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Summary

It can be anticipated thate adoption of digital construction/BIM processes on projects

will enhance the efficiency dhe management of an asset over its lifecycle. Several
initiatives have been taken to foster the implementation of Standard Methods and

t NEOSRdzZNBa o{atuv NBfIFITGSR (G2 .Lazx &adzOK I a
adopted on all centrally procureduplic sector projects. However, this research

identifies that there are still many barriers hindering the adoption of BIM.

To help break down these barriers the initial stage of this research involved the
implementation and analysis of BIM SMP dmighway infrastructure project in the UK.
This entailed adopting the relevant procedures during construction of the project in
order to better understand the challenges faced when adopting BIM, barriers to
adoption and the type of information generated overetltourse of an infrastructure
project. The analysis highlighted that thenas stilla need to align SMP with existing
construction processes as this was considered to be one of the greatest barriers to
adoption. Further, it was observed that over 90% loé¢ information handed oveon
completionwas in flat file formatstherefore losing the benefits of data that can be
readily queried and updated.

Based on the findings of the initial stage, the research explores the process and digital
construction domais in order to analyse how project specific requirements can be
identified. The researclhen explores whichof theseprocesses can be automated in
order to enhance the reliability of the information that is collected

The thesis finally presents a framekahat has been developed to help engineers
identify the project specific information requirements and processes that are required
to assure the successful implementation of a digital constructmproach. The
framework that was developed wasentrialled on an airport infrastructure project and
identified processes that would have enhanced the implementation and delivery of the

digital construction model.
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Chapter 1 Introduction

The construction industry is making a shift towards the digitization of data produced by
Al AY 2NRSNJ G2 o6SGGSNI YFylF3aS YR Fylteas
transformation, Building Information Management (BIM) or Virtual Design and
Congruction (VDC) processes are used. This chapter will outline the core challenges that
are faced during the adoption of VDC on projects. It will then define the research
hypothesis, the relevant research questions that were asked as a result of this

hypothesis, and the main contributions resulting from this research.
1.1 Problem statement

The digital construction domain has developed significantly over the last few decades
and has evolved into various sdlomains varying from the structuring and
standardisingof digital construction information, the manipulation of such structured
information for energy analysis, design decisions, and the visualisation of assets using

technologies such as virtual reality and augmented reality.

While significant steps have bedaken in order to adopt this new technology,
industry surveys such as those carried out by the National Building Specification (NBS)
have shown that there are a number of challenges that are faced that hinder adoption
and/or can lead to negative outcomes a project. A significant level of research has
been carried out in applying VDC to energy modelling and cost domains. Further, a large
volume of research has been carried out on projects which have a finite footprint such
as with buildings. In order tencourage adoption of VDC on projects, mandates such as
those set by the UK governmefiiM Government, 2012)ave been placed.

Following the UK mandate on adopting VDC on centrally procured construction
projects, there has been an increase in adoption and awareness within organisations.
However, an observation was made that many organisations are not seeing the full

benefits of makingtiis digital transformation. Many practitioners have observed that



the manner in which the standards are interpreted, dhdtoolsthat are used can vary

between organisations which can be problematic when attempting to collaborate.
1.2 Research stages and tivation

This section will outline the main motivation for this thesis and the work carried out in
order to address the challenges defined in the problem statement. The research was

broken down into three main phases as showirigurel-1.

‘ Eastern Bay Link }—)| Workshop series }—)‘ Validation project |

l Standards Methods and Procedures

General implementation Information and System Requirements

Highways General infrastructure [ Airports ]

Lessons leamed and SMP
analysis

Processes and System design

Framework creation and
Validation

Figurel-1 Projects and sources of data and validation

1.2.1 Construction and handover

Implementing VDC on projects can lead to the production large volumes of construction
information which will then be used to manage the asset. As was highlighted in the
problem statement, there are several challenges that are faced when implementing VDC
on construction projects. As a result, the first stage involved implementing VDC on
projects and attempting to understand the challenges that are currently faced during

implementation.

| o = !




This first stage therefore involved the implementation of VDC on the Eastern Bay Link
(EBL) project whicts a 1.2 km long dual carriageway consisting of a 700m long viaduct
which comprised both steel anhconcrete structuresn Cardiff, UKThe processes were
implemented in accordance to the industry Standard Methods Rratedure(SMP) in
order to understand thechallenges thaare faced duringimplementation. This stage

was essential for understandinghat volume and type of information is produced on

projects such as the EBL.
1.2.2 Gathering of system and information requirements

The lack of a procedure for the transition from current processes to those described by
the SMPs was evident during the first stagfethe research. In order to ensure that
information is delivered as required, processes and information exchange requirements
need to be recorded. The assumption was that tkEn also be beneficial for
understanding and changing existing processes &sle@® This stage of the research
focused on first understanding how processes and information requiremesmse
recorded in a machinesadable format. Then an analysis of these processes and
requirements were carried out in order to develop a system Whias the capability of
parsing andautomatngthem.
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series of workshops were attended. The aim was to understand the current barriers to
adoption and to record existing presses and information requirements. Based on the
findings made over the course of the workshop series, a prototype system was created

in order to execute processes and exchange information with other systems as required.
1.2.3 Developing a framework based omdings

Based on the information gathered from the first two stages of the research, a
conclusion was made that there was a need for projects to have a procedure in order to
identify system and information requirements in order to implement VDC on projects.
Therefore, a framework was presented in orderdentify both process and information

requirements as well as system requirements.



Once the framework was created, it wiaiglled on an airport project as it was useful
to understand whether itis feasible to implement the framework on any type of

infrastructure project.
1.3 Hypothesis and Aims

Following the definition ofhe problem statement as well as the stages and motivations
for the research, the aim was to create a framework which alasers to gather system
and information requirements and implement them. The framework had to take the
OdzNNBy i { at QdinglpracesgeS fntb actoant i§ &dedito ensure that it
complies with existing protocolsand contractual frameworks Therefore, the
overarching hypothesis to be tested was:

GLYLX SYSYyUAy3d +ANLdzrf 5SaAiday FyR [/ 2yaidNHzOGA?2
is advantageous. Aligning these processes with existing asset and organisational
information requirements will help achieve greater benefits over the lifecycle of an
FaasSioe
To evaluate this hypothesis, the following research questions were formulated:

1. Howis BIM/VDC implemented on linear infrastructure projects and what kind of

information is generated during this process?

2. What are the main challenges that are faced when implemenBig/VDC on
this type of linear infrastructure project?

3. Upon identificationof the main causes that hinder the adoption of BIM/VDC and
affect the development of thé\sset Information ModelAIM), how can current
construction processes be redefined to alleviate these issues?

4. Can processes and information requirements that have nbeefined be
automated, and what type of system can execute and govern these
requirements?

5. Can the defined processes and system be adapted on an infrastructure project

and what steps need to be taken to do so?



1.4 Structure of the thesis

The thesis hadeen broken down into 8 chapters including an Introduction and
Conclusios. Figure 1-3 shows the structure of the thesis and the way each of the
sectons and subsections are linked to each other. This chapter aimed to outline the
wider context of the thesis, the main stages of the research, and the decomposition of

the hypothesis into five research questions.

Chapter 2 is a literature review, which ¢ams an assessment of digital construction
proceses the industry standards, and a critical review of the current state of the art. As
the research focuses on the management of the flow of information throughout the
lifecycle of an asset, the various cpaments that will make up the proposed solution

will be reviewed in depth.

Chapter 3 will provide the overarching methodology that wesn followed over the
course of the researchThis chapter breaks down the methodology in detail in order to
clarify the approach taken and the resources used in order to answer the research

questions.

Chapter 4 analyses the work carried out when implementing BIM on alifeal
project, the Eastern Bay Link (EBL). This section analyssMtimplemented and then
explores the lessons learned over the course of the project. The chapter then focusses
on the challenge of collecting and using large volumes of.datthen discusseghe
outcomes of the project in order to identify the potential factors that hinder adoption

and the type of information that is created over the course of a project such as this.

Chapter 5 then focuses on a series of workshops which helped identify various
scenarios that occur over the course of a project which can lead to issues during the
handove of construction information. Then based on the methodologies, strategic and
operational process maps will be created in order to record general processes that are
carried out over the course of a project.

Chapter 6 builds on the findings made in Chaptérand 5 in order to create a
prototype tool which will be able to parse processes and information requirements in
order to exchange construction with a BIM server. This section effectively implements

the methodology stated in Chapter 3 and then presehts prototype system.



Chapter 7analyses the outcomes dhe previous three chapters and presents a
framework based on these findings. The framewbds the potential tohelp users
identify system requirements in conjunction with processes and information
requirements in order to govern the flow of information over the course of a project. In

order to validate this framework, it was thenalled on an airport infrastructre project.

Chapter 8 concludes this thesis by critically appraising the proposed system,
identifying its limitations and highlighting the significant findings of the research. It
reports the overall conclusions of the study and recommends the fustizek that can

be carried out.
1.5 Research contribution

The work carried out during this research contributed to the wider body of knowledge
by:

1. Highlighting that a large volume of construction information is produced and
shared inflat file formats which canreduce the value of the information
produced. Therefore, a system which exchanges information on an object level
was created and analysed. The protype system and its architecture has been
discussed in this thesis.

2. Mapping and analysing processes in orennderstand the flow of information.

A strategy in which these processes and informatianbe recorded has been
presented in this thesisThis willbe useful for BIM managemghen identifying
project specific requirements and processes.

3. Providing a fmmework which enabke enginees to identify system and
information requirements in order to streamline the flow of information. The
framework was created in order to ensure that the relevant Standard Methods
and Procedures (SMP)are adhered to, and informieon requirements are

described and executed as needed.

The main contribution is the framework that was formulated based on the first two
points andwill help those implementing it on infrastructure projects define system,
information and process requirements in order to effectively implement BIM on their

projects.
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Chapter 2 Literature Review

This chapter summarises the work carried out to understand the state of the art and
analyse the challenges that are faced in the domain of digital construction. This chapter
begins with the strategy that was used to find the relevant literature. The theeions

after that will cover the digital construction and process domains before finally

introducing the research gaps that were identified.

There were two comprehensive reviews that were made in relation to the
implementation of BIM for infrastructureBradley et al. (2016analysed literature
regarding BIM witin the infrastructure domain. This review highlighted that there were
research gaps related to the generation of information, the need to align processes and
the need for the effective goverm&e of construction informationCostin et al. (2018)
produced a review that focused on BIM for transport infrastructure. This review had a
list of limitations and challenges including proceskted challenges where the
alignment of BIM standards with existing transfation industry processes was not
occurring effectively.

Following a broad initial review of literature, a focus was made onMBEBIM and
infrastructure domain as well as the processes domain. As was initially identified by both
Bradley et al. (201&ndCostin et al (2018) this chapter reaffirms that there is a need
to align BIM processes with existing constructiaarkflowsand then identifies the gaps

in the research that need to be addressed in the next few chapters.
2.1 Search methodology

To ensure that a thoragh review of the research was conducted, various search
methodologies were explored, and a decision was made to follow an approach similar
to that prescribed byBooth et al. (2012)They suggest identifying the fundental

St SySyida 2F GKS NBaSIHNDK [dzSadGdAazy T GKS
similar to that proposed byretticrew (2006was then used in combination with this.

The techniques were initially uden the field of medicine but have since been adapted



in other domains. In the case of this research a framework known as PICOC (Population,
Intervention, Comparison, Outcome, and Context) which was proposdéelticrew

and Roberts (2006yas used to create a set of keywords to search Tab({e2-1).

Population | What is the question about, the exact problem area and the
technical terms (e.g. BIM, Asset Management, Value, Process et(
| ntervention| In what way carwe intervene in this situation (e.g. Contracts, BPN
DMN, Governance models etc.)

Comparison, Comparison of other methods (Was considered to be optional give
context)

Outcome How can it be measured, and the expected outcome (elwilt
information, structured data, view definitions etc.)

Context As there were varying standards globally, keywords from this field
used to when reviewing the industry standards

Table2-1 PICOC framework used for literature search

The databases that the search was carried out in were, Scopus, Google Scholar, IEEE,
Science Direct, ICONDA, ASCE Library and the Web of Science. Along with the above
mentioned datalases, industry publications such as the Construction Information
Service (CIS), Construction Manager, Global Construction Review, BIM+, Smart
Highways, Transport Network, the New Civil Engineer, the Institution of Structural
Engineers magazines and Indtitun of Civil Engineers publications were reviewed over

the course of the research.

BuildingSMART International (201B)y A UAl G SR GKS W. La DdzARS
database of BIM documents globally. As of 2018 it had listed 126 BIM Guidegand
documents listed in its reference compendium. Reviews such as those ddbkdnyg
and Lu (2015)andSacks et al. (208pwere also essential references for finding and
reviewing the industry standards.

Thebenefits of using BIM can be truly realised by the state of the art in industry, as
it centres around the coordination between various disciplines and parties. The
application of digital construction processedimearinfrastructure has been relatively
recent in comparison to that of buildings. A recent review Q®gstin et al. (2018)
confirmed that a significantly increasing frequency of publications were being released

from 2011 onwards in relation to this area.
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There is a debate both in academia as well as in industry on exactly what term should
be used to when referring tthe digital constructiordomain. For bridges, authors such
asChipman et al. (201&)nd Shirole et al. (2009eferred to it as Bridge Information
Management (BrIM). The acronym CIM is used when discusssgrplementation
digital construction processes in civil engineering proje&ankaranet al. (2016)
referred to it as Civil Integrated Management a@do etal. (2014 )yeferred it as Civil
Information Modeling.Koch et al. (2017jor example used th term Infrastructure
Information Modelling (IIM) (also mentioned Byadley et al. (2014)as well as Tunhe
Information Modelling (TIM) for tunnels.

A much broader term used for this topic of interest is Virtual Design and Construction
(VDC) as defined by th@enter for Integrated Facility Engineering (CIFE) (2848)
Alarcon et al. (2010)Upon reviewing literature, VDC can be described as a verb in
comparison to BIM being a noun. TherefokéDC is more related to processes and the
virtual construction of an asset with the aid of an information model.

An observation was made that the acronyms BrIM, TIM, CIM and IIM, to name a few,
can be considered to follow similar modelling standards gaderally fall under the
most commonly used acronym for this domain; BIM. It was also observed that VDC is a
very broad definition of actions that make use of the Building Information Modelling
concept.

When conducting the literature search, combining #wwonyms and words, arttden
filtering out the information was important. Due to the scope of the research, one of
the initial criteria was that there was a focus on infrastructure projects. During the initial,
ONRPIFIR &ASINOK 2F thLa8N) (&RRBAYl BBt AAAY A&
literature focused on the use of BIM and energy modelling. Once an overall
understanding of the state of the art was analysed, the focus then shifted to
implementation of VDC/BIM on large infrastructure prdgec

The search criteria were then narrowed down based on the findings of this broader
analysis of the domain, as well as the findings made by implementing the standards on
the Eastern Bay Link project (discussed in Chapter 3).

The research focused heavibn the digital transformation in the construction

industry and therefore it was important to identify the progress made in various

11



countries in the adoption of digital construction processes. Countries such as the USA
tended to have a different approaclo £nforcing the implementation of BIM to that of

the UK. Inthe case of the USA, various government departments and organisations have
created their own specifications, while in the UK a set of specific standards (the BS 1192
suite) were recognised throlgut the country. At the time of carrying out the review a

set of international standards (ISO 19650) were expected to be released with the aim of

eventually superseding standards such as the BS 1192.

Towards the latter stages of the research, the ISCb09fart 1 and 2) were released
which superseded the BS 1192:2007+A2:2016 and PAS21A@P3 in the UK. However,
an observation was made that these new international standards followed the British
standards closely and apart from certain terminology, theyered similar concepts. As
a result, the standards that have been reviewed for this research was up to date even
though most of the research that was undertaken was when the BS 1192 series was the

recognised standard.

This chapter will consist of thramajor sections and the above search methodology

and relevant databases were used for each of them. The three main sections will be:

1. Infrastructure and Digital Construction/BIM standards
2. Process and related modelling and notation standards
3. Combination of onstruction and process domains, and an analysis of the gaps in
the research
Each of these three sections will consist of a separate introduction, followed by a critical

analysis and conclusion.
2.2 Infrastructure and Digital Construction review

The primary an of this research was to bridge the gap between the construction and IT
domains. It has been widely acknowledged that, if implemented effectively, the
introduction of IT based collaboration into construction has the potential to increase
efficiency, savéime and money, and can have positive knackeffects on areas such
as sustainability and health and safety.

Upon review, it has been evident that there are major challenges that are being faced

when attempting to integrate the above two domains. Thest®n will approach the
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problem initially by reviewing and critically analysing the relevant developments in the
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combination of the two.
2.2.1 Review on the infrastructure donma

The research focused on the implementation of Virtual Design and Construction (VDC)
in infrastructure. Therefore, the various stages of a project and the processes and

information exchange gateways had to be identified first. As will be discussedpte€Cha

3, certain steps will need to be taken to transform existing construction processes in

order to adopt the new Standard Methods and Procedures (SMP). As a result, the
existing stages and gateways of linear infrastructure projects were discussed mgjlowi

the analysis of current standards. This section of the review is aimed to:

1. Establish a generic set of stages for linear infrastructure projects

2. Establish the type of information that is exchanged at each of the defined

information exchange gateways

3. Identify for what purpose the information is used for
A decision was taken to consider the UK standards as well as some guidelines produced
by the U.S. Department of Transpofit).S. Department of Transportation Federal
Highway Administration, 2017a)n their reference guide to the Project Control
Framework(PCF)Highways England (2013tates that the PCF is a means of providing
a process for the management and delivery of schemes. This framewdrtowmitide
with the Design Manual for Roads and Bridges (DMBB)JRB, 2017)Manual of
Contract Documents for Highways Works (MCHMighways Agency, 2008)nterim
Advice Notes (IAN) and WebTA®epartment for Transport, 2014)

All major projets can be split into three major phases, which are the options,
development and construction phaséblighways Agency, 2013Jhe option phase
identifies which solution is the best for the problem, which is then taken through the
necessary statutory processes and design during the development phase, right up to the
decisionto commit to invest. Then the construction phase is when the proposed solution
is built, operated, and finally closed down.

The PCF is in place to ensure that there is consistency and continuity between various

projects and teamsSimilarlyto the RIBA tages there are 8 key stages in a projects
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lifecycle according to the PCF and the framework ensures that the information
exchanged is of a certain standard and therefore provides reassurance to the Senior
Responsible Owner (SRO). This framework focuseth@rexchange of products
throughout the abovementioned lifecycle stages. These products refer to any
deliverable, whether it is a report or a project management plan. Each of these stages
will have a Stage Gate Assessment Review (SGAR) which progiesséxt stage is
assessed based on legal requirements, standards and best practice. For single option
projects, which are projects within a highway boundary with routes that have already
been fixed. The phases have been redefined for single option psojetth it starting

from preliminary design (4th Stageigure2-1).

When analysing the example of hand over documentation on highways projects, the PCF

documentation was referred tgHighways Agency, 2013)

1. Asbuilt information (drawings/documentation)
2. Operational (Traffic Management (TM)/ Regional Control Centre (RCC))
documentation and certificates
3. Updated H&S file (from stage 2)
4. Handover schedule template
5. Civils maintenance (Managing Agent Contractors (MAC) /Asset Support
Contracts (ASC)) handover certificate
6. Technology maintenance (Tech MAC / Regional Technological Maintenance
Contracts (RMTC)) documents and certificates
7. Technobgy commissioning plan
8. Updated permit to connect from stage 5 of the PCF
Establishing gateways and assessment reviews were important, and the documentation
from the Highways Agency (2013ajs referred to understand the gateway process.
Figure2-2 shows the gateways and the stages of a project they occur. The gateways
reviews are in place to ensure that protocols are being followed at a particular stage.
The SGAR focuses on the quality assurance of a project that ensures that products

installed have been signed off as fit for purpose.

14



Identify options ™\ Refine selected ! . 1 )
Strategy and feasibility option Develop design Detailed design Construction Handover Closeout
PCF Framework - . : : S Statutory . . e
: Strategy: shaping Option : : Preliminary Construction Construction, commissioning and
Hotways and prioritisation identification Option selection design procedues and preparation handover Closeout
England powers
RIBA stages g;?‘:ﬁ%ﬁ Prepzti)rriaélfon & Concept design Developed design Technical design Construction Handover and closeout In use
APM linear
project life- Concept ‘ ’ Definition ‘ ’ Development ‘ ’ Handover and closure ‘ \Operation Termination
cycle stages [
Sl ==Vl |Develop business | | Develop delivery | | ;’:‘?enti:i e e [Establish ggiggfg}b&iﬁ?ﬁ Decommission solution/
project stages ‘ case strategy pe an, : ‘ service exit contract
procurement performance
Figure2-1 Comparison of lifecycle stages as defined by various aagigons (stages defined during the research in red)
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Establishing these types of gateways and ensuring that they are integrated into BIM
Execution Plans (BEP) is important to ensure that the relevant information is delivered
at each gateway. Chapter 3 will discuss the information exchange process andehe typ
of data that is handed over when implementing BIM on a highways project.
Understanding the type of information that is used based on the type of maintenance
process is important when defining information requirements for a projatlsh et al.
(2011)defined 3 types of maintenance:
- Reactive maintenanceOccurs when responding to complaints, emergencies or
during inspection
- Routine/Cyclic maintenancgHas a regular schedule where lamp replacement,
cleaning and landscape maéémance etc. occur
- Planned/Programmed maintenancglt is a flexible scheme for reconditioning
and renewal
Establishing the type of asset attributes that are needed for each of these types of
information will be valuable for formulating basic informatioequirements. TheJK
Roads Liaison Group (20X6yhlight how new technology and processes are expected
to be implemented by organisations. They state that BIM will be a fundamental enabler
of the government strategieis attemptingto reduce cost, delivery time and emissions.
LG O2@0SNR GUKS @IFINAR2dza aidl 3Sa 2F +y aasSiaQa
information management has on an asset. The documentation highlights that
maintenance planning resorts to traditiohanethods (e.g. timéased/ scheduled
maintenance). The documentation also states that by being able to supportbassk
maintenance planning scheme, unnecessary maintenance activity can be avoided and in
other situations maintenance activities can ¢alplace in anticipation of an issue
propagating. In order to move away from the traditional methods, having accurate and

updated machingeadable asset information is important.
In conclusion, this stage of the review:

1. Established 8 generic stages for tifiecycle of an asset and an example of review
gateways added within these stages

2. Helped understand what type of information will be exchanged at handover

16



3. Established the main types of maintenance and highlighted the need for accurate

machine readable aluilt information
2.2.2 Review of the digital construction information management domain

This section of the review is aimed at understanding the state of the art in digital

construction with the aim exploring:

- What is the rate of adoption of VDC/BIM?

- Whatis hindering adoption of VDC on projects?

- What are the perceived benefits of adopting the related standards and

technology?

- What are the differences between various standards?

- Which standards will be used over the course of the research?

- What are the requiements that have been set within the selected standards?
Once the most relevant Standards, Methods, and Procedures (SMP) have been
identified and the 6 questions have been answered, a detailed analysis was carried out
to anticipate which measures have tie taken to successfully implement them on
infrastructure projects. These stgections will cover the topics of:

- Roles/functions that have been defined by the standards

- Information management

- Structuring and classification of information

- Digital Plans diVork (DPoW) and Product Data Templates (PDT)

- Security and protocols

- International standards
2.2.2.1 What is the rate of adoption of VDC/BIM?

Gilligan and Kunz (200gpnducted a survey in 2006 and 2007 on the us¥BEC and

BIM technologies in the AEC industry. They observed that there was resistance to this
digital transformation and even though the value of adoption was recognised,
organizations were not likely to require its use during projects. Reports such tasytha
Ravenscroft (2017nd Boutle (201700 years after this survey, show that experts still
believe that the rate of adoption given the benefits are still IRavenscroft (201#H)ad

conducted a discussion with industry experts whickcluded representatives for
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figures such as 20% saving in capital expenditure has been highlighted when driving the

mandate. However, the survey indicates that asset owragrd operators cannot see

how these savings can be made as details have not been provided on where the savings

can potentiallybe made from. This in turn leads to a lack of confidence for the various

parties who might benefit from adopting these procesasghe benefits have not been

fully proven.

However, there is a growing awareness and the rate of adoption has generally increased
over the past few years in the UK. The National Building Specification (NBS) has carried
surveys on the adoption and view$ adopting BIM in the UK since 2011. The rate of
adoption amongst participants had grown yearly at 32%d() 41% 2012) 43% 2013)

and 54% Z014)according to the results NB8rseys. Following a dip @015 the rate

of adoption has grown to 69% amongst participants in tNational Building
Specification as of 201%However, there is concern among experts that there are

challenges faced by organisations that hinder adoption that may slow down this growth.
2.2.2.2 What is hindering adoption?

In their review of various standards globalBgcks et al. (201@pnfirmed that each of

the standards reviewed had disparate requirements leading to confusion among those
using them.Gurevich et al. (201A&vho reviewed the adoption of BIM in 5 large UK
government agencies observed that even though there was a mandate, there was no
strategic guidance to manage the adoption process and aehile® desired results.
Succar (2016)dentified this issue and produced a maturity matrix that can help
organisations recognise their capabilities and therefore take necessary steps in order to
overcome some of the challenges faced.

In the USA,Sankaran et al. (2018)ad carried out a national survey on 42 State
Transportation Agencies (STA) on the usage of CIM (Civil Integrated Management). The
results of the survey showed that 32 STAs use CIM 3D design tools for terrain modelling
and only 16 reported they use it fostructures and advanced visualization. The
conclusions were similar to the other surveys in industry in the UK and abroad; there is
a digital transformation occurring and there has been adoption. However, due to

barriers such as contractual constraintdathe reluctance to adopt new technologies,
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further research needs to be carried out for a smoother transition into implementing

BIM and VDC on projects.

In a report to local authorities in the UK on increasing adoption of Bidton and
Parlikad (2015analysed the main barriers to adoption and recommended solutions on
overcoming these challenges. There were three broadeulying issues in relation to
day to day adoption, which were legal issues, insufficient information quality, and lack
of resources to address the first two problems while delivering a public service. The
general observations were that the interviewed tharities were averse to
implementing BIM systems as they were va@d to the sector, and there was generally
I €101 2F W3aA22R ljdzrftAd8Q RFEGF O0GKAA Ay Of
naming conventions). The final issue was the lack ajuees to enable this as there
was uncertainty in the value of adopting these new processes and tools. To encourage
adoption and give recommendationgdK Roads Liaison Group (20p6)duced a code
of practice for managing highway infrastructure. This document also refers to a
R20dzySyi RSRAOIFIGSR G2 W.SGGSNI LYF2NXIFGA
bodies by thedUK Roads Liaison Group (2016&)e @cument on BIM by the UK Roads
Liaison Group highlights that when setting information requirements, it will be
necessary to establish the business processes, but also take process change into
consideration.

In their review on the various factors limitiniyet application of BIMSwn et al. (2015)
highlighted 5 areas where there were barriers to adoption. They were technology
(included interoperability), cost (training, software and hardware), management
(workflows, schedule and safety management), personnel (training), and (legad,
regulations and contracts). The National Building Specification Surveys highlighted
specific barriers including the lack of client demand, the lack of training, the cost of
adoption and the lack of time to get up to speed being the most common ssawed

by practitioners.
2.2.2.3 What are the benefits of adopting VDC/BIM?

Love et al. (2013garried out ananalysis on attempting to justify the investment in
adopting BIM during asset management. They observed that there were intangible

benefits of adopting BIM on projects and therefore looked beyond Return on
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Investment (ROI) alone and attempted to furtheradyse and justify the use of BIM in
asset management. Several authors and industry practitioners have identified that
benefits in implementing BIM such as clash detection, scheduling, increased
collaboration and accurate cost estimation.
Lietal. (2017)eviewed 1874 BlMelated papers to map out the knowledge domains
of BIM to identify the key research areas. They identified 60 key research topics with the
most important areas highlighted being information syste 3D/nD modelling
application, design sustainability, interoperability (IFCs), and real time communication.
Zhao (20170F NNA SR 2dzi | &AYATf | NI &a@diRR{ AgKyA OB draRISS/NI
which were similar to those identified Hyi et al. (2017put also included ontologies,
laser scanning, and code checking.
{SOGSNIt 2NHIyAaldAzya KIF@ZS aidl NISR KAIKEAITKI
benefits and highlight what actions can be taken in order to effectively usedalM
projects. The most comprehensive list of BIM uses has been defin8ddoar (2016b)

which have been divided into various themes based on the type of model uses.

2.2.2.4 What are the differences between the various Standard¢hdde and

Procedures?

As will be discussed in the three industry projects (Chapters 4, 5 and 7) as well in the in
depth breakdown of the UK BIM standard methods andcpdures (SMP), there are
several shortcomings both in the UK standards as well astemational standards. As

a result, a qualitative analysis was carried out to identify various strategies.

The two most comprehensive studies in this type of analysis of BIM standards was by
Kassem et al. (201&8pdSacks et al. (2016)hese two studies were used as a foundation
for analysing various standards. In their revi&acks et al. (2016hose a sample of 15
different documentsto carry out a qualitative analysis of various standards globally.
These standards included:

- National, city or state standards

- Guides by largscale construction owners

- Guides by universities and colleges

An inductive qualitative content analysf&ohlbacher, 2006; Mayring, 2000)as

carried out to build up on the findings I8acks et al. (2016An observation was made
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that the study bySacks et al. (2016)xad conducted reviews only on the BS 1#9and

the PAS1192 YH niMo @ KSY NBGASgAYy3I GKS 'Y adlyRIE
were analysed in a similar manner as a better untderding of the standards were
gained from doing so. The BS EN ISO 1A63S EN ISO 19&30and the relevant
transition documents were analysed as W@litish Standards Institution, 2019; UK BIM
Alliance, 2019)The qualitative analysis of the standards focused on 10 key areas that
were identified bySacks et al. (201&yhich were; Interoperability, Role of the BIM
Manager, Modes of collaboration, Prequalification for designers, LOD specification,
Operation and Maintenance requirements, BIM Execution Plan, Simulation and analysis,
and schedule of payments. A summary toé findings can be found ihable2-2, Table

2-3 and Table 2-4 with a more detailed breakdown in théppendixA. The cells
highlighted in green and yellow were made for the purpose of this researatidition

to the standards that were reviewed [8acks et al. (2016)

Increasing benefit from exlsting and new digitally and enabled processes

P

Business layer

|
el | Object based server
2 ; [ information madels
o C
g .
od I Federated information modets Federalod Information layer
£ ? information models
@ Structured data
o i
E E Structured data Unstructured (BIG)
= Unstruchured data data
|
|
CueryiocelContenen
et " Diatabase and
File'Model'Container and information management technology X
based Commaon Data Environment (CDE) information TEGhnOlﬂgy Iayer
rmanagenment echindlog
based CDE
|
| |
Py ) Process
Mationa I RegionalMational Annaxes I
; standard 1
standards Standard o Standards layer
IS0 19650 Parts 1 and 2 : developed
T 1
| |
Stage 1 Stage 2 Stage 3

Figure2-31SO diagram from the BS EN ISO 1963018 showing stages of maturity

In conclusion of the qualitative analysis of the standards, and observation was made that
the ISO 19650 has closely followed BS1192 series of standards. At the time of review the
BS 192:2007+A2:2016 and the PAS 1192013 was being phased out in order to be
replaced by the ISO 19650 Part 1 and 2 along with a transition guidance document; PD
196500:2019 (British Standards Institution, 2019he BS EN ISO 19650 (UlKeXin
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refers to the rest of the BS/PAS 1192 suite and therefore a large part of the standards
remained unchanged. A majority of these two new standards are similar to the
standards they have superseded apart from certain details such as the terminology that
is used as well as certain concepts such as the levels of information and detail.
Figure2-3 which is taken from the 1SO 1968@018 highlights the varus stages of
development shows that the ISO 19650 1 and 2 were the second stage with the next

stage focusing on process standards.
2.2.2.5 What are the requirements that have been set within the selected standards?

Upon the completion of the qualitative analg®f the standards, a conclusion was made
GKIFIG GKS 'Y YR NBftS@Fryid L{h {atQa oAff
was deemed to be necessary to then critically analyse these two sets of standards. This

section of this chapter discusses th&92 series of standards, the BIM protocol, BS EN

ISO 19650 series, Uniclass, Government soft landings, and the Digital Plan of Works.

Each of the mentioned standards prescribe the way stakeholders could implement the
BIM process from how the informatios @xpected to be structured and shared (BS1192)

to how BIM objects should be classified (Uniclass). It also briefly discusses other
standards that were considered including the National BIM Standdrdied States
(NBIMSUS) and other international standis and guidelines such that provided by the
Federal Highways Authority (USA). The implementation of the relevant British standards

on a project and the outcomes are described in Chapter 3.
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Year of
publication | Organisational Role of BIM
Interoperability

, recent type Manager
Organisation | update
LACCD 2009 University
GT 2011 University
uUsC 2012 University
Indiana 2009, 2012 | University

State owned
Senate 2012 company
State owned

Stasbygg 2013 company
GSA 2009 Gov Dept
COE 2009, 2010 | Gov Dept
VA 2010 Gov Dept
Ohio 2013 State
NATSPEC 2011 National
NBIMS 2012 National
Singapore 2012 National
CanBIM 2012 National
UK (S) 2013 National
UK (G) 2013,2018 | National
1ISO (UK
Annex) 2018 International

Table2-2 Summary of qualitative analysis which includes findings that were made by Sacks et 3l. (

Key
Highly Detailed
Detailed-

Few Details’
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Organisation

Role of BIM

Manager

Collaboration

modes

Proposes IPD

Pre-
gualification

for designers

LACCD

GT

uScC

Indiana

Senate

Stasbygg

GSA

COE

VA

Ohio

NATSPEC

NBIMS

Singapore

CanBIM

UK (S)

UK (G)

ISO

Annex)

(UK

Table2-3 Summary of qualitative analysis which includes findings that were made by Sacks et al¢ (28L&)ing
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Operation
LOD and BIM Simulation
N _ _ Schedule of
Specifica| Maintenance | Execution | and
_ _ _ payments
tion Requirement | Plan analysis
Organisation S
LACCD
GT

uSC

Indiana

Senate

Stasbygg
GSA

COE

VA

Ohio
NATSPEC
NBIMS

Singapore
CanBIM

UK (S)

UK (G)

1ISO (UK

Annex)

Table2-4 Summary of qualitative analysis whitttludes findings that were made by Sacks et al. (2Q1%luding
O&M requirements and BEP
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2.2.2.6 Breakdown of the selected standards

Based on the overall analysis of the standards, a decision was made that the UK
standards and the ISO standards were to be analysedheg were the most

comprehensive set of standards for BIM.

Roles

Client (project level)
Assei owner/operator
(organisational)

KEY

Employer Plain Langusge
Appaointing Party H BS 1182
BS EN 150 18550

|
Main Contractor

Structural Enginesr

Service Engineer

Supplier and Employer

Supplier

Supplier and Employer

Lead Appointed Party

Lead Appointed Party

Lead Appointed Party

Specialist designer

Supplier

Appointed Party

M&E Contractor

Concrete Specialist

Steel Specialist

Supplier and Employer

Supplier and Employer

Supplier and Employer

fAppointed Party

fAppointed Party

fAppointed Party

Ductwork Contractor

Delivery
Team

Supplier and Employer

fppointed Party

Delivery
Team

i e
Figure2-4 Simplified example of hierarchy of roles/functions according to the BS 1192 and ISO 19650 standards

As the research progresses, it will be important to define the various roles or functions
of the parties that are involved in construction projects. Themdards that have been
selected to be used in the research are closely aligned, however one of the major
differences are the naming of the roles on projeétgure2-4 shows a simple hierarchy

on a project level with the various names given to each party according to the BS 1192
and BS EN ISO 19650 standards. As the research was carried out at a transition stage
between the standards, in some cases thiesawvill sometimes be used interchangeably.

Information management

TheBS 1192:2007+A2:2018016)was the standard that defined best practice for how
systems and requirements were to be setup on a project implementing BIM which has
now been superseded by the ISO 19650 Parts 1 and 2 as of 2019. It prescribes how
information can be classifiednd shared to ensure that there all disciplines could

collaborate and provides a template for common naming conventions.
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This standard was complemented by guidelinesRighards (2010yvho further

specified how the process could be implemented in construction. The RIBA Itifmmma

Exchanges book yairhead (2015jave checklists and covered the general information

that is recommended to be exchanged throughout the lifecycle of an asset.
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Figure2-5 Phases of asset lifecycles covered by the PAS 1192:2 (Diagram taken directly from the 2/

The standards prescribe how a Common Data Environm@&i) @& expected to be set

up, the expected workflows, and the conventions that are recommended to be followed.

In summary, the standards cover the ideal scenario in which information can be

exchanged between disciplines and finally federafeigure2-5). However, in practice

this can be challenging, and due to technical and human barriers, it might not be

achievable without cost or major disruption to existing systems.

The PAS 1192:2013 (2013)puilds on the above mentioned standard and focuses

particularly on project delivery and how the Project Information Model (PIM), which is

the information model which is devgded during construction, can be developed.

CNRY

adzLJLJX ASNRa LRAYyOdG 2F @GASe:

i KAaA

aspects of what is expected during construction. As showfigare2-6, it covers the

lifecycle of a project from the Strategic definition to Handover. The starting point was to
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refer to the documentation provided by the Construction Project Information

Committee (CPIc), who are responsible for providing best practice guidance for
Construction Production Information Exchange (CPIx). They provided BIM strategy
templates that have been developed in consultation with the UK government BIM Task

Group(Construction Project Information Committee (CPIc), 2015)

Government organisations started producing best practice guides such as templates
by the Mnistry of Justice (MoJRavenscroft, 2016ard the Interim Advice Notes (IAN
184/16) by the Highways England (201f)r data and CAD standards. It is extremely
effective when stakeholders engage in the adoption of VDC, and it can prove to be of
great value especially for larger projects. However, as restiftarveys by organisations
such as thélational Building Specification (NBS) (2Gt®w, it is a major pain point for
certain parties adopting the process. It can invoharing to purchase new software,
train employees, change processes and change IT infrastructure to name a few
challenges. Especially moving further down supply chain, smaller suppliers and clients

can find it extremely costly changing systems.

Then intepreting the standards can be challenging, with the most challenging being
the exact definition of the Project Information Model (PIM) and the Asset Information
Model (AIM). Their definitions have been left abstract which allows more flexibility for
defining them from project to project. This is a case where terminologsriapswith
existing concepts such as Health and Safety (H&S) files and Operations and Maintenance
(O&M) manuals.

A similar complication/duplication can potentially occur with the likesvbit is
defined as Master Information Delivery Plans (MIDP) which is the compilation of several
Task Information Delivery Plans (TIDP) which are expected to be produced by the
suppliers. This again can tend to coincide with design schedules. What waiepgpd
with MIDPs is that there can be a disjoint between the project schedules which can lead
to complications during design and construction. Such duplications and additional work
placed by such recommendations can generally lead to more paperworloametisnes
can be a hindrance to the progress of a project.

There are many acronyms that can prove to be challenging, one such example is be
0KS W[ S@St 2igthe sdlicEtive/tdrm tisdyfaR LeveloRmodel Detail (LOD)
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and Level of InformationLQOI). Where the LOD and LOI is the description of graphical
and nongraphical content produced respectively. This type of jargon can tend to lead
to issues when defining this terminology in contracts (refer to the section on the BIM

protocols).

ThePAS 1193:2014 (2014jocuses on the process during the operational phases of
a project and how the Asset Infoation Model (AIM), which is a model that is

maintained from handover to the end of life of a project.
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Figure2-6 Phases of asset lifecycles covered by the PAS 1192:3 (diagram taken directly from PAS 1192:3)

This standard complements the PAS 1192:2 and is a specification to cover the lifecycle
phases following handover. Due its connection to the previous standard, it does share
certain challenges that are faced during construction in terms of definitions and
processes. In an analysis of the legal implications of implementing the standards,
Winfield and Rock (2018)ighlighted that the abiguity of the standards can be
considered to be considered to be an advantage. However, this too can tend to lead to
challenges, especially in highways and existing assets as it leads to changes to IT

infrastructure and processes.
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Structuring and ClasBcation of Information

A common method of classification is needed, ddgwiclass 2015egulated by the
National Building Specification (NBS) (204 Tised for this purpose in the UK. It consists
of 7 tables,that are arranged in a hierarchical manner, which ranges from project to
product level. There still are issues with the classification from modelling to product

information to cost information systems which can be problematic if not unified.

Activities
_

}Spacesr’Location}‘—b Entities 4—3-‘ Complexes ‘

Elements/
Functions

1
Systems

Products

Figure2-7 Uniclass 2015 table dependencies

This classification type has been referred to in 88 1SO 12008:2015 (British
Standards Institution, 2015)hich is a framework for classification when organising
construction information, and is complemented by tB8 EN ISO 12062016(British
Standards Institution, 2016hyhich is a framework for objegiriented construction
information.

This 1ISO 12006 series intends to introduce an overarching international classification
framework which will then allow national classification systems such as Uniclass to be
included. ThéBS ISO 12068%:2015 provides guidelines for construction objects. Uniclass
2015 can be aligned to this classification system as showable2-5. The 1ISO 12068
then specifies a taxonomy model with the aim of being able to define properties and
concepts by means of properties which are grouped and used to define relationships

with other objects.
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BS ISO 12068

Uniclass 2015

A.2 Construction information

Fl: Form ofnformation

A.3 Construction products

Pr: Products

A.4 Construction agents

C

A.5 Construction aids

CA: Construction Aids

A.6 Management

PM: Project Management

A.7 Construction process

C

A.8 Construction complexes

Co: Complexes

A.9Construction entities

En: Entities

C

Ac: Activities

A.10 Built spaces

SL: Spaces and Locations

A.11 Construction elements

Ee: Elements

G

Ss: Systems

A.12 Work results

C

A.13 Construction properties

PC: Properties ancharacteristic

Table2-5 Alignment of the two classification systems; BS ISO 12@08l Uniclass 2015. (British Standards Institution
2015; National Building Specification (NBS) 2017)

Another popular classification system is OmniC{@ssstruction Specifications Institute
(CSI) and Construction Specifications Canada (CSC)w20d7)s the North American
equivalent of Uniclass. This system too is aligned witH$t2 1200&.

Digital Plan of Work (DPoW) and Product Data Templates (PDT)

A Digital Plan of WorkKDPoW) enables employers to define expected deliverables at
each stage of a project. If used, it is expected to be available to all parties involved with
a project to ensure thatengineersare informed on what information to deliver and
when. TheNBS BIM Toolkiby the National Building Specification (NBS) 204%) free
tool that has been created to be used as a DPoW. This is aligned with the RIBA stages
and is a useful system for defining stage deliverables which are based on the Uniclass
system.

The NBS BIMroolkit, can produce Product Data Templates (PDT) which are

spreadsheets with required information (As defined by the NBS). Each spreadsheet has
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particular asset type, with information references and details of each assets
specifications as well as detasisch as installation dates. These spreadsheets once filled
with the asbuilt information, known as Product Data Sheets (PDS), will be handed over
to the asset operator or embedded within the digital model as required (ref&igare

2-8 which is an example of a model with embeddedbasdt information). In the UK
initiatives like BIM for Manufacturers and Manufacturing (BIM4AM® well as
organisatiors such as theConstruction Products Association (CPA) (2G&) The
Chartered Institution of Building Services Engineers (CIBSE) (2fte@&)pt to

standardise templates and structures to exchange product information. In a

Construction Sector Deal tHeepartment for Business, Energy and Industrial Strategy
(2018 G KS dzAS 2F NBLISFGlIoftS FYR YI OKAYS NBIRFOf

LEXiCON was announced.

Item Material Attributes Timeliner Bearings Entity Handle

| Property Value
Standard EN 13375
| Potand piston - Material $355 /5275 acc. EN 10025
Elastomeric pad material NR Tensile strenght ? 17 Mpa
Dimensions - Diameter 251 mm
Dimensions - Depth 29 mm
Sliding capability Reguired
Load bearing capacity 1800 KN
Rotation (maximum) 0.01rad
Assettype Yes
Warranty duration (parts) 10- 15 years
Warranty duration unit 10- 15 years
| Replacement cost Only material - 1000 £
Expected life 20-50 years
Duration unit 20-50 years
Warranty description See details in Guarantee Ce...
Nominal length 735 mm
Nominal height 92.5 mm
Shape Rectangular
Size Small size
Finish Glossy

Material Carbon steel
Constituents Skint protection - Pointer, sca.
‘ Features Corrosion protection C5M

Figure2-8 Asbuilt model ¢ a bridge bearing with data from PDT embedded within it

Representation of structured construction information

Industry Foundation Classes (IFC) specification is graprietary data model which is
used to describe construction informati¢BuildingSMART International, 2016&)vas
originally created in 1995 by a consortium called the International Alliance of
Interoperability (1Al), now known as buildingSMART, who committed to publishing this
platform neutral data model. The main formats for this exchange schema (IFC) follow
the STEP pisical file structure according to the ISO 10&03following the IFEXPRESS
specification(BuildingSMART Internatioh&2016b) the XML representation which is
ifcXML(Liebich and Weise, 20123nd ifcZIRBuildingSMART International, 2016&)
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has been observethat the schemahangesegularly, with the % iteration being under
development at the time of writing this thesi8fsari et al. (2017highlighted that for
the ease of use in web applications, the representation of iFCSON (JavaScript Object

Notation) format is valuable, and therefore proposed an ifcJSON schema.

The IFC schema defines an entity relationship model. For example, when describing
a window, this window will share generic properties with other windowshim that
project (e.g. materials and sizes etc). Then tiisdow (instance of the window) will
have separate attributes which will define it (e.g. serial number, installation dates etc).
Eachoftheabow SY G A2y SR LINPLISNI ASa &8 &KERGKISRN.
referred to by the particular instance of an object. Elements also can be grouped into
W32aGSYaQ 6KAOK RSTFAYS @GFNAR2dza O2YLRYySy:
water supply etc.). IFC then defines the relationship (e.g. ®@taposition, storeys,
spaces, and grouping of spaces) between these various systems and individual
components. In its common form, IFC is an ASCII plain text file, and the schema defines
how the plain text is turned into object aggregates with relationd &/pe inheritance.

The goal of IFC is to provide a common schema that needs to be followed when using
that format. It has been noted that not all the information is equally valuable to all
parties involved on a project. Therefore, Model View DefinitiM¥D) were proposed
(BuildingSMART International, 2015ahich defines subsets of the IFC schema thus
ARSIFft& LINPOARAY3I @I NR 2 dzaprojzd. Theke arB se¥etab NB y
d0dzZRAS& Ay ONXBI U ABRadushevwebal @O1E)daedast/préstreskéd G 0
concrete, andSacks et al. (2016lQr bridge inspections. One of the most commonly
NEFSNNBR (2 a+x5Q3a Aa [©diKSnforntyod akdbaizge(GOBi¢) h LJ:
format.

The BS 1192:2014focuses on the UK usage of Construction Operations Building
information exchange (COBie) which provides a common structure for exchange
information. (British Standards Institution, 2014a)

Initi- G A @S & adzOK I a B Task\GBoupF(20MNBpvie itfertptedt® G K S
translate this concept into defining information on infrastructure projects. However, the

Highways Agency (201#) their Interim Advice Note (IAN) 184/14, described COBie as
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' waid2L33l LIQ dzy i &k detiefoged and suppdrted: lyy Ronivderaial
software.

The Interim Advice Note mentioned in the previous paragraph was then superseded
by thelAN 184/16(Highways England, 2016yhich has referred to the provisions of
IAN182/140 A G f SR Wal 22NJ { OKSYSayYy 9ylFofAy3a KIFyYyR23JSNJ
for assé coding and norgraphic data. With the latest version being theN 182/14A
(Highways England, 2018yhese latest standards do not mention the handover of
AYF2NNYIFGAZ2Y dzAAy3 LC/ 2N/ h.AS SAOGKSNI gA0GK (K!
to be the eventual mechanismforyad T SNJ 2F +F&aasSd RFEGFQd ¢KAA LR
hesitation with adopting the data schema as it is still in development (IFC for
infrastructure) and also the issue of having to integrate these new schemas and file

formats into existing asset managemesyistems.

In the UK the COBie standards for infrastructure were first proposedebBIM Task
Group (2013)which attempted to breakdown this schema, originally designed for
buildings, into an infrastructure context. The infrastructure view of COBie as proposed

by the task group can be seenkigure2-9.

Figure2-9 Infrastructure view of COBie (initially proposed by the BIM Task Group/AEC3 and then adopted by the British
Standards)

This agairsia challenge to adopt both for asset managers and suppliers and even though
ifcAlignment (BuildingSMART International, 2015las developed since these

standards were relesed, the development of IFC is in progress. Existing linear
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