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Abstract

Challenges in construction related to dimensional variability exist because producing components and
assemblies that have perfect compliance to dimensions and geometry specified in a design is simply not
feasible. he construction industry has traditionally adopted tolerances as a way of mitigating these
challenges. But what happens when tolerances are not appropriate for managing dimensional variability?
In applications requiring very precise dimensional coordinasach as in modular construction, the use

of conventional tolerances is frequently insufficient for managing the impacts of dimensional variability.
This is evident frontheliterature and numerous industry examples. Often, there is a lack oflgroper
undestandingthe rationale behind tolerances aimbuthow to derive case specific allowances. Literature
surrounding the use of tolerances in construdtiditatesthat dimensional variability isften

approached in a trial and error manner tiwgifor conflicts and challenges to first arise, before

developing appropriate solutions. While this is time consumingyis@raverse, prone to extensive

rework and very costly in conventional constructithese issues only intensify modular constrction

due to the accumulation of dimensional variability, the geometric complexity of modules, and
discrepancy between module production precision and project site dimensional precision. This all points
to a need for a systematic and strategic approaahdornging dimensional variability in modular
construction.

This thesis explores dimensional variability management from a holistic construction lifecycle viewpoint,
examining key project stages (manufacture, fabrication, aggregation, handling, trarspartdti

erection) to identify critical variability sources and proposing adequate strategies to control dimensional
variability. The scope of this work relates primarily to the structural system of commercial building
modules, based on the assumption thatsequence of production and dimensional variability of building
subsystems (mechanical, electrical, plumbing, architectural) hinge upon the dimensional variability of the
structure. A novel method for quantifying dimensional variability is developedhwises 3D imaging

by way of laser scanning and building information models to compute deviations between the intent of a
geometric design and the actualbaslt construction. Novel strategies for managing dimensional

variability are also developed, amttiude adaptation of manufacturibgsed principles and practices for

use in construction systems. The inspiration and foundation of these new strategies is derived from the
original research of Dr. Colin Milberg, who explored how to apply toleranceytiised in

manufacturing into civil construction systems. The new techniques developed in this thesis, along with
other previous researptbemonstratéhat there is a clear correlation between manufacturing industries
such as aerospace and aubtive assembly production, and that of modular construction assembly
production. In light of this, there is apportunity toimprove modular construction processes if these
manufacturingbased methods cdoe appropriately impmentedThis isthebasis for the proposed
methodology presented in this thesis.

Applicationof the proposed methodology usicase study examples demonstrates that dimensional
variability in modular construction should be approached from a loligtivpoint. Furthermore, it needs

to incorporate much more consideration into the key factors and critical sources of variability rather than
pursuing the traditional construction approach of developing inefficient trial and error solutions.
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1. Introduction

The termanodular andprefabhave become popular catchwords within the construction industry

especially in recent years due to the growing use and popularity of modularization and prefabrication as
construction delivery methods. Previous trends of modularization and prefabrication (e.g., the US
manufactured housing IihdauGdg)y wearrd nagf ttehre droi6wers ay
extremely short build times and lower project costs. Following WWII, there were large demands placed

on construction industries throughout Europe and North America to rapidly fill the deficit of housing and
commercial buildingswhich had been destroyedring the warand to provide affordable housing for

veterans returning home. Although prefabrication and offsite fabrication methods were used as a means of
providing mass temporary housing, these large soaleements ultimately did not achieve their targets in

terms of quantity and qualifyhillipson 2001) As the result of these (and othér}-d pwn é att empt s
forcing the implementing of prefabricati¢g8mith 2011) several errors were madehich leadto their

steady decline angoor perceptions of the termpsefabandmodular Some of the most significant errors

that lead to previous declines in prefabrication and moidation were (1) their significantly poor

quality, (2) a lack of attention to technical detail and (3) life cycle performance failures associated with
maintenance and durabilifPhillipson 2001) Examples thagboint to both poor design and workmanship

are inadequate thermal performansenell asair and water penetration at joir(®hillipson 2001) What

is clear from previous attempts at introducing modularizatiochpaefabrication on a large scale is that a

great deal oadditionaldesign effort and corresponding high quality workmanship is required in order to

make them successful construction delivery techniques.

1.1. Current State of Modular Construction

In recent yars there has been a resurgenceodularization and prefabrication trends within the

construction industrfrom its prior days of providingnass produced manufactuteoimes(Figurel).

There are numerous modern examples of high rise buildiigsh have utilized modular construction as

their delivery method: Victoria Hall in Wolverhampton UK, Leadenhall Building in LondH, B2

BKLYN in New York USA, SOHO Tower in Darwin Australia, T30 Hotel in Changsha China, Hilton

Palacio Del Rio Hotel in San Antonio Texas and the Paragon Building in London UK. Bacetd
advancements in technology amdh precision offsite manu€turingtechniqguesmany sectors of

construction are shifting away frooonventionab s t-biucikl t 6 const r towardsthewsepr act i ¢
of prefabrication and modularizatioAs site safety issues continue to increase, and urbarsent

continue to beome more and more congested, sectors of the construction industry are turning to modular
construction. These sectors are finding that modular construction can yield numerous advantages
includingshorter project schedules, lower costs, increased safetynanaved quality contro{Burke and

Miller 1998, Gibb and Isack 2003, Jaillon et al. 2009, Nadim and Goulding 2010, Sacks et gal.I2@10

study byJaillon and Pool 200%he choice of modular construction over traditional methods resulted in a
20% reduction in project duration, 56% reduction in construction waste, 9.5% reductiooumn lab
requirements, improved safety, as well as less dust and noise on the construction site. A recent survey of
more than 800 contractors, engineers and architects indicated that the primary reason for current usage of
prefabrication and modularization ts ability to increase productivif¥icGraw Hill Construction 2011)

Data from the same survey indicated that 84% of contractors, 90% of engineers, and 76% of architects in
the construction industry wereing some degree of prefabricationmodularization on their projects.



Clearly, construction companies are discovering that modularization and prefabrication can result in
substantial benefiti§ done correctly
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Figure 1: Exampleof 19606s pr ef abr i c-aideendbilecnmmutadtured lootise @eft). si ngl e
Example of a modern modular construction project: modular apartment building (right). (Catpal 2013,
Champion 2013)

Despite the numerous advantages of modular construction, there are several challenges that still exist. For
instanceproject preplanning, project coordination, preliminary desigansportatiorand site fitup are

very challenging aspects of modular construc{i®oodier and Gibb 2005, Haas et al. 2000, Lu 2009b)

This is evident through limited initial design options, complex intémfa long leaen times, delayed

planning processes, and design inflexibi(ijaas et al. 2000, Lu 2009b, Pan et al. 2007, Taylor et al.

2009) A study conducttin the UKfoundthattwo of thebiggestchallenges imodular construction

projects ighe inability to freeze design specifications early into the project, and key decisions being made
early in the projectwhich constrain the successful implementatibthe projeci{Blismas et al. 2005A

similar study in the US found that the most prominent challenges for modular construction is the inability
to make changes onsite, transportation restraints, and that gesr@rattors do not have the sufficient
expertise to properly assemble modules orfkite2009a) Thechallengesurrently faced in modular
constructiorieads to the formation of risk, which can have a profound impacherbenefits of
modularizationOf the 24risksidentified in a recent study, the five most prominent risks were found to

be (1) poor cooperation between numerous interfaces, (2) inappropriate design standards (ubiritj stick
practices in the context afodular construction is not satisfactory since there are much stricter
dimensional and geometritemandsn modular construction (3) lack of proper management and
experience, (4) enormous difficulty obtaining a return on initial investment and (5) af lagufficient

guality monitoring mechanissrduring production processés-zi Luo et al. 2015)Modularization also
introducegisk related to module damage and interfacing prob)eessilting in rework and projedelays

(Taylor et al. 2009)

The current state of modular construction has made significant advancements and improvements since the
196006s and ma8s/pbdused manafactaredddméswever, there are stil large number

of risks that can emerge, which requires a concerted effort by both industry and research in order to
expose the full potential of modul ar construction
commands respect [when considenvigat it is capable of on a given project] but is also one that the



construction industry is only just be(gawsonetal.g t o
2014) This is the contexipon which tlis thesis is bask

1.2. Problem Statement

Onemajor challenge in thexecutionof a modular construction projeistthe management of dimensional
and geometric variabilitfLawson et al. 2014)Due to the increased quality control capabilities and use
of advanced manufacturing technologies in modular construction, dimensional and geometric variability
is typically approached through the use of precise methods of production. However, protdems of
persist due to discrepancies between precise production tolerances and larger site tolsnapties a
geometric variations and damage occurring from transpamtatid handling loads. As sudiite fitting

can be problematisince there is less fgiveness in module geometry once on site to accommodate
varying site condition§Smith 2011) A study of two modular prefabricated high rise buildings found that
the geometric inflexibility of modular units once atesvas a major design limitation to selection of
modular construction techniquékaillon and Poon 2014failure to make design considerations about
geometit changes to modules can be "a questionable decisitie asadules move during transport and
assembly, resulting in costly adjustments on gitehnsson and Meiling 2009)he management of
dimensions, geometry aidild tolerances are critical factoirs modular consuction. The industry
currently lacks a proper understanding of how to properly manage dimensional variability, which
previous studies have clearly demonstrdetharjee 2007, Johnsson and Meiling 2009, Milberg and
Tommelein 2003a, Smith 2011)

The following example from a recent modular construction project demonstrates the current lack of
understanding towards dimensional and geometric véitjgaind how it can profoundly impact a

modular construction projedh a recent project, @onstruction companyas responsible for designing
and fabricating more #n 900 modules in a mukitory apartment building. Dring the erection of

modules on si, delays on the order of 2 tatines the planned stperection time pushed the project far
behind scheduldxtensive rework was required to ensure properfitieg during erectionThis

occurred due tpoor planning andnderstanding of how dimensial and geometric variability can

interact to cause misalignments between modules. figiea designwasbased on the assumption that
stiff and rigid modules would ensure no deformation during transportation and handilioky would
improvethe ease okrection Unfortunately once on sitethe geometry ofhe modules vasnot

conformant to the original desigwhich led to extensive rework to ensure proper fit up. Even so, the gaps
between modules were not tight enoughading to water damage. As a kst these challenges, the
project was completely halted halfway through the project timeline due amillibn dollar lawsuit,

with lots of finger pointing as to which party was to blame for the dimensional and geometric conflicts.
This example demorsttes a lack of proper understanding of the management of dimensional and
geometric variability. When dimensional variability is not properly managed, the consequences
experienced can far outweigh the potential benefits of modular construction.

This thesigprovides asystemati@and holistic frameworkor properly managing dimensional variability in
modular construction. Simply put, dimensional variability relates to the deviation of dimensions or
geometric properties from nominal values or specificatiommeDsional variability arises due to process
capabilities €.g, the accuracy and precision of certain construction processes for achieving specified
dimensions and assembly geometry), design tolerances (the selected allowable variation from nominal

c



paraméer values) and the interaction and accumulation of the final geometric properties of components
and assemblies (which is a function of both allowable tolerances and the actual deviations).

1.3. Research Objectives

The primary objective of this thesis is tlevelop a strategiframeworkfor managing dimensional
variability throughout the lifecycle (i.e., fabricaticaggregation transportation, and erection stages) of a
modular construction project.

In addition to this primary objectiyeome secondary objéats are:

1 to determine the major factors that impact dimensional variability modular construction
project;

9 to develop a procedure for quantifying the discrepancies betwemriltand asdesigned
assembly states;

1 to quantify dimensional variabilityt aistinct project stages and to study the accumulation of
variability throughout the lifecycle & modular construction project;

1 to identify current methods for managing dimensionalalslity in modular construction;

i to determine practical analogiesdawols used in the manufacturing industry to adopt and apply
to modular construction systems for appropriately managing dimensional variability.

1.4. Research Approach

This thesis explores the impact of dimensional variability in modular construction and proposes a

strategic framework for properly managing it. The manufacturing industry is used analogouslytaring
production of modules for ensuring the impact of disienal variability on component aggregation is

properly managed, since it was found to be the industry benchmark in this regard. In cases where
analogies to the manufacturing industry are not suitable, other analyses and methodologies are adapted or
devebped and then subsequently implemented. One example of this is the use of kirgmaatitased
dimensional variability analysis, where robotics theories are drawn upon in order to derive an efficient
method for module connection design.

For capturing dat associated with dimensional variability, this thesis utilizes discrete 3D data capture
(e.g, total statim) as well as continuous 3D data capt@e ( laser scanning). 3D imaging concepts are
employed in order to analyse data related to dimensionabiléy. The reason fothe use of 3D imaging

as a means of data capture and analysis is due to the ability to obtain rapid and accurate feedback
regarding dimensions and geometry of construction components and assemblies. One of the most
common means afuantifying dimensional variability is by way of a developed method of comparing as
built data (i.e., 3D point clouds) with-@esigned data (i.e., BIMyvhich is herein referred to &eviation
Analysis A comprehensive overview on the use of deviatiwalysis is provided in this thesis.

1.5. Scope

The scope of the management of dimensional variability in this thesis primarily focuses on the structural
aggregatiorof a module and its erection on site. Furthermore, dimensional variability is explored
explicitly in the context of modular construction. While the methodology derived in this thesis can be
implemented in other types of offsite construction applications, the scope is focused on modular



construction, due to the unique challenges involved with the geamant of dimensions and geometry of
often complexhreedimensionalolumetricmodules.

The reason for focusing primarily on the structugdragation of a modulie based on the order of
typical fabrication processes employed on most modular constrymtijects:

9 the structure isggregatedirst;
1 thepartitions, walls, enclosures, architectural systems (@te.Jabricated or aggregated next; and
1 thebuilding services, mechanicahd or other systems are fabricated or aggregated last.

As a result ofhe typical fabrication process progression for the main systems in a modular construction
project, the geometry of the structure will have an impact on the dimensiemalditd geometry of
succeeding fabrication processes. The progression of fabripatioasses is such that datymiherwise
known as reference point$ the asbuilt state are often used for thedip and positioningf succeeding
construction components. This effectively means that the position, orientation and form of the module
structure influences the dimensional variability of other systent, @rchitectural, service, mechanical,
etc.). Furthermore, if the structure of a module is fabricated first, veveork of the structure is required,
thesucceeding abr i cat ed sy st,erexposglin@dedppuolide acdesdtatioek 6
structure which can be very time consuming and costly. This means that corrections to the structure can
sometimes come at larger cost and schedule impact than chaongesrteystems. As sudhe scope of

this thesis focuses on managing the dimensional variability of the structure of a module.

In addition to the management of dimensional variability of the structure, focus is placed on critical
interfaces betweethe components, modules and projsite. The reason beirgat the management of
dimensional variability has certain impaetegoriesThe ability to properly ggregatecomponents and
modules is one of thmost significant impacts of dimensional variabilifys such, focus is placed on
dimensional and geometric compliance between components and modules at interfaces. While the
aggregation of components in stibldilt constructioroffersthe ability to incrementally adjust and correct
geometry at interfaces dng construction, in modular constructitite aggregation of componemigist

be designed and wedixecuted before erection on site takes place.

1.6. Terminology
Some of the key terminology used in this thesis is providdaliel.

Table 1. Key terminology used in this thesis

Term Definition in this Thesis

Variability how a particular dimension varies from a mean parameter value (e.g., noming
dimension as specified in a design)

Variation the continuousangeof variability

Deviation discrete value of variation

Dimensional variability variability associated with all dimensions (e.g., linear dimensions, angular
dimensions, geometric dimensions)

Linear dimension a two-point measurement

Angular dimension angle definedbetween two lines or two planes

Geometric combination of both linear and angular dimensions to describesthaejry of a
properties/dimensions component/assembly




Tolerance theamount of permissible variation from a mean parameter value (e.g.m#h

for a paticular dimension of interest)

Dimensional tolerance atolerance placed on any kind of dimension (lineagudar or a geometric
property)

Geometric tolerance atolerane placed on a specific geometric property (e.g., allowable amoont-of
of-plane bending in a beam)

Componenifeature ageometric element of a component, such as a line, plane, or mataiynat
defined curve or surface

Assembly the physical arrangemerdf components

Aggregation the process aissembling components together

Assembly plan the order or manner in which components are aggregatedn assembly

Envelope External portion of a component or assembly described in terms oka eélines,
planes or surfaces

Interface the point, line, plane, and surface of components along with the clearance zo
gap between two componefitsing aggregated together

Tie-in point critical interface coordinate on the componenhbeaggregated into an assely

Control point the corresponding (matching) critical interface coordinate on an assesnlly f

component being aggregated

1.7.

Thesis Organization

This thesis is organized ineghtchapters

T

Chapterl provides the introduction to the problem statement, abgscand scope of the

research contained in this thesis.

Chapter2 provides a comprehensive overview of the literature and background information
necessary for the technical topics explored in this research. Examples from industry are provided,
and the current approach for management of dimensional variability imeditst is

summarized. Relevant information surrounding the manufacturing industry is also provided since
it is used analogously to solgeme ofthe proposed research objectives.

Chapter3 presentghe proposed methodology. Development of the proposedtboeha@bgy is

broken down intdhe key steps involved, and the scope, objectives and constraiatsare
addressed.

Chapterd presents the development of a deviation analysis method, which is the approach used to
guantify dimensional variability in this rearch.

Chapters provides a detailed case study of a modular construction project, where key sources of
dimensional variability are identified, quantified, asubsequentlanalysed.

Chapter6 presents the development of and examplewaldesignrbasedstrategies for

managing dimensional variability

Chapter7 presents #ndevelopment of and examplesiofel productionbased strategies for
managing dimensional variability

Chapter8 summarizes all of the developments of this researctkéytaaclusions. Future work

is alsodiscussedn order to strengthen and supplement the proposed methodology and research
undertaken in this thesis.



2. Background

Throughout this thesis, dimensional variability is used to describe variations in both dimensions
(commonly used in construction as linear fpamnt measurements), and geometry (which is often
expressed in a series of tywoint measurements as well as otpwperties such as angles, volume, area,
levelness, perpendicularity, etc.) of construction components and asserAliddsrance is a permissible
variation from a specified requiremeand in the context of construction can be applied to parameters
such as dimension® (g, clearance between components, member lengths, thicknesses, etc.), quantity, or
alignment and position in three dimensional sp@be. need for tolerancésr the production of parts

(i.e., duringmanufacturing, fabrication and assay) arises because variability is an inevitable reality.
Regardless of the amount of effort placed into contmpliire dimensional and geometric varying
outcomef production processes, some degree of variability cannot be avoided. However, in tiens of
accumulating effects of variability, there are certain levels (or ranges) of variability which have larger
impacts than otheien overall goals oproduction Thereforethesespecified limits of variability known

as tolerances axdtenused in ordeto target critical sources variability andto control certain

dimensional and geometric attributes of parts so that production goals can be met in way that balances
cost, quality and customer satisfact{@revding 1997) Production variability is an issue that emerges in
many industries, including manufacturing and construction.

This chaptemprovides background information relatedthe way that both construction and

manufacturing industries manage dinienal variability. One of the most common approaches for this is
done through the specification of tolerances. Accordingly, theory related to tolerance specification is a
key focus of thichapter The relationship between the construction industry anchéreufacturing

industry is first explored in order to demonstrate how modular construction can be viewed as a type of
manufacturing process. Then the state of dimensional variability management in construction is
summarized. The next part of tlukapterexplores how the manufacturing industry manages dimensional
variability. Finally, literature related to recent technological advancements in 3D imaging and BIM
(building information modéing) and how these methods can be used in the analysis and quantifita
dimensional variability in construction is presented.

2.1. Modular Construction as a Manufacturing Process

The process of aggregating components in construction can be defined by two stages: (1) mating, which
consists of bringing components into alignmwith each other and (2) joining, which consists of fixing

or fastening components togethém.offsite construction, there are several gatees to describe the

extent ofwhich the manufacturing and aggregation of components occurs waitltgdffsite fcility. A
popularstructure for describing this is known as PPMOF, which stand®ré&fabrication, Preassembly
Modularizationand Offsite Fabricatio(Haas and Fagerlund 2002, Josephsa@hHammmarlund 1999A

useful structure for demonstrating the types of offsite construction along with examples and type of
aggregation is shown ifiable2. The type of aggregation involved in offsite construction can be
described in terms of being either O6volumetricé,
oneomwl umetricd, where compon @ibh19990drbis breakdoweai c|l ose a
volumetric versus nemolumetric becomes very important when analyzing the impacts of dimensional
variability in 3-dimensions, since volumetric assemblies often incorporate a highee aég@mplexity

than dimensional or Zlimensional (i.e., nomolumetric) assemblies.
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Table 2: Breakdown of offsite construction types, with examples and predominant form of aggregation

Offsite Construction Categories | Subcategoris and Examples Aggregation Type
Prefabrication/Offsite Components (i.e. bricks, tiles, structural steel, et¢ Non-volumetric
Fabrication: component Volumetric
manufacture and sedssembly | Subassemblies (i.e. doors, windows, etc.) Non-volumetric
within a factory or on another sit Volumetric

from project site

Preassembly preassembled unit{ Nornrvolumetric (skeletal, planar, or complex) Nonvolumetric

which create usable spaces and| Volumetric(installed either into or onto another | Volumetric
usually installed into independer| building)
structures
Modular Building : preassembled Single story (horizontal aggregation) Volumetric
volumetric units which form the | Multi-story (horizontal and vertical aggregation) | Volumetric
actual structure of a building

Due to economies of scale involved in offsite constructissharesnany similarities with other more
mainstreammanufacturing applications (e.@utomotive, aerospace industries). fAlimsof offsite
construction utilize some aspeaxta manufacturing process in terms of the productioreggdegation of
components andssemblies. Howevgo say that offsite construction simply shares some similarities
with mainstream manufacturing sectors is not descrigtivaighnoris it a meaimgful comparison to

make due to the wide range of manufacturing models in existence. This is why research has explored
specific manufacturing models in which to clas$dyms of offsite construction. Some common
manufacturing models include mass produgtiean production, complex systems production and
component shop productigWwinch 2003) These manufacturing models are based on the type of
materials flow (i.e., low volume versus high volume) and the type of product information flow (i.e.,
concept/tender or new product development). Stigk construction sees most of its work being done
directly at a job site and has the benefit of allowdngite constructioadjust for dimensional variability
challenges in an aldoc fashion. On the other hand, a high volume production model retidtes
component®e able to aggregate properly in arteminimize the amount of rework related to
dimensional variability. It is not possible to make a blanket statement about which manufacturing model
best describeall modular construction, since each project can vary drastically from the next. For
instarce modular construction could be used to mass produce volumetric bathroom pods, which would
best resemble a mass production manufacturing mddelever, nedular construction could also be

used to produce large complex pipe spool assemblies, in whicthedsest manufacturing model would

be a complex systems production. Although selection of a specific manufacturing model for modular
construction varies from project to project, there is certainty that modular construction can be viewed as a
manufacturingprocess. This conclusion is important in this thesis, as theories and concepts used in the
manufacturing industry are used analogously for the developm#ém pfoposedlfamework for

managing dimensional variability.

While there are many similaritiestdeeen modular construction and certain manufacturing models, key
differences include certain unavoidable stizklt practices such anstruction of foundations, service

tie-ins, and module erectig®Gann 1996, Gibb 20017 his is because despite utilizing a manufacturing

model for the production and aggregation of components, the construction assembly is ultimately erected
ona projectsite, which is dominated by certain stielilt practices. The offsite manufacture of

components and assemblies allows for the use of high precision tools and processes, which means that
construction assemblies can be fabricated with a higredegf precision. Howevemost site interfaces
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such as foundatiorexe still constructed in a traditional stibkilt manner. As a resulnodular

construction is unique from any other manufacturing process in that it deals with levels of precision for its
manufactured assemblies on the order of millimeters up to lefvpie@sion on the order of several
centimeters for field installed compone(@allast 2007)

2.2. Dimensional Variability Management in Modular Construction

While modular construction can utilize high levels adgsion for the manufacture of modules, it is often
constrained to the variability associated with certain unavoidablestittkconstruction practicesigure

2). This is the case for projects where modules are being installed into an existing building with stick
built levels of precision, or in projects where the level of precision for the construction of foundations
does not match that of the modsilét should be noted that the production of modules has the potential of
achieving certain manufacturing levels of precision, however there are many instances whbtaltstick
levels of precision are also brought into the offsite manufacturing faailityhich caselimensional

variability can become very challenging for the aggregation of assemblies. So how important is it to have
compatibility between production and erection levels of precision in modular construction? And what are
the impacts of notnpperly managinglimensional variabilitghroughout the lifecycle (that is, during
fabrication, assembly, transportation and erection stages) of a modular construction projets?to

address these questions, some examples ofdimensional variabity management are highlighted

along with their consequences in terms of project performance and risk. Strategies currently employed for
dealing withdimensional variabilityn construction are also presented in order to understand the

knowledge gap undstihg the proposed methodology.
Stick-Built
Construction:
Site processes

Manufacturing :
Production of
modules

Figure 2: Predominant levels of precision involved in modular constructior(Rausch et al. 2016)

Modular
Construction:
Levels of
precision for
production
and erection

2.2.1. Conseguences of Dimensional Variabilityn Modular Construction

The following examples of poor dimensional variability come from industry examples and from cited
research work. The first set of examples come from the B2 BKLYN modular high rise project in New
York. When complete, this project is set to be tallest modular high rise building in the world. With an
accomplishment like this, there has been a lot of challenges faced during the fabrication, aggregation and
erection of modules on site. Two notable challenges which relate to dimensional vaiaadili

misalignments of the tade panels, and misalignments of the modules at joints.

Critical dimensions of doors between side panels on the facade weretolgrance during the erection
of certain panels which meant they were not able to closenbyophis outof-tolerance is problematic
not only from an aggregation standpoint (i.e., building components do not fit propetlgaving large
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gaps or missing parts of the cladding increases the risk exposure for water leaks. In addition to some of
the doors not being able to fit, there were seve@da panels that were misaligned during erection,
which required rework in order to make the panelsditectly(Figure3).

Figure 3: Misalignments of facade panels on B2 BKLYN building (photo used by permission of Norman
Oder, Atlantic Yards/Pacific Park Report)

Anotherexample ot a challenge related to dimensional variability on this project was misaligned modules
at joints Figure4). This challenge was eventually resolved through of brute force to manipulate the
geometry of modules in order to bring modules into correct alignment with eacl{Otezr2015)

| |

Figure 4. Misalignment of modules at jointson B2 BKLYN building (photo used by permission of Norman
Oder, Atlantic Yards/Pacific Park Report)

While both of these challenges related to dimensional variability in this project were addeitbes

before or after they occurred), what is significant is that the building developer stated that large parts of
their cost overruns (which could be as high as $100 million once the project is complete) are attributed to
the challenge of bringing ndales into alignmentOder 2015) While the exact impact of the management
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of dimensional variability in this project is not known, it is clear that the management of dimensions and
geometry of modules at joints chave serious challenges and consequences in modular construction.

The next set of examples come from a modular construction project which is the focus of a case study in
Chapters. In this project, significant dimensional variability arose in numerous cases, and created
challenges for aggregation of components, and erection of modules on site. During the fabrication stage,
the aggregation of subsystems between nesdwias conducted based on the geometry of modules while
supported on temporary cribbing. Since the geometry of moddesslightly different when on the site
foundations, the fitip of subsystems was challenging due to several misalignments. Anotthenginal

aspect faced in this project was the variation in floor height between adjacent concrete precast panels. In
terms of final misalignments on site, the interfaces between modules had large gaps at the location of tie
in plates as well as at columrcés. These dimensional variability challenges are summarizédure5.

Variation in
concrete floor
height between

Figure 5: Dimensional variability challenges faced in a modular construction project. re

eventually resolved before the building was put into service, however there was impacts in the form of
rework, cost overruns and project delays. In tholdito these examples of dimensional variability
challenges gathered from experience with different projects, the following examples highlight other
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researchersd work in dealing with dimensional var
of the management of dimensional variability in modular construction, the following examples come from
offsite construction and other Architecture, Engineering, Construction (AEC) projects. The challenges

faced in the following examples and the resultingsequences are not uncommon to modular

construction (and in some cases would even be even more challenging in the context of modular
construction).

A case study by Milberg et gR002)and later again publisbéoy Milberg and Tommelei(2009)
analyzddimensionathallengedor the installation of soldier piles. The piles being installed were not
oriented correctlyn some casesequiring trimming and welding of ¢éclip anglesisedto attach roof

girders between two sets of piles. Of the 640 connections between clip angles and roof girders, 10 were
problematic from geometric standpoint, which lead to rework and created delays. In this case study it
was noted thaherewereno general guidelines found in literature for tolerance specifications of soldier
piles in walls, which ipartly why the dimensional variability challenges emer@ddberg and

Tommelein 2009)Furthemore, this study found that the progressive accumulation of dimensional
variability (referred to as toleranstackup was also a significant factor in the dimensional variability of
soldier piles.

In a separate case study conducted by Milk20@6)the interface between a prefabricated window and a
cast in place concrete building framvas examinedThis case study analyzed a tolerance problem where
some windows would not fit properly into the building (65 of the 560 total windows in the building did
not fit properly). In terms of the gap tolerance between the outer envelope of the prefabricated window
and the concrete frame, two tolerances causetflicts for the installation. The caulking joint arouttd

wi ndow was | i mit e dl0 mm)foracautkingrpérformancegwhich3eft 8-&0 mm
variation). Howeverthecanr et e t ol erances were al |l,;esudémyht o vary
some windows not being able to fit properly in cases where the concrete vaviadian a maximunihe
design assumed the tolerance of window frame, sill, head and jambswasfirthermore, the design

did not properly account for the concrete toleem Once the concrete was cast, the concrete tolerances
(as per ACI standards) were too large for the caulking gap tolergFigese6).

Caulking Gap

Tolerance Max Allowed Min Allowed

Nominal Caulking Gap| 10 mm+ 0 mm 10 mm+ 0 mm

Concrete Variation Nominal+ 25 mm | Nominali 6 mm

(ACI 117-90)
If the concrete reaches the2% mm
maximum allowable tolerance value as
permittedby ACI, this would exceed the

Dimensional 10 mm gap required between the windi

Variability Conflict: edge and concrete (for caulking). This
leads to a dimensional variability conflig
where deviations of a certain tolerance
do not allow aggregation to take place.

Concrete Variation

Figure 6: Depiction of caulking gap and concrete variation (with explanation of tolerance values)

In a study by Acharje€@007) dimensional variabilitpssociated with the installation lofeachers at a
tennis courtvas examinednadequate considerations were made with regards to process capabilities
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which led to conflicts in the interaction between design, fabrication and installation tole@moesof
theproblems enaantered in this pject includesteel framework and decking-agljustments, variations

in floor levels at base points, distorted and misaligned handrails and other misalignments between the
bleacher modules and foundations. The impacts of these dimensional variabilépgdskesulted in
increased wait time, increased costs and compromised gi#edtarjee 2007)

The examples presented above demonstrate some of the chatledigesnsional variabilityaced

during the fabricatin, aggregation and erection of construction assemblies. In addition to encountering
challenges with respect to dimensional variability in these project stages, dimensional variability can also
be a challenge during the transportation and handling of medOihe example of this comes from a

study conducted bjohnsson and MeilinR009)which examined the cause of defects encountered in
prefabricated timber housing modules. In this study, there were notadtesedf dimensional variability
associated with transportation processes, where either doors or windows needed to be adjusted or walls
were cracked due to the movement of the structure. In a modulari$egbroject, it was found that the

design of module experienced their worstise structural loads during transportation. Even after

providing adequate strength based on an assumed transportation load, some damage was still experienced,
revealing the fact that transportation can create changes in thetgeofimeodules, leading to potential
dimensional variability (in the form of geometric changes), or even daf@agdiner 2015)

Comparison of risk between offsite and onsite construction reveals that soradasfjrst risk exposure
in offsite construction relates to tolerances (discrepancies between onsite and offsite components),
handling (cumbersome large scale unit installation), fit (offsite components do not fit properly), and
overall quality(Smith 2011) Each of the examples shown above demonstrate that dimensional variability
can be challenging and problematic in modular construction. The poor management of dimensional
variability whether in the form of gaps betwesomponents, misalignments at joints, poor tolerance
specification, or geometric changes during transportation, has an impact in terms of project performance,
cost and schedule. All of these factors can be viewed in terms ¢8hiaktaheri 2014)
41 OO QI 0O G®E) ¢ 004 Qe | WD VG G Q& QG QE o
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Risk related to poor dimensional variability management often requires some form of rework in order to
achieve adequate aggregation or compliance withiogréaformance or quality requirements. In some
casesreworkcan contributetooves 0 % o f a pgrowth and dvér 85%ofahe tariance in eost
growth(Love 2002a)The direct costs of rework include tangibleantities such as materials, rdaours,
equipment, and spatial occupar{@@mmelein et al. 2007)Indirect costs relate to delays, loss of
schedule, decreased productivity, litigation, claims, and low operational efficiency. Since indirect costs
cannot be easily quantified, they are often ignored when addressing the total impact of Sawpek et
al. 2012) Indirect rework can have a significant contribution of total rework in a project, comprising
between 75% and 600% of direct rework cdstsve 2002b, Simpeh et al. 201Rework related to
dimensional variability defects can be a very significant portion of the total rework involved in projects
employing prefabrication due to the complexities of merging manufactured products wiihusitick
components. Dimensional defects have also been the focus of recent studies, in order to determine and
evaluate causation. In a studyigigmond and Agre(2015) the cause of construction tolerance defects
(which has direct links to dimensional variability) was cognitively mapped to unclear tolerance
management, a lack of a holistic approach, technical deficiencies, complex behavior of materials and a

13



lack of knowledge. Clearly, rework and defects relatedinensional variability can be very

problematic. While there has been some effort to quantify causes of rework and defects related to
dimensional variabilityit is clear that numerous impacts and consequences can emerge without a strategy
for properly nanaging dimensional variability.

2.2.2. Classification of Tolerances in Construction

Through search of various construction literature, no comprehensive works to classify dimensional
variability or its impact as a whole throughout the lifecycle of the construptiacess (i.e., from
manufacture, to fabrication, to aggregation, to final erection on site) were discovered. However, numerous
codes and standards for specific materials and applications (e.g., precast concrete construction, steel
bridge construction, mber residential construction etc.) are available and provide guidance for how to
specify critical tolerances. In addition, several guidelines exist for specifying the values of these critical
tolerances. As a whole, these resources present distinct masefigo grouping tolerances and the reasons
for why they are needed. This section aims to summarize tolerance classification for common modular
construction building materials (e.g., concrete, steel, and timber) as Seshia and then provides an
amalgamated categorization structure which is used in the proposed methodology for classifying the
impacts of dimensional variability in modular constroet

Table 3: Summary of the tolerance categorization structures employed in various construction resources

Resource Categorization of Tolerances (and additional notes)

Handbook of This resource provides recommended tolerance values for a comprehe
Construction list of materials and applications within construction. This list contains
TolerancegBallast information about building layout, concrete, steel unit masatone,
2007) structural lumber, finish carpentry and architectural woodwork, curtain

walls, finishes, glazing, and doors amthdows. Recommended tolerance
values are grouped together based on a categorization structure of
manufacture, fabrication and instaltati

Steel Construction This resource provides a range of publications dealing with various topi
Institute within structural engineering and draws upon British Standards and
Eurocodes for construction. Within their National Structural Steelwork
Specifiation for Building Construction publication, the tolerance
categorization structure found is materials, fabricatfibi{dabilityo),
erection and final construction quality. In addition to this publication, the
Steel Construction Institute has an intéresbreakdown of dimensional
imperfections in a separate publication (SCI P185) Guidance Notes on
Practice in Steel Bridge Construction where dimensions are expressed
being either random errors (which have a general tendency to be self
compensatingvhen accounting for their statistical probabilities), or
systematic errors (will accumulate, and not be-sethpensating).

BS EN 109@2: This standard haslerances grouped into two types based on whether th
Execution of steel are fiessential toleranceso (assoq¢
structures and Afunctional t ol er ap)creaddition(tkes sare sevee

aluminum structures. | tolerance classes: Class 1 is used for nortnadtsires, whereas Class 2 is
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Technical requirement
for steel structures

used when tighter tolerances are required (as would be the case for mg
interfaces in modular construction).

Institute of Civil
Engineers

This resource provides a publication Manual of Structural Design which
a chaptededicated to the topic of building movements and tolerafBibs
2012) The tolerance categorization structure found in this publication is
standard tolerances (required for all buildings, and based on codes ano
standards), particular tolerances (tighter than standard tolerances, and
required for fitup or other requirements), and special tolerances (tighter,
standard tolerances, applied to the entire structure, and are required fo
special serviceabilitygesthetic or aggregation requirements).

Design in Modular
ConstructionLawson
et al. 2014)

This resource refers to BS EN 1620@or classification of required
tolerances (note that this standard being referresliftur isteel and aluminun
structures). In addition to referring to this standard, this resource provid
recommended tolerance categories specific to modular construction. F¢
instance, it presents a separate tolerance category for the structural eff
6oaofverticalitydéd in modular high
ensure the placement of modules on each level are within a certain thre
to minimize eccentricity of loads and to ensure that modules can be ere
on site properly. For steramed modules, two special tolerance categor
are preseditmednsidogmdéo smsanufacturin
length or height of a module needs to be controlled), and positioning
tolerance (how accurate the placement of a given module teebdsn 3
dimensioml spacg

Prefab Architecturé A
Guide to Modular
Design and
ConstructionSmith
2011)

This resources categorizes tolerances for prefabricated construction int
classes: part or subassembly tolerance (related to components, panels
module), and assembly tolerance (related to the assembly itself as well
process of placing the saksemblies on site). Through this definition, the
is a strong focus on the effect of accumulation of tolerances between
subassemblies and components.

American Institute of
Steel Construction
(AISC)

This resource has two standards in particular whithne required
tolerances for steel construction: AISC 3BD Specification for Structural
Steel Buildings and AISC 38B0 Code of Standard Practice for Steel
Buildings and Bridge$AISC 2010a, AISC 2010b)n both of these codes,
there are three main categories for tolerances: materials (primarily mill
dimensional tolerances as per ASTM A6/A6M), fabrication and erection
(erection tolerances were developed through-&iagding usage and
observations). Distinain is made here that a tolerance not falling into on
of these classes does not mean it has a value of zero. While this might
to be somewhat intuitive, these codes imply that the tolerance categori¢
proposed do not constitute all tolerances requivedproject.

American Concrete
Institute

This resource has a publication ACI 117 Specification for Tolerances fo
Concrete Construction and Materials (with Commentary) which provide
extensive overview of tolerances in concrete construction. t&neisting

definition for tolerances is presented in the introduction of this publicatig
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where they are referred to as a means of establishing permissible variag
dimension and location. The important part of this definition is the empl
on both dmension (relating to the component itself) as well as the locati
(relating to how that component is placed within an assembly). This is ¢
the only resources which explicitly classifies the location aspect of sped
tolerances. This resource tasother publication ACI 117.2R4 Guide for
Tolerance Compatibility in Concrete Construction which is one of the m
comprehensive works for specifying tolerances, ensuring compatibility
between assemblies and suggesting methods for accommodating requ
tolerances on a project. Tolerances in this publication are expressed in
of material, product, erection and a separate category is given for
measurement.

PCI Design Handbook
(PCI Industry
Handbak Committee
2004)

In this resource, tolerances are categorized into two main groups: prod
tolerances and erection tolerances. Product tolerances relate to the
manufacture and fabrication of precast concrete elements, amwdtegjories
for tolerancs relate to overall dimensions, sweep or horizontal
misalignment, position of strands, camber, weld plate, haunches of colt
and wall panels, warping and bowing, and smoothness. For erection
tolerances, subategories include provisions based on equigmegjuired,
type of building componentbey arenstalled into and connections and
bearing type.

Victoria Building
Institute Guide to
Standards and
TolerancegVictorian
Building Commission
2007)

This resource provides an overview of tolerances required for building
construction. Within this resource, there is special attention given to

tolerances required for timber. Tolerances are grouped based on the su
(horizontal or vertical), measuremeanethod, door spacing, and roofs.

Canadian Hardwood
Plywood and Veneer
Association

This resource provides an onlim&anualwhich provides an overview of
categories for dimensional variabilifiierre Walsh 200). The interesting
thing about this particular resource is that while most wood design man
make no mention about tolerances, this resource extends past the use
tolerances right to the discussion about dimensional variability. Catego
includeraw material (anisotropy of the raw material), expected finish
tolerances, and environmental conditions.

In summary, there are many resources which recognize the need for tolerances in the design of

construction components. Tolerance categories fonatiérials explored (concrete, steel and timber) can

be broadly categorizedtmthe following structure: material tolerances, manufacturing tolerances,
fabrication tolerances, aggregation tolerances, measurement tolerances, erection tolerances, final

asserbly quality tolerances, functional tolerances and finally performance tolerances. Among the most
common building materials in modular construction, resources related to concrete were found to have the
most extensive approach for specification and classidin of tolerances. This is primarily due to the fact

that in concrete construction, there are many prefabricated compamaentsrécast) in which the

dimensions and geometry of components need to be controlled within acceptable limits in order to ensure
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proper fit on site. Of the materials explored (concrete, steel and timber), timber had the least
comprehensive approach for sffigation of tolerances. This is perhaps due to the fact that timber can be
easily adjusted in order to control dimensions and geometry. In the context of construction, timber
construction is primarily used in the construction of homes, bathroom pogsrambuildings, and

small to medium sized commercial buildings.

2.2.3. Rationale for Tolerance Specification and Dimensional Variability Management

In construction, there is a wide belief that dimensional variability can be properly managed if only the
correcttolerances are specifi€¢ililberg and Tommelein 2009T his belief overlooks the fact that certain
construction processes have intrindggree®f variability. By specifying strict tolerances, the underlying
process capabilities do not necessarily change. Rather, process capabilities need to be altered in way
which affects their dimensional variabilities in order to achieve certain tolerance values. However, this
often comes at an increased d@teveling 1997)In order to understandhy tolerances are specified,

this section provides a condensed overview of the rationale behind tolerance spec#isatidiined in
construction literatureThis rationale can be directly used for management of dimensiondiligria

since tolerances are traditionally used in construction for controlling the adverse effects of dimensional
variability.

Tolerance categories differ from tolerance rationale in that categories are used in more of a checklist
format, ensuring desigreprovide adequate information for those involved with various construction
processes (i.e., manufacture, fabrication, aggregation, erection). However tolerance rationale is why
tolerances are needed. Tolerance rationale is used to determine toleraeseAltthough in practice,

most tolerance values are based on aigkimwledge, in some cases special tolerances for a project need
to be derived from a first principles approach. In this case, tolerance rationale is extremely important to
understand. Tik section presents tolerance rationale for the key building materials explored in this thesis:
steel, concrete and timber.

2.2.3.1.Steel Tolerance Rationale

For steel constructi on, mat eri al tol erances (note
strudural shapes and not the steel material itself) are required in order to control the geometry and
dimensions of components against manufacturing related processes such as roll wear, thermal distortion,
forming rolls, and differential cooling distortion. Ather important aspect of material tolerances deal

with structural properties, which includes variations in yield strength, tensile strength, unit weight, etc. (as
outlined in codes such as ASTM A6/A6M). While the variations in material properties atieabty

related to dimensional variations, they can have an effect when subjected to various loads, which is why
tolerances on material properties are also required. It is important to note that material tolerances do not
need to be so strict as to havpeafect geometric cross section for steel products since perfect geometry

is not necessary for structural or even architectural (i.e., aesthetic) réasm2010a) Similar to

material tolerances, the tolerances ass$ediwith fabrication processes are used to ensure components

can be aggregated properly, while at the same time ensuring proper downstream requirements are met
(such as structural performance, aesthetics and serviceabilityiNafiomal Structural Steelwk

Specification for Building Constructiasutlines the rationale for fabrication tolerances as being in terms

of essential tolerances (those affecting the mechanical resistance and stability of structures), functional
tolerances (limits used for fip ard aesthetics) and special tolerances (those used for other project
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specific requirements). Often, fabrication tolerances are mainly specified to ensure proper coordination
and aggregation of componei(&lva 2012) Erection tolerances are required for ensuring that

components can be properly aggregated on site (especially with respect to the interfaces between
substructures and foundations), for ensuring compliance with final performance requirements (which
could beeither buildingrelated, or related to the building services or equipment), for ensuring proper
aesthetics of the final assembly, and for maintaining certain site boundary limi{&tisas2010a, Silva

2012, Steel Construction Institute 2018) addition to these reasons for tolerances in steel construction,
there has been a concerted focus on the structural significance of tolerances (i.e., the safety oé structur
The effects related to structural safety has explored misalignments at jointsstonylbutof-verticality,

and in some cases has even explored the second order effects of installation tolerances in modular high
rise buildinggLawson and Richards 2010, Mann and Morris 1984, Steel Construction Institute 2016)

2.2.3.2.Concrete Tolerance Rationale

For concrete construction, material tolerances are specifisihfidar reasons as for steel, with special
attention to the heterogonous properties of concrete versus steel or ever{Simitie2011) The
purpose of specifying mat er i adedtodedcribe themixireof( not e
water, cement and air) for concrete construction is to control structural properties such as compressive
strength, density, flexural strength, tensile strength, shear strength, modulus of elasticity, etc. Material
tolerancesvhich impact the structural performance include air content, moisture content, and aggregate
size(American Concrete Institute 20048)imensional tolerances are also very important in terms of the
strudural performance of concrete. Thesktances include overall cross sectiatimensions, positions

of reinforcing/anchors, and plumbnd&CI Industry Handbook Committee 2004) terms of the ovall

rational behind concrete tolerances, numerous codes and guidelines outline the following reasons:
structural safety (ensuring design is not sensitive to critical variations), feasibility (i.e., constructability by
making sure components can fit togatproperly), aesthetics of final assembly, economy (i.e., ensuring
ease and speed of production and erection), functionality (i.e., making sure the final assembly achieves
certain performance requirements, both for the structure andtnariural elemes), and legal or

contractual (i.e., ensuring properly lines are not encroached (6h2002, American Concrete

Institute 2004Malisch and Suprenant 2005, PCI Industry Handbook Committee .2004)

2.2.3.3.Timber Tolerance Rationale

Unlike steel and concretiesigncodes, standards and guidelinghich are explicit in the rationale for
tolerances, timber does not have similar coverage. Through examination of both Canadian and American
timberdesign guides, there is littte-no explanations about tolerances (with the exception of tolerances
for catain steelfasteners). However, certain timber specialty trades (such as hardwood veneer) have
outlined rationale for controlling dimensional variability. In one online resource, reasons for controlling
dimensional variability included controlling geome#igainst the effects of warping, shrinkage, thickness
variability, flatness variability, which can all stem from both raw material propeetigs\Wood grain,

knots, etc.) manufacturing processes)( sawn, machining, cutting) and environmental coowi €.9,
moisture content, temperatu@®ierre Walsh 2010)n this resource, the emphasis on controlling
dimensional variability is to ensure proper structural performance and functionality of the damrstruc
assembly.
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In summary, there are many reasons why tolerances are needed in construction for controlling
dimensional variability. Of the materials explored in this literature review (steel, concrete and timber), the
main reasons for specifying tolerandaclude safety of structure, constructability, aesthetics,

performance, and quality.

2.2.4. Current Approaches for Managing Dimensional Variability in Construction

The management of dimensional variability in construction is often approached by specifying
stand@rdized tolerances, or use of varioushad strategies, which often includes adjusting dimensions
and geometry on site by custom fitting components at the jolFsieré7).
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Figure 7: Summary of the dimensional variability management approaches taken in construction

Numeroussourceutline standard tolerances andraat dimensional variability enagement strategies.

First of all, one of the most common approaches for controlling dimensional variability is through the
specification and control of very tight (small) toleran(allast 2007) While thisapproach might be

effective in some cases,istexpensive tonodify construction process capabilities totatathe desired
tolerance values (which is justified if process modifications save more than their upfrontremstisis

reason, adhoc strategige are used, which move away from the use of tight tolerances, and towards (often)
more costeffective solutions. These solutions require an understanding of intricate design details and how
to effectively accommodate dimensional variability. As such, tieeafi aghoc strategies are effective,

yet can be very time consuming to implement correctly, since it requires a priori knowledge, past
experience or requires continuous improvement in order to yield effective solutions. Some examples of
ad-hoc strategieas outlined in literature can be foundTiable4.
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Table 4: Summary of ad-hoc strategies used for management of dimensionmariability in construction

Resource Ad-hoc strategies for managing dimensional variability in construction
Handbook of Custom joint design: (1) selection of type of jdibtitt, reveal, covered, sliding,
Construction offset or sealant joint), (2) anticipate accumulation of tolerances and dimensiof
Tolerances variability and (3) designing joints to manage dimensional variability properly b

(Ballast 2007)

on a set of predefined objectives. This approacisési for many architectural
connections on projects.

Comprehensive list of other dmwbc dimensional variability management strategie
for the following materials and applications:

castin place or precast concrete frames

castin place concrete joints

amdgamated precast and caistplace concrete joints
brick/stone and cagh-place joints,

curtain walls on concrete frames

doors/windows in precast or castplace concrete
precast to precast joints,

precast and steel joints,

masonry and precast systg

accumulated tolerances in columns and steel frames
brick/stone and steel joints,

curtain walls on stegel

brick/stone and masonry joints

doors/windows in masonyy

timber frames

prefabricated structural timheand

panelling on sticlbuilt substrates

R I T T I I B B R

Institute of Civil
EngineergSilva
2012)

Onsite adjustment: this resources states that the probability of accumulation of
tolerances is low for manufacture, fabrication and erection tolerances, and tha
simple ongte adjustments can be used to avoid the accumulative effect of devig
Other adhoc strategies also included:
9 For steel: packing pieces, slotted holes and threaded rods
1 for concrete: packing pieces at mstnuctural connections, whilst slabs can
either be ground or coated with liquid latex to smooth out imperfegtions
9 for timber: cut members to size or level with packers to smooth out
imperfections, store timber in conditions similar to the intended final cong
in order to allow its moisture comteto equalised prior to fabrication and
erection
9 for structural aluminium: tepung facade panels, packing pieces, slotted
holes, threaded rods. Since fit tolerances tend to govern, ensuring an ac
pre-erection survey is done is paramount for aluomm

Prefab
Architecturei A
Guide to Modular
Design and
Construction
(Smith 2011)

Mateline stitching between panels and modules.
Fitting mechanisms: sliding fit (components overlapped), adjustable fit (oversiz
slotted hole connections), and reveal (purposely put gap between components
can have varying dimension).

American Institute
of Steel
Construction

Onsite adjustmdnwhen member straightness is rympliant during erection, it
can often be corrected through adjustment of the geometry (i.e., members are
flexible enough to warp/rack into place). Adc geometric design strategies:
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1 oversized holesand
1 specification of a plumb tolerances for components or an overall envelopég
tolerance.
Construction strategies:
1 position, secure and align components in groups through the use of a jig
1 use two baseplates in cases where tolerances for bolts are toartidht
9 use advanced layout techniques

There have been vefgw attempts to introduce a systematic approach for managing dimensional

variability in construction. Previous researchers have demonstrated that there is often discontinuity
between process capabiliti@sd tolerances used in specificati¢hllberg and Tommelein 2003ahs

such, research has focused on analytical methods for improving the management of dimensional
variability through compatibility between procesgpabilities and desired tolerances. One such method is
referred to asolerance mappingvhich utilizes a manufacturing tolerance notation caBedmetric
Dimensioning and Tolerancing, GD&Milberg and Tommelein 2005Furthermore, it utilizes graph
theory in order to 6émap out Ghegeneral mporddealforcreatimpad nent s
tolerance map can be described in three steps: (1) create an assembly network to define how all parts are
geometriclly related to each other in an assembly, (2) create component diagrams to define how all
componenfeatures are geometrically related to each other in each comggnoentcomponent features
represent the geometrical properties of a component suclessdimgles, and surfaceahd (3)

amalgamate all component diagrams in the assembly network to create thetoleeastemap.

Tolerance mapping has been shown to be an effective way of managing dimensional vhalititg

2006) however it only addresses the specification of tolerances. Furthermore, it can be challenging to use
without proper knowledge about GD&T notation, or proper consideration of only critical sources of
variability (otherwise, t@rance maps can become excessively large and too tediouspractszlly).

2.2.5. Current Approach for Managing Dimensional Variability Risk in Modular Construction

There are many types of risk related to the management of dimensional variability as was demonstrated in
previous sections. Similar to the ways that the construction industry as a whole manages dimensional
variability, modular construction also employsnstardized tolerances and-hdc strategiedDespite the
categorization of t ol er atheiecherenaprobabilitytofeall mfavdeable r e ad b
extreme deviations occurring together is small, and simple meanssaeadjustment can be
incorporated to avoid t he c(Silvar0l2) whathaeppeascwhaentha | at i on
accumulation of deviations does cause problems? This raises the question about how to effectively

manage risk relad to dimensional variability. Often, strategies for managing dimensional variability are
developed without consideration of critical sources of variability, or about the financial impacts. For

instance, one such risk management strategy could be therieribtion of very precise methods of

production. In some projects, this management strategy is successful, however in otlwmepsasnt

geometry can change from its nominal desigrestsithe result of flexing and warping due to handling,
transportingand installatior{Neelamkavil 2009)Another risk management strategy is the use of strict

fabrication tolerance®espite utilizing strict fabrication tolerances, erection is still often problematic

since thee is discontinuity between offsite fabrication precision and the onsite construction precision.

Both of these examples often do not consider the financial cost associated with them, nor do they consider
impacts throughout the entire construction lifecyblg can negatively affect the management of

dimensional variability. For this reason, the current approach for risk management of dimensional
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variability in modular construction encompasses a wide range of trial and error strgdbgiemheri et
al., 215).Trial and error strategies e summarized into two distinct approach&alfle5) depending
upon whether they are reactive (responding tceeissuly once they have occurred) or proactive
(anticipating potential issues and implementing certain avoidance measures).

Table 5: Examples of Risks Related to Dimensional Variability & Corresponding Risk Responses in

Construction
Risk Related to Examples of Risk Response
Dimensional Variability| Reactive Strategies Proactive Strategies

Component(s) too largq Trim parts, exchange with| Splicing & lapping at joints, pipe ciéngths,
another component, ream| strict production tolerances, produce smaller
holes, warping & racking | component and filln gaps

Component(s) too sma| &ill in the gaf spacers, | Splicing & lapping at joints, pipe cléngths,

shim plates, grouting, strict production tolerances
caulking
Component(s) ndevel | Grouting, shim plates, Strict production tolerances, sdédfvelling
spacers technologies, flexible and adjustable
connections
Excessive geometry | Warping & racking, Flexible or adjustable connectrincreasing
changes & discard component & relative stiffness to withstand larger loads,
misalignments replace rigging strategies, temporary bracing strateg
Onssite fitup & Warping & racking, force | Flexible or adjustable connections

aggregatiorconflicts fit into place

Both proactive and reactitdal and error strategies presehattenges for dealing with rigkosed by
dimensional variability in constructiofthe challenge of using proactive strategies is that not all
dimensional management issues are identified, which means that reactigestiate still often

required. The challenge of using reactive strategies is that the cost to fix a problem can often be very
expensive and time consuming in comparison to proactive strategies. While the use of reactive trial and
error strategies have titionally worked well in stickbuilt construction, they do not function as well for
modular construction since module production occurs offsite before being interfaced with the site. This
therefore encourages the use of proactive strategies for maniagingjated to dimensional variability

since module conditions and interface properties need to be anticipated and diesitpraribefore

erection on siteccurs

2.3. Dimensional Variability Management in the Manufacturing Industry

The manufacturing industihas long been using proactive strategies for effectively managing

dimensional variability. Since modular construction encompasses many similarities with the
manufacturing industry, it can be used analogously in many applications for adopting effective
dimensional variability management strategies. This section provides a very brief overview of tolerancing
theory used for managing dimensional variability in manufacturing applications such as aerospace and
automotive assembly production. A much more cormgmeive overview of the tolerancing theory used in
manufacturing for managing dimensional variability is foundppendix A

The manufacturing industry can be regarded as the birthplace of comprehensivedolesagcdue to
the importance of ensuringart interchangeability and functionality in mass produced assemblies. The
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overall purpose behind tolerancing in manufacturing is to appropriately target dimensional variability, and
to either (1) anticipate and design a system that can function witl2} control it through a more

intricate product and process desidrmlerancing is carried out at several levels, starting with
componenfeatures, themomponentand finally for the overall assembly. Informed decision making in
tolerance design regeis an understanding of how variability affects both production and overall product
functionality. Tolerances are specified in order to control deviations associated with size (linear and
angular dimensions), form (lines and surfaces), orientation (lirleswafaces), location and runout

(Henzold 2006, Meadows 2009 useful classification structure providedAppendix Awhich outlines

the types of dimensional variability and tolerancesdus manufacturing is shown kigure8.

Features geometrical

Classification of Tolerances for Dimensional Variability elements of a pat
such as linesplanes
| Dimensional Feature Variations | circles cylinders

conesspheres

Breakdown as per | helixes tori, and

tolerar:g%ssc(l)elsscnbed [ v v v mathematically
. . defined curves and
Linear Angular Geometrical surfaces
Ll Ll |
‘ P ‘ ‘ Tolerances that do
Individual Feature Level: Size(linear& angulay | | A fnot rquwffms
. — | | reference datu
how theactual featurevaries per 1SO110)

Form(lines& surfacep

from asubstitute feature

Orientation(lines& surfacep

Type of Variatior&
Tolerancetypica

how afeature(actual
or substitutg varies from
another feature or datym

I

I Location

| Tolerances that
|

I

I

requires a referencq
datum(as per 1ISO
1109

Run-out

| |
| |
| |
| |
| |
Referenced Feature Level } }
| |
| |
| |
| |
| |
| |

Figure 8: Classification of dimensional variability and corresponding tolerances in manufacturing

In orderto control the negative impaof dimensionalariability in manufacturingthree approaches are
oftenused which stem from key design principles: (1) design for manufacture (DfM), (2) design for
asembly (DfA) and (3) design for manufacture and assembly (DfMA). These approaches are discussed in
the following section in terms of addressing the ability to control geometric variability.

In design for manufacture (DfM), components are designed to berraaily manufactured, usually

with less focus on the economical aspect of aggregation. Therefore, in order to control dimensional
variability in DfM, it must be carried out during the assembly prodasaterchangeable component
manufacturing, componenare often produced andgregatedht randon{Asha et al. 2008)Random
aggregation is time consuming and prone to rework, which is why the concept of selective assembly is
applied.Selective assembly iscncept usechimanufacturing to improve the aggregation of
interchangeable components in a high volume assemblies. Rather than relying on adherence to tight
tolerances for every component, components are manufactured with slightly more relaxed (or loose)
tolerances anthen grouped into categories which are then selected for assembly on the basis of
interchangeability. Even as early as the 195060s,
manufacturing high volume assembl{&g&ansoor 1961)Selective assembly has become a popular way of
enabling highprecision aggregation using legvecision manufacturing techniqugzugh 1986)

Research has since focused on methods for optimizingutinber of bins and the selection process for
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binning components using various statistical tools and me{i@idm and Linn 1998, Kannan and
Jayabalan 2001, Pugh 1992)

In design for assembly (DfA), components are designed to be economically aggregated, usually with less
focus on the economical aspect of manufacturing. Therefore, in order to control geometric variability in
DfA, components must be extensively toleranced, llysaathe expense of more costly and time

consuming manufacturing techniques. In tolerance design, adfideusually made between product

guality and the cost to achieve certain toleraiiCesveling 1997)A rigorous tolerance desigran be

very intensive, both from a design and manufacturing standpoint. The design process employs use of
concepts such as tolerance analysis, tolerance synthesis, and tolerance transfer, which can be very time
consuming to pneerly implement. The design process also requires proper tolerance communication (i.e.,
Geometric Dimensioning & Tolerancihgrhich can be very time consuming to properly use. The success
of a tolerance design also relies on controls implemented durimgathefacturing and aggregation

process. Depending on specific geometrical tolerance requirements, high precision equipment and
processes must be used, in addition to detailed inspection measures. Therefore, it can be expensive and
time consuming to manufage components with very low geometric variability due to the various

design, communication and control measures required. As such, a more balanced approach (i.e. design for
manufacture and assembly) is often preferred because it is the most economtcatevdrol the

negative effects of geometric variability.

Design for manufacture and assembly (DfMA) is a common design approach used in manufacturing for
minimizing overall production costs by addressing the tradeoff between manufacturing and aggregatio
process capabilitig@amrani and Sa'ed 20Q0Z)fMA provides great flexibility with regards to where and

how geometric variability can be controlled. Rather than placing strict controls on either manufacturing or
aggregation process, DfMA can be used to target the most prominent negative aspects of geometric
variability. As such, this design approach is commonly preferred over DfM or DfA for its flexibility and
ability to optimize overall production costs.

In addifon to the design approach used for the specification of tolerance, there are numerous concepts
and tools used to help predict and analyze both variability and adequacy of tolerance values. Among these
tools are variation noise diagrams, dimensional varianalysis models, dimensional tolerance chain

models, 3D tolerance propagation models, tolerance assistance models, variation simulation tolerance
analysis, torsor vector models, computer aided tolerancing, tolerance charting and process charting
(Creveling 1997, Drake 1999, Hong and Chang 2002, Hehrep Zhang 1997, Liggett 1993, Sleath and
Leaney 201B). All of these tools have different applications and provide the designer with information

and analysis guidance on how to properly specify tolerances.

In summary, tolerancing has evolved with time to become a foundation in manufacturing desigre with
core emphasis on optimizing the overall cost trafidetween product tolerances and process
capabilities. As the construction industry continues to adopt methods related to modular construction
which have strong comparisons to manufacturing, toeraheory using in manufacturing can be adopted
for utilization in construction.
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2.4. 3D Imaging as a Means of Quantifying Dimensional Variability

Various methods of measurement can be used to quantify dimensions and geometric properties of
construction assemblies. Among the most commonly used include metal measuring tapes, laser

rangefinders,

instruments and laser scann@allast 2007) Each of these devices provide different information and

carpenter

6 s | enstridtien lasets,ielgdtrania | i

have different levels of accuraddmong these devices, the use of 3D imadeng, laser scanners) is

becoming used much more frequgrin projects due to its abilitp capture rapid geometric datehuge

guantities (millions of data points), and has very good acculiad)l€6).

Table 6: Comparative summary ofdimensional data capture toolsn construction

Dimensional Data Capture Tool | Data Type/Quantity | Estimated Accuracy(Ballast 2007)
Metal tape measure Single linear Varies between +0.3 mm for 2 meter length to 20.3 m
measurements for 100 meter length (depends primarily on length and
manufacturing class) as per ISO 9001
Laser rangefinder Singlelinear +/-1.5 mm at 200 m distance to-& mm at 100 m (note
measurements that the accuracy decreases over longer distances)
Carpenter 6s | ev e| Single angular Subject to accuracy of tape measure, but are typical
measure) measurements equal to + 1J
Digital inclinometer Single angular Can be as accurate as ##® J
measurements
Transits and construction lasers Single linear 1.6 mmat30m
measurements
Electronic instruments Floor flatness (F NA
number)

Laser scanners

Continuoussurface data
(point clouds)

Can be as accurate as 0.025 mm (however does decr
at larger distances)

Measuring geometric deviations and component alignment on project sites is a challenging task that needs

to be performed in order to monitoompliancewith design specification as well &scontrol excessive
accumulation of dimensional variabilityraditional methods fageometrioneasuremesican beprone
to error, are time consumingnd lacka sufficient level of automation. As such, 3D imaging in
constructionhas emergeds a powerful tool for geometric quality monitoring and discrepancy
guantification(Nahangi et al. 2014, Nahangi and Haas 20&d) measuringimensionaldata, 3D imge
(point cloud) registration is a solution for comparing thdai#t stat with theasdesigned statéVhile

the asdesigned statof components can be obtained through a comyaitird design (CAD) model and
integrated with the building information mdd@IM), the asbuilt stat can beobtained through the use

of laser scanning or structufi@m-motion systems (also known as stereo visiBemantic information
about the abuilt state from the acquired point clouds is generally extracted using tveoeditff
approaches: (1) extracting objects from the point clouds and then comparing taléiségasd state

integrated in the Building Information Model (BIM). This method is also called&eBiM (Bosché et

necl

al. 2015), and (2) comparing the #4siilt and asdesigned dimensions directly and detecting deviations for
tracking the quality and progress of the project. This is also called/s@iivi. Deviation analysis

(which compares the dmiilt and asdesigned sites) quantify discrepancies, and is used in a range of

applications in construction, including quality defect detedfddnci et al. 2006) dimensional
compliance contralBosché 201Q)floor flatness evaluatioffang et al. 2010assessing quality of as
built BIM (Anil et al. 2013, Tang et al. 2014jhd tolerance atysegKalasapudi et al. 2015)
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3. Proposed Methodology

While the aéhoc dimensional variability management solutions presented in the background section may
be adapted and applied for userarious modular construction applications, a more systematic approach
for managing dimensional variability is often required. This is because the accumulation of dimensional
variability can be very complex for modular assemblies, which can signifigengct the expected

project performance. The systematic management of dimensional variability not only helps to manage
overall project risk, but targets critical sources of variability in order to develop an optimal management
approach. This chapter prese a framework that applies to the entire construction lifecycle of a modular
construction project for managing dimensional variability. The manufacturing industry is used
analogously to assist in the aggregation of components and assemblies.

The proposefframework is shown ifrigure9. The premise behind the proposed framework is to target
critical sources of dimensional variability, then to develop@propriate management strategy (which

can be comprised of desitpased, producticbased, handlingased or onsitbased considerations).

Then after implementing the developed strategy, a method for monitoring the performance of the strategy
is used sohat adjustments during the project can be made if necessary. Novel developments made in this
thesis are highlighted in yellow, which relate to identification of critical sources of dimensional

variability, desigrbased strategies, productibased strategs, and finally the method for monitoring the
performance of the overall dimensional variability management strategy.

Start . —
Strategy Develop Variability Yes

Management Approach

A4 A4
1 Determine | 2| Determine | 3 Identify Critical
Factors | | Impactof | | Sources of
Influencing Variability Dimensional

Variability Sources Variability

a1

Implement | 6
Variability Monitor
—
Management Strategy
Strategy

Adequate
Performance

A

Yes

Project
Complet®

Yes

Strategy
Completg

Figure 9: Proposed framework for managing dimensional variability throughout the comstruction lifecycle
(manufacture, fabrication, aggregation, transportation, handling and erection) of a modular construction
project. New developments made in this thesis are highlighted in yellow.
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This chapter presents the proposed framework in termecbf gtep irFigure9, followed by the scope,
objectives, and constraints that govern the framework.

Following this chapter, research developmentsanadhisthesisare outlined as follows:

1 Development of the deviation analysis method used to monitor the str&teapytérd)
1 Case study foanalyzing critical dimensional variability in a modular buildi@hépters)

1 Development of avel designbased strategies and case study demoistrghapter6)

91 Development of novgiroductionrbased strategies and case study demonstr&ttwagpfer7)

3.1. Determine Factors Influencing Variability

The first part of the proposed strategy focuses on determining factors that influence variability. This can
be done by considering a predefined classification used in the manufacturing industry fora&fources
variability (Table7). This table is structured according e tclassification structure afaterials,

machines, manufacturing methods, manpoweasurement and environment which comes fi@ansix

sigma literaturgKeller 2011) This structure can be directly adapted for modular construction due to the
similarities itshareswith manufacturing. The actualwees of variability themselves do however vary

from manufacturing when applied to the context of modular construction.

Table 7: Sources of variability for manufacturing and examples for modular construction(Rausch et al. 2016)

1 materialproperties (chemical composition
homogeneity, hardness, etc.)
1 embedded material stresses

Variability Variability Sources in Manufacturin{ Variability Sources in Modular Construction
Categories (Henzold 2006)
Materials 1 rigidity of the part (shape) 1 intrinsic material properties of concrete, steel, timh

polymers, composites, etc.
expansion and contraction of steel due to heat of {

Machines (i.e.

1 equipment capabilities (precision &

cutting, welding, milling, and other fabrication tools

(i.e. processes

cycle time, depth of cut, pressure, etc.)

tools & accuracy) and machines
equipment) i static and dynamic stability during 1 pre- and postheat treatment egpment
operation 1 quality of jigs, fixtures and fixturing tables
1 thermal properties
1 time dependent tool and fixture wear
Methods of 1 clamping & fitup methods 1 steel mill production &abrication processes
manufacturing| 1 processing parameters (temperature, spg  (cutting, welding, bending, cambering, bolting, etc

concrete production processes (curing;giressing,
posttensioning, vibration, etc.)

processes (i.e. inspection capabilities)

1 component fitup and alignment capabilities
Manpower 1 skills of workers (education, previe 1 skill and experience of fiip, fabrication and
experience, etc.) production craft
1 precision of clamping & fiup 1 multifaceted union labor force vs. specialized
contracted labor force
manual vs. automated processing
Measurement | 1 precision and accuraof measuring quantity and quality of measurement techniques

quality control/assurance procedures

Environment

loadings (thermal, static, dynamic)
moisture level

temperature changes

setup conditions and duty cycle (end use

E R E ]

=A =4 -a-al-a_-a -9

material handling loads

transportation and crane loads

alignment and erection loads

transient and permanent construction loads
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3.2.  Determine Impact of Variability Sources

The next part of the strategy involves detiging the specific impacts afariability sources. This is

required in order to determine which factors are most significant in the contexthafligte construction
lifecycle so that the proper management strategy can account for these critical sbuaciedility. The

impact classes of dimensional variability are derived from both construction and manufacturing literature
and can be described in terms of primary and secondary importance levels as follows:

1. Primary impact level:

a. Structural safety: this class relates to dimensional variations which change the load resistance or
stability of the structure in such a way that can create safety issues. This class is ranked as the
most important categosincethe safety of the building must be uphelddsefexamining any
cost or performance tradeoffs of othepiact classes. Examples incluggumn eccentricity,
story-drift in a high rise building, location of rebar, cross sectional dimensions, secde
effects, etc.

2. Secondary impact level:

a. Constructability : this class relates to the ability of the construction crew to fabricate and
aggregate the construction assembly. For this class, two conditions generally govern the
constructability of most aggregation processes: maximum material condition (MNOgast
material condition (LMC) (these conditions are heavily covered in manufacturing literature).
MMC refers to the case where components cannot be physically aggregated due to dimensional
clashes (e.g., bolt is too large to fit into bladle). LMC rders to the case where components can
be physically aggregated together, but do not achieve certain performance requirements (e.g., bolt
is very small in contrast with belttole and has too much movement, losing its intended
performance). Beside these tamnditions, the critical factor for successful component
aggregation | ies with Adhaeta @®@3nhithyepresenttheh e A mat i
physical features of components (or idsemblies) being interfacexhether. Technically, this
means that regardless of where dimensional variability stems from, component aggregation is
impacted the greatest when the geometric properties of the mating parts are not compliant or
compatible. Finally, this impact class daadescribed in terms of internal aggregation (the ability
to fabrication and aggregate an assembly or module), and external aggregation (how well that
assembly or module can aggregate with adjacent assemblies or modules).

b. Aesthetics this class relate® the overall perceived quality of the final constructed project. Of
importance for ensuring adequate aesthetics is managing dimensional variability at joints so that
the joints appear to align properly. This category is heavily covered in detail in nchitectural
design guides. Examples includiggnment of faade, column splice alignment, floor levelness
and smoothness, or any other noticeable deviations or misalignments that would point to poor
perceived quality.

c. Performance & Functionality: this chss is related to both the serviceability of a building, as
well as the performance of subsystems. Examples of dimensional variability which affect
serviceability include whether doors or windogeopen properly, floor or roof deflections, or
any other érm of dimensional variability which would make occupants feel unsafe to use the
building (note that the perception of safety is not as important as the structural safety of the
building). Examples related to the performance of subsystems include thesidinadn
requirements for proper functionality of subsystems such as equipment (e.g., motors needing to
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operate on a level surface), utility/service systems (e.g., pipes requiring certain slopes for material
flow), etc.

Although this list covers the vast maty of impact categories for dimensional variability management,
there might be cases where other impact classes might be required in special cases. For example, the
author of this thesis spoke with a dimensional control firm, whose services weredrébaiesolve a

contractual conflict related to dimensional variability. On this project there were several different
contractors, where one party was responsible for the erection of a modular steel frame structure, while
another party was responsible fhetinstallation of exterior cladding. From the perspective of the

contractor installing the steel frame, it would be important to be within certain tolerance limits to avoid
legal or contractual complications with the exterior cladding contractor who ¢@ttractual clause

stating the building frame must have certain tolerances before commencing their work. This example
demonstrates that in some cases the management of dimensional variability might have an impact on the
legal or contractual obligations tin a project. The purpose of providing a list of impact classes is not

to encapsulate all possible scenarios for needing to manage dimensional variability, but rather to function
as a bare minimum baseline.

3.3. Identify Critical Sources of Dimensional Variability

The next step in the proposed framework is isolating the sources of dimensional variability which are the
most critical for the overall project. In many cases, there will be numerous impacts for a given
dimensional variation. For instance, the etgeity between stacked columns of two modules can create
impacts in terms of structural safety, constructability, aesthetics, performaunoet®nality, as well as

legal orcontractual. However, each of these impacts requires a distinct deviationdigfensional

variability becomes significant. As such, selection of the critical sources of dimensional variability can be
very challenging to address due to the large amount of tradeoffs that exist. Fortunately, in most cases
where an impact can relategtwuctural safety, and constructability and or aesthetics, typically the
deviation limits required for aesthetics govern. However this may not always be the case, and as such
additional methods are required to determine the most critical sources dbuanadtrategically mange.

Some of the available methods include previous experience, a priori knowledge, case study database
information, or prototypingPrevious experience anepaori knowledge are the most common

approaches for management of dimenalwariability in the construction industry as a whole. This is

why numerous codes, standards and design gui des
since these are the experiential limits of deviations to minimize the risk of a cenpaiati However this
cannot always be used in modular construction applications. For modular construction, the use of case
studies and prototyping can provide the designer with more realistic anspeasfic guidance on critical
sources of variability.

To provide a useful case study on the critical sources of dimensional variability in a modular steel framed
building, a detailed analysis is providedGhapterb.

3.4. Develop the Variability Management Approach

For this step, a series of difference approaches can be used. The most proactive approach is to utilize
designbased strategies in order to fully anticipate the effect of variability and develop the testige
design which manages dimensional variability. This thesis includes two desgd strategies: (1)
application of tolerance mapping framework to modular construction, akéhéhatics chain based
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dimensional variation analysis moliet). Thesdwo strategies are developed and demonstrated using
case studies as shownGhapter6.

Productionbased strategies manage dimensional variability during thedsibn and aggregation stages

of the project rather than during the geometric design. The idea behind prodhastamhstrategies is to

determine the best management approach as dimensional variability unfolds during the production (rather
than upfront irthe geometric design). In this way, it is not necessary to predict and account for every

single source of variability in the geometric design, but rather the fabrication and aggregation processes

can be adapted ehe-fly in order to ensure critical soursef variability do not create problems. In many

ways, productiobh ased management of variability i-s a signi
workers6 techniqgue behind their skillsets.a For in
method of selectively welding joints inveay which reduces the effects of welding distortion. There are

many other seemingly atbc methods for managing dimensional variability during production which are
conducted as the dimensional variability unfoldsmany modular construction scenarios it may be

difficult to predict or quantify expected variability before it occurs, and for this reason, prodoated
management strategies are effective ® ke challenge with current productibased strategs or

approaches is that they are not systematic, but are rather experimental. This creates problems for projects
which have distinct configurations, and have not been replicated before. As such, this thesis has explored
several systematic approaches emipd in the manufacturing industry to demonstrate that systematic
management of dimensional variability can also be achieved during production. The methods adapted

from manufacturing for use in modular construction inclselective assembindoptimal asemblyand

involve minimizingthe effect of variability of abuilt components. Development and demonstration of

these methods using case studieshoevn inChapter7.

The purpose of handliAgased strategies is to control the geometric response of the module against
structural actions associated with handling and transportation. Transportation loading places much
different structural actions on a module than thersmuntered during isitu service loads. In some

cases, the transportation loading of a structural design can be the limiting Gartdiner 2015)As such,
handlingbased strategies to manage dimension@bity are typically in the form of teporary

bracing or lifting frame systente ensure that plastic and elastic distortions of the module are controlled
within certain limits. Often, these strategies are based ondfeekvelop calculations and aretrvery
systematic.

Finally, onsite strategies for managing dimensional variability involve correcting, adapting or adjusting
the geometry of the module in order to properly manage dimensional variability. Common applications
currently employed involve thuse of adjustable connections in 3 degrees of freedom so that any
previously incurred accumulation of dimensional variability can be accommodated onsite.

3.5. Implementing and Monitoring the Dimensional Variability Strategy

Once the strategy has been devetbpean be implemented. After being implemented, the strategy

should be monitored in order to gage its effectiveness. To do this, it will be necessary to diméin as
information regarding the resulting accumulation of dimensional variability in the&rcetion assembly.

For this purpose, this thesis has developed a deviation analysis method which can analyzglthe as

state of a construction assembly in order to assess dimensional quality (ensuring dimensional compliance
and to monitor accumulatiarf variability). The proposed deviation analysis method is developed in
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detail inChapter4 anduses data in the form of laser scans (3D point clouds) and anguiitdormation

model (BIM). These two data sources can be compared in different ways in order to assess dimensional
guality. Monitoring the dimensional variability management strategy is intended to be done until the
project is complete. That way if additial sources of variability are identified which were not originally
considered, or if the developed strategy is not functioning properly, then it can be adapitlyon

during the project.

3.6.  Scope, Objectives and Constraints of the Proposed Methodology

The scope of the proposed methodology relates to certain project parameters which, by altering, will
change the overall management of dimensional variability. The goal of the proposed methodology is to
optimally specify, alter or control these parameterthabdimensional variability can be properly
managed. These project parameters are showigime 10. Project parameters are grouped in terms of
geometric design parameters (explicitly related to specification of dimensions and geometry), and
parameters which govern the geometric response to structural actions. Each project parameter can be
specified wih a corresponding tolerance in order to define an allowable range of variation from mean
parameter values. The breakdown of project paramet@&iglmne10is not exhaustive and may

encompass other parameters whialstbe determined on a projespecific basis.

. . . . Transportation )
+ .
Project Stage Production (Fabrication + Aggregation) |:> + Handling |:> Erection
. R Outsourced Insourced ' ' Module +
Location of Variabilit |:,'> |:,'> Module .
Y Component Component |:> Site
1 1
Linear Linear 'Linear Module-to-Site
Dimension Dimension Dimension Interface
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@ Geometric Angular Angular Angular
3 A Dimension Dimension Dimension
> Design . _ModL_nle
= Parameters Geometric Geometric Geomemc Onentgtlon [¢]
= Properties Properties I_Dropertles Site
o (i.e., form, (i.e., form, (i.e., form,
i i shapeprofile
i shapeprofile) shapeprofile) peprofile) Module
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Struqtural Temporary Temporary Permanent
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Figure 10: Project parameters that have an impact on the management of dimensional varidiy

Geometric design parameters are based on dimensions and interface geometry. The classification of
dimensions comes a manufacturing standard related to tolerance specification (ISO 8015:1985) which
classifies dimensions in terms of being linear, angua combinatiothereof in the form of geometric
properties fFigurell). Parameters which govern the geometric response of a module to struc¢tonal ac

are based on the strength, stiffness, stability, and support conditions of a module, as these factors can
influence the way that the module geometry responds to the structural actions caused by certain handling,
transportation, and erection loadsoject stages are summarized into production (manufacture,
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fabrication and aggregation), transportation & handling and finally erection. Variability can be located in
components, modules or the site. Distinct categories for components are made baselayrihvelyedre
6outsourcedd or Oinsourcedd since there is genera
variability of outsourced components or assemblies.

Designbased strategies involve specifying project parameters and corresponding éslenafinont

before the production, transportation, handling and erection stages occur. This requires information in
order to optimally specify these parameters, which can be challenging. Prochagauhstrategies

involve altering parameters related tgkoit dimensions and geometric properties and those which

govern the geometric response to structural actions involved during production. Héradlgthstrategies
involve altering parameters related to the geometric response to structural actiongrausipgytation

and handling (e.g., crane load, transportation load, etc.). Grasitdl strategies involve altering

parameters related to explicit dimensions and geometric properties as well as parameters which govern
the geometric response to structuicians involved during erection on site.

Project Stage ‘ Production (Fabrication + Assembly) ‘I:)‘ s ‘\_,)‘ Erection ‘

;
ocaton of varabity [THE0UEed] - [ SGUced | | Vodule |= RS
T I

Designbased strategies

9 all project parameters
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parameter value and tolerance

Geometric
Design

esigr
Parameters

Proactive
Strategies

Geometric Module Module Relative
Response 0 Strength Strengih Stifness
Structural

Actions

Project Parameters Affecting Variability

>

Production-based strategies

1 highlightedproject parameters

1 controlled by altering parameter
mean values (does not require
guantification of mean values)

9 highlighted project parameters
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mean values (does not require
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Figure 11: Scope of project parameters which relate to desighased, productionbased, handlingbased
or onsite-based dimensional variability management strategies
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Figure 12: Breakdown of dimensional tolerances as presented {hSO 1985)

The goals of the proposed methodology are to either directly specify project parameters and tolerances or
to indirectly adjust parameters in order to manage dimensional variability. For each of the key project
stages (manufacture, fabrication, aggregatiamdling, transportation, erection;service/operation

stages) there are constraints and key goals for managing dimensional variability, which are summarized in
Figurel3.
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Performance (4 In Service/Operation
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Figure 13: Project stage specific goals and constraints for managing dimensional variability (red boxes
highlight the key constraints or considerations, and gold boxes highlighhe key goals)

It is important to note that the proposed methodolégyure9), scope Figure10) and project stage

specific goals and constraintsigure13) are not validated in this thesis due to a lackedhg able to
implement theoroposed methodologyn modular construction projects. These developments are rather a
synthesis of analyses made on various modular construction projects, findings explored in literature and
iterative developments made in conjunction with support fronmtthestry sponsor of this research.
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4. Development of Deviation Analysis Method for Quantifying Dimensional Variability
This chaptercomes primarily from the following publication:

Rausch, C., Nahangi, M., Haas, C., West, J. and Perreaul@1d. Reviation Analyses: A Tool for
Quantifying Dimensional Quality and Alignment in Modular Construction. In 2016 Annual National
Conference, London, Ontario, June 1, 2016. Canadian Society for Civil Engineering.

The primary author of this publication grared the literature review, proposed methodology, assisted

with data collection, analyzed results, and prepared the conclusions. The second and fifth author assisted
with data collection and analysis, and the third and fourth readers provided guidancevéaaed the

final paper.

Comparisons between-asilt and asdesigned states are very useful for evaluating the dimensional

variability of fabrication andggregatiorin construction.Deviation analysis employs the use ofbasit

data, which can be adily collected through the use of 3D images and point clouds (e.g., laser scans).

While the deviation analysis method usingbafit and asdesigned data is not new, its application in the
context of modular construction for quantifying dimensional \dlitg is new. The two proposed types

of analyses are structured into (1) direct comparison and (2) indirect comparison analyses. These analyses
employ different data sets and comparisons, and have distinct applications and acdtigaceE/j.

Direct Comparison Analysis Indirect Comparison Analysis

Data sets are first registered Data set 2 Measurements Data set |
together, and then Data set 1 P performed on .
measurements made on & each data set then - »
registered data set. compared.

Data set 2

Datasets

Scan-vs BIM! Scan-vs Scan’ Scan-to- BIM' Scan-to-Scan’

3 | I !

A) Point-to- || B) Feature-_ C) Point-to- || D) Feature-_ E) Feature- F) Feature-
feature®® || to-feature®®? point’? to-feature® to-feature?** to-feature’*?

Comparisons

A) Detecting protruding elements in assembly that could create conflicts for assembly interfacing or module fit-up

B) Fabrication compliance with BIM for entire assembly (i.c. assessing floor levelness, welding distortion detection)
C) Detecting overall change of object between fabrication, aggregation, handling & transportation processes

D) Detecting multiple feature changes of object between fabrication, aggregation, handling & transportation processes
E) Fabrication compliance with BIM for discrete dimension on assembly (i.e. length or angular changes of an element)
F) Detecting single feature changes of object between fabrication, aggregation, handling & transportation processes

Applications

'Error associated with scan (3D point cloud) duc to accuracy of scan acquisition cquipment

“Errors associated with both scans (3D point clouds) due to accuracy of scan acquisition equipment
3Error associated with accuracy of registration (i.e. method of registering point cloud(s) and or with BIM)
fError associated with fitting substitute feature to point cloud data (no error with BIM feature)

*Error associated with fitting substitute feature to each point cloud (i.e. twice the error as in )

Accuracy

Figure 14: Direct and indirect comparison analysis in terms of data sets, comparisons, applications and
accuracy

4.1. Requirements & Assumptions

The acquisition of 3D abuilt data is a prerequisite for conducting deviation analyses. For conducting
direct comparison deviation analyses, software that can regidtailtgsoint cloudsand BIM is required.
Among the most commonly used com@rcial software for this step is PolyWorks®, which is commercial
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metrology software. For point cloud registration, the iterative closest points (ICP) technique is employed.
This step is preceded by a rough alignment step, employing principal compoalystsa(PCA) for

instance, in order to improve the match quality and robus{iMegsmngi and Haas 2014)In analyses

where BIM is used, it is assumed that thdvait state and the adesigned state (BIM) are geometrically
compatible within a certain toleran@®nil et al. 2013)since this influences the accayeof the

guantification process. Data sets foibadt data need to be in the form of point clouds, while the BIM
should be kept in a surface or solid model format to reduce accrued errors (the exception being for
commercial software which only registgroint clouds, for which a solid model can be substituted for a

high density point cloud).

4.2.  Types of Comparisons and Applications

Data sets can either be compared directly or indirectly. Direct comparison (i.evsdgiuh and scan
vs-scan) requiresegistration, where the data sets are superimposed and iteratively matched. The BIM
can also be converted to a point cloud for computational simplicity invaeBiM. For a complex
assembly or module configuration, registration is typically constraihede or more specified datum
points based on the design. Indirect comparison (i.e.;teeBM and scarto-scan) does not require
registration; rather data sets are kept isolated, and measurements for dimensional assessment are
performed in each datatseparately The choice between direct or indirect comparison is dependent on
numerous factors including geometric complexity, discrete vs. continuous assessment, quality of point
cloud (degree of noise, occlusions, density, full coverage, etc.), antegé& compatibility between as

built state and BIM. Ultimately, the choice between direct or indirect comparison comes down to
accuracy of data set registration and the amount and type of measurements being made.

When a single object is being analyzitéds preferable to conduct a seastBIM analysis since the

geometry is generally simple and there is compatibility between the two data sets, meaning that
registration will have fewer potential errors and discrepancies (refer to the first case stagieestoown

below for the dimensional assessment of a structural beam). However in cases where the geometry is
more complex, or in cases where a partially fabricated element is being compared to a final BIM
assembly, it may be more favorable to condudas-BIM analysis (since there may be large

discrepancies with registrationhn cases where dimensional quality of a production process of a
geometrically complex assembly is being assessed, it is preferable to conduetasszamanalysis.

Howeverif there are discrepancies between these data sets (e.g., if there were occlusions, noise or partial
coverage in the point clouds), then it may be more preferable to conductta-scan analysis, since
registration errors are omitted. While these epasidemonstrate how each of the four analyses can be
used in specific cases based on the type of data being compared, there are also specific applications based
on the type of measurements being made three general types of measurements in deviatialyses

are (1) pointo-point, (2) pointto-feature and (3) featwitw-feature Figurel5).
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Figure 15: Comparison types between two data sets in proposed deviation analysis method (e.g., blue dat
represents asbuilt state, and red data represents aslesigned state)

Measurements which involve points from thebadt data (point cloud) can be very useful for measuring

how far an object protrudes out of an assembly, as this can indicate if any alignment problems may exist.
Pointto-point measurements are typically usedcomparing abpuilt data sets which are registered

together. When using BIM in a deviation analysis, it is best to use features, since this represents an ideal
characteristic rather than converting the BIM into a point cloud. For instance, asflessilgyelness

can be done by comparing points in théast data set with the floor feature in the BIM. Peiot

feature measurements are generally for comparitgidtsand BIM data, however it can also be utilized

for assessing a single-basilt daa set. For instance, throughout this thesis one of the most common uses

of pointto-feature comparison is in the form of plane deviation analysis. In this type of comparison, a
group of points are selected in arbadlt data set (point cloud) and a béisplane is created (numerous
software can provide this feature, however PolyWorks® was used in this thesis for creatfitg best

planes). After creating the bdittplane, pointsintheasui |t data set are Omapped:
oftheirEucld ean di stances. This &émappingd step associ at
far it lies from the plane. Using plane deviation analyses are very useful for assessing the form variation
of a component (how an-aslilt feature varies from a nanal form). The key steps involved in creating a
plane deviation analysis are showrFigure16. Featureo-feature measurements require fitting atfee

to points in the abuilt data, which can either incur measurement error or reduce point cloud error. Noise
in a point cloud can be reduced by fitting a geometrically isiglastitute featur@efer toAppendixA for
explanation on different featutgpes) to these points, however the fitting of a substitute feature also
removes nofgeometrically ideal distortions that may be present in tHeudisstate. For instance, if

tracking longitudinal distortion in a beam, fitting geometrically ideal fegtto asuilt data points will

eliminate the form variatiore(g, longitudinal waviness), thereby resolving the dimensional anatysis

purely angular, linear and sizanations.Therefore, fitting geometrically ideal features should not be

used in cass where the form variation is being tracked.
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Figure 16: Key steps involved in creating a plane deviation analysis

4.3.  Accuracy

Accuracy is an important aspect to consider when conducting deviation analyses. There are three general
types of errors that can occur that may affect the accuracy of the results: (1) errdvaiindzda, (2)
registration errors (for scars-BIM and scarvs-scan), and (3) measurement errors. Influences-on as

built data accuracy include sensor measurgragor, noise, and occlusions. Akinci et(@D06)provide

insight into other factors, which include afleased measurements, surface orientation and surface

material type. Aredbased measurements can redercer since noise in the data can be filtered. Surface
orientations affect the accuracy of point clouds since resolution is decreased for obliquely viewed angles
(Akinci et al. 2006) Finally, surface material naaffect sensor measurement (e.g., dark materials that
absorb a lot of light, or highly reflective surfaces which can create noise). Registration error stems from
geometric discrepancies between two data sets. While this can be reduced through adtaimcemen
registration methods, it is limited by the degree of geometric compatibility between the two data sets (i.e.,
how close the abuilt state matches the BIM at a given production stage). Measurement errors also
influence overall accuracy of deviatianalyses. Measurement error in this case refers to errors between
the two elements under comparison. For instance, for feftdieature comparisons, there is some error

in the feature fitting process for thelasilt data; this is unavoidable. The @ahtion of dimensional
discrepancy between two data sets is done using minimum Euclidean distance, whitiodaceerrors
(especially where registration errors are present).

4.4. Case Study Example 1: Deviation Analysis for Quantifying Compliance with Tolances

This case study demonstrates how geomdisimrtion ofa seelbeam can be quantified using deviation
analyses.Two S75x8beamswith differentasbuilt geometries wereompared to a BIM elemeritigure
17). The first analysis demonstrates how compliance to mill tolerances can be quantified, and the second
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analysis demonstrates how geometric distortions can be quantified during fabrication. Ad$gemein
17b, the top flange of the beam is distorted®@mparison to the cross section showRigurel7a.

Figure 17: Two S75x8 beams compared with a BIM model in order tossessnill tolerance compliance and
to quantify geometric distortion during fabrication. Beam 1 (a) and beam 2 (bare compared with (c) BIM
element.

Laser scans of each geometric state were acquired using a close range laserlSsR@®iEdge Arm)
which has an accuracy of 0.024 mm for the working length that wagksexARM 2014) The

deviation analysis type used in this case is-ssadBIM, where each scan is compared to the BIM element
usingindustrial 3D metrology software (PolyWorks®). The first deviation anafpgiam 1) shown in
Figurel8a, reveals that the overall cross sectiorhefdcanned beam is compliant with the BIM element
(all deviations are less than 1 mm). Furthermore, qualitative analysis of the gati@rn (created by the
range of deviations) indicate that the section shape along the length is consistent, shawditgtimn

of warping along the length of the beam. The second anghgss 2) shown inFigure18b revels that
there is a substantial amount of geiric discrepancy between thelaslt status and the BIM element
(deviations exceed 4 mm in numerous locations as noted by the color scale). Qualitative analysis reveals
that the most severe discrepancy stems from the distorted upper flange (as edgxpect
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Figure 18 PolyWorks® output for deviation analysis of S75x8 beam: (a) mill tolerances (b) geometric
distortion (deviations shown are in mm)
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A featureto-feature comparison of the top flange ra¢ethe dimensional quality of the beam. The
feature being compared in this case is a line of best fit on the top of the flange. Feature to feature
comparison reveals the angular discrepancy is equdl(fable8). The maximum allowable angular
discrepancy in accordance with ASTM A6/A6M i theaning that corrective fabrication rework would
be required for compliance (i.e.] dorrection of the tp flange).

Table 8: Quantified Dimensional Quality of Top Flange using Featurgo-Feature Comparisonfor Beam 2

Feature Properties | As-built Feature Feature Properties Nominal Feature
X,Y,Z (mm) 2233.7,1573.51.3 X,Y,Z (mm) 2237.8, 1571.7, 0.00
Angle i,j,k (rad) -0.994,-0.107, 0.012 Angle i,j,k (rad) -1.000, 0.001, 0.000
Length (mm) 55.4 Length (mm) 57.4

Angle with X (°) 173.8 Angle with X (°) 179.9

Angle with Y (°) 96.1 Angle with Y (°) 89.9

Angle with Z (°) 89.3 Anglewith Z (°) 90.0

Angle between axes in X direction (°) 6.1

4.5. Case Study Example 2: Deviation Analysis for Quantifying Dimensional Quality

This case study demonstrates how dimensional quality of a building module can be quantified during
fabrication and aggregation. This particular modular construction project experienced difficulties during
modaule fitup on site for two reasons: (1) the @uvidth of modules exceeded the original design
allowance, and (2) gross misalignments of components occurred between modtibedt deta of the

steel structure was collected usingARO® LS 840HE laser scanner, which has an accuracy of 2 mm at
a digance of 25 nfFARO 2007) The deviation analyses were conducteBlATLAB® using a high

density point cloud created from the BIM and laser scans of theilistates.

In order to evaluate the dimensional quality of fedtion (for detection ofimensional quality defects in
fabrication and aggregation of the steel structure), a deviation analysis was used to compdméilthe as
outer width of the structur® that of the design. This analysis utilized a featorieature comparison
between a laser scan of thelaslt state of the raw steel structure and the BRig¢re19). Although a
scanvs-BIM analysis was niostrictly required since only the width of the module was being quantified, it
was useful to conduct this type of registration in order to assess overall dimensional compliance of the
structure. The result of this deviation analysis revealed that thewidth of the steel structure was

actually well within the specified design width (by 10 mm). As such, the fabrication of the steel structure
had adequate dimensional quality, and actually offset the observed growing module width.

The second deviatiomalysis conducted in this case study compares two sepafatdtatates to
determine the dimensional quality of the module while subjected to two different temporary support
conditions during fabrication and aggregation. Since components between snedrddrequently
misaligned on site, it was determined that module geometry during initial compongntridy be a
probable cause. A deviation analysis was conducted using/ssaan, poirto-point comparison to
reveal that while components wererggfit-up (modules were placed on shop floor), the modules
deflected up to 30 mni{gure20). Although this deflection was elastic, this type of gemimeariation
could lead to alignment errors on site since the initialgiof components between modules was based
on a deflected geometry, while the modules once on site did not have the same deflected geometry.
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Figure 19: Deviation analysis of commercial building module using: (a) registration of scan and BIM point
clouds and (b) featureto-feature comparison to quantify the dimensional quality of module width.
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Figure 20: Deviation analysis of commercial building module using: (a) scaus-scan registration and (b)
point-to-point comparison to quantify deflection of module base while supported on shefpor temporary
cribbing.

4.6. Case Study Example 3: Deviationalysis for Detecting Module Alignment Conflicts

This case study demonstrates how dimensional quality can be quantified for alignment of an industrial
pipe spool module. In the case of industrial pipe modules, being able to accurately quantify dithensiona
quality is very important for proper module alignment on site, since discrepancies can result in extensive
rework and cost overrur{slahangi and Haas 2014Jror this case study,-asilt data was collected

(using aFARO® LS 840 HE laser scanner) and a BIM was obtained for a reconfigurable pipe spool
module Figure21). To simulate a dimensional qualityfeet with regards to alignment of a module
interface, an isolated joint in the pipe spool was rotated ByFegure21a). Then using a scars-BIM

deviation analysis, a tolerance threshold of 5 mm was established, such that deviations in exceedance
would be plotted in red, and data points within tolerance would be plotted as green. The deviation
analysis for this case study was performed in PolyWaorks®
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a) Rotation b)
appliedat this

Figure 21: Deviation analysis to compare: (a) the abuilt state of pipe spool module, (b) to the BIM in
order to quantify dimensional quality of module interface for alignmentusing (c) pointto-feature
comparison

As seen irFigure21c, the largest discrepancy (in terms of density of red data points) is neatatieel

joint (as is expected). Furthermore, the angle of this discrepancy (in this dasar6be quantified by
comparing a line feature to thelagilt joint to the same BIM featurd éble9). The ability to accurately
guantify the angular discrepancy is extremely useful for being able to apply corrective adjustments before
the module leaves the fabrication facility in order to avoid expensivétsite.

Table 9: Quantified Angular Discrepancy of Rotated Joint using Featureto-Feature Comparison

Feature Properties | As-built Feature Feature Properties | Nominal Feature
X,Y,Z (mm) -1088.4, 20.6, 2687.7 X,Y,Z (mm) -1052.4, 59.92689.0
Angle i,j,k (rad) -0.857, 0.505, 0.107 Angle i,j,k (rad) 0.008, 1.000, 0.024
Length (mm) 96.0 Length (mm) 95.8

Angle with X (°) 148.9 Angle with X (°) 89.5

Angle with Y (°) 59.7 Angle with Y (°) 15

Angle with Z (°) 83.8 Angle with Z (°) 88.6

Angle between axes (°) 60.0

4.7. Discussion

The framework presented for deviation analysis method shows hbwltiand asdesigned data can be
systematically compared in order to quantify dimensional quality. Three case studies are presented to
demonstra how deviation analysis can be used in modular construction applications. The results of the
case studies demonstrate how the following types of dimensional compliance can be quantified: mill
tolerances, steel beam flange distortion, outer module steweidth, geometric distortions from varying
temporary support conditions, and overall module alignment. While these case studies represent only a
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small subset of the full use of deviation analysis in modular construction, it is cledeviatonanalyss
is a very powerful tool for quantifying dimensional quality.

Important limitations of the proposed use of deviation analysis include (1) the accuracy of results and (2)
discretionary timeliness and frequency of analyses. First of all, while methobisabo asbuilt data can

be very accuratee(g, submillimeter level of accuracy), registration of and comparisons between data
sets can introduce error. For very critical dimensional assessments, this error can be reduced through
sampling by conducting numerous analyses, however the practitioneberaware that error will still

exist. Secondly, deviation analyses need to be conducted in a very systematic manner in order to
appropriately track dimensional quality and alignment at critical production stages. Prolonging an
analysis for too long rumthe risk of increasing potential rework costs. However, conducting too frequent
deviation analyses can be very timely and may be unnecessary. Since the purpose of using deviation
analyses is to reliably quantify dimensional quality, they should ontpbducted at critical project

stages.
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5. Case Study to Quantify Critical Dimensional Variability in Modular Project

To demonstrate how dimensional variability can accumulate throughootiularconstruction assembly
during the project lifecycle (i.e., from part manufacture to final erection on site) a sample case study is
shown. A construction company was contractecbtustructwo 805 nt data center projestomprised of

16 prefabricated building moduleach(Figure22). During the fabrication,ggregationtransportation

and site erection staged) asbuilt geometric data was collected and analyzed in ordgnaatifyhow
dimensional variability accumulates.

Architectural Rendering

@ Building Structural Configuration

2 modules long

A

/'8 modules wide

Typical Module Structural Configuration

AT 77 ;ﬁﬁ%ﬁﬁ@ *

3.4 m

’”-“,Zz%Om

Figure 22: Case study to demonstrate how dimensional variability accumulates throughout an offsite
construction assembly during the life cycle.

For this case study, 3D-aslilt geometric data was primarily collected using a terrestrial laser scanner;
however a robotic total station walsoemployed for secondary data collection during the transportation
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and siteerection stages. The decision &ewa laser scanner for geometric data collection comes from its
ability to yield densedq.g, millions of data points for a single scan of medium resolution) and accurate

(e.g, 2 mm error at a distance of 25 m for the laser scanner employed in thishipdass(FARO 2007)
Secondary data in the form of robotic total station readingsalsasmployedn this case study since

flexible vinyl weatherproofing on the modules during transportation made the capture of satéact d

the modules via laser scanning very challenging and not intuitively useful. A brief overview of the
differences between the two data collecti@vicess summarized ifrigure23. For a technical

comparison in terms of the dimensional compatibility between these two devices used, please refer to the
calibration study found iAppendixB.

T

il

3D Laser Scanner Robotic Total Station

* Full 3D data in form of a « Collects coordinates of
point cloud single points of interest

* Point cloud compared to » Requires resurveying
design model to quantify original targets to
geometric variations quantify variations

+ Large post -processing « Medium post -processing

Figure 23: Comparative overview of 3D laserscanning versus robotic total station for asuilt data collection
(FARO 2007, Sokkia 2015)

The project lifecycles broken down intsevenstages to track distinct changes to the module geometry

and accumiation of dimensional variability: (1) fabrication of precast concrete panels, (2) fabrication of
floor frames, (3) fabrication of roof frames, (4) aggregation of the structural system (floor frame, roof
frame, concrete panels and columns), (5) the agtgegaodule under temporary support conditions, (6)

the aggregated module during transportation and handling, and (7) the aggregated module during erection
loading. The core assumptions made in this case study with respect to tracking dimensionalyeriabilit
that the aggregation of the structural system was the focus during fabrication, and that critical points on
the module structure were the focus during transportation, handling and erection on site. When analyzing
building systems, dimensional varidtyilhas an impact on more systems than simply just the structure.
However the assumption made in this case study is that the geometry and dimensional variability of non
structural building system& @, building service systems, enclosure, finishes) iineredirectly or

indirectly influenced by the geometry and dimensional variability of the structural system. This is why the
geometry of the structural system was directly analyzed.

From all of the main fabrication processes outlined by the construciopany involved in this case

study, only a select number were investigated directly in terms of their dimensional variability impact
(Table10Q). A hierarchy was creadl in order to understand which of the fabrication processes played the
largest role in contributing to dimensional variability. In addition to fabrication processes, handling,
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transportation and esite erection were also evaluated in terms of their banion to dimensional
variability and ranked accordingly.

Table 10: Main fabrication processes involved in case study (as outlined by Construction Company)

Fabrication Process Investigated?
Formwork table fiup (i.e., setting uframing table into proper position)

Rebar cutting

Concrete pour

Welding columns to base

Welding (miscellaneouis everything other than columns, HSS, clips, lugs and pans
Welding HSS

Welding precast concrete panel frames

Materialhandling (steel frame delivery)

Fit-up of roof frame to base frame

Welding roof frame to base frame

Structural steel cutting (all columns, slices, angles, HSS)

Install base plates with nelson studs

Install tie'in platesi cutting, fitup, punching, and welding

Install lifting lugsi cutting, moving, and fiup

Install metal decking cutting, moving, fitup and shooting (steel studs used for instg
Rough carpentry

Parapet framing

Install FRP

Sealants and fire stop

Exterior metals panels

Wall framing

Wire mesh install

Install wall board

Tape, mud and sand

Column frame/board/mud/tape
Install ACT

Floor preparation for VCT
Install VCT & rubber base
Painting of structural steel
Paint ceiling(decking)

Paint interior

Paint doors/frames

Floor protection

Install washroom accessories
Install precast

Fly roof frame over base frame
Shipping preparation

Install HYAC

Install mechanical

Install electrical
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The fabrication of the main structural system for each module can be expressed in a series of key
processes based on those which impact the dimensional variability examined in this case study. The only
other fabrication processes not includefFigure24 are the manufacture and aggregation of precast
concrete panels which make up the floor system.
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Figure 24: Schematic representation of the kg fabrication processesnvolved with construction of module
structural system (with additional processes outlinedor fit -up and fastening oftie-in plates).

5.1. Stage 1: Fabrication of Precast Concrete &hels

To provide a brief background on this productitage, the basiworkflow of processes includeh)
light-gage steel frame fabrication using a framing table for layout and dimensional control, (b) formwork
placement on the shop floor, (c)-€ip ofarebar mesh, (d) concrete pmg andleveling (e)concrete

finishing and screedin@igure25). After these basic processes, the concrete panels were stacked until
they were aggregated into the floor frames.

Figure 25: Production of precast concrete panels. Tofeft: fit -up of light-gage steel frame using framing table
for dimensional control. Bottom-left: concrete pour. Right: concrete paneldefore aggregation infloor frame.
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For each flooframe, the precast concrete panels have the same length and height (2559 mm and 102 mm
respectively), however the width of each panel varies, as outlifédure26. Furthermore, the design

allowed for a gap tolerance between the concrete panels and floor frame of + 3 mm (i.e., the width or
length of any panel can only exceed the specified dimension by 3 mm).

et 4t W v ¢ r W r 7

PRECAST PRECASY PRECAST PRECAST PRECAST PRECAST PRECAST PRECAST
CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE CONCRETE
PANEL PANEL PANEL PANEL PANEL PANEL PANEL PANEL PANEL PANEL PANEL 1

2
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i
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Figure 26: Width of each precast concrete panel, with a 3 mm tolerance for spacing between panels

For the production of these concrete panels, guidance on the types of dimensional variability to consider
and analyze is taken from tReecast/Prestressed Concrete InstitDesignHandbook. This handbook
outlines critical tolerances on precast concrete panels as being (1) overall dimensions (i.e., length, width,
and height), (2) sweep or horizontal misalignment, (3) position of strands/rebar, (4) camber and
differential camber, (5)veld plate tolerances, (6) corbel or haunch positions and wall panels, (7) warping
and bowing, and (8) smoothnd&CI Industry Handbook Committee 2004)f these eight critical

dimensional variabity types, th€ollowing dimensional analyses were conducted:

1. The overall dimensions of the concrete panels (i.e., length, width and height)
2. Warping, bowing and smoothness of the concrete surface

5.1.1. Analysis 1: Overall Panel Dmensions

The analysis considergubint cloud data which was collected for the stack of concrete pdiglsd25).

After obtaining the point cloud for overall stack of panels, each panehaasally extracted from the

overall point cloud. As a result, a point cloud can be obtained for each panel, however due to the limited
line-of-sight of the laser scanner, the concrete surfaces of each panel were not consistent, with large
occlusions in irthe centerKigure27). The approach taken to quantify the overall dimensions of concrete
panels was to manually extract linear dimensions from the point cloud d#te fauter edges, along with

an average height. Although the use of an automated dimensional extraction process could have been
utilized for this step, due to some noise in the point cloud data, it was deemed more efficient to manually
extract dimensionsince an automated process would require further point cloud cle&mugeg27). As

seen inTablell, the majority of panel dimensions are less than the corresponding nominal dimensions as
specified in the design.
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Region with point cloud noise

Figure 27: Left: Sample point cloud with annotated dimensions extracted for each pah. Right: Sample point
cloud with noise surrounding the perimeter of a precast concrete panel

Table 11. As-built and nominal dimensions for length, width andheight of concrete panels

Nom. Panel Nom. Panel Nom. Panel Nom. Panel Nom. Panel Nom. Panel
1 1 2 2 3 3 4 4 5 5 6 6
X1 (mm) 1367 1362 1497 1494 1497 1482 1367 1356 1367 1361 1500 1518
X2 (mm) 1367 1362 1497 1486 1497 1486 1367 1359 1367 1365 1500 1476
Y1 (mm) 2559 2554 2559 2552 2565 2553 2559 2554 2559 2553 2559 2554
Y2 (mm) 2559 2555 2559 2554 2565 2549 2559 2552 2559 2559 2559 2561
Zave (Mmm) 102 102 102 100 102 101 102 99 102 98 102 95

Nom. Panel Nom. Panel Nom. Panel Nom. Panel Nom. Panel

7 I 8 8 9 9 10 10 11 11
X1 (mm) 1497 1484 1367 1380 1058 1061 1162 1162 1058 1054
X2 (mm) 1497 1474 1367 1376 1058 1057 1162 1153 1058 1047
Y1 (mm) 2559 2550 2559 2560 2559 2560 2559 2556 2559 2560
Y2 (mm) 2559 2542 2559 2558 2559 2553 2559 2553 2559 2558
Zave (Mmm) 102 93 102 96 102 96 102 97 102 98

By comparing the abuilt dimensions with the nominal dimensions, histograms can be created in order to
visualize the distribution of dimensional deviatiokig(re28).
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Figure 28: Histogram plots for dimensional variability of concrete panel asbuilt dimensions.

From observing the overall distributions for width (X1 and X2), length (Y1 and Y2), and heightwa} it
found tha the deviations of abuilt dimensionsare normally distributedIn most manufacturing and
construction applications, the assumption of normally distributed process capabilities is very common
(Drake 1999; Milberg and Tommelein 2008).determining the bability distribution function to match

each data set, ceguare goodness of fit tests were conducted through use of the formula

0 D\)

B o0

[Egn. 2]

wherel @ the observed frequency for biandO "B the expected frequency foin i. which isfoundby
0Q0 "0hd "Oha [Eqgn. 3]

whereF is thecumulative distribution functigry, is the upper limit for class Y; is the lower limitfor
classi, andN is the sample sizior a given dimensianVhile the significance level (i.¢ ) for the x, y
and z dimensions yielded very large value2%%o significance of the null hypothesis), the significance
level for the sample of all dimensions yielded a very small value (0.18%) indicating that the panel
dimensions are normally distributed (note: a low significance level means the null hypothekistates
that a given sample drawn fromthe distribution in question must be rejected, and therefore the sample
is in factconsistent witlthe distribution in question). The second bediiplying distributions
recommended in (Drake 1999) and sanisourcesjvas a logistic function which had a significance level
of 4.1% (worse than for the normal distribution fitting). For all panel dimension variations, the fitting
parameters of the normal distribution fit are:

1 Mean ) =-5.0 mm

1 Standard Deviatin (,) = 7.1 mm

49


http://www.itl.nist.gov/div898/handbook/eda/section3/eda362.htm#CDF

5.1.2. Analysis 2: Warping, Bowing and Smoothness

In addition to assessing the overall panel dimensions, the top surface dimensional variability can also be
guantified in order taletectany instances of excessive warping, bowing or ladudfce smoothness. A

plane deviation analysis (which assesses deviation of the surface with respect to a best fit plane on the
concrete surface) is very versatile since it can be used to assess all three of the dimensional variabilities of
interest. Thelane deviation analysis was conducted on a concrete panel of interest using PolyWorks®
(Figure29).

Figure 29: Plane deviation analysisoutput using PolyWorks® of the top surface of a typical concrete panel
(deviations shown are in mm).

Observation of this plane deviation analysis can be somewhatamatusive for inferring relationships

about the dimensional variabilities of interest miost glance since there is a large gap in the center of

the point cloud. Again, this is due to large occlusions in the panel surfaces since they were stacked on top
of each other in the plant. However, upon observing the bottom edge, there is aigcdideadf

approximately 5 mm (note that along the top edge that there is only a variation of only 2 mm). Since the
bottom right corner has a deviation which is 5 mm below all other corners, it can be deduced that this
particular panel has a warp deviatib mm (note: PCI defines warping as a deviation from a plane in
which the corners of the panel do not fall within the same plane). Furthermore, along the left edge there is
a bowing pattern of the panel (note: PCI defines bowing in the case wherepwsitegdges of a panel

may fall along a plane but the portion between the two edge falls out of plane). The degree of bowing is
such that there is a deviation of 5 mm of the center with respect to the top and bottom edges. When
observing the overall dewtian color pattern across the entire surface, the largest deviations are equal to
about 6 mm (from maximum deviation to minimum deviation), which represents the degree of
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smoothness. In summary, analysis of a given concrete panel is found to have deefatiarping,

bowing and smoothness of 5 mm, 5 mm, and 6 mm respectively. What is interesting is that in comparison

to the recommended tolerances outlined by PCI, the allowable deviations for warping, bowing and
smoothness of a panel which is 2559 mm ngth is 13.3 mm, 7.1 mm, and 6.4 mm respectively. While

none of these deviations were exceeded, the smoothness of the panels had the greatest deviation analyzed,
and yet hathe strictest tolerance of these three dimensional variations.

In summary, as a selt of the approach taken in this dimensional variability analysis, panel bowing or
wracking (in plan view) was not considered. Furthermore, the dimensional variability of structural related
impacts(e.g, variability of the mix, location of rebar)axenot explored. However severatitepth

analygs were conducted in order to address the ease of aggregation for panels. The overall panel
dimensions were analyzed and correlated to a probability distribution function in order to understand the
properties ofhe dimensional variability. Through this analysis, it was found that as a whole, the panel
dimensional variability is normally distribution with a mean®inm, and a standard deviation of 7 mm.
The large standard deviation value might be of concerrdlzassix sigmaheory as positive deviations

from the mean value can create problems for aggregation of panels into steel flooekploed in
Chapters.4.]). In addition to assessing the variability associated with overall panel dimensions, a plane
deviation analysis was conducted on the top surface to assess whether there is any warping, bowing or
flatness deviations. Through this analysis it was determiradtta deviations associated with warping,
bowing and smoothness were equal to 5 mm, 5 mm, and 6 mm respectively.

5.2.  Stage 2: Fabrication of Floor Fames

The second production stage of interest is the fabrication of floor frames, in which the precast concrete
panels are placed in. The floor frames were outsourced by the construction company, and arrived to the
plant in a series of standardized frames. Since each module has different load requirements (due to
various mechanical and electrical equipment storigdimthe building), each standardized frame was fit
with custom steel bracing. These custom braces weup ind welded into each frame by utilizing a
framing table Figure30). Information about the method in which the outsourced standardized frames
were fabricated was not made available. Overall, the fabrication processes involved with the production
of the floor frames that have an impact on dimensional vatiabiklude cutting, welding, measuring,

fit-up and grinding.

Figure 30: Left: Standardized frame from outsourced supplier. Right: Standardized frame fit with custom
bracing (note: custom bracing installed on framing table)
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For the production of these frames, guidance on the types of dimensional variability to consider and
analyze is taken from th®!SC Code of Standard Practiter Steel Buildings and Bridgeghich outlines
some of the critical fabrication toleranceteria as: (1) straightness, (2) variation in length, (3) camber,
and (4) mill tolerancefAISC 2010a) Of these categories, the types of dimensional variability which
have the largest impact for this specific frame is dassembly straightness, variations in member
lengths, and the fip dimensional variability between the concrete panel support beams. To analyze
these dimensional variability sources, the following analysis are conducted:

1. Quantification of the slot dinmsions for which each precast concrete panel is placed in (assumed
to use the same dimensions considered for the panels). This type of dimensional variability has an
impact on internal aggregation (i.e., how well the panels fit into the frames).

2. Quantificdion of the overall geometry of the frame, and specifically assessing if there is any
warping or bowing. The overall geometry has an impact on external aggregation (i.e.,-taodule
module aggregation).

5.2.1. Analysis 1:Slot Dimensions

This analysis considered point cloud data which was collected for a series of floor frames. The
dimensional variability of the precast concrete panels and the corresponding frame slots in which they are
assembled into are assessment in a proceeding tadmistage. The approach taken for quantifying the

slot dimensions followed the same method describ&hapters.2.1throughmanual extraction of

dimensions fortie widths, lengths and an average heigilgure31). An automated approach could have

also been employed for extracting the critical dimensions, however due todhatahpostrocessing

involved with cleaning the point clouds, it was deemed impractical.
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Figure 31: Demonstrating critical dimensions from precast concrete panel (left) and the corresponding sl¢
on the floor frame (right)

After manually extracting the slot dimensions for a single floor frame, nominal dimensions and the values
for extracted aduilt dimensions were summarized in a charfftother analysis{able12).
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Table 12: As-built and nominal dimensions for length, with and height of frame slots

Nom. Nom. Nom. Nom. Nom. Nom.

1 Slot 1 2 Slot 2 3 Slot 3 4 Slot 4 5 Slot 5 6 Slot 6
X1 (mm) 1370 1384 1500 1495 1500 1504 1370 1365 1370 1379 1500 1498
X2 (mm) 1370 1373 1500 1509 1500 1505 1370 1363 1370 1370 1500 1493
Y1 (mm) 2565 2585 2565 2567 2565 2571 2565 2561 2565 2557 2565 2555
Y2 (mm) 2565 2567 2565 2571 2565 2561 2565 2557 2565 2555 2565 2571
Zave (Mm) 102 103 102 102 102 101 102 102 102 102 102 102

Nom. Nom. Nom. Nom. Slot Nom. Slot

7 Slot 7 8 Slot 8 9 Slot 9 10 10 11 11
X1 (mm) 1500 1498 1370 1395 1061 1060 1165 1165 1061 1067
X2 (mm) 1500 1500 1370 1395 1061 1060 1165 1166 1061 1064
Y1 (mm) 2565 2571 2565 2556 2565 2581 2565 2582 2565 2568
Y2 (mm) 2565 2556 2565 2554 2565 2582 2565 2568 2565 2575
Zave (mm) 102 103 102 103 102 101 102 102 102 104

By comparing the abuilt dimensions with the nominal dimensions, histograms can be created in order to
visualize the distribution of dimensional deviatidrigure32.
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Figure 32 Histogram plots for the dimensional variability of frame asbuilt dimensions.

From observing the overall distributions for width (X1 and X2), length (Y1 and Y2), and height (2), it
can be shown thalhe deviations of abuilt dimensionsareconsistent with theormally distribtion at an

| equal to 11.4%n determining thgprobability distribution function to match each data setschiare
goodness of fit tests were conductésile the significance level (i.¢ ) for the X, y and z dimensions
yielded very large values 5% significance of the null hypothesis), the significance level for the sample
of all dimensions yielded smallervalue (L1.4%). Typically for chisquare godness of fit tests, an
acceptable significance level of 5% is required in order to correlate a probability distribution of interest.
However, through testing numerous probability distributions, it was found that the lowest significance
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level was correlatd to a normal distributiofwhich is consistent with assumptions made in most
manufacturing and construction process capability sourthas)second best fit was a logistic
distribution, which had a significance level of 25.8%r all panel dimension viations, the fitting
parameters of the normal distribution fit are:

T Mean ) =217 mm

1 Standard Deviatior, ) = 8.31 mm

5.2.2. Analysis 2: Overall Geometry

For the second critical dimensional variability being analyzed, plane analyses were utilized, wbére out
plane bowing or warping could be captured in the form of distinct deviation patterns. Plane analyses were
conducted along the length and width of a floor frame. The output of these analyses are $hgwe in
33andFigure34.

4.000

-2.600;

3.000

Figure 33: Plane analysis output using PolyWorks®n sample width of floor frame (deviations in in mm)

Figure 34: Plane analysis output using PolyWorks® for both lengths of the floor frame of interest
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From these plane deviation analysis, it was found that theraawdistinct deviated pattern (e.gowing

or warping) for the width of the frame (note that deviations for the width vesrgistently between 2 and

3 mm). However there was a distinct deviation pattern in the form of bowing for the lengths of the floor
frame. The pattern of bowing is illustratedrigure35, where the dimensional variability is quantified as
being as much as 13 mm

+1 mm amm +1mm
+9 mm 9 mm
P |

Figure 35: Deviation pattern in the form of bowing along the lengths of a floor frame (not to scale)

In summary, it was found that the fabrication of roof frames yielded slot dimensions which were
consistently larger than the nominal specifications. By fitting the overall slot dimensions with a
probability distribution, the best fit was found to be a ralrdistribution with a mean value of 2.17 mm

and a standard deviation of 8.31 mm. The large standard deviation indicates that the ability to comply
with nominal slot dimensions can result in dimensions which are lower than the nominal values, which
can crate problems for aggregation (which is discussethapter5.4.1). Analysis of the frame for

distinct deviation patterns resulted in the conclusion that the cexhleiffects of cutting, measuring; fit

up, welding, grinding, etc. yielded pronounced bowing distortion with dimensional variability of as much
as 13 mm.

5.3.  Stage 3: Fabrication of Roof Fames

The third production stage of interest is the fabrication of fraofies. The roof frames are positioned

directly over the floor frame and are connected by a series of columns. Each frame was outsourced by the
construction company and arrived to the plant in a series of standardized frames. The roof frames did not
require additional structural bracing, however of particular importance for critical sources of dimensional
variability is the installation of tin plates which are used to connect adjacent modules together. The
construction company installed the-tieplatesas well as corrugated metal decking on the top of the floor
frame (which serves as the roof enclosure). Thagfiind installation of the metal decking aneirie

plates was done on a framing talffég(re36). Overall the fabrication processes that have an impact on
critical dimensional variability is cutting, fitp, measuring, and welding. For this production stage, there

are two main types of dimensional varigpibeing considered:

1 The overall geometry of the frames (which will have an impact on how well the modules can be
interfaced together)

1 The positioning of the tin plates (which also has an impact on how well the modules can be
interfaced together).
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A laser scan of the roof frame was obtained, and converted into a point cloud in order to analyze the
dimensional variability of interest.

Figure 36: Left: Standardized roof frame on framing table. Right: Installed corrugated metal decking and
tie-in plates.

5.3.1. Analysis 1. Overall Geometry

The first analysigonsiders the overall geometry of the roof frame, by quantifying dimensional variability
associated with length, width and deviation patteers, (bowing or warping) along the length of the

frame. Plane analyses were conducted along the width and &dfragtbof frame in order to determine
deviation patterns in the form of bowing or warping. The results of these plane analyses are shown in
Figure45.From these plandeviation analysg it was found that there was a slight deviation pattern
(warping) for the width of the frame (however these deviations were only on the order of 2 to 3 mm).
There was a distinct deviation pattern in the form of bowing for the lengthe obof frame. The pattern

of bowing is illustrated ifrigure46, where the dimensional variability is quantified as being as much as
17 mm. 1000

Figure 37: Plane analyses outputs using PolyWorks® for length and width of roof frame (deviations in mn
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Figure 38: Deviation pattern in the form of bowing along the lengths of the roof frame (not to scale)

In addition to assessing the form of the framg (warping and bowing), the overall length and width
dimensional variations were quantified. This was done by comparing extracted dimensions from the
obtained point cloud of the roof frame to the nominal dimensions specified in the design drawings.
Comparison of the length and width dimensions to the ndrdingensions resulted in variations-df

mm and-1 mm respectivelyHigure39).

5.3.2. Analysis 2: Position ofTie-in Plates

The second analysis conducted for the roof frame examined the dimensional variability associated with
the position of tien plates along the length and width of the frame. To quantify this variability,
dimensions were extracted from the obtained pointccknd then compared with the nhominal dimensions
from the design drawings. Results of this comparison are shokigure39. By analyzing the

deviations, it was detmnined that the positional deviations were on the order of 2 to 5 mm.
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Figure 39: Comparison of nominal dimensions for overall length, width and location of tién plates to
extracted asbuilt dimensions from the pointcloud for the roof frame (note: asbuilt dimensions are in red,
and deviations with respect to the nominal dimensions are displayed in blue with a plus/minus value, all
dimensions in mm).
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In summary, it was found that there was a distinct deviation patténe form of bowing along the

length of the frame, where deviations were as much as 17 mm. Deviations along the width of the frame
was much smaller than along the length, where deviations in the form of warping were on the order of 2
to 3 mm. Finally, psitional deviations of the tim plates was quantified as being equal to as much as 5

mm. It should be noted that this analysis did not consider the vertical deviations of the frame. This was
due to the fact that the frame was positioned on a framihg tabich had a very controlled surface.
Furthermore, the frames were found to experience a small amount of elastic movement under its own self
weight depending on the handling loads involved with moving the frames within the fabrication facility.

5.4.  Stage 4:Aggregationof the Structural System

The fourth production stage of interest examines the aggregation of the entire structural system for each
module. This stage involves installing the precast concrete panels into the floor frame, installing columns
on the floor frame and finally installing the roof frame on to the colurfigu(e40). All of the

aggregation processes for this stage was completed on a framing.tapthi§i is how the construction
company went about controlling dimensional variability). In terms of the critical sources of dimensional
variability, the following fabrication processes were consideredpfitmeasuring, and welding (concrete
panel outeframes to floor frame, columns to floor frame and roof to columns).

Figure 40: Overall aggregation of the structural system. Top Left: floor frame. Top Right: concrete panels
and columns installed on floor frame. Bottom Left:roof frame fit -up in place and installed on to columns.
Bottom Right: completed assembly on shop floor.
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For this production stage, there are three main types of dimensional variability being considered:

1 Comparison of panel dimensions versus frame dimeggiorassess degree of dimensional
compliance for aggregation)

1 Overall geometry of the modules (which has an impact on how well modules can be aggregated
together)

1 Position and orientation of ti@ plates (which has an impact on how well modules can be
aggregated together)

5.4.1. Analysis 1: Aggregation of Panels into Fame

For the aggregation of the concrete panels into the floor frame, there are dimensional variability limits
(tolerances) governing upper bound (referred to as maximum material condition, MBR&iN) and

lower bound (referred to as least material condition, LMC in GD&T) conditions. For the MMC condition,
the panel dimensions must be less than the slot dimensions on the frame so that the panels can physically
fit into the frame. For the LMC condlin, the panel dimensions cannot be less than 15 mm from the
corresponding slot dimensions, otherwise the gap is too large between the panel and the frame and
aggregation cannot proceed without rework.

In the analysis of the panel and frame dimensiongragtables of dimensions were creat€dlell
andTable12) as well as hivgrams to graphically visualize and compare the dimensional distributions of
the deviations between nominal anebadt dimensionsFigure28 andFigure32). By comparing these
dimensions andistributions some key conclusions can imadeabout the dimensional compliance of the
panel dimensions and the frametslimensions. In the initial analysis, it was determined that the
population of panel dimensions and frame slot dimensions coutibelledby normal distributions. In
order to properly aggregate panels into the frame slots, the panel dimensionsheekdsahan the

frame slot dimensions minus the allowable gap. In the initial design, there was a gap of 3 mm around the
perimeter of the panel and the frame slot. There are three ways in which the dimensional variability of
panels and frame slots areessed for aggregation compliance: (1)-tmene comparison of dimensions

to obtain a percentage of dimensional compliance, (2) binary-paekdt aggregation test and (3)
probabilistic distribution comparison to assess aggregation compliance.

Analysis 1which examines the orte-one comparison of panel and frame slot dimensions find$oinat
dimensions of the total 55 are roompliant (i.e., panel dimension exceeds the corresponding frame slot
dimension) for a percentage of rRoompliance of 7%. Anakjs 2 examines whether a given panel has
complete dimensional compliance with its corresponding frame slot (if any panel dimension exceeds its
corresponding frame slot dimension, that panel of interest fails the binarfapaest). Analysis 2

reveals hatfour of theelevenpanels require some sort of realignment or rework to make them fit into
their corresponding frame slot, for a percentage ofawnpliance of 36%. Finally analysis 3 compares

the probability distributions of the panel dimensionsa(aghole) with that of the frame slots (as a whole).
Recall that the probability distributions for the panel dimensions and frame slots had the following
properties:

1 Panel dimensiondlean “) =-5.0 mm, Standard Deviatio;; X= 7.1 mm (normal distributin)
1 Frame slot dimensiondean “) = 2.17 mm, Standard Deviatio,;")(= 8.31 mm (normal
distribution)
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By comparing the intersection of these probability distributions to assesonygaliance in terms of the
probability that any random panel dimensiogeeds any random frame slot dimension, it is found that
the percentage of naompliance is equal 6%. This was found by computing theiability index of

the twodimensional variability (normal) distributionssing the following formula:

[ ——————0E B 1 [Eqgn. 4]

This method of calculating the probability of roompliance between the panels and frame is analogous
to calculatingprobability of failure in structural reliability theo(ir hoft-Cristensen & Baker, 2012n
structural reliability theoryprobability of failure is calculated by integrating the cumulative distribution
function (CDF) of the structure resistance with phebability density function (PDF) of the load
distribution over a specified domain (i.e¢Hto Hy). This calculation can also be expressed through a
closed form solution using the reliability indéx) (@s shown in [Eqgn. 4]. After obtaining the reliatyil

index, probability of failure (or nenompliance in the case of assessing compliance of panel and frame
dimensions) is calculated using the cumulative distribution function for the standard normal distribution
function (denoted ag in [Eqgn. 4]). The mtegration of the PDF for panel dimensional variability with the
CDF for frame dimensional variability is shown in the graph on the righiguwre41. Using either

numerical integration (Figure 41) or the closed form solution [Eqgn. 4], the value for the reliability index is
found to be equal to 0.66, which equates to a probability ctampliance of 26%.
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Figure 41: Comparison of probability distributions for panel and frame dimensions.Probability of non-
complianceequal to 26% based on reliability index calculation Dimensions inmm.
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While each of the preceding methods to quantify aggregation compliance of panels and frames result in
different probabilities (7%, 36%, and 26%), they are consistent with the actual experience of the contractor

for this project. Although the actualqgentage of panels which did not fit into frames could not be obtained,

the contractor noted that Aseveral 06 panels (of t#h
Furthermore, the contractor notuwurel totmaketactspamalefit s or t
properly indicating that the nesompliance of panel and frame dimensions created challenges.

5.4.2. Analysis 2: Overall Module Geometry

Thesecond analysis examines the overall geometry of the module assembly in order to asbdity vari
associated with forme(g, warping or bowing of the entire assembly), as well as the height argldit

columns. For assessing overall form deviations, a-8&&iM deviation analysis was conducted using
PolyWorks®. Comparison of a laser scdihe overall module to the BIM model enables comparisons to

be made about the overall fabrication and aggregation compliance of the assembly. In order to conduct
this deviation analysis by way of seanBIM, some point cloud cleaning was done, wherecthrecrete

panels in the point cloud were removed. This was done since the BIM model used for comparison was not
available with the installed concrete panels. As a result, there were numerous errors during data
registration between the point cloud and thelBhodel, since the method used for registration (lterative
Closest Point method), relies on comparison of points in the point cloud to closest points in the BIM
model. Since there were large gaps in the BIM model where the concrete panels were installed,
registration was very challenging and a successful result was not obtained. This is why the panels were
removed from the point cloud prior to registration. Results of the deviation an&liggise42), reveal

that the overall deviations between thebasdt state and the nominal state are as much as 18 mm. It

should be noted that this deviation magnitude closely matches th@umageviation found in the roof

frame fabrication analysis. It is very challenging to assess the form deviations in terms of a distinct
deviation pattern. However, the deviation analysis results show that the largest deviations are eXkperience
on the roof frane near the ends of the module, which is of particular importance when assessing the
ability for this particular module to aggregate with adjacent modules. ml
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Figure 42: Deviation analysis output using PolyWorks® for theoverall module assembly (note: concrete
panels are not shown or assessed in this analysis, all deviations in mm)
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For assessing the dimensional variability associated with the height of the columns, comparisons between
the obtained point cloud and the noalidimersions were conducted for a sample column on either end
of the module. The results of this comparisBig(re51) reveal deviations are on the order of 4 torb.
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Figure 43 Comparison of nominal dimensions for length of columns to extracted asuilt dimensions
from the point cloud (note: asbuilt dimensions are in red, and deviations with respect to thaominal
dimensions are displayed in blue with a plus/minus valuepimensions in mm.

5.4.3. Analysis 3: Position and Orientation of Tie-in Plates

For this analysis, the position and orientation of théntiglates were once again assesséa.réason for
reassessing theseas to compute deviations with respect to a datum on the lower floor frame (which was
specified as the datum in the design drawings). For aggregation of this module with adjacent modules, it
is important to quantify the dimermsial variability of the tien plates with respect to the floor frame as

this determines the overall protrusion of platesaftpplane. For this analysis, a plane deviation analysis
was conducted using PolyWorks®, where a plane offitestis created withespect to the floor frame.

Then deviations of the tim plates were quantified-{gure44). From the output of this analysis, it can be
seen that the deviation tife tiein plates with respect to their nominal position (based on the datum of

the floor frame) is between 6 and 17 mm (protruding away from the length of the module).
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Figure 44: Plane deviation analysis using PolyWorks® tguantify dimensional variability associated with tie
in plates with respect to the overall module datum (specified on the floor frame)

In summary, the dimensional variability associated with the aggregation of the structuralraggtem
havelarger deviatias than in previous fabrication stadesed on comparison of the maximum deviation
values identifiedThe effects of accumulation of variability yield much more complex form variations for
bowing and warping of the steel structure. It was found thatvieealb assessment of the structure

resulted in deviationsp to18 mm. Furthermore, the maximum deviations occurred on the roof frame
portion of this module. This indicates that as the assembly is aggregated from planar 2D systems to a
volumetric 3D systenthe effects of dimensional variability compound significantly. In terms of
addressing the ability to aggregate this module with adjacent modules, the dimensional variability
associated with the location of the-tieplates with respect to the datum @idrame) revealed deviations
as large as 17 mm.

5.5. Stage 5: Temporary Support Conditions

This stage examines the dimensional variability associated with different temporary support conditions
(Figure37). Three support conditions were examined in this project: continuous supports of a BLUCO®
framing table (used for filp and aggregation of the module), shop floor cribbing (only at 4 corntérs of
module), and shop flaaribbing (withthe same number of supports as the onsite foundations).

Temporary support conditions have a pronounced impact on the elastic changes to the module geometry,
especially considering the selkight of the modules was very large in this ptojés such, several

deviation analyses were conducted in order to understand the effect that temporary supports have on the
geometry of the structureaser scans were takentbé BLUCO® fixturing system (on which the

framing table sits on top of), thbéap floor, the shop floor cribbing (with only 4 supports at the corners of

the module), and the shop floor cribbing (matching the number of supports as on site).
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Figure 45: Temporary support conditions for the module. Top left and right: module sitting on the
BLUCO® framing table. Bottom left and right: cribbing on the shop floor.

5.5.1. Analysis 1. BLUCO® Fixturing System

During the aggregation of the structural system, a framing table was used foughariitpositioning of
subassemblies. This table is positionedeoBLUCO® Modular Fixturingsystem Figure38), and has

very tight flatness tolerances {€.0046 mm per 300 mm length) and precise modular bores (tolerance of

+/- 0.025 mm) which can be used for specialized table sgBlp$CO Corporation 2016)Duringthe

fabrication of this project, it was brought into question how accurate the levelness of the framing table

was with respect to a O6pé&r.f exlttdbh gpu g et hea nfgrud mirn gd ec
tight dimensional tolerances, the instithn of this system requires accurate surveying to ensure the rails

are level. In order to assess the levelness of this fixturing system, a plane deviation analysis was

conducted Figure47).
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Figure 47: Plane analysis output using®olyWorks® for dimensional variability of BLUCO framing
system (deviations are in mm)

The plane deviation analysis reveals that the main fixturing rails (n&igune47 that there arsix rails

that run the length of the floor), have more dimensional variability than the accuracy of the table system.
Overall, the variability between rails (along the widttted floor) is very low, where variations are 2/

mm. Along the 17 meter length however, deviations on each rail vary by as much as 9 mm. The general
deviation pattern of each rail is a bowing shape, where the center is lower than the left edge by about
mm, and lower than the right edge by 1 to 6 mm. This dimensional variability reveals that as a whole, the
framing table system has a levelness deviation that is not insignificant, and should not be considered to
have the same level of precision as themwhich fit into the floor fixturing system.
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5.5.2. Analysis 2: Shop Floor Cribbing

Shop floor cribbing in this project was comprised of placing stacks of steel plates (smallest thickness used
was 3 mm and the largest was 50 mm). By stacking different thicknesses of steel plates, it was possible to
achieve certain vertical elevations @bgh the use of surveying) for temporary supports. Two different
shop floor cribbing configurations were uséalir supports at the module corners, andsupportsSix
supports was introduced during the project because the module was noted to expevidystantial
amount of elastic distortion from onfgur supports at the corners. To demonstrate the amount of
dimensional variability associated with the shop floor, a plan deviation analysis was conducted using
PolyWorks® figure48). This plane analysis reveals that the shop floor under the shop floor cribbing has
a large amount of dimensional variability, where the flatness changes by as much as 30 mm across the 18
m by 5 m area of floor examined.
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Figure 48: Plane deviation analysis output using PolyWorks® to assess the dimensional variability associated
with the shop floor.

A separate plane deviation analysis was conducted to asseandimsional variability associated with

the surfaces of the floor cribbing. In this analysig(re49), the range of deviations were found to be

equal to only 8 mmwhich is significantly less than that of the shop floor. This result clearly shows how
dimensional variability can be reduced through the use of shop floor cribbing. However, in terms of
understanding the effect that the dimensional variability of tempstgrports has on the overall goals of
managing dimensional variability, it is important to analyze the elastic changes to the module geometry in
different temporary loading conditions.
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Figure 49: Shop floor cribbing conditions: first condition comprised only the outerfour supports, however
during the project two additional cribbing supports were added in the center. Thisi§ure also shows the
output of a plane deviation analysis using PolyWorks® of the dimensional variability associated with the

vertical elevation of the cribbing (deviations are in mm).

In order to quantify the effect that temporary supports has on the module geometrytcaseean

analysis was conducted to compare the geometric state of the module while sitting on the BLUCO®
framing table, and ofour supportgFigure 50) The reasondr analyzing the module in these two states is
that this was found to be the two extreme cases (versus comparison of the mdduteaad six

supports).

Deflection of
module at center

Figure 50: Demonstration of the module elastic deflection while sitting on onlfour cribbing supports at
the corners.
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The scarto-scan analysis was conducted by using MATLAB® and point clouds of the two geometric
states [Figure51). While a scafio-scan analysis could have alternatively been conducted through use of
an opersource software calledloud Compare®the purpose of conducting anadysis in MATLAB®

was to have more control over the analysis process. In this case, the midspan deflection was of interest,
and so in order to have the ends of the point clouds set to a deviation value of 0 mm (matching at ends),
an algorithm was preparéd MATLAB®. Refer to AppendixC for the development of the MATLAB®

code used. This deviation analysis shows thatrtickspan(elastic) deflection of the module between the

two temporary support conditions is equal to about 30 mm. This is a very significant deflection value, and
is caused by the large s&kight of the module and the fact that the shop floor cribbing sith®ff t

ground by as much as 40 mm in some locations. In order to validate this deflection value with regard to
the structural response due to sedfight, a simplified deflection analysis was doA@gendixC),

revealingthat deflection due to selfeight of he steel frame is equal to 39 mm.

Deviations
{m)

Mid-span Deflection ~ 30 mm

Figure 51: Scanto-scan analysis of the module sitting on the BLUCO framing table and on 4 shop floor
cribbing supports.

In summary, this stage examined the dimensional variabsitpciated with the geometric response of

the module in different temporary support conditions. Analysis of the first temporary support system
(BLUCO® framing table), resulted in variations in levelness by as much as 9 mm along the 17 m length
of the sysem. Comparison of variations of the shop floor to the profile of steel plate cribbing shows that a
substantial amount of variability can be controlled through the use of various thicknesses of steel plates
and surveying. However, the most interesting tesafl this stage was from the geometric response of the
module itself. It was shown that by comparing the geometric state of the module while sitting on the
framing table to 4 shop floor cribbing supports that the module can deflect by as much as 3@grita alo

16 m length. While this deflection was assumed to be completely elastic (that is, recoverable), it plays a
very significant role for the fiup and installation of subsystems between modules. For instance, if a
series of pipes were to be installestleen two modules along the length, while the modules were only
supported by 4 corner supports, the vertical location of certain pipes would change substantially on site
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since modules are essentially continuously supported and experience much lessrddfiatthe 30 mm
observed.

5.6. Stage 6: Agregated Module during Transportation & Handling (Geometric Changes)

This stage examines the dimensional variability associated with the geometric response of the module
when subjected to different external loadsognarios. The two loading scenarios examined are when the
module is being lifted by a crane in the shop and loads from transportation and handling required to get
the module to and from the shop, temporary storage and finally to the projeEtgite52).

Figure 52 Analysis of the effects of different load conditions. Top left: module being lifted by a crane
during the fabrication of the module. Top right: module before transportation. Bottom left: module after
transportation to a temporary storage facility. Bottom right: truck used to transport modules to and fron

the shop, temporary storage and the project site.

The analysis of the loads from the crane considered only elastic deflection of the structuread Hise

to the fact that analysé®fore and after crane loading resulted in less than 1 mm of plastic deflections
(which is less than the accuracy of the lasanser used). For analysis of the crane loads, a laser scan of
the bare steel frame structure was taken before and during the lift. While suspended in the air by the
crane, the module was supported at the ends to ensure it would not swing in the hirgaield

inaccurate deviation values). A setmascan deviation analysis was conducted using the open source
software called Cloud Compare®, since this type of analysis was not easily done using PolyWorks®. As
seen in this analysis outpifigure53), the deviations between the two geometric states are between 1
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and 3 mm. Furthermore the largest deviations occur at the ends of the module. This is likely because the
crane loads put the top frame into compression, while the bottom frame is in tension (this would cause a
general bowing shape where the two ends are slightly more deviated than in the center). Again, it should
be noted that these deviations shown areieJaseaning they only exist during the crane load. A separate
analysis was conducted to detect plastic deflections as the result of the crane loads, however this analysis
revealed deviations less than 1 mm and thus non conclusive in light of the acéuhaclaser scanner.

C2C absolute distances
0.030000

0.020000

0.010000

Figure 53 Scanto-scan deviation analysis using Cloud Compare® to quantify dimensional variability
associated with geometric response of crane load (deviations shown are in m).

In order toanalyze the dimensional variability associated with the geometric response of the module to
transportation loading, a separate type of data collection and analysis method was required. This is
because collection and analysis of surface datg point cbuds from laser scans) was not practical since
the modules were wrapped in weatherproofing on the exterior. The weatherproofing is made of a plastic
material which can move very easily. As sutie weatherproofing does not give an accurate
representationf the plastic deflections of the structure. Furthermore it was not feasible to take laser scans
on the interior of the structure since the module wagfitvith drywall and other interior finishes. In

light of these challenges, a total station was ugsepiantify the deflection of the structure due to
transportation loading. Since a different data collection and analysis method was utilized (total station
versus laser scanning), a calibration study between these two approaches was conducted in order to
validate that the results of both methods yield similar results. This calibration study isrfpendix

B.

24 permanent targets were placed on exposed steel on the interior of the module along the top and bottom
frames along the length. These targetse surveyed before and after transportation of modules to a
temporary storage area. By surveying these targets, their relative positions were obtained through analysis
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in MATLAB® (the code used for this analysis is availainid@ppendixC). A wireframe nodel was
created in order to visualize the deviations of target locations before and after transpétigtiby).

Deviations (mm)
3

405

i)

Figure 54: Deviation analysis using MATLAB® code and surveying of 24 key locations on the module in ord
to quantify dimensional variability associated with transportation loading.

As seen in this analysis output, the permanent deflection of the straltngethe length as the result of
transportation loading is on the order of 3 mm. In light of the accuracy of the total station used for this
analysis (2 mm), these results show a very low amount of plastic distortion associated with transportation
loading

In summary, the effect of geometric responses due to transportation and handling on dimensional
variability of the steel frame structure itself is quite low. Only elastic deflections were substantial sources
of dimensional variability for the crane haimdj, and the likelihood of causing permanent changes to the
geometry from crane handling in this project is quite low. One reason for this could be due to the lifting
frame used to hoist the module. The purpose of a lifting frame ensures that the aaredaistributed

along the module, rather than being concentrated at a few locations. Furthermore the effect of
transportation loading on the module geometry was also quitd leemransportation loading caused

small plastic distortion to the module frame, howevemtlagnitude of these distortions siaw.

5.7.  Stage 7: Agregated Mbdule during Erection Loading (Geometric Changes)

The final construction stage in this case study exasiihe dimensional variability associated with the
geometric response of the module to erection loBidsi{e55). For this stage, it was not feasible to

obtain a lasr scan of the module before or after erection due to site constraints and schedule logistics (the
project was slightly delayed, and there was no allowance for any further delays that would be caused by
bringing a laser scanner on site to conduct scansghérmore a laser scanner would not be practical to
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use since the inside of the module wasifitwith drywall and interior finishes which would not yield
accurate information regarding geometric changes to the module structure. As such, a totalagation w
used to obtain locations of key targets placed on the interior of the module on the structure.

RN e— —
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T

Figure 55: Examining the dimensional variability associated with erection loads. Top left: project site,
where modules are first brought into rough alignment, and then subsequently connected together at tt
tie-in plates. Bottom left: project site after completion of all construction activities. Right: demonstratior
of the amount of large gaps between modules agtin plate locations as the result of the accumulation o

dimensional variability.
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Similar to the analysis of the geometric response of the module to transportation loads, the relative
positions of permanent targets placed inside the module wereatiaQue to challenges with placement
and clear lineof-sight to targets within the module, odighttargets were placed at the ends of the
module. Howeveeighttargets is still a sufficient quantify for analyzing the geometric response of the
module de to erection loads(g, the loads required to bring modules into alignment with foundation
and adjacent module connection points). The targets were surveyed before transportation of modules to
the project site, and after the final erection on site wagptete. By surveying these targets, their relative
positions were obtained through analysis in MATLAB® (the code used for this analysis iblavaila
Appendix Q. A wireframe model was created in order to visualize the deviations of target locations
before and after transportatioRigure56). Since surveying of targets was done before and after
transportation to site, the deviations showFigure56 reflect the geometric response of the module to
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both transportation and erection loading (roughly 7 mm of deviations). Taking the deviations observed
from transportation loading alone in the previous stage (roughly equal to 3 mm), then it can be expected
that the erection loading can contribute to dimensional variabfligpproximatelyd mm. This is a very
reasonable estimate of the dimensional variabibgoaiated with the geometric response to erection

loads since the module is subject to elastic deflections under its own self weight by as much as 30 mm.

Figure 56: Deviation analysis usingMATLAB® code and surveying okight key locations on the module ir
order to quantify dimensional variability associated with transportation loading.

5.8.  Conclusions on Dimensional Variability Case Study

In conclusion, this case study examined the dimensional variability of a steetifraodule structure

Deviation (mm)

7

0

duringseverkey construction lifecycle stages. Surface data in the form of a laser scanner was the primary
data collection used which was then analyzed using three software: PolyWorks®, MATLAB® and Cloud
Compare®. In light of challergs to effectively analyze the geometric response of the module to applied
loading, surveying through use of a total station was also used. While this case study may not have
captured every source of dimensional variability that has an impact on the fgdiateiosional variability

management, it quantified key sources based on a kstyafonstruction processes.

Due to spatial limitations on site, it was difficult to quantify the final accumulation of dimensional

variability. However, some visual obsetigeais made on site indicate the accumulation of dimensional
variability was quite significant. For instance, theitigolates used to connect modules on site at the roof

frame level had very large gaps (refer to the image on the rigigune55). In some cases the gaps

between module tin plates vereas large as 50 mm. While gaps of this magnitude may not be directly
the result of the accumulation of variabilitiyywas noted in discussion with the site erection crew that the
modules consistently had geometric discrepancies with foundations and adjacent modules. The final
management strategy employed on this project for dealing with the challenges created bipdahen
variability was to space the modules further apart from each other at the matelines than originally

specified in the design.

Thi

S

practice

S

referre

serious implications for some modular ctwastion projects (especially in the case of modular high rise
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summarize the critical sources of dimensional variability in this project, a table was creatéd, whic
includes the type of variability, its magnitude and impact on specific aspects of the Jraiget @).

Table 13: Summary of the keysources of dimensional variability examined in this case study, along with
estimated magnitudes and impact on the overall project.

Construction | Critical Dimensional Source of Impact of Dimensional Variability
Stage Variability & Estimated Value | Variability on Specific Aspects of Project
Fabrication of| Panel dimensions modelled:by | Fabrication Aggregation is the critical impact,
precast 9 Normal distribution processes however if gap between panels and
concrete 1 Mean=-5mm measuring, cutting,| frame is too large, aesthetiase also
panels { Standard deviatior 7 mm | welding of steel impacted.

Warpingdeviation = 5 mm

Bowing deviation =5 mm

pans, and concrete
mixing, pouring,

Warping, bowing and smoothness
deviations have an impact on

Smoothness deviation = 6 mm | curing and aggregation (potdial mismatch
finishing between geometry of frames),
aesthetics and serviceability as final
surface of floor is not flat or smooth.
Fabrication of| Frame dimensions modelled by, Fabrication Aggregation with the concrete panel
floor frames | 9§ Normal distribution processes: is the critical impact. If gap between

I Mean=+ 2 mm
i Standard deviation 8 mm

measuring, cutting,
fit-up and welding

panel and frame slots is too large,
aesthetics also emergs an impact.

Bowing deviations = 13 mm

Welding distortion

Aggregation with adjacent modules i
the critical impact, as the frame has
out-of-plane protrusions.

Fabrication of

Bowing deviation = 17 mm

Welding distortion

Aggregation withadjacent modules is

roof frames the critical impact, as the frame has
out-of-plane protrusions.
Tie-in plate positional deviation| Measuring, fitup, | Aggregation is the critical impact,
=2to5mm fastening method | since the location of bolt holes on-tie
in plates ned to match up between
adjacent modules for proper
aggregation.
Frame dimension deviations Measuring and Aggregation is the critical impact,
=-1 mm to-4 mm cutting since the overall length of the frame
governs aggregation with adjacent
modules.
Aggregation | Aggregation of panels into stee| I Measuring, Aggregation is theritical impact
of the frame: cutting, welding | when conducting neonompliance
structural 9 Non-compliance based on of steel pans, and tests for dimensions between concrg
system comparison of corresponding  concrete mixing, | panels and steel frame. However if

dimensions = 7%

1 Non-compliance based on
binary test (i.e., all
dimensions for panel and slg
are compliant) = 36%

1 Non-compliance based on

comparison of process

pouring, curing
and finishing

9 Measuring,
cutting, fitup
and welding of

frame

gaps between panels and frame are
large enough, aesthetics are also
impacted.
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capabilities (probability
distributions) =26%

Overall assembly deviations
=18 mm.

All fabrication
processes for sub

Aggregation is the critical impact,
however if deviations are large

assemblies enough, serviceability, functionality
and aesthetics are also impacts.
Tie-in plate owtof-plane Fabrication Aggregation is the critical impact.
deviation =6 mmto 17 mm processes fasub
assemblies
Temporary BLUCO® framing table Installationof Framing table impacthe accuracy of
support levelness varies as much as 9 | BLUCO® fixturing | fit-up processes for large assemblies
conditions mm along 17 meter length system and where the 17 meter length of the tab
differential is utilized.
settlement of rails
Shop floor levelness varies as | Concrete pouring | The nodule carelastically distort if
much as 30 mm across area of| processes, placed on floor.
18 mby5m settlement over
time
Shop floor cribbing elevation Surveying, Module can elastically distort if
deviations = 8 mm available placed only at 4 corner supports (if
thicknesses of cribbing is elevated drastically off of
plates used floor).
Overall elastic deflection of Selfweight of Geometric response of structure to
module due to various support | structure and loads can impact aggregation of sub
conditions = 30 mm at midspan| temporary support | systems if fitup in plant andinal
configuration onsite module geometry does not
match.
Module Elastic geometric response fron Geometric Small elastic deflections do not
during crane loading =1 mm to 3 mm | response due to | significantly contribute to any
transportation applied bading impacts.
and handling | Plastic geometric response frorf Geometric Small plastic deflections contribute t
transportation loading = 3 mm | response due to aggregation impact (however, quite
applied loading small in this case).
Module Plasticgeometric response from Geometric Small plastic deflections contribute t
during erection loading =4 mm response due to aggregation impact (however, quite
erection applied loading small in this case).
loading

Among all of the sources of dimensional variability examined, tha sigsificant include the large form
deviations of steel frames. The floor and roof frames in this project were comprised of large steel

members, which required an extensive amount of welding. The result of welding distortion was very

significant, and comibuted to the majority of the final geometric deviations in the module structural

system. The welding distortion changed the geometry of the frames such that the final positiom of tie
plates had significant deviations (by as much as 17 mamhermorethe elastic response of the module
due to temporary support conditions was very significant (where the module deflected by 30 mm at

midspan).
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6. Development of New DesigiBased Strategies and Demonstration through Case Studies

This chaptempresents desighased strategies which can be usetianagedimensional variability. The
methods presented are: (1) tolerance mapping based on work by Milber@@0%).and(2) kinematics
chainbased dimensional variation analydikis chaptercomes primarily from the following publication:

Rausch, C., Nahangi, M., and Haas, C., 2016. Kinematics Chain Based Dimensional Variation Analysis
of Construction Assemblies Using Building Information Misdend 3D Point Cloud§Submitted to
Journal of Automation in Construction. Submitted 20 July 2016.

The primary author of this publication prepared the literature review, conducted the data collection,
assisted with analysis of results, and prepared timelagions. The primary author also conducted the
example case study for tolerance mapping. The second author developed the details of the kinematics
chain model, and conducted the example and full case study for kinematics chain dimensional variation
analysis in this publication. The third author providederall researclguidance and reviewed the paper.

6.1. Tolerance Mapping Framework for Modular Construction

This section applies a generic tolerance mapping framework to case studies in modular construction f
the purpose of analyzing the dimensional variability betwedyudisconstruction assemblies and the as
designed (toleraneeased) state. This tolerance mapping framework was originally develofzd by

Colin Milberg (Milberg et al. 2002, Milberg and Tommelein 2003a, Milberg and Tommelein 2003b,
Milberg and Tommelein 200Milberg and Tommelein 2005, Milberg 2007, Milberg 20063

introduced in the backgrourathapterof this thesis, tolerance maps are used as a tool to specify adequate
tolerances, or to analyze if there are any @arstrained toleranaghairs. Overconstrained tolerance

chains arise when a tolerance for a series of connected components cannot be achieved based on the
tolerances required for individual components within that chain.

6.1.1. Tolerance Mapping Case Study 1: Modular Steel Bridge Component

To demorstrate how tolerance mapping can be used to properly manage dimensional vadadiitifyle
example is shown below which outlines the dimensional relationships of all comyfeatmes in a

modular steel bridge componefRidgure57). This steel bridge is approximately 6 metres long, and has

been designed in a modular manner, with 40 separate assemblies in 2 lmibgeexample, a tolerance

map B created along with a separate map for the actual fabrigatited deviations. The purpose of
creating this second 6deviation mapd is to eval
revise the tolerance values for future appligaio
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Figure 57: Structural component used to demonstrate creation of a tolerance map. (a) Structural assembly of
component. (b) Location of component in overall modular bridge.

Three variation categories are employed inttherance map to define relationships between compenent
features and components within assembly. Recall that compfmaduates are the geometrical properties

of a component such as lines, angles, and surfaces These categories are based on GD&TIotation: (
orientation and location variations, which define a compehestat ur e6s spati al stat e,
which define how straight, flat or round a comporieatture is, and (3) size variations which defines

two-point measurements of a componérdtue. For the assembly diagram, typically only orientation

and location tolerances are used, since the assembly diagram defines howctiraarents or parts are

spatially relatedKigure58). The creation of component diagrams and the ovelallancemap EFigure

59) follows the same approach takior the assembly diagram (i.e., comporeattures are geometrically

related using GD&T notation).
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Figure 58 Example of steps involved with creating an assembly diagram for a single structural assembly. (a)
A dimensioned drawing for an assembly is broken down into its stitomponents using (b) Geometric
Dimensioning and Tolerancing notation to create (c) an assembly diagram.
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Figure 59: Example of steps involved for creating a tolerance map: (1) create the assembly diagram, (2)
create diagrams for each component and (3) amalgamate all component diagrams into the assendlidgram
to obtain the overall tolerancemap

The tolerance this design are summarizedTiable14. Derivation of these initial tolerance values were
based on a list of suggested toleraniog fabricators. In addition, size and form tolerances for the steel
components used in this bridge were based on mill tolerances provided by ASTM A&/A6M

Table 14: Equipment and assumptions about tolerance type and value ilolerance mappingcase study 1

ID (for map) | Equipment/Process | Tolerance Type(s) | Tolerance Value
Measurement

a Tape measure Size, location 1.0 mm
b Caliper Size, location 0.025 mm
c Manual taping + marking Size, location, orientation | 1.5 mm
Cutting

d Upright bandsaw Size, form, orientation 1.5 mm
e Horizontal bandsaw Size, form, orientation 1.0 mm
f Chopsaw Size, form, orientation 2.0 mm
g Drill Press Size, form 0.5 mm
Trimming

h Belt sander (assumed planar) Size 0.5 mm
i Hand grinder Size, form 2.0 mm
Positioning

] Fit-up (drilling) Location 1.0 mm
k Fit-up (welding) Location 2.0 mm
Fixturing

I Clamps + fixture (welding) Location, orientation 1.5 mm
m Clamps + jigs (drilling) Form, location 1.5mm
Welding

n Movement (uneven cooling) | Form, orientation, location| 3.0 mm
Mill Production

o] Mill T size tolerance (HSS) Size 0.8 mm
p Mill 7 form tolernace (HSS + plates) Form 0.4 mm
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Development of the part diagrams, tolerance map and deviation map used in this analysis are included in
AppendixD. Comparisorof the values in the tolerance map and deviation map yield some key
conclusions for improving the tolerance specifications in future projects which employ the fabrication
processes used in this project. For instanegaim observegrocess capabilities (i,aleviations) were
consistently lower than specified product toleran€éss was true for the combined effect of tape

measuring and marking, which had a deviation value of 0.5 mm on average compared to the tolerance of
1.5 mm. h other cases however, the specified tolerances were much smaller than the observed process
capabilities. This was true for the tolerance associated with the horizontal bandsaw, which had deviations
on average of 5 mm compared to the allowable tolerantexwh. By creating a tolerance map,

deviations of fabrication processes can be tracked in order to better manage dimensional variability.

The key limitation in this case study is that the use of a tolerance map is very tedious. There are currently
no aubmated approdues for creating tolerance maps such, tolerance maps are only practical to use

for very critical components (e.g., components in a nuclear construction assembly), unless assumptions
can be made in order to increase the practicality obusilerance maps in modular construction

assemblies (which is demonstrated in the second case study).

6.1.2. Tolerance Mapping Case Study2: Tie-in Plates for a Modular Building

In light of the challenges with using a tolerance map as demonstrated in thaskrstady, this section

shows how tolerance mapg can be used in a much more simplified manner for managing critical
dimensional variability associated with the aggregation of modules in a modular building. This case study
comes from the same projettavn in Chapter5, wherethe dimensional variability of tien plates of a

module were mapped with respect to the global datum as shadviguire 60.

Tie-in plate 5

Tie-in plate 4

e TUHE_ ‘§

Tie-in plate |

Beam 2 (floor level + roof level)

Beam | (floor level + roof level)

ARF (Assembly Reference Frame)

Figure 60: 3D view of the module structure used in tolerance mapping case study 2 for outlining the position
of tie-in plates along the length of the module with respect to the globdhtum (referred to as the Assembly
Reference Frame).
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In this case study, a tolerance map and deviation map were created in order to evaluate the quality of
tolerance specifications with respect to fabrication process capabHititkermore, since tolences for
modular construction are typically mutighter (smaller) than for stickuilt construction, two separate
tolerancemapswerecreatedo determine where this particulasbuilt state fallswith respect to

recommended tolerances for modular cargdton and stickbuilt construction. Fothis analysis, it was

assumed that the tia plates located on the upper beam in the steel module functioned as the critical parts
for interfacing between modules, and as such the deviations were analyzedegatreerdirection of the

Y -axis as shown ifigure60.

Rather than outlining every compondaature as was shown in the first case study for tolerance

mapping, this case study focuses on key features and components in the overall structural assembly which
are assumed to have large contributions to the posifithe tiein plates along the length of the module.

The key components considered are the floor beam, roof beam, combined effect of columns aird the tie
plates. After creating part diagrams for each of these components, the most critical corffgatumest

were amalgamated into the overall tolerance map. Figures for part diagrams, assembly diagram, tolerance
maps and deviation map dreluded in AppendiD. Two resources were used for deriving tolerance

val ues:-b(glLl)t ost bak tsframaheAdlSE Code af StendaadiPaaice (CO$H)

fabrication and erection tolerances in lieu of tolerances specified in the ¢&kgh2010a) and (2)
recommended O mofrdmDesign & Modaldr EanstracttoDEMC) for the overall

allowable envelope tolerances of a single mod@udevson et al. 2012)

By using tolerance values from these two distinct resources, a tolerance map can be createthdidt stick
tolerance valug and modular tolerance values in order to assess tolerances in the modular tolerance map
which are much tighter (smaller) than the stcklt tolerance map. Finally, a deviation map was created

in order to assess the actual project deviations with regpboth tolerance maps. Assessment of the

project deviationsHigure61) are presented in terms of whether they are: (a) abovelstiltkolerances

(b) between stickuilt and modular tolerances, or (c) below modular tolerances. This assessment is
valuable for indicating which processes need to be revised in order to meet desired deviation values.
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Figure 61. Comparison of deviations with respect to both tolerance maps employed in the second case study for assessing process li@mbi

















































































































































































































































