangerous working environments in the woFall
related accidents are one of the most common accidents worldwide. BIM has a different
meaning. In this research the meaning of Buddinformation Management is taken for BIM.
This focuses on building information: the (re) use and management of data through the entire
life cycle of the construction project. Within BIM there are different levels of detail. The
further in the processthe higher this level of detailDepending onwhich information is
available per level and what information is required for the system, it is possible to determine
at which stage the system can be implemented. For this sysi@apiementation will take
placey (G KS WRSaA3ay R&Wiivith BIM § i§ imPortdriikhatwg all speak

the same languagelo accomplish this a designer should tise Dutch Basic Information
deliveryManual (ILS or IDM). For a number of years BuildingSmart has been workiag

open standard for the entire AEC sector. These Industry Foundation Classes (IFC) can be
exported from a CAD program. A Model View Definition is required for this. This is a kind of
filter that only extracts the necessary information from the modeC4 is the latest version of
IFCand therefore used for this research. The combination of BIM and safety has been
investigated before. For example, there are applications for VR and AR, but also the
possibilities of rulebasedchecking have been investigat Thsresearch is used as a basis for
this research.

The currentresearch starts with defining four different standard situations that can lead to a
fall hazard. Situation 1 is defined as an edge of a roof or floor slab without adjacent floor slabs
and without a wall. Situation 2 is defined as a floor slab without adjacent floor slabs with a
wall. Situation 3 is defined as @peningin a floor without walls around it. When there are
walls around theopening it is referred tosituation 2. Situation 4 idefined as the roof. In the
Netherlands, the safety rules are determined by Dutch law and the ARBO. The ARBO says that
because every situation in the construction industry is different and construction workers go
to work every day in a different situatioit is difficult to make every situationaterproofwith

safety rules. It is therefore important to think for yourself about what is s&féferent
necessary safety ruels are determined for widfined stand situationslf the ARBQor the
Dutchlaw hasnot included a situation, a solution will be sought with the help of the QHSE
department of Strukton Worksphere, based tmeir experience. Here, rules are set that
determine what dimensions building elements may have to be safe.




This makes it known whidbuilding elements are important for the system. Within the digital
world there are agreements about solidodelling A geometry can be created in different
ways: Breps, CSG and Sweeping volumes. With a topological and geometric approach,
requirementsare made on how a building element should bedelled The requirements

are: An opening must be defined as a separate element; A geometry of a building element
must be defined as that specific element; A list of coordinates must be available per element;
The bpological relationship must be defined from a building element; And a building element
must bemodelledas a Brep. These requirements are already partially met with the IFC 4. The
requirements that are not met will be recommendations for a next versibthe IFC. The
MVD required for this systemsthe Design Transfer View (DTV

Because some of the requirements have not yet been rtiedre is shown how building
elements are now beingnodelledin the data file. It is possible that there are several watls

the edge of a floor slab. To find all these cases, a poly line is drawn around the edges of a floor
slab. Where this meets a wall an extra vertex is placed. The line can now be divided into pieces
with and without a wall on itAsthe pieces of line mithrough the system, &icquiresa coding

based ontrue-false questions. This coding represents a specific situation to which solutions
can bereferred.

There are also preconditions for how a building mustnbedelledin order to use the fall
hazardprevention system. 1) the BasiDM must be used. 2) The export must performed
with the IFC4 DTV. 3) Always model building elements as standsedversions. 4) A building
element is always on onauilding storey 5) Only use flat roofs.

Then the steps otte flowchart are presented. To prove that the system actually works, a test
case is also being carried out. Based on the output generated by the system, a safety manager
can do his work more efficiently. It is important to realize that due to the factoinod there

is not always one specific solution to the fall hazard. Therefore, it is necessary to offer the user
of the system a choice with possible solutions. The coding of the piece of line will therefore
refer to a number of solutions and give one mefnce. Here the user is free to choose which
one. From the chosen solutions a list can be made with what has to be ordered for fall
prevention material. Which material depends on the company from which the material is
ordered




Samenvatting

Deze tlesisis onderdeel van het afstudeertrajegan het masterprogramma Construction
Management and Engineering van de Technische Universiteit Eindhoven. Het doel van deze
thesis is het ontwikkelen van een valpreventie sgatevoor tijdens de constructiefasean

een bouwproject. Het systeem maakt gebruik van bouw informatie management (BIM)
werkmodel. De onderzoeksvraag is:

oHoe moet een op BIM gebaseerd valpreventie systeem werken om val gevaar te vinden in een
vroege ontwerpfasié ¢

Om het onderzoek gestructureera laten verlopen is het onderzoek verdeelt in vier sub
vragen. 1)Op welk momenin het project moet het systeem worden geimplementeerd? 2)
Wat zijn de veiligheidsregelsmtrent valgevaar? 3) Wat zijn de eisen aan de data
representatie? 4) Wat zijn dessn aanhet bouw informatie model? Het onderzoek wordt
gedaan volgens de waterval ontwikkelingsmodel. Dit is een bekende methodologie binnen de
software ontwikkeling.

Als eerste wordt er een literatuur studie gedaan. Hierin wordt geanalyseerd wat des sat

van veiligheid op de bouwplaats en wat voor onderzoek er richting veiligheid op de
bouwplaats al is gedaaie bouwplaats is een van de meeste gevaarlijkste werkomgeving in
de wereld.Val gerelateerde ongelukken zijn een van de meest voorkomende lwkigen
wereldwijd. BIM heeft voor velein de bouwsectoreen verschillende betekenis. In dit
onderzoek wordt de betekenis van Building Information Management genomen voor BIM.
Hierin staat bouwwerk informatie centraddet (her)gebruiken beheer van data dw de hele
levenscyclus van het bouwprojeddinnen BIM zijn er verschillende niveaus van detial
informatie die het model bevatHoe verder in het proces hoe hoger dit niveau van detail. Op
basis van welke informatie er beschikbaar is per niveau ekeneformatie nodig is voor het
systeem kan er worden bepaald in welke fase het systeem kan worden geimplementeerd.
Voor het systeemontwikkeld in dit onderzoek & RI 0 GA2RSya RS WwW5Saa3d
Voor het werken met BIM is het belangrijk dat wkemaal dezelfde taal sprekeDaarom
moeten ontwerpers zich houdeaan de Nederlandse Basis Informatie levering specificaties
(ILS of IDM)Sinds een aantal jaren is BuildingSmart bezig met een open standard voor de hele
Architecture- Engineeringand @nstruction (AEC3ector. Deze Industry Foundation Classes
(IFC) kunnen worden geéxporteerd vanuit een @fdyramma.Hiervoor is een Model View
Definitie (MVD)nodig. Dit is een soort filter die alleen de nodige informatie uit het model
haalt. IFC4 is deieuwste versie van IFC. Voor dit onderzoek wordt deze laatste versie dan ook
gebruikt. De combinatie van BIM en veiligheid is al vaker onderzechijrntoepassingen voor
Virtual Reality (VR)en Augumented Reality (AR),rule-basedchecking onderzochtDeze
onderzoelen worden als basis gebruik vooede thesis

Dit onderzoek begint bij het definiéren van vier verschillende standaard situaties die tot val
gevaar kunnen leiden. Situatie 1 is gedefinieerd als een rand van een dak of vloerplaat zonder
aanliggende vloerplaten en zonder muur. Situatie 2 is gedefinieerd als een vloerplaat zonder
aanliggende vloerplaten met een muur. Situatie 3 is gedefinieerd als een gat in een vioer
zonder muren er omheen. Wanneer er muren rondom het gat staan wordt er verwezan
situatie 2. Situatie 4 is gedefinieerd als het dak. In Nederland worden de veiligheidsregels
bepaalt door de Nederlandse Wet en Aebowet DeArbowetzegt dat eondat elke situatie in

de bouw weer anders is en bouwpersoneel elke dag in een arsiterie aan het werkzijn.
Hierdoor is hetnoeilijk elke situatie waterdicht te maken met veiligheidsregels. Het is daarom




van belangm zelf na te denken overf de situatie veilig isvanuit de verschillende standaard
situaties worden debenodigde veilighedsregels bepaald. Wanneer dérbowet of de
Nederlandse Wet een situatie niet heeft opgenomen wordt er met behulp van de QHSE
afdeling van Strukton Worksphere, op basis van ervaring, een oplossing gezocht. Hieruit
worden regels gesteld die bepalen welke atmgen gebouwelementen mogen hebben om
een situatie veilig te maken

Hierdoor is het bekent welke bebouwelementen van belang zijn voor het systeem. Binnen de
digitale wereld zijn er afspraken over solid modelliggmaakt door de Internationale
Organisai voor Standaardisatie (IS®en geometrie kan worden gemaakt op verschillende
manieren: Breps, CSG en Sweeping volumes. Met behulp van een topologische en
geometrische benaderingvorden eisen gesteld aan hoe een gebouwelement het beste en
efficiénts mat worden gemodelleerd voor het systeem. De eisen zijn: Een opening moet
worden gedefinieerd als een apart elemeBgn geometrie van een gebouwelement moet zijn
gedefinieerd als dat specifieke element; Er moet een lijst met codrdinaten beschikbaar zijn
per element; De topologische relatie moet zijn gedefinieerd van een gebouwelement; En een
gebouwelement moet worden gemodelleerd als eenreB. Deze eisen worden al deels
voldaan met de IFC Be eisen waaraan niet worgdoldaan worden aanbevelingen voor ae
volgende versie van de IFQe MVD welke nodig is voor dit systeem aan de hand van deze
eisen is de Design Transfer Vi V)

Omdat er nog niet aanosnmige bovenstaandeesisenwordt voldaan wordt zichtbaarhoe
gebouwelemenenin de huidige omstandigltenwordengemodelleerd in de data file. Het is
mogelijk dat er verschillende muren op de rand van een vloerplaat staan. Ommuleea te
herkennenwordt er een poly lijn getekend rondom de randen van een vioerplaann&er
deze poly lijneen muur tegenkmt wordt een extra vertex geplaatst. De lijn kan nu worden
onderverdeelt in stuken lijn met en zonder een muur erofNadat de stikenlijn door het
systeem is gelopen krijgt het een codering op basis van-aaanaarvragen. Deze codering
staat voor een sgcifieke situatie waaraan oplossingen kunnen worden gehangen.

Daarnaast zijn eandvoorwaarden aade modellering van een geboumn gebruik te kunnen
maken van het valpreventie systeem. 1) de Basis ILS moet worden gebruikt. 2) Het exporteren
moet worden @daan met de IFC4 DTV. 3) Modeleer gebouwelementen altijd als standardcase
versies. 4) Een gebouwelement staat altijd maar op één verdiepingsvioer. 5) Gebruik alleen
maar platte daken.

Vervolgens worden de stappen van de flowchart gepresentebed.bewigvoeringdat het
systeem ook daadwerkelijk werkt wordt er ook nog een testcase uitgevoerd. Op basis van de
output die wordt gegenereerd door het systeem kan een veiligheidsmanager zijn werk
efficiénteruitvoeren Het is belangrijk om te beseffen dat doar fhctortijd er niet altijd één
specifieke oplossing is voor het valgevaar. Daarom is het nodig om de gebruiker van het
systeem een keuze aan te bieden met mogelijke oplossiigemodering van hdijn stukzal

dus verwijzen naar een aantal oplossingeree één de voorkeur geven. Hierin is de gebruiker
vrij om te kiezen. Vanuit de gekozen oplossingen kan er een lijst worden gemaakiemet
benodigde materialen voovalpreventie Welk materiaal is afhankelijk van het bedrijf waar

het materiaal vandaan wdt gehaald.




Abstract

The construction industry has one of the highest rate of work related injuries worldwide. Fall
hazards account for most of these injurigfie objectiveof this thesis is to develop a flowchart

for a fall hazard prevention systethat is used in the BIM sthod to identify fall hazards
using IFC. The fall hazard prevention system is designed to be implemented before
construction is startedThe methodology used in this thesis is the waterfall development
model which is awell-known method in software development. The research defines 4
standard situations for fall hazards: an edge of a slab with no walls; an edge with walls; an
opening in a slab; and the roof. The safety rules are based on the dimensions of the building
elements lile slabs and walls. With a topological and geometrical approach requirements to
the data representation are given for the most effective method to run such an analysing tool.
After the requirements are sethe requirements are compared with the IFC 4 schenthe

first requirement openings usednust be modelled as a separate elemert satisfied. The
second requirementa geometry of a building element must be defined as that specific
element, is satisfied. The third requiremena list of coordinates musbe available per
element is possible but not how it is currently used. The fourth requiremere:tbpological
relationship must be defined from a building elemegist possible but not how it is currently
used. The last requiremend building element mst be modelled as a-&p, is possible but

not how it is currently used. With these requirement there is determined that the IFC4 needs
to be exported with the Design Tranfer View model view definition. The thesis discusses the
different steps in the flowhart and set requirements to the BIModel. A testcase is conducted
to prove the flowchart can find fall hazards and give tiigiat prevention method.

The flowchart can be further developed in multiple directions. Such as implementing the
flowchart in a pogramming language. Or implementing more shape representations. The
results serve as a step up towards the development of fall prevention systems using IFC.

Keywords: Safety management, Construction site, BIM, Fall prevention
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1. Introduction

1.1. Problem definition / objective of the thesis

When working ona construction site safety is one of theamportant issues toconsider
Working saféy and following the rules makes sure you and your colleagues can return to your
familieseach daySo,it should be the responsibility of management to provide the tools and
methodsto make sure the construction site is as safe as possible for the construction workers.
But, the construction industry suffers fromnaenormousamount of work related (fatal)
injuries. These injuries have negative effegh both workers and consiction companies.
This includes physical syghological and financial effect#\t the top of the list of these
accidents stands fall related accidenihich account for most of these injuries. Fall related
accidents can occur when safety measures ardailan, simply forgotten or failing to identify

fall hazardin the first place. It is nabnly in The Netherlandthat fall hazards are a problem.
Construction companies all over the world struggle with fall related accidBetspite the size

of thisproblem, construction companies ifhe Netherland stillfail to resolve this problem.

In the past decadethe technology and the development of universal data model has
increased This is called Building Information Management (BIM). It is becoming cammo
practice to use BIM as a method for the project lifecycle of a building. As prbectsne
more complex and detailed is harder to ensure the qualifytime schedule and costs of a
project within the margins. This is where BIM can be the solutiohésdproblems. As more
and more data isiploadedinto the BIM more advanced analyses canerforemedto make

the work more efficient. Despite all the benefits of BIM thansitiontowards a completely
BIM-based method is still a long wayf for most @nstruction companies in the Netherlands.

Using the data in the BIM can provide changes for Health & Safety management on the
construction site. Before construction starts a Health & Safety analysis can be conducted with
a 3-dimensionalmodel. Fall hazagican be detected and prevention methsdlesigned.
Although this soundan ideal situation there is no successful fall hazard prevention system
developed or available in the Dutch construction industry. In other countries several
researchers have develogetheir version of a safety tool for BIM. But no one hget
developed a fall hazard prevention system which uses the industry stamdarddata
exchange, the Industry Foundation Classes (IFC).

The objectiveof this thesis is to develop a flowchart foffal hazard prevention system that

is used in the BIM Bthod to identify fall hazards using IFC. The fall hazard prevention system
is designed to be implemented before construction is started. With this objectivadvisable

to make the building sita safer work environment for all construction workedsover the
world. Andallowthem to return safely to their familieafter a hard days work

1.2. Research guestian

To reach the objective of this thesis research towards safety, BIM and the dataeefaisn

is needed.Based orthe defined problem and the objective there are some questions that
need to be answeredlhe main research question this thesis will answer is:

oHow should a BIM related system work to help prevent fall hazards in an earlyjgtes
LK aSKé
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To help answer the main research question some sub questions ndsdtiookendown and
tod 0 NHzOG dzZNB (G KS AYyTF2NXIFGA2yd ¢KS FANRBOG [ dzSadi
the research question. The project lifecycle of a builgngject his different stages. But in
which stage is the building mode&lady for a safety che@k herefoe the first sub question is:

(Sub 1) G2 KSNB Ay GKS LINRP2SO0 fAFSOeoftsS akKkz

To be able to recognize a fall hazard tharstimust be aneed b researchas towhat a fall
hazard is according to the Dutch safety rules and regulations. A data collection needs to be
conductedanalysinghem. Therefoe the second sub question is:

(Sub 2) G2 KFEG FNB GKS &l an§ar® Nz ST I NIRa KES 3 dz

Safety rules and regulations are based on the dimensions and placemaritdifg elements.

But how are these building elements modelled? Or even more important how are they defined
in the data representation this the best metbd to define then? Theseare all answered in

the third sub question:

(Sub 3) G2 KFEG I NB G KB2 NBH IIZARNBMS yNiB LINS & Sy d I

After the data representation is analysed and decided what the best method is to define
building elementsthe next stepsareto analyse how a building element should be modelled.

It is necessary tensurethat the fall prevention system does nomit an unsafe situation
because it is modellemhcorrectly Therefoe the last sub question is:

(Sub 4) G2 KFEdG | NB  it&tS theNdRilgingk NB FSK &

By answering these sub question the flowchart of the fall hazard prevention system is created
step by step. The result is the answer to the main research question, a working flowchart.

1.3. The practical / social and/or theoretid scientific importance of the thesis
It is not so relevantvhere you work if it isat aconstruction site or iran office, an employer

is responsible for creating a save woidk environment for its employeesWorking on a
construction siterequirestaking extra measures to reduce the chawéaccidens. With new
technological developments it is important that managemesnhformed ovethe latest tools

to prevent accidents fromaking placeFall related accidents are the number one type of
accidenton construction siteall over the world If this research can help reduce only one fatal
accident it wll be worth the time and effortThe social consequences of occupational injuries
and illnesses, described Hyembe (2001) can have an effect on eveme in society.
Physiological physical and economic casare not only paid by the injured employegosts
for rehabilitation, workers compensation, medical care daa suits are enormous. Injuries
on the construction site can lead to disabilities or even PTSD. Which catifabrey effects

on the employee andheir family and friends. Knowinghat you work is a safe work
environment can reduce stress and increase productivity.

Reducing the amount of accidents is not the only effect o thesis. The Architecturg
Engineeing- and Construction(AEG) sector is transitioning in to a new working method. The
digital revolution comes witltountlessof possibilities and benefits construction companies
who readily can take here advantage @i this new digital world exchangirgd analysing
datais of the utmostimportance. Speaking the same languaifiét comes to organizing the
data and using the same standards is something BuildingSneartiésavouringo accomplish
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for over a decade. One of these standards is the IFC.MiteiDutch constructiomdustry,
it is still not a standard to use the IFC format. Increasinghtiraberof analysing tools which
use IFC will increase the acceptance of the foriso, investing in analysing toolsiterease
efficiency can increaselte competitive position of a construction company.

This thesis investigates the best method of developing solid models for 4ools asa fall
hazard prevention system. Instead of lookatgvhat is possible with the current IFC schema,
this thesisbegirs the other way around. What is needed for the analysing tools and how can
this be implemented within solid modelling. When this cannot be satisfesmmmendations

are giventoward new versions of the IFC schema. lalso important towards scientific
development that recommendations for future development are given.

1.4. Thesis outline

The thesis is divided ito in to 6 chapters. The first is the Introduction. Here the problem
definition, research questions, research design, social and scientific irmgertae discussed.
This chapter is meartb give an understanding of what this thesis/olvesand how it is
organised. The second chapter is the Literature review. The Literature review gives
background knowledge about the statd-the-art research toward safety on the
construction site, BIM and the research already donthe combinationwith BIM and safety.

The third chapter is the Methodology. In this chaptiee method used for the development

of the fall hazard prevention system is discussed. Thapter also contains the scope and
limitations of the research. The research insttesis is compared with existing research and
explained where istandsin relation to the existing research. In the fourth chapter the actual
researchcompleted The step of the flowchart are created and discussed. Chapter 4 contains
the data collection and the analysis. This includes setting the rule sets for the flowchart,
investigating the requirements to the data representation, comparing the requirements with
IFC, okaining the dimensions of the building elements, splitting up the edges of the slabs,
processing the rule sets and creating output. In chapter 5 the results of the research are
presented. The results contain the flowchart that is developed and actesstis conducted to
prove that the flowchart works. At the end of chapter 5 the results and the process of the
researchis discussed and reviewed. The last chapter is the Conclusion where the answers to
the research questions are given, the scientific andiadorelevance is discussed and
recommendations toward future research is given.

Throughout these chapters the answers to the sub research questions are examined. The first
sub question isnvestigatedin chapter 2. The second sub questiomnigestigatedin chapter
4.1. The third sub questioniisvestigatedn chapter 4.2. The last sub questiornngestigated
in chapter 5.2. The answer to the main research question is given in chapter 6 the Conclusion.

1.3. Research design

In the graduation projectknowledge and data from the construction company and building
regulationare processed into identifying fall hazardndare thencombired with the correct
prevention method. The project can be divided in to 5 phases. 1) Collecting data and
knowledge about Safgtand BIM, 2 Processhe data and knowledge to standardize and
categorize it so it can be used in the BIM modghialysinkey components in the Model to
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identify a fall hazard, 4) creating a method to implement the fall prevention into the model.
5) Making sure the output can be used in the building process.

The first phase of the project will consist of adiept research of the current safety regulations
and the implementation of these regulations within the construction company. This will be
doneby literature research and interviews with safety managers. The goal of these interviews
is to determine why and who these accidents (falling from a height) occur despite of the
current actions to prevent workers falling.

The second phase is to analybe tsafety regulations. How can these regulations be checked
in the BIModel?For example, if a hole in the outside wall needs to hageecific height or
otherwise a safety railing needs to lm®nstructed how is this height determined by the
progranf

In the third phase key components in the Model will be analysed. In the first part of the project
research isindertaken as to howaccidents happen. Probably these accidents will happen near
the edge of the floor and near holes in floors and walls. There nieclols determined how to
recognize these elements an IFC file.

When the key componentsanbe recognized ianIFC file the next step is to create a method

of how to implement the correct fall prevention. A small hole in the floor could be covered by
apiece of plywood. But on the edge of the floor or when the hole is too big a safety rail may
need to be placed. In this phase a method needs to be created for every type of fall hazard.
The program should also be able to combine the different fall hapeedentions in to the
model.

In the last phase of the projeell aspectwill be combined. Now it is important to make sure
that the output is created in such a way that it can be used further on in the project. This
means that the fall hazard preventias placed in the model. Buatiso,if the designers /BIM
managers / safety managers nead informationtable with order infemation, or perhaps

the fall hazard prevention needs to be plada the construction schedule.
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2. Literature review

2.1 Accidents on the construction site

The construction site is one of the most dangerous work environments in the waetohrding
to data from the National Survey Working conditions (NEA) 2015 conducte@HSy
construction workesare moreoften absent fromwork due to workrelated accidents. In 2015
the construction vorkers were ranked secontighestin work-related accident rates iifthe
Netherlands. 8%of the construction workers werabsentat least one dayue to work-
related accidents. Compared to4% on average across all occupational groggs8S, 2016)
In the year 2016 7.4% of the employees in the construction sector recpaygdent from the
Work and Income according to Labour Capacity Act (\WIM)V, 2018)This indicates the high
rate of incapacity fothis type ofwork within the construction sector ifhe Netherlands.

In the first six months of 2016 the numbef serious accients in the construction sector
increased with 14% and theumber of fatal accidents increaseeven more, with56%
compared t02015(Inspectie SZW, 2018n the construction industry in Great Britain in 2017
the most common fatal accident is falling from a hei@dveral studies show that falling from

a roof/floor edge and falling thragh a roof/floor opening on the construction site accounted
for 40%-49% of the fatal injuries to construction workers. For #atal injuries this was 18%
(Coates, Q11; Health and Safety Executive, 2qAR et al., 2008)n half of the fatal accidents
there was a failure in the edge protection. This is not a problem from the last few years.
Already in 1990 Culver Glenn Florczak Richard Castell & Constance Connolly Gary Pelton,
1990) noticed that most fatal accidents happened due to falling from a height on the
construction site.

Not only in Europe is safety in the construction sector a hot topic. After the firlasresas in
Mphpd AY C¢CKFEAfFYR Iy AYONBFaS Ay ¢KFAfIFYRQa
in the reported number of accidentsithin the sector(Taylor & Easter, 2004%ocial Security
Office, 2005) The Thai Government has taken significant steps in improving safety in the
construction industry by promoting the establishment of safety prografAksorn &
Hadikusumo, 2008)Studies in Hong Kong show that in 2014 more than 3100 construction
workers had an work related accident and 24 workers had (fedformance, 2016)

An accideninvolves may psychological costs. But besides these phycological cost, accidents
have an enormous financial effect on the construction compamya study done in South
Africa investigating the cost of construction accidents, researcher calculated that fall ascident
alone cost a construction company an average of 448.609 ZARs. Which is around the 44,800
US dollars at the time of the researfHaupt & Pikhy, 2016) According to the Dutch law the
employer, the construction company, is responsible for all accidents during or related to the
work. In January 2019 the Dutch government introdiiee law whichdemands thatthe
employer compensate alsaelatives wo suffer from accident compensation whiagk
depending on the situation, between thel2,500 ande20,000 per serious accident
(Ondernemersplein, 2018)

The sector imware off the situation and over the years many researchers have trigoirio
point the exact cause of what is creating this unsafe work environment. In the paper by
(Evertt, 2000an accident root causes tracing model was created to determine the root causes
of accidents on construction sgeThe model proposes that accidents occur due to three root
causes: Failing to identify an unsafe condition that existed leefor activity was started or
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that developed after an activity was started; deciding to proceed with a work activity after the
worker identifies an existing unsafe condition; and deciding to act unsafe regardless of initial
conditions of the work environménThe accident root causes tracing model also determines
how the unsafe conditions could have existed before or after an activity had st&ded root
causes were identifiedManagement actions/interaction; unsafe action of worker of co
worker; nonhuman related events; and an unsafe condition that is a natural part of the initial
construction site conditiondJsing an automated system in the BIM could mitigate the risk of
the first root cause, preventing an unsafe situation from occutringhe studyof (Langford,
Rowlinson, & Sawacha, 2000) states that there are seven factors that affect safety
performanceon the construction site. These factors are histakieconomical; psychological;
technical; procedural; organizational and the working environment. The study also shows that
the most important relationships between safety performance and these factors are talks on
safety by management; issue of safety klats; using safety equipment and propsafety
preparations on site. I(Heinrich, 1959%tudy towards accident causation theory he defined

an accident as followed: An accident is an unplanned an uncontrolled event in which the action
or reaction of & object, substance, person or radiation results in personal injury or the
probability thereof. The work of Heinrich can be summarized in two points: People are the
fundamental reason behind accidents; and management, having the ability, is responsible for
the prevention of accident§Petersen, 1996)What (Evertt, 2000; Heinrich, 1959; Peters
1996)found in ther research was that management can and should have a huge impact on
the safetyperformanceon the construction site. By thinking about safety earlier on in the
construction process a greatimberof the safety hazards could be elmated. This statement

is supported by(Bhattacharjee, Ghosh, & You@prbett, 2011; Gibb, Haslom, Hide, & Gyi
2004; Zhou, Whyte, & Sacks, 20IMhese studies found that 421% of these safety incidents
canbe prevented by safety considerations at the design stage@mples bthese design
actions are: permanent anchor points, lifeline systems, and other farhysermanent fall
protections that could be designed into the permanent features of the structGeembatese,
Behm, & Rajendran, 2008} was found that traditionally the burden of ensugrsafety of
constructionsite has been placed solely on the contractor. While the contractor will always
bear the responsibility for construction site safety, the novel concept of Prevention through
Desgn (PtD) also allows architects and engineers to contribute in enhancing site safety
(Bhattacharjee et al., 2011) The role of the architects and engineers to impact safety in
construction projects has not been fully utilized. A major reason behind this can be found in
the lack of motiationalforces (i.e. legl, contractual, economic, oregulatory) in the United
States that will encourage a designer to consider potential health hazard and risks of the
workers during the design phagBehm, 2005)The article of{Bhattacharjee et al., 201puts
forward the method of Prevention through Design before the traditional method of
construction. When the stakeholders in the different constructdrases are listed, it clearly
shows that architect@nd designer can have effective role in recognizing potential unsafe
situations(figure 1 andigure 2).Actions that designers can take are: asking contractors how
work will be constructed; finding out component sizes for safe installation; coordinating the
program for safe sequencing of work and ensuring the contractors hawiepth
understanding of the design rationalatkinson & Westall, 2010However, the prevalence of
traditional desigrbid-build contracting arrangements and the resulting complex hierarchy of
subcontracting on any modern building create a significant organizatthstnce between
designers in any domain and the relevaaobcontractors who wilberformthe work. Coupled

with designers' aversion to dictating means and methods due to liabditgerns, there is still
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significant reluctance on the part of designergdke an active role in addressing construction
safety (Gambatese, Hinze, & Haas, 199¢commendations of ILO was supported by the
European Foundation for the Improvement of Living and Working Conditions, which
concluded that nearly 60% of all faetcidents in the construction industry was caused due
to decisions made prior to actual constructi(Bhattacharjee et al., 2011)Figure2.1 and2.2
show the involvement of the different stakeholders and their ability to influence safety on the
construction site. The best moment to aluate the construction safetyaccording to
(Szymberki, 1997)s during the conceptual and preliminary design phasete that, it is
incorrect to assume that a focus on design for safety will autarably eliminate construction
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site fatalities. It is one element within a more holistic approach to minimizing construction
project risk and enhancing worker safety, through mildtiel risk assessment and hazard
prevention mechanisms throughout the dediy of a building projec{Gambatese et al.,
2008)

2.2. Building Information Management (BIM)

In a building project, manytakeholdersfrom different disciplines exchangenportant
information. Previously, eacktakeholderwas responsible fotheir own documents. The
exchange took placky paper and the information was interpreted and processed by people.
With BIM, construction partners do not essentially exchange documdnitsdata. Data is
entered into the computer only once and then usegheatedly by different partiesn various
applications and computer programs. The data@delledin such a way that not only people
but also computers can interpret the information.

BIM is a concept where everyone in the AEC sdwera different explanation foilhe letters

'‘BIM" are used in practice in three coherent meanings: The first meaning is 'Building
Information Model'. This is a digital representation of how a building een designed,
realized and / obuilt. In otherwords,the BIModelIn the second sense, 'Building Information
Modelling, the emphasis is more on the process. This is about working together in
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construction projects using digital information models. Retatoncepts are integral design,
competitor engineering, lean planning and the sharing of digital information. In the third
sense, 'Building Information Management', the information itself is central: the construction,
management and (re) use of digitalnstruction information throughout the entire life cycle

of the building (Bouw Informatie Raad, 2015Yhe Building Information Council (Bouw
Informatie Raad, BIRInds all three meanings equally relevant, the term 'BIM' encompasses
the whole.Forthis research report the emphasis will lay on the third meaning of BIM, Building
Information Managementlt is important to noe that BIM is not just software is a process
and software. BIM means not only using thh@ienensional intelligent models biaiso making
significant changes in the workflow and projedelivery processegAzhar, Khalfan, &
Magsood, 2012; Hardin & McCool, 201Bhplementing BIM into the working methoasd a
construction compny can have major benefiterfproject managementThe key benefit of
working with the BIModel is its accurate geometrical representation of a building in an
integrated data environmen{CFC for Construction Innovation, 2007for these reasons,
several construction companies have adopted BIM into their wgnkethods.

BIM can be use in different phases of the building procksa. BIM utilization survew the

UK BIM is used in the d&#&gn phase for 55%, preconstructigifender) phase 52%,
construction stage 35%, feasibility stage 27%, and operation and maintenance stage 9%
(Eadie, Browne, Odeyinka, McKeown, & McNiff, 20Ti@s shows that BIM is used mainly in
the first part ofthe projects. This is also true for Dutch construction companies, where BIM is
mainlyusedin the design phasd.ater,in the project lifetime the use of BIM decreasksthe

stage of tender BIM is useful as the model holds information about work details and
specifications of products. This accelerates and simplifies the process of preparation of the
tender documents. More benefits are attained in the construction phase as BIM helps to plan
precisely and to regulate the construction process. This resolves erd@sreases
construction time and enables to quickly change matef@sumbouya, Gao, & Guan, 2016)
The reason why BIM is not fully adoptedthe entirelifetime of a project and all over the
construction sector is because the adoption of BIM struggles with different difficulties on each
level of the adoptio. Constructioncompanies have often complex working methods and
organisation.To change thes¢he benefits must exceed that of the current working methods
and organisation. Implementing BIM efficiently requires significant changes in the way
constructian businesses work at almost every level within the building pro@&ssyici et al.,
2011) Other difficulties in atualizing BIM in construction practice armastering the
imperviousness to change, and inspiring individuals to comprehend the true value and
possibilities of BIM, as well as training individuals in B¥n & Damian, 2008IMrequires

an initial investment in the start of the project dater cost can be saved due to better
planning. Figur@.3shows the investment of working with BIM in comparison with traditional
methods.What happens if BIM is only implemented in the firstge of the building process

is that theinitial investment is done but by not implementing it in the later stages the cost
reduction is not made due to processes working in the traditional way. This leads to an
increase in costs instead of a decrease whias aimed for.
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2.2.2 The Industry Foundation Classes (IBOY! Ctaboration Format (BCF) &

Information Delivery Manual (IDM)
The Industry Foundation Classes (IFC) was developed to create a large set of consistent data
representations of building information for exchange between AEC software applications. It
relies onthe ISO- STEP EXPRES§uUage and concepts for its defiion (Eastman, Teicholz,
Sacks, & Liston, 200&ince 1995 BuildingSmart is workinglé&as a sector wide form of
information exchange. Although IFC is accepted to become a standard in the construction
industry,it is not implemented throghout the entire sectarThe lack of automated processes
able to support the introduction may hinder the diffusion of correct practices. In fact, the
alignment between the competences of the personnel and the requirements of IT is a key
aspect for the suass of a process of integration of new digital instruments. Therefore, there
is a rising need for tools (possibly, automated tools) for simplifying the information flow so
that AEC sector can easily adopt IFC within BIMbased procg@dseschi, Pasini, Pavan, &
Daniotti, 2017) Within the IFC domains, it is important, to avoid any misunderstanding, to
note that IFC is neither a software application nor a collection of software components. It is a
schema that can be compiled into an executable code or a class library of a programming
language that supports information sharing and representatidamini, Meynagh, & Vahed,
2012)

A BIModel is a representation of a buildiproject. Such a model contains data from various
stakeholders Through clash detection it is possible to find errors in a model. In recent years it
has turned out that communicating about these errors is a separate discipline. A specific
object can be communicated and shared with partners via IFC, but a specific 'clash’ must be
described via the phone or with screenshots. That is why BCF (BIM Collaboration Format) has
been developed. BCF was developed to communicate ‘issues' of a BIModel. BCF isdeset of
about how issues are exchanged. It consists of 3 parts: a picture, a camera angle and a list of
objects from the BIModel that the issue is about. Thanks to BCF, 'issues' of a model can also
be exchanged simply and unambiguously, which reduces thencehaof errors in
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communication between chain partners. BCF is a relatively young initiative, but the adaptation
is growing fast. It is expected that this standard will quickly conquer the m#Betotti,
2012)

A growing number of parties in the construction ustry are joining the initiative to use a
basic Information Delivery Manual (IDM). The best practices of recent years have shown that
working with open BIM is the only real answer to integral cooperation in the chain. For integral
cooperation, speaking theame language is essential and work can be done mibicently

in the chain, eliminate wasteful tasks and prevent errors. The efficiency follows from the fact
that everyone knows where information can be found and how information must be provided.
The a@reements relate to the exchange format, the basic structure to be used and the
safeguarding of object information. The simplicity and limited number of agreements must
lead to a broad application and support at every link in the chain, from client totemgince
engineer(BIM loket, n.d.) To get the best results out of the fall hazard prevention system
develop in this research it is important to model the BIModel according to the standards of
the Basic Dutch IDMIhis secures that elements are modelled as the right elememiali
should be modelled aan IfcWall and afloor slab should be modelled @ IfcSlab,so the
system can recognize the different elemenw@ithin the IDM Exchange Requiremeratse
defined. To satisfy these Exchange Requirements a subset of the IFC scdefireed. This is
called a Model View Definition (MVD). A MVD is a sort of filter to extract specific information
for the IFC schema. Currently BuildingSmart developed three MVDs. The IFC2x3, the IFC4
Reference View and the IFC4 Design Transfer \@gwthers have also developed their own
MVDto make the information exchange more efficient but these MVDs are not available for
everyone.

2.2 3. Level of Detail/Development

When working with BIM it is important to realise what the LeveD&¥elopmen{LOD) is and
what LOD isequired The principle of LOD is to specify the information that the model must
contain according to its use at the different stages of a project lifeqgd¢on, Kubicki, &
Halin, 2015)In the literature the terms Level of Detail and Level of Development are used
interchangeably, as thesefer to the same definition. In practice the term Level of Detail is
often referred to howmuch detail is needed for a building detail. The term Level of
Development is referred to how far building elements are defined. So is it just a mass or
already a specific element of even a specific type. For this research report the definition of the
literature is used. Which is also the definition of the Level of Development in practice.

Depending on the information that is needed by the analysing, @ LOD needs to be
determined. There are currently six levels of LOD: LOD 100 mainly requires abg@phical
representation, LOD 200 adds approximate quantities, shape, location and orientation with
possibly norgraphic information attached, LOD 300 requires more specific systems, objects
or assembly in term of quantity, size, shape, location andntation with possibly non
graphic information attached, LOD 350 adds requirements on interfaces with other building
systems, LOD 400 contains more detailed information required for fabrication, assembly and
installation, and LOD 500 is a field verifreggresentation. For building models at the design
development phase, which is the most typical stage where a building model is complete
enough for code compliance submission, LOD 300 or LOD 350 is generally suf8oidmn

& Eastman, 2015Figure2.4 gives a visual representation of the different LODsthe BIM

F LILINR I OKZ (KBS @ SN 8 idéfelly disedfto show that detailing is not
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only about georetry but also deals with negraphical information. In 4D models, LOD
specification must therefore manage both the graphical level of details and the temporal level
of information(Heesom & Mahdjoubi, 2004The fall hazal preventionsystemdeveloped in

this research report sets requirements to the LOD of the used BIModel. For the system to work
properlythe model must has at least a LOD of 8@50Q This also determines when the fall
hazard prevention system can be ilemented in the design process. If the BIModel is not
detailed enough the system cannot retrieve the right information or is the output is not
reliable.The goal is to implement the fall hazard prevention system in the design phase. With
a LOD of 300 this possible.

PRE SCHEMATIC DESIGN CONSTRUCTION CONSTRUCTION AS

DESIGN DESIGN DEVELOPMENT ~ DOCUMENTS STAGE BUILT

LOD 100 LOD200 LOD300 LOD350 LODA400 LOD500

4. 8 .
VOV o) .

Figure2.4| Visualisation otthe Level of Development
(https://www.kelarpacific.com/constructiolesignphasesvs-bim-levelsdevelopmenipart-2-4/)

2.24.4D BIM

The possibilities of BIMlo not end with 3D modelling of construction prages. In the
construction industry 4D BIM is often referred to a combination of a 3D BIModel and project
scheduling. After adoption of BIM into the workflow, 4D BIM is the next step for gaining all
the benefits from the possibilities that BIM has to off@fith the project schedule uploaded

in the BIM altering tool, building elements can be assigned to specific parts of the schedule.
This way a simulation of the construction phase camiloglelled,and errors can be detected

at forehand. The simulation is meato give the construction workers more insight in their
tasks and it is a way to support and optimize the communication on the construction site. A
disadvantage of 4D BIM is the early investment that the contractor needs to make in modelling
the constrution phase. Often there is also spoken of 5D and 6D BIM. This refers to, like with
4D BIM and the combination of time, to combine the costs (5D) and the maintenance (6D) in
the design phase. As more and more information is put into the model additionaitdisnan

be modelled and calculated over the construction project its lifetime and even after.

2.3. BIM and Safety

The combination of BIM and Safetysiaeen researched in various countries around the
world, such as Finland, United States, UK and Npr@aayici, 2008; Khemlani, 2005;
Kiviniemi, Tarandi, Karlshgj, Bell, & Karud, 2008; Succar, 2009; Wong, Wong, & Nadeem,
2009) Although all the previous research towards automgtihe safety process to increase

the safety on the construction site, Dutch construction companies use almost no computer
aided program to determine where hazard preventions needs to be plaedientioned in

the literature the responsibility of hazardgwvention lies on the contractor and more specific
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on the responsibility of executor. The Quality, Health, Safety and Environment department
(QHSEYNly hasan advising function withircompanies like Strukton Worksphei@andomly
a few projects are inspeetl on site. The QHSE department checks if the executor is aware of
the possible risks according to the safety, health & environment plan (VGA) the executor
makes for the project. This plan is maldg the best practice of the executoin the next
subchapte some promising combinations of BIM technology and Safety are discussed.

2.3.1.Fall hazard prevention

To prevent fall hazards form occurring on the constructionmsiiehresearch hasaken place

Most methods implemented by contractors are to edusdhe employeesabout risks and
unsafe situations. Scientific research describes more thansorteoftechnology to combine
safety and BIM. The article ¢Zou, Kiviniemi, & Jones, 201mentions different ways of
combining safety and Blfidr examplevirtual reality where employees are trained togpform
tasksin VR first before preforming the task at the building site, 4D CAD were planning and
model are combined to visualize the safghanagement, ruldbased checking like Solibri
Model Checker and geographic information systems to track the activities on the construction
site. Although there are several options for construction companies to implement safety into
the current BIMactivities this still has not ben done by most of the Dutch construction
companies. The implementation of traditional risk management is still a manual undertaking,
the assessment is heavily reliant on experience and mathematical analysis, and the decision
makingis frequently based on knowledge and experience based intuition, which leads to a
decreased efficiency in the real environmé@bu et al., 2017)

With the uprise in BIM more and more data is collected about activities erctimstruction

site. Buthence, it is important to investigate more advanced methods to integrate this
information. (Zhang et al., 2015)n Finland a fall hazard prevention tool was developed in
combination with the software of Tekla structures. This system works by the flowchart given
in figure2.5. How this is visualized in the software is given in figuéeThe algorithm searches

for the boundary lines of floor elements. After that it searches if there are any wall elements
on these boundary lines. In the end it checks if there are holes in the wall that can lead to fall
hazards.

a) Modeling without protective system b) Modeling with protective system

Compute new
unprotected edges.
overlapped dges
and exisfing edges

un
Install guardrail

in schedule
Ya—{’ﬁextmsk?%i
‘\-\.‘\_;"’//
Figure2.5| Algorithm automated fall hazarc Figure2.6| Visualization of fall hazard prevention
prevention (Zhang et al., 2015)

(Zhang et al., 2015)
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The system is basedn the principal ofrule-based checking. Because safety rules and
regulation already exist they can be implemented in to the model. After the developed safety
rule checking system has identified thafetyissues or hazards in the BIM, Corrective Actions,
such as design for safety and safety planning, can be conducted. The goal of the rule checking
system is to assist human decision makers in the safety planning and scheduling by proposing
realistic solutions to resolve the identified issy&tang, Teizer, Lee, Eastman, & Venugopal,
2013) In figure 2.7 the framework for the automated ruldased checking model is
represented Although the tool is promising andseful,(Zhang et al., 2015} points out that

more researchsneededto be done towards the use of IFC aradety checking.

< >

Building Schedule Action
Report

Model

r

Apply Rules at Construction Safety Corrective
Work Task Transitions Issues Actions

< >

Construction
; Safe
Best Practices ty

Library
+ OSHA of Safety
Actions

Rules

Figure2.7| Framework rulebased model checker
(Zhang et al., 2015)

2.3.2VR/AR

One of the uprising and more promising technologies which tries to combine BIM with Safety
at the construction site is virtual reality (VR) and augmenteaity (AR). VR and AR are
implemented in different ways all over the construction industry. For example, hazard
identification, safety education and training, safety inspection and instructions, etc. Within
these new possibilities safety education andhining has the most potential. VR/AR
technologies afford new opportunities for effectively training and educating novices or
students with higher level of cognition and fewer hazapdsLi, Yi, Chi, Wang, & Chan, 2018)
Workers can easily recognize potential hazards embedded in such a visual environment, thus
improving the trainingGuo, Yu, & Skitmore, 201R&)isualization technology integrated with
game technology provides an interactive approach to safety training. This allovkers to
improve their safety consciousness by interacting with a virtual construction environment and
checking potential hazards involving unsafe behaviours, lack of necessary safety facilities, etc.
(Guo et al., 2017 Hadikusumo & Rowlinson, 2008yeatal a VRbased desigiior-safety
process tool which helped to identify safety hazards inherited during the building construction
phase that were actually produced during the design phase. The tool creadedigrfor-
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safetyprocess database. It incorporatedtheory of accident causation, which lists common
unsafe acts and conditions, in the investigation of safety had@tusu, Whyte, & Sacks, 2012)

But that 5 not the only tool developed based on VR. Virtual Construction Laboratory is a
knowledgebased VR system, developed to enable the planner to conduct virtual experiments
of innovative construction technologies and proces@g¢sLi, Ma, Shen, & Kong, 2003; Zhou et
al., 2012) And theComputer Image Generation for Job Simula(GiGJssystem supports job
safety analysis by applying VR technologies to generate a virtual human. CIGJ® seeks
provide realistic simulations of actual work situations, contributing to job safety analyses to
improve their effectiveness and usability in routine work situations, including construction
work at an operational level, and to make the use of job sadetglysis possible also at the
design stagéPerrow, 1999; Zhou et al., 2012)Jthough the combination of safety and VR/AR

is promising, and most likely part of the future, tinesearch project will not focus on VR/AR
applications. The reason for this is because a lot of research and development has already
beendone towards this topic and is already implemented by some of the Dutch construction
companies. VR/AR applications ahe system developed in this report can operate side by
side each other. They can even support each other when combined for inspection and
instructions.

2.3.3.Geographic Information Systems

Geographic Information Systems (GIS) provides an approaclnsidering construction
safety from the macro perspective as they contain detailed information regarding the
environment(Zhou et al., 2012)Bansal, 2011applied GIS to safetglanning because of
environmental issues such as conditions, site topography, thermal comfort, access route
planning influence workers safety. Thesevigonmental factors cannot be modelled with BIM

and 4D CAD because they lack geospatial data by using[SISvas also integrated into a
Decision Support System to assist construction engineers in safety monitoring and controlling
excavation condition§Cheng, Ko, & Chang, 2002)

2.3.4.Rulebased checking

The cocept of rulebased checking has been successfully implemented within the AEC sector.

The definition of automatedule-basedOK SO{ Ay 3 F2NJ G KA & NBASI NOK A
does not modify a building design, but rather assesses a dbaggd orthe configuration of

objects, their relations or attributes. Rubmsed systems apply rules, constraints or conditions

G2 | LINRPLR2aSR RSaAdys ¢gAGK NBadzZ 6a adzOK | a a
where the needed data is incomplete or niisg E&3tman, Lee, Jeong, & Lee, 200%e

Y240 6ARSt& dzaSR LI AOFGA2Y Ay O2yaidNHzOGAZ2Y
(Zhang, Lee, Venugopal, Teizer, & Eastman, 2B8YXgsting the BIModel against a set of rules,

errors within the design can be detected. The rules are written in a query langy&géhin

& Eastman, 2015)entioned here are two major parts that a rule checking system must deal

with. The first is the building model, and the second is the rule definitions. Building models

are large datasets, even for mediesoale buildings. There is no rule or class of rules that

applies to the entire set of building model data. Rule sets can be defined by the user itself.

This makes it possible to implement best practices into the model. These rules are usually not
well-defined. Within the Dutch constructiomdustry,the most common sed programs for

rule-based checking are Solibri Model Checker and Navisworks. Here Solibri Model Checker is

- - A

usually preferreddc SOl dzaS bl @A &ag2Nja Oly 2yfteée RSGSOGH
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adopted in the working methods of the Dutch constructionmg@anies and becoming a
standard part of the design. Clash detection has proven to bergect method to prevent
errors and extra costs during the construction phase.

Towards rulebased checking and safety at the construction gibeich research and
develgment hagaken place This combination relies on the fact that there are already safety
rules and regulation. These rules and regulations only need to be translated so tHmsad
checking progransanunderstand the rule set. One of the advantageshef tise of rulebased
checking is that when safety regulation changjee rule set can easily be changed. The
disadvantage of the use of ruleased checking is that the program can only detect errors in
the design. To resolve the errors a BIM altering toeéds to be used which can ligne
consuming.

2.3.5 Prevention through design tool

The Prevention Through Design tool (PTD tool) developd®byssa, Olbina, & Hinze, 2014)

is used tadetect fall hazards in the design phasssing Solibri Model Checker and BIM server

to detect fall hazards in a BIModel. In their article they discus that checking for building code
compliance through ruldased checking is different from applying Prevention Through Design
(PTD) knowledge becs@ the principle of PTD is to protect construction workers during the
process of construction. The method works by defining rules in Solibri Model Checker. To
define the rules the user needs to be able to read Java script and be familiar with the IFC
schena and its hierarchy. In the article a test case is shown were openings in floor slabs are
successfully identified. What makes the difference with this research and development project
is that when the fall hazard has been identified the user needs to niakealterations in
another BIM altering tool. So the PTD tool only identifies the fall hazards.
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3. Methodology

3.1.Introduction

This research focusses on the development of a fall hazard prevention syst€ARousing

BIM. This researclprovidesseveralsteps of the software development process up toward the
step of programming. This research presents a flowchart of how a fall hazard prevention
system should work. Software developmentai€omplicated process. It requires careful
planning and exadion to meet the goalg§Lopez & Xirgo, 2010This chapter describes first
which research approacts used for the development of the syste Next the scope and
limitations of the research argefined,and a comparison is made where this research stands
among other research in the same domain of Health & Safety andBidargest part of this
chapteris dedicated to the actual research descript in the methodology.

3.2.Method

The methodology of this research is based on the Watetélelopmentmodel developed by
Winston W. Royce in 1970The Waterfall development model originates from the
manufacturing and construction industry vere mistakes and design chandeser in the
project caninvolvemore expeses It is also known as the lifecycle development model within
software engineering. The waterfall model is a classic approach to the sydmempment

life cycle. It describes a development model that is linear and sequé¢Rtialse M., n.d.)The
development has a clear direction and goal just like a waterfall, downstream. A task is first
100% done before startg the next task. The advantage of the Waterfall development model
is its simplicity, it allows developers to schedule and set deadlines. Task can be divided in clear
steps. To allow feedback and changes to be made taé&welopment project the steps nee

to have feedback loopsThis creates the modified Waterfall development project. The
Waterfall model is often modified with feedback loops to improve the development process
(Gao & Hembroff, 2012)

The steps for the traditional Waterfall development model are: Requirements; Design;
Implementation; Verification; and Maintenanc@s shown in figure 3.1n the requirement
phase the requirements gathered are analysed. In this phase there is defined what the system
should do.ln the design phase th®pics typicallyare programming language, data layer, etc.
Within this research thedesign phase will focus on how the system should work. In the
implementation phase the usually the actual code is made. For this research in thistiphase
system will be presented which is developed with the design from the previous phase. In the
verificaion phase the developed system is testdeéeedback loops will make sure errors will

be resolved. The last phase is the Maintenance phase. Here the system is deployed to a real
live environment. Maintenance and suppeaute provided to keep all functionspito-date. The
maintenance phase for the system is out of the scope for this research and will not be
discussed.
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Requirements

— Implementation

Verification

Meodified Waterfall Development Model
Fall hazard prevention system

Figure 3.1 | Modified Waterfall Development Model

According to these steps the research is divided in these four steps. In the requirphzes

a data collection will be done. There@he safety ruls and regulationfor the construction
industry are analysedind the best practice of experienced employees from Strukton
Worksphere are combined to define unsafe situatiofisis includes defing rule sets to check

if a situation has a falling hazar@ihe safety rules and regulations The Netherlands are
recorded in the ARBO and the Dutch law. The best practice will be recorded with interviews.
The next step in the requirements phase isiysing the computational environment for solid
modelling.What are the key components in the Building Information M@What is pssible
within the geometric and topological approachnd what is needed in the data
representatior? In the next phasethe design phase, the answer to how the systshould

work is given. How can the requirements from the previous phasenb& How should
building elements be modelled to let the system work as efficient as po8sidled how
should the data represented. Bddition to how it should work in the ideal situation this phase
also describes how the system should work with the current data representafitfiC4In

the implementation phase a flowchart of system is presented. The individual steps in the
flowchart weredeveloped in the previous phase and combined to a working system in the
implementation phaseln this phase there is also discussed what is required during the
modelling process and expa@pecificationso the data representation contains all the needed
information. In the last phase the flowchart is tested against a testcase to prove it works and
find any errors in the flowchart.

3.3. Scope and limitations

In the literature reviews alreadymentionedsome research is done in the domain of Health
& Sdety and BIM.This researclis state of the art edgen this domain. Although VR related

30



technology and research is promising this research will not focus on this angle of the domain.
VR will be part of the future in educating construction workers and si@ttenology is already

in use today. The angle of rdtmsed checking is more in line with this research. Setting up
rules and checking them against a BIModel is the basis of the reseHnth.research
differentiates itself fromrule-basedchecking reseah and PTD methods is thatle-based
checking is a passive method for resolving fall hazakdsadditional BIM altering tools is
needed to put the actual prevention method in to pla&a,it can only detect safety hazards.

The automated fall hazard premtion system of Zhang et al (2015) is an example of a BIM
safety tool that can work as a single system. The system is based on Tekla Structure. This
research begins with the algorithm and framework developetth@ir research as a guideline

for how to deggn a fall hazard prevention system of its own. This research is based on the IFC
data representation to extract building information to analyse. In the time of the research of
Zhang et al. (2015) the IFC had stitl many flaws to create a reliable sayeabol. This research

is one of the steps in creating a fall hazard prevention tool for the sector wide standard data
representation. By using the geometric and topological approach towards BIM analysing tools
This research provides new information abauhat type of data needs to be included in the
data representation. Ténapproach has helped research towards energy perfornfighalili,

Chua, & Asce, 201&hd the exchange between IFC and Gi&me to an understandinghat

needs to be improved faan efficient use. The system focuses on the Dutch safety regulations
to prove it is possible to create a fall hazard prevention system based on IFC.

Being compatible with other research and developments in the-gdetr is ane of the best

ways of creating a change. That is why this reseasghthe Dutch basis IDM. The modelling
and data exchange for this research is limited to only process which use the Dutch basis IDM.
The BIM altering tool used is Revit Autodesk 201é.t€ktcases and the data representation

are exported from Revit Autodesk 20Building elements are modelled by teandard case

entity of the building element. This means that the building elements are constructed of
straight lines witha constant heigh The processes and best practise of the interviewed are
employees of Strukton Worksphere. It is possible that process of decisions based on best
practise may be different by other construction companies. Note that the safety regulations
are derived fromthe Dutch regulations at the time of writing the report. These regulations
may change over time.
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3.4.Data collection and analysis
3.4.1. Setting the constraints

Introduction

In the Dutch constructiosector,the safety rules consist of the Duta@w and the ARBO rules.

The ARBO rules are made by a partnership between UNBTONVKL, VIB, FNV
Bondgenoten, CNV Bedrijvenbond en De Unie. The document is aimed at enabling employers,
work planners, contractors and employees to quickly take aeamikicered decision on what

the best solution is to be able toreate a safe work locationThe compositiorof the
partnershipinvolvesrepresentatives from the trade unions and employers. The aim is that the
document must be applicable in the daily practicdoth small and large companies, in which
legal requirements have been incorporated in such a way that it is also possible from a
business economical point of view to choose a good measure. The Dutch law sees working at
2,50 meter or higher as working atheight (Arbeidsomstandighedenbesluit art 3.16). From

this pointon fall prevention must be taken. But fonostworkers in the construction industry

this means that there are only fall hazards form this point on and up. This theobrrect

way of thinkng. Even working on a height of 0,40 meters from the ground a construction
worker can get injured if the appropriate actias not taken. That is why the fall hazard
prevention system will search for fall hazards on every level of the construction sitey Ma
construction workers work in different situations every day. Although the Dutch law and the
ARBO rules cover a lot of the safety spectrum it is not waterproof. Due to all the different
possible situation that can exist on the construction site it isasgible to cover every
situation. Theefor the ARBO rules states that it is important for everybody who is working on
the construction site to think for themselves if the situation or work might contain risks.

In the next chapter, 4 frequent occurring stdard situations are defined. Ftrese situations

the risks and appropriate hazard preventions are discussed. The appropriate hazard
preventions will be determined by the Dutch law and the ARBO rules. If therinseasion
which is not describetietweenthese twothe best practices of the Quality, Health & Safety
and Environment department of Strukton Worksphere is taken agdtheension From this,

rule setsare defined which will work as the rule set for the fall hazard prevention system. The
rule setscan be answered with yes (True) and no (False). Thestandardsituationsare: (1)

The edge of a floor slab without a wall element on top of it and no connecting floor slab to the
edge; (2) The edge of a floor slab with a wall element on top of inantbnnecting floor slab

to the edge; (3) The edge of an opening in the floor slab with no wall elements on it; (4) The
roof of a building. For the last situation only a flat roof will be discussed. This because the best
practice of the QHSE departmenbisa construction company which mainly focusses on utility
buildings. In most cases these buildings have a flat roof.

Generalule set

The first set ofulesthat will be definedsthe generakule set These are the constraints that
determine which sitation is the case. As said before there are 4 different situations the fall
hazard prevention system will check. Three of theiseationsare related to a floor slab. And
the last situation is related to the roo%o,the first check is if the situatiois related to the
floor slab of to the roof.

0.1 Is there in this situation a floor slab?
0.2 Is there in this situation a roof?
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So,in rule 0.1 the system searches for the floor slabs. WhenrtileA & W¢ NHzSQ G KS ¥
situation are the casef theruleA & WCI f 4SQ U Kle02 FtsulBwWill seakch f 32
for the roof elements. When thislleA & W¢ NHzSQ G KS I & Grule A0 dBICH X A5 ¢
there are no floor slabs or roof elements in the modsb,the system will end. To nka sure

that every fall risk is found related to the floor slab or roof element the system will loop around

these first torulesas long astheuleg A £ t YA S SN WeNHzSQd 2 KSy (KS
breaks and will go on to the next step in the syste

The next check is to see if there are openings in the floor slab. Therefor is gete@aB. This
rule determines if situation 3 is the case.

0.3 Is there an opening in the floor slab?

Whenrulen ®o  yagSNAR W¢ NHzSQ a A { dilgdiok ®itfi thereskadithel KS OF
rules and actions for situation 3. When thelel y 8 6 SNRA WCIF £ 8SQ aAddz GA2
the case. In this case the system will go on with the next step in the flowchart. Just like in the

first two generakulesthis rule will also contain a loop. As longagen ®o ' YA 6 SNAE W¢ N
system will loop over situation 3 till all the openings in the floor slab have come by. When the

ruel yagSNE WCIfasSQ GKS t22L) oNBlF1ao

The next step in determining if the system is deglvith situation 1 or situation 2, is to make
sure the system cheskf there are other floor slaber roof elements connectetb the edge
of the floor slab that is being analysed. Therefauig 0.4.

0.4 Is there another floor slabr roof elementonneced to the edge of the floor slab?

Whenrulen ®n ' yA6SNE 6AGK WENHZSQ GKS SR3IAS 2F (KS
case the system will go on and loop for the other edges of the floor slab. \Whei®.4
FyagSNER WCI f a S Qghtib& dnansafeSsitugtion atl tKisSedlg® of Yhe floor slab.

The system will move to the last of the genandks

The last of the generalle set to determine which of the standard situatiorssthe casegis to
check if there is a wall element on tleelge of the floor slab.

0.5 Isthere a wall element on the edge of the floor element?
When therule Yy 2 4 SNBE &

this indicates that situation 2 is the . .

case. The system will continue wit ’ Simation ¢
the actions and constraints o T F

situation 2. Wherrule 0.5 ansvers N T
A~ , ~ Situation 3
WCIFftasSQ Al AYyRAC( ’ A

the case. The system will continu

with the actions andrule set of { e )
\ /

situation 1. The syem will loop the

— 4
T
edges over rule 0.Gntil it answers . .
WCItasQ® 2KSy || s —
edges are run through situation 1
The system will return toule 0.1.

Qx

Figure 3.2 | Schema general rule set
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In table3.1a summary of theule set igiven. In the last two columns the flow for the different
answers are showrkigure 3.2 gives a schema of the general rule set

Is there in this situation a floor slab? Situation 1, 2 or 3 Situation 4

Is there in this situation a roof? Situation 4 End system

Is there an opening in the floor slab® Situation 3 Situation 1 or 2

Is there another floor slab conoted No unsafe Might be unsafe
to the edge of the floor slab? situation situation

Is there a wall element on the edge Situation 2 Situation 1

the floor element?

Table3.1| General rule set

Situation 1

A === = - -y
\

Figure 3.3 | Situation 1

Situation 1 iglefined by the edge of a floor slab without a wall element on top of it. There are
no other floor slabs connected to the edge of the floor slab. In this situation construction
workers risk the change of falling off teelge of thefloor slab. Constructiomworkers also risk
accidently kicking or dropping items over the edge which might injure colleagues working on
a lower level. Figur8.3gives an indication of the unsafe situation in situation 1.

To prevent this fall hazard some actiamnsistbe taken acording to the ARBO rules. The first
hazard that needs to be taken care of is preventing items to be dropped or kicked over the
edge. This can be done by a baffle kick plate. This obstruction needs a height of minimal 0,15
meter. The length of the obstrucin needs to beover thefull length of the open edge. This
creates the firstule for situation 1:

1.11s there a fixed object over the length of the edge of the floor slab reaching from the top of
the floor slab taa height of minimal 0,15 meter?
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Accordingo the ARBO rules, to prevent a construction worker form falling down a fixed object
needs to be placed at a height of 1,00 meter over the full length of the edge of the floor slab
to prevent workers from falling down. This creates the secatefor situation 1:

1.21s there a fixed object over the length of the edge of the floor slab at a height of 1,00 meter
from the top of the floor slab?

Between the height of 0,15 meter from the top of the floor slab and 1,00 meter of the floor
slab there is still a spacif not filled, where construction workers can fall through. Because of
this an extra obstruction needs to be in placed to prevent construction workers form falling
between the upper and lower obstructiolThe ARBO does not give an exact number.
Accordirg to scaffolding construction manuals like (Holland Solar, 2015. Veilig werken op
daken) his obstruction needs to be at&® meters from the top of the floor slab. This creates
the third rule for situation 1:

1.3Is there a fixed object over the length of #age of the floor slab at a height o062 meter
from the top of the floor slab?

In situation 1 it is not certain that oneule rules-out one or multipleof the other rules This
means that an obstruction at 1.00 meters does not mean there is an atigirubelow. This
results in that all theulesneed to be cheakd to make sure all the risks are taken. This is
especially the case for kicking items over the edge. In tal@éhe rule setof situation lis
summarized. In the last column the referenfme the dimensions in theule set isshown.
Figure 3.4 give a schema of situation 1.

Note that: if the model fails at multipleulesit

does not mean a separate prevention neet | )

to be made for everyrule. There are fall 0 = o
preventions in existence which mse

multiple fall hazards.

Figure 3.4 | Schemsituation 1

Is there a fixed object over the length of the ed W! w. h Q
of the floor slab reaching from the top of the flo
slab toa height of minimal 0,15 meter?

Is there a fixed object over therngth of the edge W! w. h Q
of the floor slab at a height of 1,00 meter from tl
top of the floor slab?

Is there a fixed object over the length of the ed (Holland Solar, 2®. Veilig
of the floor slab at a height of & meter from the werken op daken)
top of the floor slab?

Table3.2| Rule set situation 1
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Situation 2

Figure 3.5 | Situation 2

Situation 2 is defined by the edge of the floor slab with a wall element on top of it. The wall
elementcan haveone or multiple openings or the wall elent might be too low.There are

no other floor slabs connected to the edge of the floor slab. In this situation construction
workers risk the change of falling through an opening in the wall element or falling over the
edge of the wall elemenfFigure3.5gives an indication a possible unsafe situation that can
occur within situation 2.

In this situation the first thing that needs to be checked is if the wall element is high enough
to prevent falling over the edge of the wall element. And what type refvpntion method
needs to be in place if the wall element in not high enough. For this check the same heights
are checked for the same reasoas for situation IThe obstruction in this situation will not

be an object but a wall elemenThe obstruction eeds to span over the entire length of the
wall element. This creates the followinglesfor situation 2:

2.1 Has the wall element, over the full length of the element, a height of 1.00 meters from the
top of the floor slab?

2.2 Has the wall element, ovthe full length of the element, a height of 0.62 meters from the
top of the floor slab?

2.3 Has the wall element, over the full length of the element, a height of 0.15 meters from the

top of the floor slab?

When the first of therulesA & | Yy &4 6 SINBRI WCSHfyaaS G KSNBE Aa | FIf
with rule 2.2 and 2.3 there is determined which fall prevention is needed.

The next thing that needs to be checked is if there is an opening in the wall element. And if

this opening is filled. If the omeng is filled with for example a window the system will define

this as a safe situation. The system assumes that workers cannot fall through a filled opening.
This sets th@exttwo rulesfor situation 2:

24 Is there an opening in the wall element?

2.51s the opening in the wall element filled?
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Ifruen ®n A da | YyA66SNBEBR W¢ NU2sI©2.501Kuk 2.5
FyagSNBE WENHzZSQ GKS aeaidasSy | aad
openingp LF Hdn | Yy & goStiNde with Pibcéssirt Sheulel
sets Whenrulen ®p Aa FyagSNBR WCIfasQ
an unsafe situation where workers can fall.

fruen®p A& FYa6SNBR WCIfaSQ GKS
checked. If the opening in the wall element isdg¢han 0,3 meter theres
no falling hazard because a construction worker cannot accidently
through such an openinghis sets the thirdule for situation 2:

2.6 Has the opening in the wall element a width of less than 0,3 mete

If the width of he opening in the wall element is more than 0,3 mete!
ruen ®c A& yasgSNBR WCIfasSQs GKAaA
like in the first situation, an obstruction needs to be placed at seve
height to secure that no construction workeyan accidentally fall through
the opening in the wall element. The heights of thdes for the
obstruction in situation 1 are the same as for the obstruction in situat
2. This leads to thiollowing set ofrules

2.7 Is there a wall element over tHength of the opening at a height o
0.15 meter from the top of the floor slab?

2.8 Is there a wall element over the length of the opening at a heigh
0.62 meter from the top of the floor slab?

29 Is there a wall element over the length of the opera@ height of
1.00 meter from the top of the floor slab?

In table3.3 the rule setof situation 2is summarized. In the last columr
the reference for the dimensions in threlesare shown Figure 3.6 gives
a schema of situation 2.

Note that: if the modéfails at multiplerulesit does not mean a separate

ax

[ o]

L

prevention needs to be made for every constrain. There are Figure 3.6 | Schema

preventions in existence which resolve multiple fall hazards.

Has the wall element, over the full Igth of the W! w. h Q

element, a height of 1.00 meters from the top of tl
floor slab?

Has the wall element, over the full length of tl (Holland Solar, 2015. Veil
element, a height of 0.62 meters from the top of t| werken op daken)

floor slab?

Has the wall element, over the full length of tt W! w. h Q

element, a height of 0.15 meters from the top of tl
floor slab?

Is there an opening in the wall element?

Is the opening in the wall element filled?




Has the opening in the wall elemeatwidth of less Wv { | 9 Q

than 0,3 meters?

Is there a wall element over the length of tt W! w. h Q

opening at a height of 0.15 meter from the top

the floor slab?

Is there a wall element over the length of tt (Holland Solar, 2015. Vell
opening at a height of 0.62 meter frothe top of werken op daken)

the floor slab?

Is there a wall element over the length of tt W! w. h Q
opening at a height of 1.00 meter from the top

the floor slab?
Table3.3| Rule set situation 2

/

h/
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Situation 3

Figure 37 | Situation 3

Situation 3 is defined by the edge of an opening in the floor slab. Om#de edge®f the

floor slab there are no wall elements. If this is the case, the system will flow through to
situation 2. It is not possible to have a connectflfapr slab to the edge. In this situation
construction workers risk falling through the opening in the floor slab and fall several meters
down.Figure 3.7 gives a visual example of the situattoemaller opening, for a duct, will not
lead to a construaebn worker to fall down the opening but may lead the construction worker
to trip and injure itselfA bigger opening, for a staircase, can lead to a construction worker to
fall down the opening and land several meters below.

Situation 3 begins whemlleO®o A & | Y a ¢ $uNB Rp WA BHZASNapBERER WCI f
there is an opening in the floor slab and no wall around. The first thing that needs to be
checked within this situation is if the opening is filled. This could be a duct or any other
element in the model. If the opening is filled the system will see the situation as save and will
continue the with checking for other unsafe situations. This leads to the followleg

3.1 Is the opening in the floor slab filled?
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Whenruleo ®m A & € lyfa®d SOBRK Sonta éhéck tBedim@nsiégngof the opening.

As said earlier, situation 3 can be split up in a large opening and a small opening. The fall
prevention for both those situations is different. The larger opening will be resolved by safet
railings and the smaller opening will be covered by plywood. The maximum span of the
plywood is leading in the decision between safety railings or plywood. Therefor the maximum
length of the smaller opening is set at 1,00 meters. This leads to the fojas@nstraints:

3.2 Is the length of the edge of the opening in the floor slab more than 1,00 meter?
3.3 Is the width of the edge of the opening in the floor slab more than 1,00 meter?

The length is defined as the longest edge. The width is defisetieashortest edge. When

they have de sameimensionsthe length is defined as the first edge calculatééhenrule

odH 2NJ odo A& I Vag 3eeb Harde foNtbeSsysteni FoiS meand3hg A y 3 A
opening needs to be secured with safety railinggenrule 3.2 or 33isanswered? C| £ 8 SQ A |
means the opening seen asmallfor the system The small

opening is only a fall hazard if a construction worker can

its foot through the opening. The shortest length of the fo

is around the 0,10 meter Thisetsthe nextrules

3.1
3.4 Is the length of the edge of the opening in the floor s

more than 0,10 meter? [ |
i3

3.5 Is the width of the edge of the opening in the floor s
more than 0,10 meter?

In table 3.4 the rule set of situation 3 isummarized In the o -

last column the reference for the dimensions in thudesare
shown.Figure 3.8 gives a schema of the situation. Figure 3.8 | Schema situation 3

Is the opening in the floor slab filled?

Is the length of the edge of the opening inthe fic Yv { | 9 Q
slab more than 1,00 meter?

Is the width of the edge of the opening inthe flo Wv { | 9 Q
slab more than 1,00 meter?

Is the length of the edge of the opening inthe flc Wv { | 9 Q
slab more than 0,10 meter?

Is the width of the edge dhe opening in the floor Wv { | 9 Q

slab more than 0,10 meter?
Table 3.4 | Rule set situation 3
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Situation 4

Figure 3.9 | Situation 4

This situation is defined by the roof of the buildidgflat roof is defined agpartition structure

at the top ofa building, between the interior of a building and the surrounding outdoor space,
at an angle of at most 15 degrees to the horizontal pldfigure 3.9 gives a visual example of
the situation. According to the ARBO rules working on the roof of a buildng special
situation with a different set of rules. The work on the roof can be placing installations, solar
panels, etcWorking on the roof means in most cases that there is no protection against the
elements of nature. Hard windsontribute an extra rsk. That is why working on the roof is
always seen as a special situation.

Although the roof is a special situation thele setsin the first 3 situations also need to be
checked to see if there are walls with or without openings and to check if there@nings
in the roof for skylights or vent&lthough the chance and theumberof openings and walls
will be in most cases less then by a floor slab, the checks still need to be Taesason
these are separataulesis because they lead to a differefall prevention when work is done
at the roof.

The first3 rule sets (situation 1, 2 and iB)situation 4 need to be checked to make sure all the
unsafe situations are resolved. Butrgality, when working on the roof there are usually no
permanent dstructions which can prevent fall hazar@®o,construction workers risk falling
accidently from the edge of the roof when working near the edge. That is why in the area of
2.00 metersparallelto the roof, only the necessary work can be done if thermiglternative.

2.00 meters parallel to the edge of the roof a physical obstruction needs to be placed to
indicate the area where construction workers camd cannotdo their work.This obstruction
needs to be 1.00 meters high.it is necessary to workithin the 200 meter area, extra fall
prevention needs to bat place(SBD, 2014An area of 4.00 mets also needs to be marked
with a visible obstructionwithin the 4.00 meter area normal construction work can be done.
This leads to the followingiles

4.11s thae parallel to the edge of theoof aphysical obstruction at a distance of 2.00 meters?

4.21s there parallel to the edge of the roof a visible obstruction at a distance of 4.00 meter?
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to be place around the 2.00 meter are®hen rule 4.2 is

yasgSNBR WCI f a Sion needs do e Aptades
around the 4.00 meter arealhis could be done by a set ¢ I 1
poles and chain tendicatethe area.

Whenrule 4.1 isanswered¥ C | 4 paySi€al obstruction needs a

In table3.5the rule set of situation 3 is summarized. In the l¢
column the reference for the dimensions in the rules a;ipure 3.10 | Schema situation 4
shown.Figure 3.10 gives a schema of the situation. gure =

Is there parallel to the edge of theof aphysical W{ . 5 Q
obstruction at a distance of 2.00 meters?
Is there parallel to the edge of the roof a visit W{ . 5 Q

obstruction at a éstance of 4.00 meter?
Table 3.5 | Rule set situation 4
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3.4.2.Requirements to the data representation

In the previous chapter the safety rules and best practice of the QHSE department were
translated intorule setswhich can be used by thiall hazard prevention system. Before a
computer program can read thesenstraintsjt is needed to see what type of data is needed
to recognize the different building elements and the relationship between the different
building elements. This chapter fogses on the question: What kind of data is needed to
recognize the building elements and their relationship towards other building elements.
Before analysing the data file itself and determining how building elements are modelled
within the data file there is analysed what the ideal method is to structure the data and
determining whatis required in the data to let the fall hazard prevention system work
properly. In the nexparagraphthere is looked at a data type, developed by BuildingSmart as
the new ndustry standard the Industry Foundation Classes, to see which of these
requirements are already therd@his data type is the ISO which is used for representing solid
elements in CAD tools. First a short introduction of the ISO is given.

The InternationalOrganization for Standardization (ISO) has developed conceptual sshema
for describing and manipulating the spatial characteristics of geographic features. These
standardizations are the cornerstone for other geographic information standards. 1SO is a
worldwide federation of national standards bodies. A feature is an abstraction of a real world
phenomenon, it is a geographic feature if it is associated with a location relative to the Earth.
Vector data consists of geometric and topological primitives ussgharately or in
combination, to construct objects that express the spatial characteristics of geographic
features. Rastedata is based on the division of the extent covered into small units according
to a tessellation of the space and the assignmerdgdoh unit of an attribute valugSO, 2009)

Within the digital environment of the AEC sector spatial characteristics are described by one
or more spatial attributes whose value is given by a geometric object or a topological object.
Geomaery provides the means for the quantitative description,gansof coordinates and
mathematical functions, of the spatial characteristics of features, including dimension,
position, size shape and orientation. The mathematical functions used for desctibe
geometry of an object depend on the type of coordinate reference system used to define the
spatial position. Geometry is the only aspect of geographic information that changes when
the information is transformed from ongeodeticreference system ofoordinate system to
another (1ISO, 2009)Topology deal with the characteristics of geometric figures that remain
invariant if the space is deformed elastically and continuously. Within the context of
geographic information, topology iommonly used to describe the connectivity of an n
dimensional graph, a property that is invariant under continuous transformation of the graph.
Computational topology provides information about the connectivity of geometric primitives
that can be derivedrom the underlying geometrfdSO, 2009)Geometric primitives are nen
decomposed objects that present information about geometric configuration. They include
points, curvessurfaces, and solid3opological primitives include vertexesjges, facesOr
easier said: Geometric data represents the individual properties (e.g., location and dimension)
of building elements; however, topological data denotes spatial relationships among the
building elements comprising connection, adjacency, awmmhent, separation, and
intersection(Nguyen, Oloufa, & Nassar, 2005)

Within the domain of gemetric, topological or a combination of the tywn solid modelling
and computer aided desigthere are several ways to model building elements. The most used
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are Boundary Representation-f@p), Compound Solid Geometry (CSG) and swept geometry
(sweeping volume) 6 ¢ 2 6 A O BReps rane pconstructed with the main topological
primitives. In CSG, simple primitives are combined by means of regularized Boolean set
operators that are included directly in the represation (Foley, van Dam, Feiner, & Hughes,
1996) The sweep volume is a solid modelling technique which extrudes a predefined profile
of face along a predefined path. In figuellthe BRep,CSG and the sweep volunaee
shown visually.

Boundary Representation Sweep Volume

Aggregation of boundary - 3D primitives Extrusion of a face along a
surfaces, which enclose the - Combined by boolean defined path
body completely operations

@ av iy

Figure 3.11 | visual representation off&p, CSG and Sweep volume
6¢20At OX HAMPO

Before deciding how the building elementeed to be modelled within the computational
environment, there needs tbe determined which building elemestare important for the
fall hazard prevention system and needed to be recogniaede datarepresentation When
looked at therule sets fromthe previous chapter. Aie generalrule set(0.1, 0.20.3and 0.5
immediately givethe firstfour elements that need to be recognized. A fietab (0.1), a roof
element (02), an opening0.3) and a wall element (0.8)ithin thefirst situation itbecomes
a little more abstract. For theulesin the first situation an object needs tee recognized (1.1,
1.2, 1.3).

[ SGQa adl NI ¢AGK dirnbtheTganiidirile sétdag flo& slghIne ®6f S Y Sy (i
element and the wall elemenwWhen looked at the simplified geometry of a floor stald a

roof elementit is nothing more tha a flattered cube. Thecube has six faces, eight corners
and twelve edges. The length and the width are roughly said around the 3 to 20 meters and
the thickness is around the 0,30 and 0,50 meters. This definition of a flooastha roof
elementis a litle bit too simplsticbecause the profile of the floor sland the roof element

is in most cases not just a squasa,a better definition would be @-dimensionaprofile with

a thicknessThissuggesthe sweeping volume method the best choice famodelling a floor
slab.Although the Brep method can give the same visual res@. for the CSG, floor skb

and roof elementsare not combined by different object#s for the wall element the same
simplification can be made. In this cabke height ard the length are the longestimensions
Although these are the longesgimensionit is not the most influentiatimension The path

the wall element takes is defined in the horizontal plane. So just like with the floor slab and
the roof element a profiles defined and then given a heigfthe choice between hothese
building elements are needdd be modelled dependsn howthe relationship between other
building elements is made and the way theilding elementsan be found in the Euclidean
space.TheB-rep is constructed of the topological primitives. Vertexelate toa coordinate.
Anedge is made by de distance between two vertexes. And a face is made by the connection
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of several edgesso,every corner of a solid made by ad&p has a vertex so execorner has

a coordinate. Thisontrasts withthe Sweeping volume which has only one coordinate. The
sweeping volume is made by setting one point in the Euclidean space with a coordinate. From
this point a profile is drawn with directionto create a stface.This surface is extruded along

a predefined profile to create 8-dimensionalgeometry. For a sweeping volume only one
coordinate is given in the datapresentation To get the remaining coordinates just a simple
algorithm is needed to calculate ¢hcoordinates from the profile definitionSo farfor
recognizing these building elements based on coordinate placemdmnth will not make a
difference

Maybe the relationship between the topological and geometrical primitives can suffice in a
method to recognize the different building elements. When looked at theefg a building
element can be modelled aswvireframe with vertexes and edges. The length of the edges can
define the difference between the wall element and the floor slab and roof elem#&hien

the edges in the z direction are longer then the edges in the x or y direction this suggests the
element is a wall element and vice versa if the edges in the x or y direction are longer than the
z direction it suggest there is foor slab of roof edment. This still leaves the difference
between a floor slab and a roof element unresolved. Looking at the third primikiegaces,

the same conclusion can be made when analysing the relationship between the sizes of the
faces. An alternative view at érelationship between these primitives is analysing the angle
between them in the building elemat. But the statement that it ione of the building
elemens when they make an angle of 90 degrees will not resolve the question iwhvdi

these building edments.Overall there can be concludetat the geometrical relationship
between the primitives will not indicated which building element it is. The topological
relationship will also not indicate the difference between the building elements because
topology deal with the characteristics of geometric figures that remain invariant if the space
is deformed elastically and continuously.

The situation geteven worse when thguestion for how to recognize an opening comes to
the table. When an opening is sinfidd like the other building elements, it only adds more
topological and geometrical primitives to the model. In theep this only gives more
vertexes, edges and faces. The sweeping volume method can suffice in making an opening in
floor slabs and rooélements by setting the profile of the opening in the profiethe floor

slab or roof element and not extruding the opening profile with the rest.tBistmethodwill

not suffice in the wall element because the opening is in a different direction asvéiie
element is extruded. When looked at the method of CSG and the opahieig could be a
solution. If an opening is modelled as an element on its own the opening could be subtracted
from the other building elementsSo,the first requirement is to moel an opening as an
element on its own.

Req. 1. An openingithin a building elemeneeds to be modelled @sseparate element

This still not answers the question about how to recognize the building elements. The only
way these building elementcan berecognized as the right building element is to label or
somehow define the geometry as the building element. This makes the second requirement
to the data model:

Reg. 2. All geometry which refers toelement should be definexks suchn the data model.
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Now there is a way to recognize the building elements and an opening within the building
elements thedimensionsof these elements need to able tze retrieved Most of therule sets
depend on thedimensionsof the building elements.As said earlier fothe Brep and the
Extruded Volume, thelimensioncan be calculated with an simple algorith(halili et al.,
2015) In the case of a few elements this would not be a problemwithin a building model

there could be hundreds or even thousin of different elements with a geometric
representation. Although it is a simple algorithm, preforming it on all the building elements in
the model would make the system slower. It also creates the chance of making a mistake in
calculating thedimensions It would be more efficient to have a list of the coordinatesthe
building elements in the dateepresentation

Req. 3. The representation of a building element within the data needs to include a list of the
coordinates.

One of the most important fimrmation the system needs is to recognize the relationship
between the different building elements. The system needs to be able to recognize if wall
elements, floor slabs and roof elements are connected or not. And if an opening element is
within anotherbuilding element. In othewords,the system needs to be able to recognize the
different topological relationship between the elements the beginning of the chapter
different topological relationships were defined as: connection, adjacency, containment,
separation, and intersectiorA connection is when a topological primitive is shared by more
than one building element. A containment can be split into two types: partially touched and
fully contained. Fully contained is when thimsed shelbf two objeds is the same. Partially
touched is when some, at least one, of the topological primitives are the same. Separation is
when none of the topological primitives are the sarie intersection relationship identifies

if two different spaces intersect one ather by means of their faces or edg@shalili et al.,
2015) Adjacency is a too vague concept to msthin the fall hazard preventiosystemand

will not be further explained.

With these relationships between building elements, there cardeined if wall elements,
floor slabs or roof elements are connectéd/hen building elements share a face, edge of
vertex there is connectivity between the building elemenfghen there are one or more
shared topological primitives of the building elemsrthen there is talk of partially touched.
When there is separation between the building elements there is no useful relationship for
the system. The intersection relationshaplows the system to check if elements clash.

The relationship between an opearg element and another building element is a containment.
The opening element is inside the wall element, floor slab or roof element. To define if a floor
slab or a roof elemenis connectedto another floor slab or roof elemerdn edge or a face
needs tobe shared. To see & wall element has a relationship with floor slab ora roof
element, an edge or a face needs to be shared. It could also be that the face or edge from the
floor slab or roof element is partially touched by the wall element. FgBurE2, 3.13 and 3.14
givesavisual representation of the topological relationships and how they define the different
relationships between the different building elements.

When a building element has one or more of these topological relationships witth@no
building element the building element should be analysed to see iiffliitencesthe fall
prevention. This reduces the amount of building elements that need to be analysed so the
system can operate faster, instead of analysing all the building elenweitit each other. This
sets the next requirement:

45



Req. 4. In the data file theopological relationship between building elements should be

defined.

Partially shared face
N
\___

.\.__ Face of floorslab

Partially shared edge/

Figure 3.12 | Visual representation of partially shared edge

Shared face
hared Tace

Shared edge

Figure 3.13 Visual representationfehared edge

Floor slab

Figure 3.14 | Visual representation of containment
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The method of analysing the topological relationships between building elements gives a way
to determine if wak are on floor slabor roof elemensand if there are connected floor §la

or roof elements. It also allows a way to determine if an opening element is in another building

element. The topological relationships are based on the topological primitives. This means
that building elements need to be modelled as-eeB of the soll model.There are algorithms

that transform the Swept volume to a8p (Khalili et al., 2015; Wu & Hsieh, 20@8)in figure

3.15

Mod>
Transf7

(b) Boundary Representation

o

Figure 3.15 | Visual representation of algorithm swept solid-te(B
(Wu & Hsieh, 2007)

Req. 5. The building elements need to be modelledrapsBin the data file.

Maybe one of the mosibstractrulesarein situation 1yule1.1, 1.2 and 1.3. Theselescheck

for a fixed object at a certain height. The definition of a fixed object is ratter vagueruldis

is set up in the situation where there are no wa$a,a fixed object can be almost anything
except for a wall. During the design phase there are a selective amount of object that can be
defined in the BIModelSo,the system can only look for these objectsr example: railing,
ducts, HVAC equipmerBut to ®arch for all the available types of object will make the system
slow and inefficient. Therefor the previous requirements of the dagpresentationare
needed. If an object has a relationship with the floor slab or the roof element the specific
object canbe checked. To search for the specific object the object should be defined as the
right object.

In situation 2 and 3 there is a constraint that checks if an opening is filled (constraint 2.5 and
3.1). The first requirement states that an opening musiniedelled as a separate element

on its own. This allows, with the help of requirement 4, to check if the opening is filled. If a
duct runs through the openinthere is an intersection relationship. Or if a window is in an
opening in the wall there isa comectivity relationship.Table 3.6 gives dist of the
requirements.

An opening within a building element needs to be modelledaaseparate
element.

All geometry which refers to an element should be defined as sucheiata
model.
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The representation of a building element within the data needs to include :
of the coordinates.

In the data file the topological relationship between building elements shoul
defined.

The building elementseed to be modelled as-&ps in the data file.
Table 36 | Requirements to the data representation

3.4.3. Comparing the requirements

In the first part of this chapter theuleswere analysed to set up requirement for the data.file
Theserulesare summaized in table XIin the next part the requirements are compared to the

IFC 4 data type. The IFC 4 is the latest version of the open standard developed by
BuildingSmart. There is looked if the IFC 4 satisfiesatpg@irement,so the fall hazard system
canwork as efficient as possible. If a requirement is satisfied by the IFC 4 there will be
explained how. If a requirement is not satisfied by the IFC 4 there will be advisatbpd

these changes in upcoming versions of the open standaéhg IFC 4 has twhlVDs, the
Reference View and the Design Transfer View. After all requirements are evaluated the MVD
with the best fit will be chosen. A quick overview of the MVDs is given in fgjieThese
requirements are not only helpful for the fall hazard systesmeloped in this report. In many
others analysing tools developed for the AEC sector, these requirements help the
development and workflow of these tools. For example Energy performs tools, Mold
optimization tools and Emergency response td#élkalili et al., 2015; Lee et al., 2014)

comparison of the objectives and target work flows

IFC4 Reference View IFC4 Design Transfer View

goals

= satisfy the referencing work flow, i.e. the result of = satisfy the handowver work flow, i.e. import for
the import is a "read-only” (not modifiable) further editing (import into native elements)

scenario includes

= background reference = takeowver architecture in structural
® clash detection = import spaces into MEP
= any viewer based work flow = takeowver a previous design

expected user experience

= ogwnership remains with the sender = ownership handed over to receiver

= frequent updates = low frequency, sometimes "one of”

= fast export / import times = longer export / import time tolerable

= 100% wvalidity, no rework expected = some rework accepted, if limitations well known

Figure 3.16 | Short overview of the difference between reference view and design transfer view
(http:/www.buildingsmarttech.org/specifications/ifesiew-definition/ifc4-referenceview/comparisorrv-dtv)

Req. 1.

The opening element stands for opening, recess or chase, all reflecting voids. It represents a
void within any element that has physical manifestation. Openings can be inserted into walls,
slabs, beams, columns, or other elements. The IFC specificatiordgsotwo entities for
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opening elementsifcOpeningStandardCase used for all openings that have a constant
profile along alinear extrusion. They are placed relative to the voided elements and the
extrusion direction is perpendicular to the plane of the element (horizontally for walls,
vertically for slabs). Only a single extrusion body is allowed. It cuts through the \foidedss

of the voided element, i.e. it reflects a true opening. IfcOpeningElensemsed for all other
occurrences of openingsand for niches or recesses. The 'Body' representation
of IfcOpeningElementan be represented using the representation typeséptSolid’, and
‘Brep' In figure3.17 a visual representation of how an opening in a wall is modelled. The
description above mentions that an opening is modelled as a separate element on its own.
Requirement 1 is satisfied by the IFC 4.

LocalFlacement of LocalFlacement of
IfcWall lfeCGpening Element
- 1

il

-

}<
-

; >/—IfcRectangIeFr0ﬁIeDef

with 20 placement

Pt

Figure 3.17 | \6ual representation of opening in wall element
(http://www.buildingsmarttech.org/ifc/IFC4/final/html/schemal/ifcproductextension/lexical/ifcopeningelement.htm)

Req. 2.
In the literature review there is mentioned the use of the Basic Dutch IDM (Nedisgsbasis
ILS. According to this IDMbuilding elements need to be modelled as tberrect building

Figure 3.18 | Possible IfcBuildingElement entities
(http://www.buildingsmarttech.org/ifc/IFC4/Add2/html/schema/ifcproductextension/lexictdlivildingelement.htm)

lficRoot

IfeObiectDefinition

lfcObiect

[fcProduct

lfizElement

Ific|

BuildingElement

licShadinaDevice
IfcBuildingElementProxy
IfcChimney
lfcCovering

lic\indow

IfcRoof

IficFooting
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http://www.buildingsmart-tech.org/ifc/IFC4/final/html/schema/ifcproductextension/lexical/ifcopeningstandardcase.htm

element. When this is doneorrectin the BIM altering tool the IFC 4 data file will refer to these
building elements as an IFCBuildingElement. The hgilelement comprises all elements that
are primarily part of the construction of a building, i.e., its structural and space separating
system. Building elements are all physically existent and tangible tHmdgure 3.18 the
entity inheritance is shownlt showsall the subtypes of the IfcBuildingElemeWhen a floor

slab is modelled in a BIM altering tool, the IFC 4 will refer to the floor slaieSiald witha
specific ID. As so for all the other building elements shown in figli& When the mod#er
sticks to the Basic Dutch IDM the second requirement is satisfied.

In the first situation the fall hazard prevention system searches for an object. As said earlier
this can be a railing or a duct. In figuBeL8it shows the possible object that theystem can
check for. Building elements that are not defined as an IFC building element are subtypes of
IfcBuildingElementProxy.

Req. 3.

The IFC 4 works with the righthanded cartesitaordinated systemEach cartesian point is
provided asathree-dimensionalpoint by a fixed list of three coordinates the IFC4 data file
there is an extra method for representing a geometry beside the@® CSG and Sweeping
Volume. This is the Tessellated geometry saifacesare divided in a triangulated face set,
which means that between the vertexes triangles are mawdigure3.19avisual example of

a Tessellated geometry is giveA list of all the triangles are represented in the
IFCTRIANGULATEDFACESBEE .coordinates of these triangles, the coordinates tioé
vertexes, are listed in the IFCCARTESIANPOINTLIST3D. The IFCCARTESIANPOINTLIST3D is al
used to list the points in a point cloudror the geometric representation of solwlodels,the
IFCCARTESIANPOINTLIST3D is only used by the Tessellated deophetgbility to create

a list of all the coordinates is possible but is not supported in all the solid models. This means
that requirement 3 is partially met.
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Index([8) Index([7])

-500.,500.,2000, 500, ,500.,2000
Index[5] Index (6]

-500.,-500.,2000. 500, ,-500/,2p00,

Index[3]
$00,,500.,0

Index[1) Index[2)
~500.,+500,,0. $00,,-500,,0.

Figure 3.19 | Example of tesselated cube
(http://www.buildingsmarttech.org/ifc/IFC4/findhtml/annex/annexe/tessellation.htm)

Req. 4.

Besides the topological/geometric representation of 3D objects, the IFC model contains
predefined relationships between objects. Two topological relationships, Connectivity and
Assignment, have been used teduce the pairwise comparison of 3D objects, to reduce
computation time. These are defined in the IfcRelation entity within IfcProgiaalili et al.,
2015) An IfcRelConnectsElements provides a-tmene connectivity relationship between
physical and virtual connected element. IfcRelConnetsPathElement provides-@-one
connectivity relationship between two elements, which have path informagomalili et al.,
2015) With these two relationships a connectivity between ding elements can be
described.Within the attributes the two IfcElements are connected. Within the IFC4 MVDs
the IfcRelation entity is not supported by the Reference View. Within in the Design Transfer
View this relationship is not always given. In orttetet the fall hazard system wosficient

this relationship must be given to every IfcElement.

Another set of sulentities of IfcRelation are the IfcRelVoidElement and the IfcRelFillsElement.
IfcRelVoidsElement specifies the etmeone relationship beteen an element and one
opening element that creates a void in the element. IfcRelFillsElement providesta-one
relationship between an opening element and a building element that fills (or partially fills)
the opening elemen{Khalili etal., 2015) With these relationships there can be checked if
building elements have a relationship with an opening, and if the opening is filled. When an
opening is put in a data file these relationships are automatically made. An opening element
alwayshas a relationship witla building element. If the opening is filled the building element

in the opening always haa relationship with the opening. As for requirement 4, the
connectivity relationship part is possible but not automatically put in the flltaThe opening

part of the requirement is met. Requirement 4 is partially met.
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Req. 5.

Within the IFC4 MVDs the-Bp is only supported in the Design Transfer Vigvithin this
MVD the entity for the Bep is the IfcManifoldSolidBrep. The IfcManifd@idBrep has two
subtypes: the IfcAdvancedBrep (figuB21) and the IfcFacetedBrep (figude20).
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Figure 3.20 | Schema of IfcFacetedBrep
(http://www.buildingsmarttech.org/ifc/IFC2x4/rc2/html/schemal/ifcgeometricmodelresource/lexical/ifcfacetedbrep.htm

Figure 3.21 | Schema of IfcAdvancedBrep
(http:/lwww.buildingsmarttech.org/ifc/IFC4/final/html/schema/ifcgeometricmodelresource/lexical/ifcadvancedbrep.htm)

Although it is possible to represent a solid model d&rap in the data file, a standarchse
wall, flat roof or floor slab is modelled as a sweeping sdla@meet requirement 5 a standard
case building element needs to be modelledadsreps instead of Sweeping Volume.














































































































































































































































































































































































































































