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Abstract

The construction industry has not been expwering the same level of productivity increase as the
manufacturing industry, due to their divergprduction methods. Wle traditional construction

projects are unique, craftased, and typically done -@ite, manufacturing is able to mass produce
stardardized products on assembly lines in a controlled environigffotts to improve construction
productivity take advantage of the more established and mature manufacturing processes and

techniques, such as modularization andsge# assembly.

As civil industry work requirements become more demanding, and modular component tolerance
continues to decrease for more complex projects, there exists a need to incorporate and utilize quality
control technologies similar to what have been used in the manufgcaminautomotive industries
for years. Rework of items that failed quality checks $aadignificant waste of resources, resulting
in reduced overall productivity represented by additional time and manpower spent on correcting the
errors. The solution s this problernultimately needs to address lost productivity due to rework,

and generate value from its operation in the industrial fabrication workflow.

The use of 3D data acquisition and 3D feedback is proposed to be part of the quality control
proces of pipe spool fabrication, which takes place during fitting and before shipment to site. The
existingprevailingworkflow and the proposed workflousing the new technologre assessed using
discree-event simulation, and thrémplementation scenari@se investigated, which arél) nuclear
projects, (2) small bore nawmuclear projects, and (3) large bore mutlear projects. They represent
different quality control processes for their particular requirements, as well as their specific activity

process times given the naturetlodir assemblies.

The analysis of the simulation results show that the revised workflow improved performance for all
three project types, specifically in rework reduction and overall fabrication time reduction. Risk
assessment was also carried out, ireotd quantify the risk mitigation and accrued benefits by
implementing the revised fabrication workflow for pipe spool assembly. The difference in risk was
considered as a project beneifitder economic analysis, and it was found thatrelatively short
payback period for the fabricatmstifiestheinitial technology investmemequired to set up the

platform for 3D feedback in the revised workflows.
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Chapter 1

l ntroducti on

1.1 Background

Construction is an integral industry of the Canadian econsu that its $40 billion market

contributes to 7.3% of gross domestic product (G{3atistics Canada 2019¢)ikewise, more than

1.4 million Canadians are employed in construction and its related services, representing 7.7% of the
national labour forc€Statistics Canada 2019&jowever theworker productivity trend does not

reflect growthexperienced by the construction industry, which has nearly doubled since 1997.
Construction labour productiviiy Canadancreased by less than 10% in the past two decades, while
productivity in the manufacturing industry improved by almost 50% at the Sara(Statistics

Canada 2019b)hough both industries produce goods, their production methods are divergent:
traditional construction projects are unique, chafsed, and typically done @ite, while

manufacturing igble to mass produce standaediproducts on assembly lines in a controlled
environment. These fundamental differences and constraints preclude innovative technologies from

being adopted at the same time and at the same rate between the two industries.

Effortsto improve construction pductivity take advantage of the more established and mature
manufacturing processes and techniques, such as modularization-aite assembly, as well as
justin-time (JIT) and lean production derived from the Toyota Production Sygtmeh 2003)
Furthermore, recent rapid advancement and ubiquity of information and communications technology
(ICT) allow the feedback loop of data sensors and compnsdysis to contimously optimiz work
processes and deliver quality products. This new approach is a paradigm shift in production, in which
work automation relies on the Internet of Things (loT) to transfer information and data between
different devices and systems. Whibeamining the correlation between ICT investment and labour
productivity, it was found that though ICT is still contributing positively to productivity growth, its
declining contribution in Canada account for the productivity slowdown experienced siecglyhe
2000s(Mollins and StAmant 2019) Nonetheless, the implementation of any new technology is
essential to the improvement of construction produgtititrough analysis of variance and
regression, it was determined that activities experiencing significant changes in equipment technology
have withessed substantially greater lkoeigm improvements in labour productivity than those that

have not experiered a changéGoodrum and Haas 2004)



Pertinento the construction industry, steel is a critical source of material in every major
construction project, used for reinforcing steel and structural framing in bridges and buildings, as well
as pipe and tubing to transport fluids in industriakcess facilities such as oil refineries and chemical
plants. Steel product manufacturing from purchased steel in Canada is a $1.7 billion market in GDP
(Statistics Canada 2019d) which the production of steel pipe and tubing has an average annual
volume of almost 2.5 million metric tonnéStatistics Canada 2018 steel construction, fabricators
are at the centre of transition towards implementing manufacturing innovatioei
industrialzation of construction is driven in part by standzation and prefabrication, as well as the
exploitation of advanced computeased technologfCrowley 1998) With respect to pipe spools,
they are now increasingheing prefabricated and preassembled before shipment {§aitg et al.

2005) due to the benefit of cost reduction, schedule acceleration, as well as quality improvement over

on-site installation.

As civil industry work requirements become more demanding, and modular component tolerance
continues to decrease for more complex projects, there axistsd to incorporate and utdizjuality
control technologies similar to what have been used in the anrihg and automotive industries
for years. Project physical complexity may be affected by the component and module size
dimensions, along with geometry of the overall module. Quality checks in the current modular
fabrication sector may occur in the foohdocumented quality control by qualified staff, or
undocumented setthecks by the craft workers themselves. Rework of items that failed quality
checks includes taking the modules apart, realigning individual components, attaching the pieces
together agin, and conducting another quality check. This is a significant waste of resources,
resulting in reduced overall productivity represented by additional time and manpower spent on

correcting the errors.

Innovativeapproaches to this complex challenge idetu(1) threedimensional (3D) imaging
technology used for acquiring dimensional control data, (2) automated transfer of information
between tools, platforms, and workflow steps, (3) features that would be conducive to conduct quality
control, such as impwed visualisation of design intent, and (4) strategies for deployment of these
innovations in practice. The solution sethis problemnultimately needs to address lost productivity

due to rework, and generate value from its operation in the induatsi&dtion workflow.

In areport commissioned jointly by the Institute for Research in Construction of the National

Research Council of Canada and by the Science, Innovation and Electronic Information Division of
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Statistics Canada, it is argued that indastare able to increase their production capabilities and
improve their productivity through the adoption of more advanced technologies and p&tamisn

et al. 2001) However, construction as a largely heterogeneous and fragmented industry lacks the
horizontal and vertical integrath necessary to effectively implement innovations and improve
productivity substantially. For a given project, stakeholders involved throughout the entire process
from start to finish may include clients who specify requirements, engineers who drafsigresde
contractors who build the intended construction;soittractors who perform specialty craft work,

and regulators who verify that final products are up to code. It is not surprising then that in a survey
conducted on innovation, advanced technokgied practices in the construction and related
industries, ICT was identified as one of the most critical sources of competitive advantage for a
businesgSeaden et al. 2001} he ability to collect, disseminate, and receive information proved to
be extremely valuable, such that the flofwupdated data between relevant stakeholders allow
decisions to be made effectively.

With rapid technological change as a clear impetus for engaging in innovative strategies, there is an
increasing reliance on experienced personnel who are familiatheitimew technology or method.
The hiring of multiskilled teams together with development of proprietary technologies are examples
of firms promoting the culture for innovation, such ttiagre is consideration for innovation from
both the technology stapdint and the perspective of business strat€gugh innovation is
generally considered an added risk rather than a competitive advé®eagien et al. 2001} can
still be viewed as an enabler or contributor to measures of success, whether it be reputation, profit,
market share, orfiiciency (Waugh et al. 2016With that said, the evaluation and endorsement of
any innovation must take these industry sentiments into account, in such a way that their operating
value after workflow implementation is duly assessed. This includes quantification of current risk
exposure with traditional and prevailing work processealyais of risk mitigation achieved through
improved procedures, as well as proposition of a guideline for innovation deployment strategy in the
construction industry. These means will be explored in this thesis to facilitate the drive towards

rework redution and productivity increase.



1.2 Scope and Objectives

Thescope of this thesis is limited to assessing the impact of a casigmented realitgoftware
application created for quality control of pipe spool fabrication. Work procestesrasearch

indug r y p arefabnicationdagilities in Edmonton, AB and Cambridge, @lreobserved and
examined to model the pipe spool fabrication workflomuclear and nenuclear contextThree
distinctquality controlstages are derived based on the nledelorkflow, these specific stagedke

place before or during1) material receipt, (Jpoolassembly, and (3) final shipment. They

represent major checkpoints of quality control being conducted along the efastiivgition

workflow; quality control i this case entails the verification of geometric compliance, so features that

require higher precision such as weld defects are not within the scope of this thesis.

Analysisis then carried out based on the use of 3D feedback within the custom software
application, which acts gmart ofthe modified fabrication workflow implementediring quality
control In this thesis, 3D feedback consists of two elements, namely: (1) 3hgrend data
acquisition and (2) 3D visuafiation of design intent. Due to the characteristics of physical
fabrication activities, discretevent simulation (DES) is used to represent the sequence of events in
the workflow. Impact assessment is restddie tangible factors such as cost and time, therefore
intargible effects like reputation aret researched.

Theoverall objective of this thesis is to assess the degree of risk mitigation that would be achieved
by implementing revised fabrication worgfl's for pipe spool assembly. Though all the necessary
technologies for 3D feedback are presently available on the commercial market, the value of their
application in the construction prefabrication industry is not evident. Therefore it is imperative to
guantify the costs and benefits accrued under different implementation scenarios, in order to

determine the optimal deployment strategy. The following outcomemticipated

1 The useof 3D feedback within the custom software application in the pipe spool
fabrication workflow will reduce risk bynproving overall project productivity and

diminishing required rework.

1 Theinnovation effectiveness is contingentgpoolcomplexity, such that the benefit will

be higher in complicatealssemblig (e.g. nuclear apggations)than simple ones.

9 The successful application of the innovatienhnologydepends on strong partnership or

clear contract stipulation between the fabricator @oject stakeholders (e.designes).
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1.3 Research Methodology

Theproposed research in this thesis will be conducted in two major phases, which are summarized in

Figurel-1 as an overview of research methodology.

Simulation Modelling

Simulation Analysis

Aanalyze existing and
proposed workflows, and

assess risk mitigation using
3D feedback technology

AExamine existing pipe spool
fabrication workflows, and
assess the rework impact of
geometric norconformance

Figure 1-1. Major Research Phases

The first phase dhe research investigates the risks associated with the current traditional and

prevailing work processes. Fundamental tasks in this phase includes:

1 Identify quality controlprocesses along the fabrication workflow, more specifically, during
the stages of1) material receipt, (2) spool assembly, and (3) final shipment.

9 Conduct root cause analysis to determine proportion of geometricambormance, and

evaluate the rework sband schedule impact based on available project data.

1 Propose revised workflows to implementgmented reality ar@D feedback during

guality controlof pipe spool fabricatiom nuclear and nenuclear context
1 Model theexisting and proposedbricationworkflows using discreteevent simulation

The second phase of the researchluates the degree of risk mitigation achieved by implementing
proposed innovatiotechnologyin industrial prefabrication. Major tasks in this phase includes:

1 Evaluate and compare the impact difference between conventional and revised workflows

on project performance, such as rework and overall fabrication time.
1 Assesghe impact of innovation deploymeint proposed workflow
o0 Conductsensitivity analysis to exploifferentworkflow parameters
o0 Conduct riskassessment to quantify risk mitigation and accrued benefits.
o Conducteconomicanalysis tovalidate technology implementation in practice
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A synopsis of research methodology is illustrateBigure 1-2, outlining the progression of
research activities including comprehensive literature review, t@sksassociated witlsimulation

modellingandanalysis as well agiocumentatiosin the form of this thesiand other publications
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=
- 7
=
o
=
= Literature Review
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Identity quality control Conduct root cause analysis
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éﬁ fabrication workflow and schedule impact
= l ]
3 ’
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proposed fabrication »|  parameters and
workflows using DES system dynamics
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Z impact of technology
s implementation
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g analysis assessment analysis
170]
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z Conclusions and
= Discussions
=
=
=
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=
2 Journal and Master’s Thesis Future Research
a Conterence Papers Recommendations

Figure 1-2. Research Methodology
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1.4 Structure of Thesis

This thesids divided into five chapters. A brief summary of each chapterfiallasys:

Chapter 1)ntroduction provides general background and relevant information of the research to
justify research motivations, outlines the thesis scope and research objectives, and summarizes the

research methodology and the work that constitute each major research phase.

Chapter 2 Literature Reviewdiscusses concepts and research published up to date that are
pertinent to this thesis. This review includes the notions of rework, modulatraction and
prefabricationpuilding information modelling (BIM)3D imaging technologygugmented reality
application in constructioronstruction worker perception of technolagoption as well as
prevailingsystem simulation approaches and agpilans This chapter concludes with a discussion

of research gap aritbw this researcbontributes to existing body of knowledge

Chapter 3Simulation Modelling introduces theraditionalpipe spool fabrication workflow and
commongeometric quality control tools and procedures. Expanding on that, risk exposure with
respect to cost and time impact are evaluated for the entire work process as well as at each quality
contol stage. Lastly, this chapter presents technologies and techniques relevant to the revised
fabrication workflows, and proposes different application scenarios to be simulated.

Chapter 4Simulation Analysisapplies the revised fabrication workflows and reports the results
for each simulated model. The difference in impact of innovation implementation is assessed, in order
to determine the optimal deployment strategypipe spool fabricatiorEconomic analysis is also
carried out to determine the payback period of technology implementation in the fabrication work

processes, in order to justify its investment

Chapter 5Conclusions and Discussigreimmarzes the results drawn from the evaluation of
simulation outcomes completed in Chapter 4. Based on the findings, a general guideline for risk
mitigation of prefabrication in industrial construction is prescribed, specifying procedures based on
production cheacteristics and tolerance requirements. Research limitations are discussed to define the
circumstances particular to this thesis, and finally recommendations are proposed to further advance

the research documented herein.



Chapter 2

Literature Review

2.1 Rework in Construction

Due tothe natureof work in theindustry, rework is largely inevitabla traditional construction

Unlike manufacturing where process automation could be achieved and optimized by machinery, the
need for human involvement in standard corsion projects introduce the risk of noeonformance

errors associated with poor workmanship. There are many potential root cause of rework in addition
to construction site human error, such as design change alteration, defective materials, and lack of
planning and coordination within the project team; nonetheless, their impact on the overall project
performance is evident. In a survey of Mistralianconstruction projects, it was observed that costs
related to rework contribute an average of 52% topgae t 0 s dlowe 2002) whichvrhaly

include direct cost (labour and material to facilitate rework) and othegitlas such as schedule
delays and litigation cost. From the same survey, the aieact and indirect rework costs were

found to be 6.4% and 5.6% of the original contract vakegpectivel{Love 2002) Other research
studiegreflecta similar cost impadh other types of construction projecssich that reworkepresent

4% of contract value in Australian residentiahstruction(Mills et al. 2009) add 10% of contract

value in Australian civil infrastructure projedlsove et al. 201Q)and rangdrom 3.1% to 6.0% of

the project valuén Malaysian building projectérap et al. 2017)

Rework root causehave been the subject of many subsequent reseficcts for rework
reduction.n astudy that analyzed 359ojects with varying project characteristics from the
Construction Industry Institute (Cll) database, it was found that heavy industrial projects for
contractors were most affected by rework, and the most important root causes of rework are owner
changeand design error/omission for both owner and contractor reported piéjeasg et al.
2009) Theseissues may result from inadequate planning and poor communication among owners,
designers and constructotisus theyhighlight the need for a comprehensive rework management
system that involveall thestakeholders and different organizational and technological measures
every stage of the proje€te et al. 2015)Thisrecommendation echoed the findings from aveurof
115 civil infrastructuregrojectsby Love et al(2010), where theidentified the ineffective use of
information technology to communicate as the primary factor contributing to reWwekefore

rework reduction requires the need to better plan and manage the design and documentation process.
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To minimize and rectify the impact of rework, preventative methods must be applied in order to
reduce the probability of errors occurring throughout a project lifecycle, and appraisal measures
should be implemented to detect defects and assess conformance taitled tetgrance level. This
is part of a broader change to an organi zati onos
which necessitates a continuous improvement loop, similar to a model of rework reduction program
that support th&otal Qualty Management (TQMjramework(Zhang et al. 2012)The next sections
introduce some of the approaches that could reduce rework in construction.

2.2 Modular Construction and Prefabrication

Prdabrication, preassembly, modularization, andsitié febrication (PPMOF) research and practice
have been reaping growing interest over the years. Its potential for increased project performance
offers improvement in construction quality, productivity, safety, sustainability, cost, and schedule,
thus becomingraappealing and effective alternative to traditional stigkt construction for owners
and contractors alik8.heconcepts of PPMOF have been appliedifterent types of construction
projects, such asulti-storeyresidentiabuildings(Lawson et al. 2012where precast technology
(Jaillon and Poon 2009building acousti¢Ljunggren and Agren 201,1nd joint connections

(Sharafi et al. 201&re some of the focus of technical challenge in practice.

2.2.1 Drivers

In industrialapplications, research directeddatision frameworks help establish factors to consider

for the feasibility of PPMOF approach. A computerized tool was developed to incorporate subjective
judgment on the relative importance weights of each factor, culminating in a preliminary but
straightforward framework of evaluating the applicability of prework in industrial proj&tigag et

al. 2005) In a study that highlighted the changes needed in the project delivery system to promote an
environment of effective modularization, 21 critical succes®faatere identified and validated

( O6 Connor . Additiorml reseazlOekadnined PPMOF drivers and impediments in more
detail, particularly of the difference betweenaite and orsite performancdrom the perspective of
waste manageme(ifam et al. 2007; Quale et al. 20li#e cycleandenergy performancgvionahan

and Powell 2011; Aye et al. 2012; Hong et al. 20@n principlefNahmens and lkuma 2012; Yu

et al. 2013)design standardizatidnO6 Connor et al . 20 21pgnninBandi has hemi
execution( O6 Conn o r ,astvell aslcost aBdds¢hédf@hoi et al. 2016; Hong et al. 2018)



2.2.2 Risks and Barriers

As afundamentally distinct approach to construction, there are varying risks in PRMdRQfqus
compared to traditinal stickbuilt method jncreasing demands asdmplexity toaspects oproject
organization, engineering, procurement, planning, monitoring, coordination, communication, and
transportatior{Song et al. 2005A study identifiedand categorized risks into general risk factors, in
plant risk factors, and esite risk factorsandsubsequently quantified amdsessethemto propose

risk managemerftameworkin modular construction, where the process was simulated to evaluate
theexposure of cost and schedule to quantified risk fatoest al. 2013) This necessitates

monitoring and controlling risks in PPMOF, from both the managerial and technical context. Specific
to modular construction, dimensional and geometric compliance for stacamce requirements

were examined, in which a structural analysis framework incorporates cost and risk to assess the
optimal design solutiong&Shahtaheri et al. 2017Another risk management framework also includes

the evaluation of toleranaelated issues, where the compromise betwéesite and orsite costs
contribute to the identification of the optimugaometricvariability, to improve modularization
performance and maximize its benefEnshassi et al. 2019pwing to the advancements in

technology resarch, additional tools can be used to help facilitate risk management, such as building
information modelling (BM) for project design and lifgycle control, robotics automation for

fabrication control, and 3D sensing technology for quality control.

2.3 Building Information Modelling

BIM is an effective tool that offers capabilities beyond 3D visualization, including 3D modelling,
generation of fabrication drawings, material quantification, cost estimation, construction scheduling,
and detection of buildingystem interferencgsuccar 2009; Gu and London 2010; Azhar 201r)
modular buildings constructionpordination for the mechanical, electrical, and plumbing (MEP)
systems igspeciallycrucial. While each system is typically designed by their respective specialty
consultant, they all interact with architectural and structural elements, as well aaatitbtieer when
fabricated into complete modules. The use of BIM allow ruificiplinary collaboration within the
project team, by aligning design objectives and defining constraint requirements, effectively taking
into account modular constructability aekément interdependency issues ahead of fabrication and
onsite installation(Lu and Korman 2010) o this effectBIM provides a platform and management

of project information exchange within the team, operating as a process of collective daeaikiog
between thestakeholdergSingh et al. 2011; Mostafa et al. 2018)
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BIM can also bsea as a potential enabler of construction modularizatioa.study that
examined the use of BIM f&*PMOF, it isargued that BIMcan be used to enhance existing benefits
and overcome existing chatiges of offsite manufacturingn which the qualitativeand quantitative
impact of BIM on the drivers and barriers to PPMOF were reviemedassessed, including safety,
rework, time, cost and labour savirigbanda et al. 2017Another studyinvestigatedBIM-based 4D
simulationframeworksto improvemanufacturingprodictivity by managing the procesg, quantity,
and quality of modulé@uring fabricationwhich aim toultimately minimize rework and reduce
construction delays, quality lapses, and cost ovewfitige projec{Lee and Kim 2017)BIM was
also used as a link between an enterprise resource planning information system that supports
manufacturing process and construction object related information, in order to integrate mass
production prefabrication processes with construction stteites( Ba bi | e Inthadontext2 0 1 0)
of quality control in costruction, the potential of BIM implementation in quality management was
proposed, by taking advantage of mdlitnensional data including (1) designinformation for
data consistency, (2) standardized and structured construction codes, and (3) 4i@pfoic

timely inspection and visualization of the whole prod€isen and Luo 2014)

Despite many reported project benefits of BIM, which include cost reductioncamicbtthrough
the project lifeycle (Barlish and Sullivan 2012)ts full adoptionand benefits realizatioin the
construction industry relies on the agreement between stakeholdghgl @s acommon IT platform
and no restriction to the flow of informationdand from other parties by looking to protect ownership

and intellectual property rights of BHgenerated outpBryde et al. 2013)

2.4 3D Imaging Technology

As science and technology research continue to progress, tools developed for project surveying in the
construction industry are becoming increasingly diverse and affordable. 3D surface imaging and
photogrammetry techniques include RGB-ameras, light deteatn and ranging (LiDAR), and
structured light, where enhanced efficiency and reduced operational cost help improve fabrication,
construction, and infrastructure management. Research in 3D imaging technology is executed from
the perspectives of workflow aragplication; workflow entails the process of data acquisition, point
cloud generation, and subsequent modelling, whereas the application stream targets the technology
usage scenari@Wei et al. 2018)Some challenges in this research include the speed and accuracy of
the workflow, as well as the interoperability azadibration between technology componeattsoss
different platforms
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An example use case of 3D imaging technology in the civil engineering field iswoditsir
progress control, which is essential for the successful delivery of construction pRijeletser
scanning wasuggesteas a potential tool to visualize the 3D status of a project and automate some
tasks related to project control, including 3D progress tracking, productivity tracking, as well as
construction dimensional quality assessmentcaradity control(Bosché et al. 20090 system was
proposedvhichincorporates schedule information with 3D object recognitmautomate the
feedback flow of abuilt information for consuction project managemeas a 4D object oriented
progress tacking systeffiurkan et al. 2012)The system was further developed to transform objects
to their earned values, in order to improve the accuracy ofgeedgrackingTurkan et al. 2013As
owners and contractors seek to improve aspects of project performance such as productivity, quality,
safety, and cost savings, the integration db@i#t information fromsensor technologies and BIM
data offers an opportunity for building construction automation, enhancing existing work processes
that are prone to human error from manual wdi&ha et al. 2013)

Expanding on the technological tandem of 3D data acquisition instrument and BIM, new
workflows incorporate the two tools for enhanced construgtioject control. For processing of-as
built data, a framework that integrates Sta®IM and Scarvs-BIM approach was proposed to
perform automatic detection, recognition, and identification of cylindrical MEP components in
buildings construction, whichelps facilitate the discrepancy assessment of percentage built as
planned(Bosché et al. 2015A continuously updated dmiilt model was achieved by using laest
scanning devices attached to workersé hel met s, w h
to identify deviation from aglesigned model, such that construction schedule anjeicpprogress
could be managed effectivelyP u | k o e.HowaMer, theZj(ality8o) the scan data is critical to
the success of monitoring results. To address this gap, a metric for evaluation wasgtomtefine

point cloud quality parametebased on building elemen(Rebolj et al. 2017)

New techniques are alsoggestedo evaluate the quality of dmuilt components. A dimensional
guality assurance technique was devetbfp automatically evaluate topical geometric compliance of
precast concrete elements using scanned data, where subsequassBligld storagand delivery of
information wagroposed to allow stakeholders to share and update data throughout fabaicdtion
construction assemb(¥Kim et al. 2016) In a similar light, data acquisition withlaser scanner was
used to conduct esite dimensional inspection of industrial piping systems, whebzidisdata and

asdesigned models were coargd to verify geometric complian@&guyen and Choi 2018)
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2.5 Augmented Reality

One ofthe more recent technological advancements is digital reality, which consists of two streams of
development: virtual reality and augmented reallile virtual reality is the creation of and

interaction within a completely digital and simulated environtneugmented reality is the overlay of
digital information onto the real environment in real time and in the correct spatial poEit@nare

both perceived as an enabler of improvemengsadject delivery and possible provision of new and

better senges, however, their low level of adoption in the industry is limited by timpression as
expensive and immature technologies that are not suitabtd@itications irengineering and

constructionDavila Delgado et al. 2020)

Both visualization technologies have been reaping growing interest and implementation across
different industries, such as gaming and entertainment for enhanced experience, as well as aerospace
andhealthcardor the purpose of education and training. @fajer consequencetlse potentialof
augmented realitin manufacturingvith its reattime and interactive solutigmnvherethere was a
reported®0% improvement in firstime quality when compared to using 2D information, as well as
40% improvemergtin productivity when installing electrical wiring on an aircréioeing 2018)In
the context opiping assembly, augmented reality visualizatompared witt2D isometric drawings
yielded55% reduction in original process time, 46% reduction in rework time, 50% reduction in
assembly errors, and 66% reductiorcost of correcting erroneous assembly for 2D isometric
drawings(Hou et al. 2015)Thefindingsare echoed by Kwiatek et al. (2018 their experiment of
assembling a complex® spool, comparing the results through conventional means and augmented
reality at different spatiadognitive abilities Specific toprofessionapipe fitters, hey found that
augmented reality contributed 83% reduction in overall time to complete tmsembly53%
reduction in time to absorb design information, 88% reduction in time to interpret rework
information,and 57% reduction in time to complete rewdrke results support the use of augmented
reality application during fabrication for qualitpntrol, with marked improvement to worker
productivity. For a comprehensive literature review of potential use cases and practical applications
of virtual reality and augmented reality the architecture, engineeriagd construction industry, the
studypresented by Davila Delgado et al. (2020) provide a-sfatiee-art overview of the technology
research, as well as drivers and limitationstfi@ir adoption in the industry. Trends in augmented
reality applications, specificallhe technologies dbcdization, naturhuser interface, cloud

computing and mobile devices, were also explof€di et al. 2013)
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2.6 Perception of Technology Adoption in Construction

In order to(1) optimize the benefit of technology to enhance project performance, and (2) drive
towards the automation of work processes in the construction industry, there is a need to incorporate
information and communication technology (ICT)fézilitate collaboration amongroject

stakeholders, transfer information between different technology platforms, and condtioteaddta
analysis for continuous improvement loop. Though innovations in constiuotinagement and

operation have been researched and developed regularly, their adoption in practice often does not
occur immediately. The two main drivers to the stereotypical stagnant pace of technology enactment
in construction are possibly stemmed fréihlack of discourse between academics and industry, and
(2) management complacency with existing work processes. Nonetheless, researchers continue to
investigate the role of advanced technology in the construction industry, and examine the potential
impact of their implementation.

Fromthe technical perspective, perceived benefits of a given technology plays a central role in an
organi zationds decision process, such that it not
presumably manual anda/mefficient work activities, but also offers an opportunity for improvement
in overall project performance. Investigating collaborative technologies in construction, it was found
that preexisting technological base and senior management support arefsthmererequisite
resources that an organization should possess, while communication improvement and information
system standardization are internal organizational drivers that have an effect on the intention to adopt
a collaborative technologiikas et al. 2007)This is especially relevant in project management,
where the practice of ICT in construction is proposed to be able to recognize interdependencies and
enable management of increasingly complex and central information systemmjphmsgng the
overall project performance with heightened level of integrdffimoe® 2010) A predictive model
was developed to estimate the potential impact of an emerging technology on construction
productivity, in which relative importance factor weight using analytic hierarchy process and
historical analyses on costs, feasibilitgage history, and technical impact were aggregated to
generate a performance score for the analyzed techn@amdrum et al. 2011However, it should
be noted the authors recognize the basis of thehasdumed that analysis on past experiences can
reveal technology characteristics conducive to predict future sutt@sstheless, there is a need to
understand the alignment between intended impacts of ICT and perceived benefits among users, as

wellasr ecogni ze discrepanci es aJambsgon ad ldndarosh01®d)s per c e
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Due to the interaction between people and technology, their operation and structure can be viewed
as a sociotechnical system, such that the impact of technology implementation considers social
ramifications as well. The replacement and integration of any new elements into an existing system
structure would inevitably induce change in organizationattions and operatiorigshmad et al.

1995) as people attempt to interpret and maknse of the unfamiliar artefacts, adjust behaviour
based on their perception, and consequently transform the current dynamics into a new set of
regulations. A study was conducted to investigate the relationship betweadd@iion and job
satisfactiorwithin the Jordanian construction industayd it was found that there is a positive
correlation between the twactors suggesting an increase in employee job satisfaction with more
investment in technolog§Attar and Sweis 2009)-urthermore, examining the use of automated data
collection technology for contirmus management of construction activities, perceptions of the
technology and barriers to its adoption were identified, where work process change acts as a critical
roadblock towards the application of réiahe data capture, analysis, and sharing acr@ss th
construction industrfMajrouhi Sardroud 2015As part of the experimemd assesthe impact of

spatial cognitive abilities on the effectiveness of augmented reality in construction and fabrication, a
survey was conductdry Kwiatek (2018)0 ask the craft workers about their opinions regarding
technology It was found that the majoyiof the participants were at best neutral to the idea of using
technology in their lives, and the biggest apprehension was technology creating additional tasks to be
done, as well as change to routine and less time for direct work, which echoes aditigsfby

Majrouhi Sardroud. Therefore, if the technology adds value by making the work simpler and that the
workers are able to receive adequate training prior to implementation, ultimately minimizing
additional processes and replacing existing tasksmiitimal impact to their routine, the craft

workers would be more likely to be receptive of the new technafogyactice(Kwiatek 2018)

2.7 Simulation

Simulation in general is composed of two ldgments, which are simulation modelling and

simulation analysis. Simulation modelling is a means to represent a system physical and logically in

order to understand its behaviour over space and time and to assess pos®hleeoces of actions

onthe dher hand, simulation analysis is a means, using a simulation model, to experiment with and

test alternatives before deciding actions and committing resai@oesnwood 2018Bimulation is

ultimately used to support decisiomaking specificallyto( 1) under stand a systemgd

analyze and predict a syst embsforpnorovernentmance, and

15



In order to simulate operations systems, three key aspects must be addressed: interactions,
variability, and dynamicéGreenwood 2018)A simulation must represent the basic actions that occur
in an operations system, and the representation itself should also consider physical aspects such as
size, distance, andsgd, as well as logical agpesuch as who, what, when, and where things are
done, and for how much and how lofidpe variability of known parameters (e.g. work schedules and
product mix) and unknown parameters (e.g. quality
resourcent er actions to change over time, thus resulti
basic types of simulation that are used to model and analyze operations systems: (1edeserete
simulation, (2) Monte Carlo simulation, (3) continuous simulatamd, (4) agenbased simulation.

2.7.1 Discrete-Event Simulation in Construction Research

Due to the nature of construction activities, their sheer complexity and involvement of many
stakeholders preclude construction research to be carriedsilytin the field. Thus simulation
offers a convenient solutidn examine construction processes, and investigate their potential

behaviour responding to changes introduced to the system.

Discreteevent simulation (DES) is one of the most popular tools mstraction operations
analysis In DES, the states of a system change at discrete points in time as the result of specific
events, which isery similar to how construction and fabrication processes operate in rEality.
example DES wasdeveloped to asss the impact of different variables on paving operations under
lane closure condition®Nassar et al. 2003pver the yeardDES hasalsobeen proposed to
incorporatevarious optimiation tools under constrained resources. DES was integrated with a
heuristic algorithm to optimize dynamic resource allocafiwrtonstruction scheduling, with the
objective of minimizing project duratiqzhang and Li 2004)Similarly, DES wagroposed to be
used in conjunction with particle swarm optimization, in order to automate the formulation of a
resourceconstrained schedule with the shortest total project durdétioet al. 2008)A DES model
also inorporated genetic algorithm to support hoist planners while preparing optimal plans with
minimal time and effort for highise building constructiofShin et al. 2011)Furthermore, t@account
for sustainability during construction, a dynamic modelling framework based on DES includes
environmental goals in the design of road construction operations, in termgssioss generated by
the production and traffic conditioi&onzalez and Echaveguren 2012[ES was also used to
examine the relationship between various configuration factors and the performance of a sky lobby
lifting system(Jung et al. 2017)
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There are also applications to incorporate BIM and DES in construction research-BHESM
framework was proposed to enable the implementation and integration of DES in the planning and
follow-up of construction activitiesyhile BIM provides the process information to DES, facilitating
the building and maintenance of the DES model, the DES model in turn evaluates the construction
performances and provides feedback to the BIM process for decisiporsiiyp and Olofsson 2014)
Another studydeveloped a prototype information system based on BIM, and exaitgreffct
when used by subjects working in a virtual construction site experimental setup using virtual reality
and linked to a DES engine, to guide their performance of virtual work in aikghbuilding
constructionGurevich and Sacks 2014)

In the context of PPMQFR production planning and control system for a panelized home
productionfacility was developed, where radio frequency identification data was used to build a DES
model, which is then integrated with an optimization algorithm to generate the production schedule
and for reakime performance monitorin@\itaf et al. 2018) Anothe study used DE® provide and
evaluate recommendations to improve modular construction efficiency through the application of lean
principles and concepts such as TQM and JIT, and assessed their impact on cycle time and process

time, as well as procesdiefency and labour productivitgGoh and Goh 2019)

2.7.2 Other Simulation in Construction Research

While DES methods are limited in their ability to model the behaviour of individuals who make
decisions subject to their perceptions of uncertain conditions,-bgeatl simulation magffer a
better solution since agents can be applied with behavioural médeilslti-agentbased simulation
system was developed to evaluate the traffic flow of construction equipment in construction site, in
order to account for their continuous dynamataviour(Kim and Kim 2010) Another study
captured construction trade crew behaviours through interviews and encapsulated the behaviour in
software agents, the syst-@akingrandisduat®onaleeawacehess ndi vi d
while using BM to define the physical and the process environment for the simu(&&rrAlon and
Sacks 2017)in terms of safety, a study integrated BIM and agparsied model to evaluate different
evacu#ion plans to improve evacuation performance for offshore oil and gas platforms based on time
(Cheng et al. 2018%imilarly, a tool was developed by integrating fire dynamics simulation, agent
based crowd simulation and BIM using Industry Foundation Classes data structures, allowing it to be
used by designers to analyze a building layout design under various fire scenarios, and for layout
optimization based on multiple safety critefidirahadi et al. 2019)
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Monte Carlo simwdtion(MCS) relies on repeated random sampling to obtain numerical results, and
is used extensively in problems with significant uncertaimiys input variables. In a study that
introduced an analytical model to determine optimal lifecycle costs efr#imforced polymer
bridge deck panels, MCS was used to account for uncertainty in the model paréiwtgrst al.

2007) Another study developed a hybrid information fusion approach that integrates cloud model,
DempstetrShafer evidence theory, and MCS technique to perceive safety risk ofindunetd

building damage under uncertainty; the Monte Carlo technique was used to simulate the input
observation by using probability distribution in order to describe and reduce underlying uncertainty
curing the characterization and measurement of igmiofs(Zhang et al. 2017)n the context of
PPMOF tolerance analysis through MCS was shown to be a proactive design tool with key
advantages for prefabricated and offsite construction, wiBreomplex 3D geometric interactions

can be readily modelled using basic tolerance configurations, (2) potential misalignments at key
connection points can be identified and quantified in terms of a probability distribution of variation,
and (3) desigmiprovements can be achieved by comparing alternate construction processes to

mitigate the risk of assembly rewafRausch et al. 2019)

2.8 Research Gap

Literature review conducted heretofore examirigiicauses of rework and itspact on project
performance, as well as potential mitigation strategy, (2) PPMOF dragrgell as risks and barriers
in practice(3) BIM benefits and integration with other technology platforms, (4) techniques and
applications of 3D imaging technolagip) augmented reality applications and impact on project
performance(6) perception of technology adoption in constructamd (7) simulation techniques

and applications in construction research.

Kwiatek et al. (2019&xamined the impact of augmentedlity and 3D imaging technology on
worker productivity, however, the potential of near 4tirake 3D feedback workflow on prefabrication
of industrial construction has yet to be investigated. Furthermore, alignntechablogyintended
impact andts perceived benefits necessitates the quantification of risk mitigation. Therefore, this
thesis fills the gap in statef-the-art construction researetfith a case study on pipe spool fabrication
by examining quality contratages along the fabrication wgstocesses in nuclear and Aouclear
context, proposing revised workflow using 3D feedback, modelling the existing and proposed
workflows with discretee vent si mul ati on, anal yzi nfprrawbre si mul at
and project time, as well asrducting risk assessment and economic justificationew workflow.

18



Chapter 3

Si mul ation Modelling

The purpose of this chapter is to provide background information on the research projeatihat
the backbone of this thesis, as well as to present simulatidalsfior the prefabrcation wokflow of

pipe spool assembli@és nuclear and nenuclear contexts

3.1 General

The project is dour-yearcollaborative research initiative between thavdrsity of Waterloo and the
i ndustry partner ,angorrenstryction genenakconractortinrCanddie)
overarching goal of the project isitaprove worker poductivity and reduceswork through the
development of a near retine 3D feedback systerdesigned with the intention of providing a
streamlinedsoftwareservice to the usergVith this tool, gality control can be executed at an early
stage of the assembly duringnstruction prefabricatiortonsequentiallowing workers to easily
recognise discrepancies between the designed models-haiit &asformation offabricatedspook.
The useof augmented reality in thisolution takes advantage of the increasingly affordable 3D data
acquisition technologgvailable on the commercial markas well as the@biquitous use of BIM in
the industrysuch thatnformation can be conveyed by overlaying 3Eba#it scans over 3D design
model. The implementation of technology tools would fundamentally alter the current traditional
work process, but offers a potential for increased productivity and a more efficigditow
(Henderson and Ruikar 2010)

The partned eperating structure is segmented into three core activities, namely infrastructure,
industrial, and concessions, with a total of over 12,000 working employees. Within its industrial
division, they own and operate four prefabrication facilities acrossdaarach with varying

capacity and typical work productiohable3-1 sumnarizes the basic information efich facility.

Table3-1. T h e P a Prefabeicatiors Facility Summary (The Partner 2018a)

Facility Size  Annual Spool Capacity Annual Weld Capacity  Yard Size

Facility (Square Feet) (Number of Spools) (Diameter Inches) (Acres)
Edmonton, AB 83,000 20,000 520,000 62
Pictou, NS 80,000 15,000 637,000 18
Cambridge, ON 120,000 40,000 1,000,000 N/A
Brantford, ON 50,000 4,200 338,000 5
Total 333,000 79,200 2,495,000 85
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Most of the datan this researchre gséhered from site visitstothe partbes pr ef abr i cati on
facilities in Edmonton, ABand Cambridge, ONwhich represent over half tfe partned s
prefabrication capacitypuring these site visits, interviews are usually held with the fabrication
managewho oversees the entire plant operations, and if specific information are required, meetings
would be arranged with the engineeflso manage specific projects, shop superdentvho leads
the fabrication shop, as well Aiders and welders/ho fabricate the componentEherefore there is
an approgate assortment of perspectitesnclude expertise from the management team, the core
supervision personnel, and the crafrkeys themselves.

While the Edmonton plant primiéy fabricates industrial components (euglities or oil and gas
applicationy, the Cambridge plaritas an additional capability of fabricating nuclear components.
Consequentlythough the workflow is gemally the same between each prefabrication facility, the
quality control procedure is different depending on the project(tymenuclear vs. nenuclear).This
difference is discussed in detail later on in SecBid2 Neverthelessin either casehe developed
technology must be fairly straightforward to operate with its streamlined user interface, be compatible
with different 3D data acquisition hardware, atiimately be able to be implemented under different

fabrication workflows.

3.2 Technology Overview

An augmented reality software application was developed by the team of researchers at the University
of Waterloo, focusing on impwing visualiation of designntent, offering robust analysis

capabilities, angroviding an intuitivedisplayof the resultsThe current industry practice of

presenting information to the workers is using isometric projections, which are-swdle symbolic

line drawings represanyy 3D shape on a 2D drawing. This method of visualization is used for
cutsheets, which are official paper documents sent to the fitters and welders during fabrication,
detailing the cut lengths for individual pieces of elements indicated on the drasvingll as

labelling of the weld procedures required. An alternate visualization approach of design intent is
proposed for the software, where a fully rotatable 3D model allows users to recognize the relationship
between each component, and the interaftieeat ur e can fAexploded the overa
providing a more detailed view of the elements of intefégtre3-1 on the next pagehows a side

by-side comprison of the two visualization methods in the current software solution, in which the

user has the option to click on either of them for an enlarged view.
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Figure 3-1. Isometric and 3D Visualization

Quality controlanalysis of the software requires two sets of point clouds: (1) point cloud from the
3D design model, and (2) point cloud from thebagt spool Point clouds are essentially a set of
spatial data points, where each point contaBsociated Cartesian coordinates in the x, y, and z axis.
3D imaging technology needs to be used in order to obtain a surface point clotmidf as
components. The two point clouds are then superimposed over each other using the Iterative Closest
Point dgorithm, and a heat map is generated to visualize discrepancy, which is essentially a large
distance between two supposedly corresponding pibiatexceeds specified threshdiijure3-2

demonstrates the difference betwearipge spoothat exceeds tolerance and one that is conformant.
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Figure 3-2. Discrepancy Analysis: Unacceptable vs. Acceptable
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Thesoftware appliction developed by the research project team was used previoustgntnethe
impact of augmented reality and its relation to human spatial cognitive abKiigstek et al.(2019)

summarizedhe application workflow in detgihsshownin Figure3-3.

Input project control
number into application

!

Application finds and displays
related design information (Iso
and 3D model)

|

Segment parts of

"~ model being completed
_ Scan assembly being _
evaluated =
Load as-built scan
into software
Overlay scan onto
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matching
Make «—No— . Senenlly correct Yes Clutter
corrections assembly? removal
Heat map
indicating level
of compliance
Compliant
L assembly? ~He
Make
corrections
Continue assembling P Assembly
next component . completed?
Yes
Finished

Figure 3-3. Software Application Workflow (Kwiatek et al. 2019)
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3.3 Technology Implementation

In pipe spool fabrication, much like any other industrial prefabrication process, there is a number of
key stakeholders along the workflow wansure everything from projestart to final product

delivery is carried out smoothly and up to standartisis auality control procedures are an integral

part of the production systersuch that through iterative review and inspectimm-conformance of
assembly can be detected aadrectedMaterial receivers, fitters, welders, as well as QC personnel
all follow the same protocol, and are aligned with their responsibilfiegs complete material receipt
and fabrication flowfor nonnuclear projectaredetailed next page iRigure3-4, and it sheds light

on specific quality control steps in current prevailing pipe spool fabrication process.

In general, despite project types, there are thma@erpotential steps along the fabricatiprocess
to implement 3D scanning and the software solui®described previously in Secti®r2 These
stepsare identifed as follows:

1. Material receipt when components arrive to the shop and are to be stored into warehouse,
2. Spool assemblin-process chec#uring fitting and weldingand
3. Quality check after completion of spools (befral shipmentto site).

While flawedincoming materials may contribute potentialerrors during fabrication, they make
up a smakrpercentage of geometric noonformancesince most items are standard sizifige only
risk during material receipt would be custom materials received frpplists, where geometric non
conformance may be present from ermusings u p p | i e r 6 @ocdssOh the othar handud
to themanualnature of pipe spodabrication fittings during layout of components pose a
significantly higher risk oproducing erroneous assklies that to not meet design requirements. This
is especially true for highly complex projects such as pipes for numbeser plant refurbishment
where the geometry is often vangricatein order to match site conditions. Harge bore projects, it
is also challenging for the fitters to maneuver components to the correct positions. In both cases,
guality control becomes challenging task since the tools available may not be sufficient for the
precision required. As such, teeftware technology developed by the research team at the University

of Waterloo offers an additional flexibility for the workers to check for geometric errors.
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3.3.1 Material Receipt

When materials arrive in the fabrication shop, they are offloaded onto the receiving bay. Receivers
would then confirm the materials match the ordeis entails documenting the purchase order
numkber, quantity of order, as well as types and grades of matdrassstep of quality contrag
commonlyreferredt 0 a s (ote@sh@tddamagen the industryand it is intended to make sure
there is sufficient materialshie over or shorpart ofOSD) for the project, and that the materials are

up to standardgie damagepartof OSD). If there is not enough materials, or if certain materials are
flawed and not fit for use, then they will be sent back to the vendor, and the new batch of materials

will go through the same procesfsquality controlwhen they arrive.

Oncematerials are received, they are then stored in the warehouse for future project use. A barcode
tag may be attached to each material, and information such as project numbarntieat(source of
batch material) and material description (type, grade, and nominal dimensiongnaneltfaded
ontothepartndrs i nt er nal i nf or mat iroction BanagenemSystenrh e | nt eg

Figure3-5 shows examples of the barcode tagsplied to materials stored into the warehouse

#619BCS780

c:FLANGE RF 1508 SCH 4@ 4"
@ LF2 CL1 WELD NECK

Figure 3-5. Material Barcode Information

When naterials are needed for fittingde warehouse receives a pick list, and the cutting table
receives a cut lisifter fitters pick up the materials, they measure their length and diameter, and
record the heat numbtr keeptrack of the components that keaup an assemhls such, there is a
duplicated effort where the receiver conducts a visual inspection of the materials, and the fitters
perform another quality control step before fittings. There is a potential for the wareh8sgctn
incoming mateals when they are being storew theirassociated dimensioran be confirmed and
uploaded onto the information system. In this workflow, the fitters would simply pick up the
materials, and they would not have to spend time checking their geometyevéliof modification
would requirghe upload, transfer, and distribution of said information between warehouse and
fitters; however, thiss out of scope for thithesissince it concerns thouse IT capability anthe

level of software integration iatexisting workflows.
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3.3.2 Fabrication In-Process Check

During fabricationfitters and welders are qgsnsible for the fittings gbipe spool assemblyfter

the fitters pick up the materials, and their dimensions have been confirmed to be accurate, they would
attempt to layout the components in the correct orientatioording to design information. Fitters

would then tack the connection so the spool would stay in place. At this point, thensgyouobtbe

within tolerance, as the overall steel assemblyauilitract and distort after full penetration weld.

Currently there is no consistent metrics to determine how out of line the spool would be after tack, as

it depends on the fitterbbkaendedstdandt ngi bé. whher
s andard procedure for geometric compliance after

the preference of the welders.

As mentioned briefly before, the quality control proceduriginctbased on the project type.

Their difference is outlined imable3-2.

Table 3-2. Quality Control Requirements Based on Poject Type

. Nuclear Non-Nuclear
Quality Control Project Project
Before Tack n ]
After Tack n n
After Weld n n
QC Performed by  QC Personnel Fitters

Fabrication iaprocess check would typically sestdct quality assurance program in nuclear
projects, as the partnadheres to codequirementset forth by the Canadian Standards Association
(CSA). Specific to the Canada Deuterium Uranium (CANDU) reactor, as a fabricator of components
for the nuclear power plant, the partnaust comply with C8 N285 (Systems and Components) and
CSA N286 (Quality Assurancelhe inspectiorof any pressureetaining systems and components
would therefore require quakid personnel who are certified and authorizepetidormaquality
control. On the other hanfhyr nonnuclearprojects, the level of formajuality controlinvolvement
depends on the pipe bore size; howevastof the timeahe craft workers would conduct
undocumented setthecks on the work they have done. This hidden ignmard to track, angs a
result mayreflect poorly orthe overall productivityf the projectlt is worth mentioning that fitters

are the only ones performing checks, since welders are focused on maximizing weld time.
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After tak, the pipe spool is ready faunlf penetration wld. Due to theircular cross sectioof
these assemblies, roll wegbtlovides the easieatcess for welders to weld the compon¢éogether
One end of thepoolwould be attachetb a piperotator, and as the entire spapinsaboutthe
principle axisthe welder is able tstay in position and weld accordinghigure3-6 demonstrate

what these rotators look likand a closeip view reveals the mechanisms that secure the pipe spools.

Figure 3-6. Pipe Rotatas

When welding is complete, the finished spool would be transported to a laydown area for final
inspection; this step is described next in Sedi@3 However, ifadditional components astill
needed, it would be sent back to the fitterddgout again. At this stage, the workers would check
for weld quality and overall spool geometric compliance. If rework needs to bedémeading on
spool complexityjt may take umn incredible amount of timte remove the full weldThis process
involves documenting the neaompliance, developing a rework strategytting through the joints,
grinding and preparingheedgesand ging through theentirefitting andweldingworkflow again
Consequentlycraft workers rely ora variety oftoolsin order to perfornall the taskgluring
fabricationand reworkFigure3-7 depicts typichwork stationswherew o r k tealsaré orgnized.

Figure 3-7. Typical Fabrication Work Station
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Traditionaltools to check for geometric compliance include steel tape measure, steahgight
measure, spirit level, and calip&¥hile they are and have been sufficient for the majority of pipe
spools with straightforward design, these tools may not be preasglefor more complex
geometry. This challenge is éeint regardless of project tygeor example, when there is an
extremely long pipe segment, sag would invariably occur if the fitters use a tape measure to confirm
its length.Figure3-8 shows some of the tools as described earlier being used by fitters during active
fabrication, andrigure3-9 provides a sense of understanding for how long some pipe spools can be.

R
:h

uMN Af

Figure 3-9. Sample Long Pipe

The challenge to verify geometric compliance is further exacerbatstittyolerance
requirements in nuclear applications. Some components have a spet#iadce obnesixteenthof
an inch,which is approximately 1.5mm of margira fan entirgipe spoolFor pipespoolswith
complicated length and angle of elbow ecalplad with theirunconventional orientation, it is very
difficult to verify thosedimensional parameter some instances) order to validate the spool was
fabricated according to design, custonsjigould have to beeveloped and constructed the quality
control personnel caconfirm and approve these spools for final shipment tolsigere3-10 on the
next page demonstrates one of such jigs being used during quality control.
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Figure 3-10. Custom Jig for Geometric Verification (Photo by Mohammad Mahdi Sharif 2019)

Similar to the inadequacy of using a steel tape measure to measure a long pipe, custom jigs are also
prone to inaccuracy due to its material (wood shrinkage and expansion) and the manual nature of the
process in which they were created. While total station reaysbd, its operation requires someone
very knowledgeable about the hardware system and measurement process, and the entire operation
may take avhile to completeDuring site visits by the research team, although a total station was
located within the pfabrication facility, the team learned that theipqent has not been used in a
longtime, and no one in the current staff knows how to properly operate it.

This presents an excellespportunity for 3D scanning to replace or complement the existing
arsenal of tols for geometric verification during quality contrdhe developed software technology
has an intuitive user interface, so the learning curve for new users would be dldte;shis
enables rapid deployment and integration into existing fabrication workflewvthermoe, the
streamlined services includimata &quisition, data processing, and fimasults presentation offer a
rewarding user experiencguch thathe worlers would be able to quickly and accurately assess
geometric compliance of the pipe spodlke ability to accommodate different 3@anninchardware
also means the flexibility to use a different system under different scenarios. For examplee with
DotProduct CPI-8S a haneheld 3D scanner, the worker can walk around awkward position of the
entire assemblgnd maneuver around the environmenrder to capture as much informatias
possible. On the other harile FARO Focus Laser Scanner, though atatiy, is a reliablgystem
that offers accurate measuremenftsip to+1mm.Readers mayefer to Appendix A for detailed

technical specifications dhe 3D data acquisition hardware used in this research.
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3.3.3 Final Quality Control

In the last stage of pipe apl fabrication, a final quality control edministeredy dedicated QC
personnel before spools are transpottesite for installation, or if paint is required, transported to
the paint shopThe tools and procedure remain the saséescribed earlier in Sectid8rs.2 with
inspection conductegrimarily ontheoverall spool geometphowever, if contract requires,
additional quality contrainay beperformed including but not limited tdydrostatic testing,

ultrasonic testing, penetrant tieg), and magnetic particle testirgigure3-11 exhibits spools

undergoinghydrostatic test to check for pressure loss and leaks.

Figure 3-11. Hydrostatic Test

When no deficiency is found, atige pipespool successfully meets all requirements concerning its
overallgeometry, strength, and weld quality, the QC personnel would fiapfiyoveand releasé.
At this point, thecompletedspool would typically be moved to a temporary laydown area within the
prefabrication facility, until enougépoolshave been fabricadefor shipment to sitefFigure3-12
shows spools in laydown ara#ter fabrication and passing quality conterhdFigure3-13 on the

next pageshows trucks in the loading bay before shipment to projedositestallation

M*{' ‘ :wm

Figure 3-12. Spools in Laydown Areaafter Fabrication
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Figure 3-13. Trucks for Spool Shipmentto Site

For spools that did not pass quality control and are deemedamormant to design requirements,
they are attached withrae d -dimmfmor mance tagod, which summari zes
number the spool belongs to, the associated drawing and spool/item ndegsgeiption of the non
conformance and where thefects existas well aghe NorConformance Report (NCR) numb
where all the specific details are documenkdure3-14 shows examples of nesonformance tags
applied to spools that failed quality control after their fabrication.

2 "

Figure 3-14. Non-Conformance Tags

Underthe partned Quality Control Pocedure,anoo onf or mance i s defined as
characteristic, documentation or procedure that renders the quality of material, component or activity
unacceptable or indeterminai@herefore the tags ay also be declared on incoming materials from
their suppliers, as well as spools under active fabricatiging fitting and weldingWhen nor
conformances are identified, six decisions are available, which are: {a¥iss€2) repair, (3)
rework, (4)scrap, (5) return & replace, and (6) otHéo. work may proceed on the affected area of
the nonconforming item until the NCRissie d wi t h an approved fAdisposi't
one of the six choices. Only QC personnel may remove @owiormancéiold tag.Readers may

refer to Appendix B fothe partned s @/ Cankrdl Procedure observed prefabrication facilities
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3.3.4 Non-Conformance Root Causes

To further understand the typesrmfn-conformance, their frequency of occurrence within a project,
aswell as their impact on the project cost and schedule, the research team obtained a copy of the
entire NCR data on one of the parfner

compl et eds. Tieiprolec require@ theopprtner

to fabricatesix distinct modulesnd a ring girdefor nuclear power plants the United States\

total of 1,179 NCRwere raised during the thrgear fabrication period for this projedtable3-3

summarizes the total wgit, operating purpose, and fabrication challenge of these nuclealasod

andFigure3-15on the next page illustratédse 3D design ofach module.

Table 3-3. Summary of Nuclear Modules(The Partner 2018b)

Module Weight Operating Purpose Primary Challenge
Module contains vital components to tff Management of the high number of
KB36 37,200lbs | following systems: Passive Containme| system code changes, ensuring th
(16,873 kg) Cooling, Liquid Radioactive Waste, | quality requirements of each systen
Demineralized Water, Fire Protection are met
Module contains Passive Core Coolin Preparation of frame and suppor.tst
0223 59,000Ibs svstern components which activate ir housetwo redundant Pyrotechnic
(26,762 kg) y P _ Valves which operate in case of ar
case of emergencies "
emergency condition
qass | G515 | Memlesomene e o e Fr ame construct
(29,552 kg) 4 P : and nonstandard truss geometries
case of emergencies
57 150Ibs Contains components of the Normal| All pipe welds are specified as Leal
Q240 (25’ 923 kg) Residual Heat Removal system to co Before Break (LBB) to mitigate
' g the reactor during standard operatior] catastrophic failure€L00% GTAW)
Module houses components of the . . .
. . Assembly, welding and inspections «
9,200lIbs Containment Isolation system and . .
Q305 . . . frame, spools and supports in a tigt
(4,173 kg) | associated piping and lvas for multiple
and complex geometry
components
Contains components of the Pressuriz Frame isconstructed of a unique SA
102,000bs P . ... | 517 high strength steel which requirt
Q601 Safety and Automatic Depressurizatio : .
(46,266 kg) a large amount of tooling and heatin
system L
apparatuses throughout fabricatior
Q601 Welding of highstrength SA517 steel
Box 2,300lbs TheBox Beams are custom fabricateq requires specialized weld procedure
Beams (1,043 kg) components of the Q601 frame and regimented prkeat and post
welding heating cycles
. The Ri i i I . .
Ring 14,000lbs for t(:\e g]rgesGsllrJ(:iirelrS\?eztserC;%r:isSltJr?:(E)r‘ Large amounts of welding while
Girder (6,350 kg) ' maintaining very tight tolerances

to the Q601 module

32



sRs  [SOMETRIC VIEW LOOKING NORTHWEST

'Module Q233

Module KB36 Module Q240

Ring Girder Module Q601: Box Beams

Module Q601 Module Q305

Figure 3-15. lllustrations of Prefabricated Modules for Nuclear Power Plant(The Partner

2018b)
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All modules were fabricated atthe partner Cambr i dge shop, which has nu
beyond its traditional pipe spool and mbal portfolia Eachnuclearmodulein the projecis unique,
and their fabrication requirelighly skilled craft workers to fit and wehll the pressured piping
components and supporting structural assemili@sneet project requirements and deadlities,
shop was at full capacity with 80 dedicated workéte workface included20 QC personnel, who
are responsible for quality caot throughout the project litgcle, including all activities from
material receipt to hprocess fabrication to final shipment release. The modules are also subject to
scrutiny bythird-party AuthorizedNuclear Inspectors, who ensure all fabricated components and
systems are fit forse for nuclear applicatiorss designed

In accordance withthe partdes Qual ity Contr ol Pr ofddefedtecadee , each N
to reflect the root cause of its nonnformanceThese defect codes are categorized under seven
broad types, whichre as follows:

1. Procurement Issue

2. Material Issue (Vendor)

3. Fabrication/Construction Issue

4. Engineering/Doument Control Issue (the Parther
5. Free Issue Material (Customer)

6. Regulatory

7. Miscellaneous

These seven categories encompdis®st all possible neoconfamances a prefabritan facility
would experienceaanging frommaterials supplieliabilities (whethemrocured through vendor or
supplied byowner)to internal accountabilitiesoncerning fabrication errors and drafting errérs.
total of 35 defect codess identified in the Quality Control Proceduedlectthe specific robcause of
each norconformanceAll 1,179 NCRs from the nuclear project were analyZed their defect code,
as well aghe specific nuclear moduédfected Table3-4 on the next pageummarizes the frequency
of each defect codesdocumentedin the NCR throughout the thregear fabrication periodf the
project Furthermae, for clarity, defect codes related ggeometric norconformancerealso

highlighted in yellowin Table3-4, and their summatiois reportedat the enaf the table
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Table 3-4. Non-Conformance Root Causes and Their Frequency

DEFECT CODES FREQUENCY | PERCENTAGE
1. PROCUREMENT ISSUE (E PARTNER
A. PURCHASE ORDER ERROR 2 0.17%
2. MATERIAL ISSUE (VENDOR)
A. MISSING MTR/DOCUMENTATION 8 0.68%
B. INCORRECT MTR (MATERAL TEST REPORT) 4 0.34%
C. DAMAGED MATERIAL/ITE M - INCOMING 23 1.95%
D. MATERIAL DEFECT 100 8.48%
E. WRONG MATERIAL/IMPROPER SPECIFICATION 16 1.36%
F. CONTAMINATION 11 0.93%
G. IDENTIFICATION/TRACEABILITY 30 2.54%
H. COUNTERFEIT MATERIAL/ITEM 0 0.00%
l. DIMENSIONAL/OUT OF TOLERANCE 191 16.20%
J. IMPROPER MATERIAL SIBSTITUTION 3 0.25%
3. FABRICATION/CONSTRUCTIONISSUE(THE PARTNER
A. DAMAGED MATERIAL/ITE M - PRODUCTION 69 5.85%
B. IMPROPER MATERIAL SWBSTITUTION 1 0.08%
C. DIMENSIONAL/OUT OF TOLERANCE 212 17.98%
D. USE OF DETRIMENTAL/UNAPPROVED PRODUCT 9 0.76%
E. UNQUALIFIED WELDER/WELDING OPERATOR 4 0.34%
F. WRONG WPS USED 6 0.51%
G. FITTING ERROR 20 1.70%
H. WELD DEFECT 71 6.02%
l. WRONG MATERIAL/CONSUMABLE USED 10 0.85%
J. LACK OF PROCESS/PROEDURAL 168 14.25%
K. DRAWING ERROR 17 1.44%
L. MACHINING ERROR 12 1.02%
M. LOSS OF FME (FOREIGNMATERIAL EXCLUSION) 2 0.17%
N. PWHT (POST WELD HEATTREATMENT) ERROR 2 0.17%
O. PRESSURE TEST FAILUR 6 0.51%
P. PAINT DEFECT 22 1.87%
4. ENGINEERNG/DOCUMENT CONTROLISSUE (THE
PARTNER
A. DRAWING OR DRAFTINGERROR 17 1.44%
B. NON-CURRENT REVISION 1 0.08%
C. PROCESS COMPLIANCE 26 2.21%
5. FREE ISSUE MATERIAL(CUSTOMER)
A. DAMAGED MATERIAL/ITE M 12 1.02%
B. DOES NOT MEET % ST
CODE/SPECIFICATION/$SANDARD/CONTRACT :
C. INSUFFICIENT/INCOMPLETE DOCUMENTATION 38 3.22%
6. REGULATORY
A. REGULATORY NON CONFGRMANCE 0 0.00%
7. MISCELLANEOUS
A. DEFECTS NOT COVEREIBY THOSE ABOVE 0 0.00%
TOTAL 1,179 100.00%
GEOMETRIC NON-CONFORMANCE 693 58.78%
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Through qualitative assessment of all documented NCR, it was found that some of the defect codes
were used interchangeably, suclttades2C, 2D, and 2I, which concestiidamaged material
fimaterial defea}, andfidimensional/out of toleranddéssues respectivelyDespite their difference in
assigned coddescription, thewre all reaited tospecific measurements (i.e. dimensions) and
relationships of angles and surfaces of the obj&tiss, kased on the root cause analysis of-non
conformance in this nuclear projedefect codes 2C, 2D, 21, 3A, 3C, 38A, and B were actually
geometric in nature, and they repregéetmajority ofreportedssuesas showrpreviouslyat the end
of Table3-4. All of the NCR with one of these geometric defect codes are further examined to assess
the relationship between module complexity &ow it affects norconformance Table3-5 below
summarizes the percentage of each geometric defect code for all mtukiiestal number of
geometrierelatedNCR, as well as their total numbef NCR.Note that the summation of total NCR
for all modules does not equal to the project tH@R, since some nectonformancevere process
related and did not affect any specific nuclear modules.

Table 3-5. Module Difference in Geometric Defects

Defect Code Project KB36 Q223 Q233 Q240 Q305 Q601

2C 2.0% 1.9% 1.0% 1.7% 4.8% 2.0% 1.2%

2D 8.5% 11.1% 6.9% 5.8% 10.2% 17.6% 3.5%

2l 16.2% 23.2% 16.7% 16.5% 7.8% 19.0% 14.0%

3A 5.9% 2.4% 10.3% 8.3% 6.6% 3.3% 6.2%

3C 18.0% 20.8% 17.7% 14.0% 26.3% 12.4% 18.6%

3G 1.7% 1.4% 2.0% 0.8% 3.0% 1.3% 1.9%

5A 1.0% 0.0% 1.5% 5.0% 0.6% 0.7% 0.4%

5B 5.6% 7.2% 2.0% 7.4% 3.6% 7.8% 6.6%
Sum 58.8% 68.1% 58.1% 59.5% 62.9% 64.1% 52.3%
NCR Geometric 693 141 118 72 105 98 135
Total 1179 207 203 121 167 153 258

While modulesvith amore complexabrication challenge, such as B®Band Q601have a higher
number of NCR207 and 258, respectivelythey correspondingly kraa higher number of geometric
issues as we(ll41 and 135, respectivelyihough the proportion of geatric-related NCHRliffers
between module©2% to 68%) they still represent over half of the documentedcamformance.
Based on the results frofable3-5, Figure3-16 on the nexpagedisplays module difference in

geometric defect codaroportionin graphical formcompared to thbaselineaverage for the project.
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Figure 3-16. Module Difference in Geometric Defect

It is evident fromTable3-5 andFigure3-16thatdefect codes 2l mat er i al Aidi mensi ona
t ol er anaed@C(ifsasbureisc)at iall o ufi diohe n Dilaethatwocr®st | ssues)
frequently cited noitonformanceand they regesent over halffahe geometrigelated issuetor
each modulgexcept for Q305, which had a higher proportion of-oonformanceoncerning
fimaterial defect Nonethelesshis further demonstrates the strict design and tolerance requirements
for nuclea projectstherefore any tools used for quality control must be able to meet the specific

accuracy and precisiatemand foeffective inspection.

Although each NCR summarizedormation such athe module affected, description of Ron
conformance, remedyroposal, as well as expligiistructions on how to rectify the erroitsis
almost impossible to croseferencea project change order tspecificnonconformance root cause
Consequentlya preliminary estimate was carried out to assess the costraichpact of correcting
geometrierelated issueg\n interview was conducted with the fabrication manager who ovetsaw
entirenuclearprojed, and 84 NCRwere sampled out of the 693 geetnic-relatednonconformance.
This is based on having a confidence level of 95% that the real value is wi@%6 ¥Vhile it is
obvious thait would be better to have morandomsamples for a higher confidence level and lower
margin of error,he estimée is also constrained ltiyne availability of theproject team that has direct
knowledge of these NCRlonetheless e proportion of each defect code within gogpulation of
geometrierelated NCR is preserved, aifdble3-6 on the next page summarizes the number of
sampledrom each defect code thadnstitutethe estimate.
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Table 3-6. Sampling Geometric NCR

Population | Percentage | Sample
Material Receipt
2C | Vendor: Damaged Material/lteiincoming 23 3.3% 3
2D | Vendor: Material Defect 100 14.4% 12
21 | Vendor: Dimensional/Out of Tolerance 191 27.6% 23
5A | Customer: Damaged Material/ltem 12 1.7% 1
Customer: Doeslot Meet
°B Code/Specification/Standard/Contract 66 9.5% 8
Fabrication
3A | Partner Damaged Material/lterh Production 69 10.0% 8
3C | Partner Dimensional/Out of Tolerance 212 30.6% 26
3G | Partner Fitting Error 20 2.9% 2
Sum 693 100% 84

Based on thealculated results, 84 NGRvere sampled randomly from the project database, while
also maintaininghe proportion of geometric defect codBgaders may refer to Appendix C for the
complete description of each sampled NCR, as well asghagiosed remedyuring theinterview
with the fabrication manager, these sampled NCR were revied®edually for their non
conformance root causandfurtherassessed for their impact on the nuclear projetile3-7
summarizes the estimate cost and time impatiteB4sampled geometric neconformance.

Readers may refer to Appendix D for tiogal breakdown bestimate for each sample.

Table 3-7. Estimate Cost and Time Impact of Geometric NorConformance

Defect Cost ($) Time (Hours)
Sample - :

Code Min Max Mean Min Max | Mean

Material Receipt
2C 3 390 1,040 607 6 16 9.3
2D 12 390 910 531 6 14 8.2
21 24 650 3,250 1,354 10 50| 19.3
5A 1 390 390 390 6 6 6.0
5B 8 390 3,250 934 6 50| 14.4

Fabrication
3A 8 390 1,730 712 6 22| 104
3C 26 390 1,770 1,065 6 25| 15.7
3G 2 455 590 523 6 7 6.5
Total 84 390 3,250 988 6 50| 145
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In general, a baseline mdwourof six hours is applied to each NCR, to account for the time it takes
to review the nortonformancefile the report, formulate a solution, and releaseaisembly after
adjustments are executiédequired Furthermore, a base hourly rate of $65 is asgslfarboth the
QC personnel and craftorkers (i.e. fitters and weldergdny additional time is based on labour
required to perform rework, and any additional cost is based on new materials and extcumas
shown previously iTable3-7, the average cost impactsdmpledyeometric norconformance is
almost $1,000, and the time impact is approximately 14.5hoars. The results of the estimare
further evaluated toharaterize the sample data, which would allow cufitng of probability
distributions Figure3-17 andFigure3-18 presentshe cost and time impact histogram, respectively.
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Figure 3-17. Sampled Geometric NorConformance Cost Impact Histogram
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Figure 3-18. Sampled Geometric NorConformance Time Impact Histogram
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Based on visual inspection, bdttstograms concerning cost and time impasembleclosely to
lognormal distrilation. To confirm this assumptioprobability papeplotting is used to verify
assumed probability distribution. Three common distributions are assessed, including normal,
lognormal, and Weibull distribution. Due to the linear relationship optbe coefficient of
determination (B can be used to measunow well a linear regression modi&s the dataset.
Comparing the three distributions, it was found that lognormal distribution had the strongest linear
association, as it had the highedtvRlue for botiimpact metricsFigure3-19 andFigure3-20 plots
lognormal probability paper plot for cost and time impact, respectiRelgders may refer to
Appendix E for complete probabilifyaperplotsof cost and time impador all threedistributions
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Figure 3-19. Cost Impact: Lognormal Probability Paper Plot
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Figure 3-20. Time Impact: Lognormal Probability Paper Plot
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In summary, there are sorkey findingsfrom the non-conformance root cause analysighe
nuclear projectAccording to the partnérs Qual ity Contr ol Procedure, s
distinguishgeneral liabilities (internal vs. external) of roonformance, as well as at which stage
along the project the nezonformance occurred (material receipt vs. fabrication). A total of 35
fdef ect -ctassifled snder theseeseven broad caiegpspeific to the type of non
conformance observed. Upon qualitative analysis of all 1,179 documentesg) iN®@R&s found that
defect codes 2C, 2D, 21, 3A, 3C, 3G, 5A, and 5B are actually geometric in nature, and they represent
almost 60%of reported issuedVithin these geometrielated NCR, over half of them are issues

concerning dimension and tolerance for incoming materials and assembly fabrication.

In the interest ofinderstanihg theimpactof geometrierelated issuesn the project84 NCRs
were sampledior evaluation; hey were reviewed arassessehdividually by an industry expert who
is familiar with thenuclearprojectin questionto estimate the cost and time impact of thessapled
nonconformance. Based on the estimate, average cost impactabnost $1,000, and the average
time impact is 14.5 mahours; theyaccount foradditional resources required to do rework tnd
release the assemblubsequendnalysis confirnthat thetwo impact metrics conform very closely

to lognormal distribution.

It should be notethatthis is the onlydatasetvailablewhere all norconformanceare tracked and
documentedhroughout the projedifecycle within the prefabrication facilitytherefore the findings
from this analysis may not lsepresentative of aflipe spool fabrication projectsloreover the
dataset does not include noonformanceaeportedat project sitemeaning the impact does not
account for fabrication errors that are overlookedrodiability dispute between the fabricator and
site instllation teamForexample, in another one of parthes hi gh v ol ume and r el at
projects, it required a crew of four for three months to inspect, count, and bill all materials of the
prefabricatedpoolsat the project site. Additional costnmayalso be considered to remedy any errors,
which includebut are not limited t@arew travel, lodging, schedule change, spool and/or module
transport, reworlat site and/or back in the facility, as well as performing requireelliestructive
testing again. These expenses can amountridrds of thousands of dollars, or even mikioh
dollars depending on the project. Consequettiig, necessitates accugand precise documentation
of the finalassembly, before it leaves the prefabrication facility to project site. With 3D scanning for
quality contro) the developed software technology by the researchdealt also function asna

approvednternal recordo mitigate the risk of legal dispute$assigiing rework responsibility
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3.4 FlexSim: 3D Simulation Modelling

To model and analyze the pipe spool fabrication workflow, taereseveradll-purpose discrete

event simulation tools currently being offeredtba commercial market. Some of the maybust
andestablished software include AnyLogic, Arena, FlexSim, ProModel, SIMUL8, and WITNESS.
Trials were conducted to investigate the functions of theftevare in their free versias well as the

capabilitiesof their analysis. FlexSim was ultimately chosen for several reasons:
1. FlexSim allows 3D simulation to model the physical system for realistic visualization.
2. FlexSim includes robust standard objects withiprit logic and task execution.
3. FlexSim supportsustom 3D objects to be imported into the software.

4. FlexSim integrates with thirgarty plugin tools OptQuest (mukbbjective optimization) and
ExpertFit (data distributiofitting)

5. FlexSim provides an intuitive usinterface and engaging user exper@mgth its dragand
drop controlsa layout the model and link its elements.

6. FlexSim permits coding with its FlexScript language (subset of C++) to specify object
parameters and modify their behaviours for custom logic.

7. FlexSim maintains an online platforfior users to post software and simulation questions,

actively answered by the community and software developers.
8. FlexSim offers free educational licenses for academic research.

FlexSim Software Products first released FlexSimA 2003, offering a 3@bjectoriented
simulation environmerdand seamless integration with CHhe software has been in constant
development since then, with toaleeting simulation modellindemands ofmanufacturing,
warehousinggmaterial handlinghealthcargorocessesairport systemsandmining operationsas well
as applications for digital twin, programmable logic controller (PLC) emulation, and value stream

mapping(FlexSim Software Products, Inc. 2020)

At the time ofconducting researdbor this thesis FlexSim version 19.2.2 is used for all simulation
modelling and analysis. This version represents FlexSim released in 2019, after the second major
update to the softwar&@he computer used to run the softwara Microsoft Surface Pro 4ablet,
and its specifications are outlinedTiable3-8 on the next page. All components meet the minimum

system requirements specified by FlexSim.
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Table 3-8. Research Computer Specifications

Component Specification
CPU x64 Intel Core i56300U @ 2.40 GHz
Integrated Graphicg Intel HD Graphics 520
RAM 8 GB
Memory 128 GB Solid State Drive
Operating System | 64-bit Windows 10Professional

3.4.1 FlexSim in Academia

A review was conducted to identify published journal articles that feales&im and to assess its
use as a discretvent simulation tool in various research areas concerning process evaluation and

procesptimization.

Three academic databases, namely Science Direct, Scopus, and Web of Science, were searched to
identify the journal with the | argest number of
6di sevente si mul ati og®,wamea wsnacnuifmctthue i @t i tl e/ ab
peerreviewed academic journals were selected for review. Book reviews, editorials, and papers for
conference proceedings were excluded ftbis urvey. A total of 45journalarticles weradentified
as of November 27, 2019 as relevant for subsequent analysis.

Thesed5 articleswvere quantitatively analgzl in terms of years and citations. The number of
citations of a journal article was used as a key index to assess its research quality andedetermin
contribution. Keywords and abstract were assessed to identify broad research edeoesésed with
each article; ime topics were identified, which are: (1) production planning, (2) warehouse logistics,
(3) supply chain, (4) simulation techniq®) scheduling, (6) material handling, (7) transportation,

(8) healthcare, and (9) construction. All selected articles were classified into the most suitable topic.

The firstjournal article that featured the use of FlexSim in its research was pubisk@dg,
concerning warehouse logistics. The software was used as a simulation experiment to validate a
proposed model. Since then, there is a general increase in articles that use FlexSim for model
evaluation as well as process optation.The trend isllustrated inFigure3-21 on the next page.

The 45 articles under review were published in 22-pegewed journals by researchers from
Austria, Belgium, Brazil, Cima, France, Germany, Hong Kong, Italy, Malaysia, the Netherlands,

New ZealandNorway, Poland, Singapore, Taiwan, the UK, and the USA.
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Figure 3-21. The Number of Articles Published in PeetfReviewed Journalsfeaturing FlexSim

As a discreteevent simulation tooifs application in academia research rafgem production
planning and warehouse logistics in industrial and manufacturing engineering, to management
science and operations research within the békdansportation (aviation) as well as healthcare.
Figure3-22 shows the number of articles associateth each broad research topic, where colour
gradient indicatethe total number of citations for each research category.

Total Citation
Category

Production Planning | 3 [ 17
Transpertation NG

Warehouse Logistics [ N N R
Healthcare
Simulation Technique
Supply Chain
Scheduling
Material Handling
Construction

0 1 2 3 4 5 6 7 8 ] 10 11 12 13

Number of Articles

Figure 3-22. The Number of Articles for Each Research Category featuring FlexSim

Production planningransportation, and warehouse logistics are the three research topics that most
frequently used FlexSim, constituting almost 65% of the total number of selected articles, and over
75% of the total citations that referenced these papers. Some common lsfeatuded in the
articles i-eokntes d6dsui snautleabteicdmo-d Mpe et Byve optimi zati o
Owar ehouse ,namdcere menrdd Kb sntgodr, a grguredL23on thenexe pade 6
illustrates a word cloud of keywords suggested by authors of the selected articles, where word size in

the figure is dependent on their frequency.
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Figure 3-23. Word Cloud of Frequently Used Keywords in Reviewed Articles featuring FlexSim

The majority ofthe 45journalsunderthis revieware influential and they place in the top quartile
within their respective fieldTable3-9 organizes the journals in descending total citations, and
summarizes the academic reputatdmhese journalby outliningtheir associatetl index and impact
factorin 2018 Lastly, as shown ifrigure3-24, the top three journals with the mgstblications
featuring FlexSim are Computers and Industrial Engineering, Simulation Modelling Practice and
Theory, andnternational Joural of Simulation Modelling; these journakspresent over a third of the

total number of selected articles as well as totahber ofcitations.

Total Citation
Journal

Computers and Industrial Engineering [ GGG 0 —108
Simulation Modelling Practice and Theory I RGN
International Journal of Simulation Modelling
Transportation Research Part C: Emerging Technologies [ IEIEGTIEGE
International Journal of Production Economics
Transportation Research Part E: Logistics and Transportation Review
Applied Soft Computing | ENGIzG
Robotics and Computer-Integrated Manufacturing
European Journal of Operational Research
International Journal of Medical Informatics
Journal of Air Transport Management |
Omega
Journal of Applied Research and Technology
Journal of Applied Logic
Journal of Intelligent Manufacturing
Journal of Medical Systems
Maritime Policy and Management
The Journal of Pediatrics
Reliability Engineering & System Safety
Computers in Industry
Journal of Manufacturing Systems
Steel Research International
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Figure 3-24. The Number of Articles Published by Each Journal featuring FlexSim
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Table 3-9. Quantitative Review of Journals that Published Selected Articles featuring FlexSim

Journal | Journal Impact Number Number of Citations
Journal . o .
h Index Factor (2018) | of Articles Citations per Article
Computers and Industrial
. . 111 3.518 8 108 135
Engineering
Simulation Modelling Practice
58 2.426 5 42 8.4
and Theory
Applied Soft Computing 110 4.873 2 42 21.0
Transportation Research Par
) . : 100 5.775 3 40 13.3
C: EmergingTechnologies
International Journal of
. . 93 2.731 1 34 34.0
Medical Informatics
International Journal of
: . 155 4.998 3 31 10.3
Production Economics
Journal of Air Transport
60 2.412 1 31 31.0
Management
Omega 120 5.341 1 27 27.0
Robotics and Computer
. 78 4.392 2 25 125
Integrated Manufacturing
International Journal of 20 1825 4 23 58
Simulation Modelling ' '
European Journal of
: 226 3.806 2 20 10.0
Operational Research
Journal of Applied Research
18 1.960 1 17 17.0
and Technology
Journal of Applied Logic 29 1.230 1 14 14.0
Journal of Intelligent
. 67 3.535 1 12 12.0
Manufacturing
Transportation Research Par
E: Logistics and 93 4.253 3 10 3.3
Transportation Review
Journal of Medical Systems 63 2.415 1 10 10.0
Maritime Policyand
48 3.410 1 9 9.0
Management
The Journal of Pediatrics 188 3.739 1 9 9.0
Reliability Engineering &
119 4.039 1 3 3.0
System Safety
Computers in Industry 87 4.769 1 0 0.0
Journal of Manufacturing
54 3.642 1 0 0.0
Systems
Steel Researchmternational 42 1.522 1 0 0.0
Total 45 507 11.3
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3.5 FlexSim Modelling Elements

The bast operations of FlexSim involwbe creation and execution of events that are based on the

logic specified in the modeThe events generate actions and activitiesdbetir over time. As a

result of the events and/or the current state of one or more objects, items move or flow from object to
object. In FlexSim, the items that flow through a model are called flow items. FlexSim objects are
defined and programmed in foclasses: (1) fixed resource class, (2) task executer class, (3) node
class, and (4) visual object class. The items typically move between resources, which are either fixed
resources (e.g. machines, conveyors, and storage areas) or mobile resourcesydeogs,dpucks,

and AGVs). Mobile resages in FlexSim are called taskecuters since they execute a sequence of
tasks such as travel, load, unload, etc. Items move into and out of objects via ports, i.e. input ports for
receiving and output ports forleasing. Over the duration of a simulation, information on the

conditions (or states) af system are gathered, summadlizand used for analygiSreenwood 2018)

3.5.1 Fixed Resources

While different types of fixed resourcesceive and release flow items at different times, the logic for
receiving and releasing a flow item are generally the same for all fixearcesoEach fixed resource

goes through a certain set of steps for each flow item that it receives and releases. Some of these steps
are automatically handled by the fixedoarce, and some allow the mtateo define the way flow

items are receivedhd released. All of these modaidefined inputs can be editdeéigure3-25

illustrates the steps that a fixed resource object goes through for each flow itemetteivés and
subsequently releases. The flowchart can be broken down into four major steps: (1) open input ports
and find a flow item to receive, (2) process the flow item, (3) release the flow item and determine

which output ports to open, and (4) tramgfes flow item to the next station.

The flow of itemsbetween fixed resources can be controlled using standard port connection
mechanism. Ports specify the objects a fixed resource can send to and pull from, defining the search
patterns by which upstreaifined resources can find downstream fixed resources to send their items
to, and/or the search patterns by which downstream fixed resources can find items to pull from
upstream fixed resources. Ports also contain open/closed state to determine avddaidigle
where items can go. Furthermore, port rankings enable routing rules based on defined values, such as

the type or label of an item; therefore the order of port rankings is important.
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Figure 3-25. FlexSim Execution Logic(adapted from FlexSim Software Products, Inc

. 2019)



Thereare seven standard fixed resources in FlexSim, which are: (1) Source, (2) Sink, (3) Queue,
(4) Processor, (5) Combiner, (6) Separator, and (7) MultiProc8ssale3-10 summaries the

description for each fixed resource.

Further mor e, there are sever al standard stati st
Aithroughput 0o, Acontentodo, and fAstaytimed. The ste
processing flow items, being blocked by other fixed resource, waiting for operator, or undergoing
scheduled breakdown. Throughput is made up of the input statistic and the output statistic,
representing the rate of processing. Content records how manigdhos are inside of the fixed
resource, and can include the minimum, maximum, and average value from the entire model run.

Lastly, the staytime statistic is recorded for each flow item that exits the fixed resource, and is
calculated as the differencetiveen the exit time and the entry time of the flow item.
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Table 3-10. FlexSim Fixed Resourceadapted from FlexSim Software Products, Inc. 2019)

Fixed Resource
Name

FlexSim
Standard Object

Description

Source

Sink

Queue

Processor

Combiner

Separator

MultiProcessor

L 4
A
<@

Thesource is used to create the flow items that travel through ¢
model. Each source creates one class of flow item and can the
assign properties such as labels or colour to the flow item it
creates. Sourcesn create flow item per intarrival rate, per a
scheduled arrival list, or simply from a defined arrival sequence

The sinkis used to destroy flow items that are finished in the
model. Once a flow item has travelled into a sink, it cannot be
recovered. Any data collection involving flow items that are abc
to leave the model should be done either before the flow item
enters the sink or in the si

The queués used to store flow items when a downstream objec
cannot accept them yet. By default, the queue works in drfirst
first-out manner, meaning that when the downstream object
becomes available, the flow item that has been waiting for that
object the longest will leave the queue first. The queue has opt
for accumulating flow items into a batch before releasing them.
The processas used to simulate the processing of flow items ir
model. The process is simply modelled as a forced time delay.
total time is split between a setup time angprocess time. The
processor can process more than one flow item at a time. Proc
may call for operators during their setup and/or processing time
When a processor breaks down, all of the flow items that it is
processing will be delayed.

The combiners used to group multiple flow items together as tr
travel through the model. It can either join the flow items togett
permanently, or it can pack them so that they can be separatec
later point in time. The combiner will first acdepsingle flow

item through input port number 1 before it will accept the
subsequent flow items through the remaining input ports. The t
specifies the quantity of subsequent flow items to accept throu
input ports 2 and higher. Only after all subsedudw items
required by the user have arrived will the setup/process time b

The separatas used to separate a flow item into multiple parts.
This can either be done by unpacking a flow item that has beel
packed by a combiner or lmyaking multiple copies of the origina
flow item. The splitting/unpacking is done after the process tim
has completed.

The multiprocessas used to simulate the processing of flow ite
in sequentially ordered operations. The wfines a set of
processes for each multiprocessor object. Each flow item that
enters will go through each process in sequence.
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3.5.2 Task Executers

All objectsclassified as task executers can travel, load flow items, unload flow items, act as shared
resourcegor processing stations, and perform many other simulation tasks. When the task executer
receives a task sequence, it first checks to see if it already has an active task segheneés tio

active tasksequence, or if the newly received task segaénpreempting and has a priority greater

than the currently active task sequence, then it will start executing the new task sequence, pre
empting the active one if needed. If the task sequence is not passed on immediately, then it will queue

upintheask executerds task seqguence queue, and if

task executer finishes its active task sequence, the task executer will then execute the task sequence.

There are severatandard task executers in FlexSim, thesoansed in this research are: (1)
Dispatcher, (2) Operator, (3) Transporter, and (4) Craalele3-11 summaries the description for

each task executer.

Table 3-11. FlexSim Task Executergdadapted from FlexSim Software Products, Inc. 2019)

Task Executer FlexSim

Name Standard Object Description

The dispatcheis used to control a group of transporters or
operators. Task sequences are sent to the dispatcher from an
andthe dispatcher delegates them to the transporters or operal
Dispatcher that are connected to its output ports. The task sequence will b
performed by the mobile resource that finally receivesdéheest.

Dependingonthe motleer 6 s | ogi ¢, t aemdd
up or dispatched immediately once they are given to a dispatct

- Operatorgan ke called by objects to be utiéid during setup,
‘ processing, or repair time. They will stay with the object that ca
<1

them until they are released. Ometeased, they can go work witt
a different object if they are called. They can also be used to c:
flow items between objects. Operators can be placed on a netv
if they need to follow certain paths as they travel.

Operator

several flow items at a time if needed.

The transporteis used mainly to carry flow items from one objec

T to another. It has a fork lift that will raise to the position of a flo
porter . O .

item if it is picking up or dropping off to a rack. It can also carry

The cranénassimilar functionality to the transporter but with a
modified graphic. It is designed to simulate{giided cranes suct
’ as gantry, overhead, or jib cranes. By default, the crane picker
Crane ( to the height of the crane object after picking up or droppfhg o
flow item before it will travel to the next location. The default

crane travel sequence is: (1) lift the hoist, (2) move the gantry
trolley simultaneously, and (3) drop the hoist to the offset positi
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Other standard task executers availablhéasoftware include Elevator, Robot, and ASRS
(Automated Storage and Retrieval System) for environments specific to the model (e.g. hospital and
warehouse)All task executers have mdeedefined properties, such as capacity, speed, acceleration,
traveloffsets, and load time. They also have the capability of detecting collisions with other objects,

performed by adding collision spheresattask executeand its collision members.

Similar to the fixed resourcesl| task executers also track sevestaindard statistics, such as
istateo, At hroughput 6, fAcontento, and fAstayti meo.
which is the total travel distance as travel tasks are performed. The travel distance of a particular task
is added to theotal travel distance when the task is begun, not once the task is complete.

3.5.3 Travel Systems

By default,when a task executer travels between two objects, FlexSim will simply choose the shortest
distance between two points: a straight line. If task exexutar the default travel system, they might

end up travelling through other objects or through barriers suehlls To have a better

visualization of movements in the model, and to track better statistics of the resources, accurate travel
paths are esadal in modelling a rigorous simulation. To this effect, FlexSim offers two different

tools to create travel systems for task executers: (1) travel networks and (2) A* navigation.

Travelnetworks define the specific paths that task executers can uddrangene location to
another using network nodes. The paths can be modified using splinetpaidtscurvature to the
path. Bydefault, objects travelling on a network will follow the shortest path between their origin and
destination; however, unliki&xed resources and task executers, network nodes do not implement any
states or track any statistics. Traffic controllers can also be used in the model to help prevent
collisions on certain paths, by defining a restricted area that will only let a spegaifiber of task
executers in the area at a time. If a task executer tries to enter a restricted area while another traveller

is occupying that area, the task executer will wait.

On the other hand\* navigation requires the modelto create travel barrifor task executers.
Any fixed resources or 3D objects connected to the A* system will also be treated as a barrier that
cannot be passed through directly. The A* search algorithm will then use these barriers and the travel
threshold around fixed reso@xto calculate the shortest distance between two locations. A* is an
opensource graph traversal and informed path search algorithm, which determines the minimum cost

path based on the evaluation functesented on the next page
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wheren is the next node on the pag{n)is the actual cost of an optimal path from the start node to

noden, andh(n)is a heuristic function that estimates the cost of an optimal pathnftora preferred

goal node; thereforin) is the cost of an optimalath constrained to go througto the goal node,

and the algorithm expands into thextavailable node having the minimum valiitart et al. 1968)

A* algorithm is essenti al

y an improved extensi

only evaluateg(n)in Equation 1, the real cost to reach the next ngdeithout heuristics to guide its
searchDijkstra 199).

In FlexSim,both travel systems work with most simulation models, but each tool has their ideal use

case scenario3able3-12 summaries their advantages andaivantages.

Table 3-12. FlexSim Travel SystemgFlexSim Software Products, Inc. 2019)

Travel Networks

A* Navigation

Advantages

Disadvantages

1 Gives the modelr more control over task
executer travel paths

91 Models might run faster because travel
net works dondét nee
calculations

9 Can be used trestrict the direction that
travellers can travel on a path

1 Can set speed limits on certain travel pg

9 Takes a slightly longer time to set up

9 Creating paths between every possible
destination can be cumbersome

f
f

f

Fairly easy to set up andrles
most of the logic on modiee r 6 s
Easier to set up a model with a higt
number of possible destinations an(
many ssible paths between those
destinations

If the model is large and complex,
the algorithm could slow down the
model while it computethe ideal
travel path

When the calculations take too muc
time to process, it can sometimes
create strange visuals

Dueto the intrinsic simplicity to apply A* navigation, and the robustness of A* algorithm to

guarantee an optimal path for the task executers to travel between locations, it will be used in the

simulation modelling of this research. Although the worleitbe prefabrication facilitynay not

necessarily always follow the theoretical optimal path, and while the physical environment with

which the model is based on is fundamentally dynamic, the planning of routes for the workers is not

within the scope of thithesis It is assumed that the result of the algorithm is reasonably acceptable,

therefore A* navigation is sufficient to represent transport systems in this research.
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3.6 Modelling Pipe Spool Fabrication

As mentioned briefly earlier, there is a wide varidtpmjects in pipe spool fabrication, ranging from
typical oil and gas processing facilities to nuclear power plant refurbishment. In general, all projects
can be categorized as nuclear or-nolear.Figure3-26 delineateghe types of projects related to

pipe spool fabrication.

Spool Project Product
Fabrication Type Type

. : Project
—
Models
Non-Nuclea
Projects

Small Bore
Pipes

Large Bore
Plpes

Figure 3-26. Simulation Models

The differences in quality control procedure between nualedmonrnuclear projects weraready
discussed in detail iBection3.3.2 In nuclear projects, quality control is performed by dedicated QC
personnel, who would ke to sign off on the components and spools before any work can continue.
Nuclear work are generally very complex in geometry, and have strict tolerance requirements in order
to comply with safety design prerequisites and adhere to narrow site conditgume.3-27 depicts
typical feeder tube assembly on a CANDU reactor,Figdre3-28 on the next page illustrates the
complexity of piping network that support various systems at the Brideckear Generating Station

in Ontario, Canada, which was commissioned in 1977

Figure 3-27. Feeder Tube Assembly on Reactor Fag€haplin 2014)
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Figure 3-28. Bruce A Reactor Cutaway lllustration (Brown 2016)
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On theother handtypical nonnuclear projects would see undocumenteddadicks by the craft
workers after tack and weld, followed by a formal quality control protocol before shipment to site.
These projects can be broadly divided into small bore and largephpms, where activity process
times would differ given the ease of component maneuverability. Small bore pipssialigmuch
easier to fit, whereas some large bore pipagrequire additional geometric quality contatdlthe
receiving stagas well.In either case, there are opportunitiestreamline certain activities during
quality control, and improve the overall workflow of pipe spool fabrication.

With the benefitof 3D scanning and near raahe 3D feedback system, their implementation
before during, and after fitting have the potential to increase productivity by distributing tasks
between different stakeholders within the project, and to reduce rework by de¢egtirsgearly on
before the ramification is aggravated when new componengtaoied to the assembRhis
necessitates madification to the existing prevailing pipe daboicationwork processes, and more
specifically to the quality control procedure for both nuclear andmtear projectdDeployment of
innovation technologwould not only offer additional arsenal of tools availablettierworkers to use
for geometric inspection, but their ease of use as well as objective precision and avoutd®@lso
enableanyonein the fabrication shoto effectively operate and control the technolaggardless of

their spatial cognitive skills

In order to reflect the two distinct quality control procedures between nuclear andiclear
projects, corresponding simulation models are cremtedrdiry to their specific fabrication
workflow. Therefore two models will be presented hereafter, where nuclear amliclear pipe
spool fabrication workflow are discussed in Subse@iénland SubsectioB.6.2 respectively.
Under the nomuclear model, the difference between small bore and largetmeets will also be
explored; thus a total of three technology deployment scenarisvestigatedn this thesiswhich
are (1) nuclear projectg2) small bore nomuclear projects, an@) large bore nomuclear projects.
Assessing the impact of implementing near-teaé 3Dfeedback system during quality control,
adjustments to the existing workflow will also be clarified, describing how the technology would fit
within the current workflowas well ahow it wouldmaintain or improve quality control capability
throughouthefabrication of pipe spool assemblidssingle simulation model would be usied
represent both the existing and proposed fabrication workfloyvshanging certain key variables.
This allows for comparison and evaluatiortlegir difference in tracked peermance meics, suchas

total simulated project falmationtime, as well as total number of rewddt each simulation run.
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3.6.1 Modelling Nuclear Projects

Nuclear pipe spool fabrication has several stakeholders involved throughout the entire project
lifecycle, however, of particular interest are the onadtkers who fit and weld the assemblies, as well
asquality control personnel who make sure fabricated components are up to codes and standards.
Figure3-29 on the next page outlines specific tasks andaesibilities for each relevant stakeholder
during fabrication, and highlightee threequality cantrol steps during fabricatiomhich takes place
before tackafter tack, and after wel@he usual labour composition for the project workforce would
be in the ratio of 15 fitters to 10 welders to 1;@0wever, number of workers assigned to a project
depends entirely on deliverable deadline. Nonetheless, sitevatisas by the research team revealed
that quality control is oftethe bottleeck during fabrication, since the QC would be responsible for

multiple projects, and the time it takes to conduct geometric inspecthotuilly quitesignificart.

The propose fabrication workflow takes advantage of simple operation of 3D data acquisition
hardware, as well as streamlined software service to detect discrepancy bettngiircamponents
and their intended desighhe task of conducting geometric inspectiomgdhe developed
innovation technologgan be distributed among the fitters, before acquiring final approval and
release from the QC personnel. This involves operatin@recanneto capture surface information
of the assemblyregistering the scan ddtdo useable point cloudanduploadingashbuilt datato the
software foroverlay andcomparison with design. The precision and accuracy offeyede hardware
enables objectivanalysisand reduces humanduced errors during quality controhis means that
regardless who is performing the task, using the same 3D scan data would pfedticalend
results every timdigure3-30 outlinesstakeholder tasks amdsponsibilities for proposed nuclear
pipe spool fabricatignand highlightsnodifications toquality controlprocedurenvolving the use of

3D scaming to aid geometric inspection and decisioaking for QC personnel.

To represent both of the existingdaproposed nuclear fabrication workflowssiaulationmodel
is created that includes process activities fordatfck by the workers themsehaswell as
inspection by the QC personnel. The parametetiseshodel would change according to which
workflow it follows, that is, for example, existing workflow would see 0 minutes oicheltk and 30
minutes of QC chechéfter full penetration weldvhile proposed workflow would see 30 minutes of
seltcheck (3D scanning) and 5 minutes of QC checkr@feirewandfinal approval) Since it is
difficult to interpret the 3Bimulationmodel itself,Figure3-31illustrates the logic that guides every

element of the modeandreflects the existing and proposed nuclear pipe spool fabrication workflow.
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Figure 3-29. Swimlane Diagram ofExisting Nuclear Pipe Spool Fabrication
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Figure 3-31. FlexSim NuclearPipe SpoolFabrication Simulation Model

In this simulation model for nuclear projects, tasks and responsibitite grouped by specific
roles assigned to execute them, which are also limited by the number of resources (petiie ava
for each role. All of the variables in the model, including processing times for each activity as well as
probability of noncorformance after quality control, are linked to a global table, which are specified
according to the particular parameters associated with the existing or proposed wdrktholers
may refer to Appendix F for a more thorough explanation on how the moddewel®ped using

FlexSim, as well as the specific mechanisms usétlioatedecisioamaking during quality control.
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3.6.2 Modelling Non-Nuclear Projects

Nonnuclear pipe spool fabrication also rely on cvedirkers for fitting and welding, as well as
quality control personnel who ensure the final products are within tolerance requiremérgg can
be released for shipment to site for installatiigure3-32 on the next page outlines specific tasks
and responsibilities for each relevant stakeholder during fabrication, and highligtws tingality
control steps during fabrication, which takes plafter tackand afte weld. It is important to note

that QC only check the final assembly when it is complete, therefore if additional components are still
needed, the task of geometric inspection would be performed by the fitters as they continue the
fabrication processSimilar to nuclear projects, the usual labour composition foptbgect

workforce would be in the ratio of 15 fitters to 10 welders to 1 QC; howagam,number of
workers assigned to a project depends entirely on deliverable dedtimissuenf qualty control as

a bottleeck is not as apparefar nonnuclear projectssince formatlocumented quality control is
conductedat the end ofhe workflow In spite of thatthe time it takes to conduct geometric

inspection is still significant.

The proposedhbrication workflow takes advantage of the developed software ability to integrate
with different 3D data acquisition hardware, thus enabling deployment scenarios specific to the need
of the nonnuclear projects/Vhile the stationary FARO Focus Laser Suamnis a reliable system that
offers a wide field of view, therefore it can scan multiple assemblies at the same time, theldand
DotProduct DPBS allows the users to maneuver around awkward position that might otherwise be
obstructed from the scannand thust may capture as much surfaoéormationas possibleTo
support consistent worker responsibilities across different projects, the tasks of conducting geometric
inspection is similarly distributed among the fitters, before acquiring final @glpirom the QC
personnel as requireBigure3-33 outlines stakeholder tasks and responsibilities for proposed
nuclear pipe spool fabrication, and highlights madifions to quality control procedure involving the

use of 3D scanning to aid geometric inspection and deeisaking for QC personnel.

Similar to the nuclear modeb tepresent both of the existing and propasadnuclear fabrication
workflows, a simulation model is created that includes process activities fahsek by the workers
themselves as well as inspection by the QC personnel. The parameters of the model would change
according to which workflow it follow. Figure3-34.illustrates the logic that guides every element of
the simulation model, and reflects the existing and propoeseduclear pipe spool fabrication

workflow.
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& Load: From Weld
& Unload: To Quality_Check

5 Rt Y8 Final QC Task Sequence

& Acquire: Fitters

we Travel: To Quality_Check

© Delay: QC3 (CW Before Shipment)
® Release: Fitters

& Enter Zone: Checking Start
& Acquire: Checker

v Travel: To Quality_Check

© Delay: QC3 (QC Before Shipment)
® Release: Checker

& Acquire: Crane —~ +— & Acquire: Crane

& Load: From Final_QC B Exit Zone: Checking Finish & Load: From Additional_Comp / QC
& Unload: To Shipment \ @ Assign Labels: SpoolComply & Unload: To Laydown_Rework
® Release: Crane |~ & Decide —

® Release: Crane

Fabrication Ends

3 Sink

Figure 3-34. FlexSim NonNuclear Pipe SpoolFabrication Simulation Model

In this simulation model for nenuclear projects, tasks and responsibilitiesadse grouped by
specific roles, and are limited by the number of resources availdbtd.the variables in the model,
including processing times as well as probability of-nonformance, are linked to a global table.
Since the fabrication workflow is the exact same between small bore and large bore projects, their
difference is reflectely the specific activity process times, where large bore projects may require a
longer time to conduct quality control under both existing and proposed workflow. The development

of this model is almost identictd the nuclear model, which éxplainedn detailin Appendix F.
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3.6.3 Visualization of 3D Simulation Models

As presented earlier in Section 3.5, FlexSim includes a robust library of standard objects-with pre
built logic and task execution. Its ability to support custom 3D objects to be importédanto

software allows 3D simulation to model the physical system for realistic visualization. For the
modelling of both nuclear and naoniclear projects, the physical space is modelsstt on the shop
layout of the partnérs pr ef abr i c a tridge, ON.Readers idy tefer td Sectidd &.adif
Appendix F for steps taken to model the spatial environment, and how custom objects are created to

replicate physical equipment and system.

While Figure3-31 andFigure3-34illustrate the nuclear and nanclear workflow logic,
respectively, it is difficult to visualize the interactiortlween each stakeholder (i.e. fitters, welders,
and QC personnel), as well as the flow of activities along the fabrication icie 3D simulation
models offer an intuitive snapshot of the system itself, and thoatighsimulation run, the mods|
may olserve the work process as if it is a real sys#&hsimulation system resdtjgure3-35 shows
the overhead view of the 3D simulation model, Biglire3-36 on the next page presents the same
model from different perspectives.
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Figure 3-35. Overhead View of the 3D Simulation Model
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Figure 3-36. Different Perspectives of the 3D Simulation Model

All objects in the model have been scaled appropriately according to the actual shop layout, as
shown in the background. The trucks to the léfthe model represent the receiving bay, where
incoming materials are offloadetihere are several laydown areas, each one specific to the stage of
the components along their fabrication workflow. In reality, most components and assemblies may be
mixed together in one general area, however, to illustrate and visualize the fabrication process, they
have been separated. Specifically, there is a laydown area for individual components that make up an
assembly, a laydown area for rework of assemblies that fgélechetric inspection, a laydown area
for assemblies that require more components to be attached, and a laydown area for final quality
check before shipment to site.

Specific equipment that have been included in the 3D simulation model irchadguided crane
that runs along the entire bay of the fabrication shop. The crane is responsible for transporting heavy
materials to different areas within its reach. The stands are where the fitting process takes place,
which may include cutting, measng, and tack weldingAlso, a pipe rotatorepresents where the
welders wouldveld an assembly while the pipe rotates about its principal axis. Ldistéyent
workers represent specific roles during fabrication, including fitters, welders, and Q@per They
move about in the 3D environment of the simulation model, carrying out tasks according to their
assigned logic.
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3.7 Model Verification

There are two performance metrics tracked in both nuclear anduntear models, which are the
total simulategroject fabrication time and the total number of rewadksfor each simulation run.
While there are many variables that can affect either of these two metrics, assuming the worker
composition stays the same and the number of spools to be fabricatedigtent across different
simulations, variables concerning activity process time and probability efoxdbrmance would
have the biggest impact on both béttracked performance metridhe process of verification
during model development is an ééive process, where the outjmitonstantly being evaluated to
ensure the simulation model reflects changes to each input variable, astesppesfic workflows
and mechanisms that represent pipe spool fabricdtignre3-37 below illustrates the exairtputs
and outputs of interest for model verification, and the feedback natadgusting model parameters
to correctly implement the specifications and assumptibthe fabricatiorsimulation models.

Activity |l ! Project
Process Times JIl Fabrication Time
Input Process Output 4
(Variables) (Simulation) (Metrics)
Non- \

Conformance =
Probability Feedback

Total Rework
Instances

Figure 3-37. Iterative Model Verification

In FlexSim, there is a toalvailablecalled the Experimenter, which enablesitiadder to run the
same simulation modehultiple times, changing one or more variables each time to see if the results
would change. This involves setting up various variatdedifferent scenarios of interest, as well as
specifyingwhat information is gathered to represent performance mea$tiemodéer also has the

option to define the number of replications that will run for each scenario

For all statistical distributions in the simulation softwadhecode returns a unique random stream
associated with the current object. If the obglms not yet own a stream attribute, or if its stream
attribute is 0, FlexSim will assert the attribute and assign it a unique stream number. The algorithm
uses a prime modulus multiplicative linear congruential generator (PMMIJ&Bhson 2009s a
Arandom number gen e whchie actallyt adist af pseud@n@om aumbetsr e a m

The algorithm is based on the formals presenteith Equation (2)
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wherea is assigned the value of 630,360,016 arids assigned the value of'2 1 (Marse and

Roberts 1983)Each stream will generate a uniquely different set of numbers because each stream is

initiated with a unique seed value.

During an experiment, eacheam is initiated with a predefined seed value that is unique to both

the stream and the replication being run. By using predefined seed values for each of the streams

based on

the replicatiomumber, the moder is able to(1) better compare results fospecific

replication number across various scenadgigfined in an experiment, an2l) (manually rerun a

specific replication of a specific scenario to further investigate something of interest discovered for a

particular

run of the experime(King 2016)

Six scenarios are created to assess and verify the robustness of the nucleamnaisteaopipe

spool fabrication modsl Thesesimulationscenarios are as follows:

1.

Existing workflow

2. Same Inspeatn Time and Reduced Error Probability

3.

4.

5.

6.

Reduced Inspection Time and Same Error Probability
Reduced Inspection Time and Reduced Error Probability
Increased Inspection Time and Same Error Probability

Increased Inspection Time and Reduced Error Probability

Thefirst scenario represesithe current prevailing fabrication workflow, and it acts as a reference

to be compared against thther five scenariog.able3-13 outlines he expected outputs for each

scenario, and how they compare with the baseline scenario.

Table 3-13. Model Verification Scenarios

. Input (Variables) Expected Output (Performance Metrics)
Scenario : : — : :
InspectionTime Error Probability Project Fab Time Rework Instance
1 Baseline Baseline Baseline Baseline
2 Same as Baseline Reduced Same as Baseline Reduced
3 Reduced Same as Baseline Reduced Same as Baseline
4 Reduced Reduced Reduced Reduced
5 Increased Same a8aseline Increased Same as Baseline
6 Increased Reduced Increased Reduced
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For nucleapipe spool fabrication, there are four quality control steps imthr&flow, which are
(1) before tack, (2) after tack, (3) after weld, and (4) before shipment. Therefore, there are eight
variables that need to be adjusted for each scenario, in order to reflect the varying inspection time and
norrconformance failure probability. On the otheand for nortnuclear pipe spool fabricatiothere
is no inspection before tack, therefore there are six variables that would need to be changed for each
scenario. For the purpose of model verificatibable3-14 andTable3-15 outlines the value fagach

variableacross all scenas for the nuclear and nenuclearsimulationmode| respectively

Table 3-14. Nuclear Model Verification Variables

. Scenario

Variables 1 5 3 7 5 6

Before Tack 10 10 5 5 20 20

Inspection Time After Tack 10 10 5 5 20 20
(Minutes) After Weld 30 30 15 15 60 60
Before Shipment 30 30 15 15 60 60
Before Tack 5 25 5 25 5 25
Failure After Tack 5 2.5 5 2.5 5 2.5

Probability (%) After Weld 10 5 10 5 10 5
Before Shipment 11 5.5 11 5.5 11 5.5

Table 3-15. Non-Nuclear Model Verification Variables

. Scenario

Variables 1 > 3 7 5 6

Inspection Time After Tack 5 5 25 25 10 10
(Minutes) After Weld 15 15 75 75 30 30
Before Shipment 30 30 15 15 60 60
Ferure After Tack 5 25 5 25 5 25

Probability (%) After Weld 10 5 10 5 10 5
Before Shipment 11 5.5 11 5.5 11 5.5

Themodel references a global table that contains all the variables, in order to create the six
saenarios for model verificatioficach scenario is simulated 1,000 times, and bottear and non
nucleamrmodels assume 100 spools to be fabricdaglire 3-38 andFigure3-39 on the next page
showthe results for nuclear model verificationrefvork instances and simulated project fabrication
time, respectively. Similarlyfigure3-40 andFigure3-41 show the results for nemuclear model
verification of rework instances and simulated profjabtication time, respectiveli.lhe goal is to

confirm the results from both modealsrrespondo the expected outputs as outlined able3-13.
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Figure 3-38. Nuclear Model Verification: Number of Rework Instances
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Figure 3-39. Nuclear Model Verification: Simulated Project Fabrication Time

As shown inFigure3-38, it is fairly obvious to see the identical rework results between Scenario 1,
3, and 5, as wells between Scenario£,and 6. This is consistent with the defined input variables
where Scenario 1, 3, and 5 shared the same&osiormance failure probabilitgs well as between
Scenario 2, 4, and 6. The rework results confirm the same predefinedadees for each stream are
used for the same replication number across all scen@hisstunction is especiallyseful for
troubleshooting unexpected output duringdel verification, so any discrepancy can be identified
easily, thus allowing the moded be corrected accordingly.
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Figure 3-40. Non-Nuclear Model Verification: Number of Rework Instances
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Figure 3-41. Non-Nuclear Model Verification: Simulated Projected Fabrication Time

The simulation results confirm that both nuclear andmariear models perform as intenged

when the inspection time remains the same between each set of scenarios wbitectrdormance

failure probability decreases, the associated number of rework in the model also decreases. When the
inspection time is decreased, the overall simulateepiregl fabrication time decreases as well, and

the same correlation is observed when the inspection time is indréaseefore it could be

concluded that thesaodel verificatiorresultsvalidatethe nuclear and nenuclear models are

implemented accurdieaccording to the conceptual workflow models.
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3.8 Modelling Assumptions

There are several simplifying assumptions for the models in this research; while they would not pose
an adverse impact on the simulation, changing the parameters could dgtahéethe results of the

coming analysis. Some ofghmodelling assumptions include
1. Retrievalof flow item with the longest queuing time.
2. Linear progression of spool fabrication

By default, task executers in the model retrieve flow items in the queue that have the longest wait
time. This may not necessarilgpresent factince different products within the project might have
competing priorities. It would be difficult to speci#nd randomize priorities in the model since
priority would be constantly changing to fit project requirements, such as meeting a deadline for
certain batches of products, or delay in the supply chain to deliver materials. Nonetheless, changing
the order oflow item retrieval would have little impact on the overall simulated fabrication time,
since the processing times for the fixed resoutltemselvesrealreadydefined.

Three types of spools are created in the models, where Type 1 spool containenfoamens,
Type 2 spool contains three components, and Type 3 spool contains two components. For simplicity
sake, all three spoolsseinterchangeable components, meaning Type 2 spool is an extension of Type
3 spool with an additional component, and Typpaol is likewise an extension of Type 2 spool with
an additional componenthe model combines the first two components for all the spoolsABst.
Type 3 spools exit the model, Type 2 spools are processed next by joining the next component, and
the simuation continues until Type 1 spools are proedsas well and exit the model. However, i
reality, spools may be fabricated in the same cycle until it is complete; in other words, a Type 1 spool
may continue through the feedback ladgabricationuntil all four components have been combined,
as opposed to wait in queue along with other Type 1 spools aftefmantyr threecomponents have
been combined. This is similar to changing the order of flow item retrieval, in that defined processing
times for thefixed resources would have little impact on the overall simulation runkigare3-42
on the next pagélustrates the logic of how different types of spools areteck the models.
Readers may refer to Appendix F for more detail omibdelmechanisms that guidbe creation of

all three types of spools.
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Figure 3-42. Model Spool Creation Flow

Spool 1

Lastly, literature lacks any information regarding the speéifitivity process timesf pipe spool

fabrication whether it iSor nuclear or nomuclearapplications Thereforecraft workersat the
partned s

prefabricat i oweretoasulied fithe ysual fabricat@miime for @agte
activity. Table3-16 summarizes the process timesumptionsisedin this thesisbased on the
information provided by experiencéitters and welders
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Table 3-16. Fabrication Activity Process Time Assumptions

Activity Process Time (Minutes)

Activity

Nuclear Small Bore NorNuclear | Large Bore NofNuclear
Measure 30 15 20
Cut 20 10 15
Layout 60 30 45

Tack Triangular (15, 30, 22.5) Triangular (5, 15, 10) Triangular (10, 30, 20)
Remove Tack 20 15 20

Weld Triangular (60, 120, 90)| Triangular (20, 40, 30) | Triangular (30, 60, 45)
Remove Weld 60 30 45
QC Before Tack 10 N/A N/A

QC AfterTack 10 5 5

QC After Weld 30 15 20
QC Before Shipment 30 30 30
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Chapter 4

Si mul ation Anal ysi s

The purpose of this chapter is to present and discuss the simulation results for timadivagen
technology implementation scenarios, which &t nuclear projects, (2) small bore rouaclear
projects, and (3) large bore nonclear projects. In the interest of understanding the impa& of
scanning and 3D feedbaok improving worker productivity, the twarimary performance metrics to
be tra&ed in the simulation models are the total simulated project fabrication time and the total

number of reworknstancedor each simulation run.

An important changeo the model setting instead of using the same predefined seed values for
each stream, thmodels would initialize random streams based on system time. Whigsskistially
dismisses the ability to troubleshoot and repeat the simulations, it would ensure the results are truly
randomizedor analysishased on specified model paramet®tereover, the measures preserited
Section 3.Ftoncerning mdel verification already validated that both nuclear andmaiear models

reflect their specific workflows and mechaniswisich represent pipe spool fabrication.

Kwiatek et al. (2019) have prawusly studied the impact of augmented reality and spatial cognition
on assembly in construction, aad earlier version of theD feedback augmented reality software
application was used during their experiment. Althougly isoused a different 3D datquisition
hardware, the technology workflow remains the same, therefore their findings that augmented reality
can help save substantial timepipe spool assembly oveonventional methods would lapplicable
to this thesisTheir experimental results trained professional pipe fitters will be used as a basis of
productivity improvement and rework reductidrable4-1 summarizes the differende mean
activitytimer egar dl ess of cogniti ve aabdimprovergentinultplier Kwi at

is calculatedo showthe difference between using isometric drawings and the technology.

Table 4-1. Productivity Improvement with 3D Scanning(adapted from Kwiatek 2018)

Mean Activity Time
- Number
Absorb Design Interpret Rework
. . Complete Rework | of Errors
Information Information
Fitterswith Technology 0:05:36 0:01:06 0:01:12 25
Fitters with Isometric 0:11:49 0:08:56 0:02:46 3.5
Mean Difference 0:06:12 0:0749 0:01:3 1
ImprovemenMultiplier 0.47 0.12 0.43 0.71
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To simplify Kwiatekés resultoon rework the two activities concerning interpretireyvork
information and completing rework are combined into single rework activity, and its average
improvement multiplier would be applied to the baseline rework process time. While their studies
examined specific activities in detail, this thesis focuses on the overall impact on the entire fabrication
cyde,the ef or e r ewor k iraspohsiiktiessf reeisingthh gipe Epod for eewakd
absorbing and interpreting rework information, ¢aydng out the components correctly for
subsequerfabricationtasks Table4-2 outlines the two improvement multipliers that will be used as
a basis of technology benefit over conventional workflows.

Table 4-2. Rework Activity Ti me and Failure Probability Improvement Multiplier

Rework Activity Process Time | o1 conformance

Interpret Rework] ~ Complete Failure Probability
Information Rework
Improvement Multiplier 0.12 028 0.43 0.71

Simulation analysis will subject bottuclear and nonuclear models to the same parameters,
except for fabrication activity process tim&oth models will assume 100 spoale to be fabricated
for the projectand each scenario will run 1,000 times to ensuficient dataare gathered to
conduct any meaningful analysihree input variables will be adjusted to observe their impatiteon
fabrication workflow;these variables arél) rework time, (2) failure probability, and (3) quality
control time.Figure4-1 outlines the sensitivity analysim howthe three variables would affect

performance metrics related to productivity improvement and rework reduction.

Simulation Model

Quality
Control
Time

; Rework
Input Variables

Failure

Probability

l —L— l

Output Performance [ =GEe
Metrics Time

Project Rework Project
Time Instance Time

Figure 4-1. Simulation Sensitivity Analysis
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