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Course content:
1) Lesson:Introduction and Classification
a) History of prefabrication
b) Drivingfactorsfor change
c¢) Classification
2) Lesson:Prefabrication Process
a) Influence ondesign process
b) Influence onproduct
c) Production processforpanelized prefabrication
3) Lesson:Modularand Materials
a) Podsproduction
b) Modular production EU
¢) Modular production CAN
d) Materials
4) Lesson:Pros & Cons and Case Studies
a) Constructionsite
b) Pros& Cons
c¢) Casestudies

Each lesson can be taughtin approximately 90— 120 minutes.
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Lesson 1: Introduction and Classification

e History of Prefabrication
e Driving Factorstowards Prefabrication
e (Classification

History of Prefabrication
Objectives:

e Summarize the history of prefabrication
¢ |dentifythe achievements throughout history

Early examples of prefabrication

1242 Heddal Stave Church, Norway
1494 Casa Mutabile, Leonardo DaVinci
1500's Timber Framing, Central Europe

To discuss prefabrication of buildings in more detail itis useful to look briefly at the history and comprehend where the
prefabrication industry is coming from. Records mentioning Heddal Stave church inthe 14" century, probably
prefabricated and build around 1242. It is most likely the oldest still standing prefabricated wood building in the westem
world.

Leonardo DaVinci designed and fully prefabricated the Casa Mutabile which was supposedly installed in 1494 at the river
Tigris.

Around the same time various systems, most of them avariation of timberframingemerged on several continents. The
central Europeantimberframe houses are still today influencing the streetscapes of many villages.

Historic Timber Framing Details

The details show the level of prefabrication of those buildings. By todays standards the shipping distances were
historically rathershort, nonetheless the structural components were typically prefabricated.
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19" century

1840 Manning Cottage in Adelaide, Australia
1850’s Gold Rush, North America

1885 VillaUdine in Binz, Germany

1895 VillaBlumenthal in Bad Ischl, Austria

A London carpenter, Henry Manning, constructed a house that was builtin components, then shipped and assembled by
British emigrantsin Australia. This was published at the time (advertisement, South Australian Record, 1837) and a few
still stand. The peak yearfor the importation of portable buildings to Australiawas 1853, when several hundred arrived.

In North America prefabricationisusedinalargerscale during gold rushes throughout the 1850's
In Germany (Binz, Rugialsland) the Villa Udine was build in 1885 by Wolgaster Holzbau.

In Austriain Bad Ischl the Villa Blumenthal was build in 1895 for the artist Oscar Blumenthal. Itis build with Canadian
pitch pine.In 2015 the buildingchanged owners forasales price of 2.4 million Euros.

The two Villas prove that prefab was also used to build valuable buildings and the recent sales value of one of them
provesthatthe quality standards used at the time were high.

Canada at the beginning of the 20*" century

Earlsfield catalogue house buildin 1916 in Fielding Sask., by Eaton Co. Ltd, located in Winnipeg. Lumberwas shipped
from BC to Winnipeg, were the house packages were packed.

BUILT BY OUR CUSTOMERS AT A BIG SAVING

In the 1920’s Sears offered catalog homes across the US. All lumberwas precut and labeled so that the houses could be
fasterbuild. Also other materials that were needed, wereincluded in the packages. Several are still standingtoday such
as the one in Williamsburg, Virginia. Photo:James C. Massey
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1920’s influential architectural school BAUHAUS
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AlbertEinstein supposedlyliked torelaxin his prefabricated home close to Berlin.

Walter Gropius and several members of the BAUHAUS school (Mies van der Rohe, Behrens, Breuer, Kandinsky and
others) created a new approach to art and several were focussing on architecture with industrial mass productionin
mind. The BAUHAUS school of architecture and design influenced modern architecture like no other movementin
moderntimesand setthe foundation for notjusta plainand modern architecture, butalso fora wide adoption of
prefabrication.

Various systems, based on concrete ora variation of timberframing were following the school and were implemented
on several continents. Steel was also becoming more commoninthe prefabrication of homes and buildings (including
highrises!)

Miesvan der Rohe continued his work later in the US where he builds some of the mosticonicbuildings, using
prefabrication mainly in glass and steel.

1950's —1990's

The market of prefabricated wooden homes developed slowly from the post waryears to the 90’s. The technical
developmentin Europe and North Americawas relatively comparable. This is remarkable as the market share of wood
construction forsmall residential buildings was substantially different. Only in northern Europe wood construction was
almostas popularas in North America. Central Europe preferred brick and concrete and wood construction were for
decades farbelow 10% of the new construction market. This might have been caused by a conservative mindsetand the
generational transfer of real estate.

The technology implemented started to slowly become more different when comparing the North American and
European market. In Europe companies typically started as small carpentershops and ventured overtime into medium
sized companies. Until the 90’s the few prefabrication companies were mainly large “catalog homes” mass producers. In
the early90’s in central Europe a new bread of small or medium sized enterprises (SME), typically family owned, were
starting to produce mass customized buildings.

1990’s developmentorrevival of EWP
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A new focus on the environment triggered a change of mindset with consequences forthe selection of construction
materials and consequently the wood construction industry. Green parties became more powerful, energy efficiency
targetsin building codesfirstintroduced inthe 80’s became much more meaningful inthe mid 90’s. At the time the
energy efficiency targetsin central European countries were comparable to the lowest step of the 2017 introduced
British Columbian Energy Step Code.

Thisis a key detail which helpsto understand why the central European wood construction industry has a more than 20
yearslead on the Canadianindustry. Stronger energy efficiency requirements are triggering thicker wall and more labour
stepsto achieve airtightness and other performance requirements. This indirectly forced the wood construction industry
into prefabrication much earlierthanitis currently the case in British Columbia.

This pressure opened up new opportunities foradvanced wood construction.

At the same time the wood construction industry realised thatin the past they were gradually pushed to the edge of the
market by other construction materials (mainly brick, steel and concrete). Only roofs were left forthemto build. The
percentage of new construction with wood was miniscule. Aggressive strategies to increase quality, reputation and
sustainability werelaunched. Old engineered wood products (EWP) were experiencing arevival, such as NLT and glulam,
and completely new materials were developed, such as CLT and DLT.

Thislead to an entirely new situation, industrial wood construction took over.
In thelate 1990’s in central Europe wood buildings were not build on site anymore, the vast majority was prefabricated!

2000...

The almost complete shift of wood constructionin central Europe to prefabrication triggered the development of new
architectural design strategies to fully explore the advantages of prefabrication. Besides the large “catalogue homes”
producers, mass customization became very popular. Carpentry companies produced highly customized, architecturally
designed buildings. Usually those often family owned companies were producing 50-100 homes peryear. The market
shares for wood buildingsin new construction grew in some countries significantly over the 10% mark.

IKEA’s BoKlok and Moxy Hotels

Also around thistime new large players entered the prefabricationindustry. Forexample, IKEA, together with Skanska,
started BoKlok forduplexes and row houses and their hotel chain MOXY a few years later. BoKlok means “stay wise” or
better “live smart”.

Tall Wood Buildings

In 2008 the first “taller” wood construction (of modern times)was build in London. The 9 floors of the Stadthausin the
Murray Grove neighbourhood in London was assembled with prefabricated Austrian CLT panels.
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The 2010’s were offeringmore complex 3D designs and parametricdesigns. BIM, firstintroduced by ArchiCad in 1987
(version 3.0) combined with digital manufacturing offering a new level of design. The limitations given through feasibility

in manufacturing were step by step vanishing, architecture and design was be coming much more flexible and organic
shapes or parametricdesign became possible and somewhat affordable.

Parametricdesign and digital manufacturing now allows foranew level of complexity regarding the architectural form.
Driving Factors towards Prefabrication
Objectives:

e Productivity

e Automation

e Lean manufacturing

e Industry4.0

e Tallwoodbuildings

e Energyefficiency requirements

Stick frame 150 years ago and today
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The picture shows a typical wood construction site in North Americaaround 1870. The techniques of nailingabottom

and top plate togetherwith studsisstill used today. In the 19™ century only hand tools were used but otherwise the
concept has not changed much over 150 yearsin Canada.

If we look carefully how the vast majority of wooden structures are currently installed (across Canada), we can see small
incremental improvement such as power saws, nailing guns and plywood. But generally the methods used are virtually
the same as 150 years ago.

As longas only very simple structures with alow emphasis on thermal insulation, thermal mass, sound insulation and
otherbuildingsciencerelated topicsis requested, this method has been proven to be relatively cost efficient. Butas
soon as the building code is requesting some moderateimprovement of the building science aspects, the cost efficiency
is shifting towards prefabrication. This was at least the case in central Europe 25 years ago and will be mostlikely also
the case across Canada. We are currently experiencing ashiftin codestowards more energy efficient buildings, thicker
and more airtight envelopes.

But since, with the exemption of afew, no furtherimprovements were made, itis also obvious that the wood
constructionindustry is notable tocompete with otherindustries.
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The “Shapingthe Future of Construction” report, published in 2016, authored by the World Economic Forum and the
Boston Consulting Group analyses mainly the USA construction industry. Itis a well researched and summarized report
of the current (2016) situation. Eventhoughthe reportisfocussingonthe USA, most of the findings are applicableto
the Canadianindustry as well.

To comprehend the findings of this reportit might be helpful tolook at the 4 phases of industrial revolution.

The first was the mechanization, the conversion of steam to power, the second was the electrification, introducing
assembly lines and mass production, the third was the use of computers and automation and the fourth are cyber
physical systems and Al.

Most modernindustries are eitherlocatedinthe third or fourth phase. The automobile industry is agood example of
the fourthindustrial revolution as cars can communicate independently fromthe userinthe cyberspace.

In Europe the implementation of Industry 4.0into the prefabricationindustryis overthe last 5 years at the center of
discussion. The vast majority of prefabrication companies has adapted the third level, and implemented digital
information management and automation and robotics in manufacturing.

In North Americathe prefabricationindustry seemsto be farless homogeneous. Only afew companies have adopted
the third step, many are still in the second, without the use of mass production and assembly lines. Those are only used
for some components, such as windows, but notfor2D elements such as walls, roofs and floors or even 3D modules.

Consequently, the productivity of the USA and Canadian wood construction industry is, with very few exemptions,
rather low.

Notadopting moderntechnologies but slightly increasing requirements leads to reduced productivity.

If we look generallyat the labour productivity overthe last 50 years, we can see that the productivity went up by about
150%

This means that one man-houris producing today 2.5 times of what was produced 50 years ago.

Thisis excluding farming. Farming would be completely off the chart.

Constructionindustry did behave quite differently overthe past 50 years, reducing productivity by almost 20%.
These numbers are forthe US Americanindustry butitis safe to assume that the Canadianindustryisfairly similar.

Certainly more challenging code requirements and higher environmental requirements might have caused some of the
decrease, butthe main reasons are others.

Why is the Construction Industry Performing So Poorly?

http://www3.weforum.org/docs/WEF Shaping the Future of Construction full report .pdf

The World EconomicForum preparedin collaboration with the Boston Consulting Group a 64-page report, analyzingthe
main reasonsforthe decline in productivity in the construction industry. The listed main reasons would be almost all
automatically eliminated if modern prefabrication to level 2a or 2b (these levels will be explained later) would be
implemented.
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Summarized findings:

e Lack of innovationand delayed adoption

e Informal processes orinsufficientrigorand consistency in process execution
e Insufficientknowledge transfers from project to project

e Weak project monitoring

e Little crossfunctional cooperation

e Little collaboration with suppliers

e Conservative company culture

e Shortage of youngtalentand people development

Interesting link for further background information

www.futureofconstruction.org

The productivity has declined over many decades but could be increased drastically by implementing efficient
prefabricationlinesand animproved information flow.

New Driving Factors for Prefabrication in Canada

In recentyearstwo major building code changes have started to transform the construction industry and will continue
to increase theirinfluence:

* Tallwoodbuildings
* Energyefficiency of buildings

Besidesthe general needtoincrease the productivity for financial reasons, there are two relatively newinfluencesfor
the Canadian market which will push orare already pushingthe constructionindustry towards prefabrication.
Prefabricationis mandatoryintall wood buildings and highly preferablefor energy efficient buildings. Asthese two
conditions become more accepted in the market, the essential manufacturing processes will spread to other building
types, including basicones.

Tall Wood Buildings

Since 2020 the BCBC allows for 12 floor wood construction and the upcoming NBCgoesinthe same direction.
Without prefabrication, no wooden high-rise!

The first major factor is new codes on the provincial and national level allowing to build taller buildings with wood. The
traditional method with on-siteframingis simply notan option for taller buildings as typically no scaffoldings are built
for this type of buildings. The numerous labour steps to complete awall are already inefficient on anormal construction
site but basicallyimpossible on tall building sites. The higherthe level of prefabrication, the more cost efficient the
construction.
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Energy Efficiency

Energy Efficiency

The second major factorare new codes on the provincial and national level, requiring forincreased energy efficiency.
Thistriggersthickerenvelopes andalsoincludes better levels of airtightness. The highersteps are more likely to be
constructed with multiplelayers, including potentially continuous layers of insulation on the outside of the building. All
those things can be done on site but are far more efficientto doinan controlled environment with ergonomically well
thoughtthrough work stations.

The increased required energy efficiency is the largest drivertowards prefabrication. Overthe last 25-35 years we have
seenin Europe how the national energy efficiency requirements did change the wood constructionanditcan be
expected thatsimilar effects will occurwhen North American building codes start to request higher energy efficiencies.
The BC Energy Step Code distinguishes even graphically the lowerthree fromthe uppertwo steps. More research has to
be done but itis plausiblethatalso at the 3 to 4 transitionisthe trigger point from which on prefabrication will be
cheaperthan on-site construction.

Energy Efficient = Thicker Envelope

Past Intermediate Future

¥ e | N —

e

Traditional Slightly betrer
framing from framing from
~1950°te ~2005  ~2006 to~2020

By increasing the energy efficiency of building the thickness of envelopes will be increased, assuming rather traditional
materials will be used. Thisis something we have seeninvarious other nations over the last few decades that had
building codesinthe past, requiring energy efficiency levels similarto those coming upin Canada overthe nextyears.
The increased energy efficiency requirements were alarge part of the aspects, triggering the complete change to
prefabricationin central Europe two orthree decades earlier.

For Canadian construction this means forexample: astud wall will increase in thickness to fulfil thermal requirements,
or a 2x6 wall will need an additional layer of continuous insulation. Many options are possible, but somethingall have in
common s that more materials willbe needed. This leads to bulkier and heavier construction which most likely will
necessitate atransition towards prefabrication.

The intermediate versionis (orwas) to add a thin layer of continuous insulation on the outside. Thisis generally agood
thing but was often done with less than ideal materials such as EPS or XPS. Those two add to the already relatively high
vapourdiffusion resistance of the plywood. Having a vapour retarder on the outside is risky as it might trigger humidity
levels of over80% or even liquid water.

Addingthickerlayers of vapour diffusion open materials such as mineral or wood fibre insulation increases the thermal
performance. Besides the improved energy efficiency this also triggers other benefits such as that the vapourretarder
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(1/2” plywoodis classified as vapour retarder) will finally be used on the safe side, the warm side. This eliminates the
risky construction so popular over decades, and offers much more durable and healthier buildings.

Classification
Objectives:

e Definethe general levels of prefabrication

e Summarize the basicsandthe principles of each level

e |dentifyall relevantlabourstepsincludedineach level

e Discussthe necessity of multitrade collaboration inthe advanced levels

e Estimate the financial and spatial dimensions of each level

e Investigate the advantages and disadvantages of each prefabrication level

In this section we will discuss the different types or classifications of prefabricated panels or modules, but this should
not distract us fromthe key understanding of what prefabricationis:

Prefabricationisaprocess whichincludesthe design, engineering, production of components such as panels or modules,
servicesandfinishes, and the installation on site.

Definitions

Prefabrication can be definedin various ways, forexamplein 1D, 2D or 3D. Alsoimportantis to define whatis pre-cut
and pre-fab, atleastforthe furtherdiscussion. For example, mass timber components such as glulam, CLT, DLT and all
otherengineered wood products (EWP) panels are in European countries usually called pre-cut. The manufacturer
produces those EWPs and then cuts them, including all openings and connection details according to specifications. Itis
still justa just EWP. The process does notinclude several other materials and trades which are necessary to finish a
panel. Atleastin Europe the term “prefabricated” is commonly reserved for panels containing more than the actual
EWP, including several materials and for which several trades were necessary to produce it.

In Canadathe majority of the industry calls simple EWPs prefabricated. Even though there are good arguments to stay
with pre-cut, we will simply accept common Canadian lingo and continue in this course to call them prefabricated.Just
keep thisdifference in mind should you work/communicate outside of North America.

We are confronted with a similar situation when looking at trusses. Trusses are justan EWP but in Canada we have the
tendency toalso call those components prefabricated. Forthis course we will call them p refabricated.
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Levels of Prefabrication

Levels of Prefabrication

Level 1 Level 2 Level 3 Level 4
Enginesred Prefabricated Pre-assembled Volurmetric
Wood Products Panels Pods Prefabrication
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Evaluatingawide range of literature and furtheradaptingit to the specificsituation of wood construction and accepting
commonly used wordingsin Canada, 4 general categories or levels of prefabrication can be de fined.

Level 1 are engineered wood products. As mentioned earlier, this category might not be called prefabricated in other
countries. Engineered wood products can be furtherdividedin light frame products or mass timber products.

Level 2 are panelized prefabrication and can be furtherdivided depending on the level of finishing.

Level 3 are the pods, the most complex category in prefabrication. Pods are volumetric units, including the entire or at
leastimportant parts of the mechanical systems. Kitchen or bathroom pods are used forany size residential buildings.
Mechanical pods are specialized unitsincluding heating and cooling, warm water, ventilation and/or other systems for
any building type.

Level 4isvolumetric prefabrication and can be divided in manufactured homes were one unitisacomplete home, orin
modular construction, were two or more units are assembled to build abuilding. Level 4can be buildin a factory by
usinglevel 2panelsandlevel 3podsto create a home or a module.
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Level 1

Level 1
pre-cut and/or pre-assembled to size and specification
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Level 1a: light framing packages ortrusses; nailed, screwed or stapled together. Only one trade and limited engineering
and expertisein manufacturing and installationisrequired. A very limited amount of different materialsisused and a

comparably modestinvestmentis necessary.

Level 1b:all masstimber productsincluding panels, postsand beams; glued, doweled or nailed together. Only one trade
isrequired but more engineering and processing knowledge is necessary. A high expertise in manufacturing,
transportation and engineeringisrequired. A higheramount of different materials is used because typically all
connections are prepared before shipped tosite. A highinvestmentinto space and equipmentis needed. Control of the
raw material supplyis essential for quality reasons and to control financial risk. So far, all larger CLT or glulam producer
are vertically integrated saw mills.

Trusses are preassembled, structural connection between membersis achieved through glue or nailing plates.

Framing packages can consist of only pre-cut lumber or of pre-framed panels ora mixture of both.

To produce these, the investment necessary is moderate. Space requirements are comparably low and only relatively
little investmentinto equipment required.

The investmentinto the production, including space and equipmentis already high for glulam but significantly higherfor
CLT. Dowel and nail lamination have acomparably lowerinvestment. Since connectors are usually preinstalled, high
engineeringskillsare required if not outsourced.
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Level 2
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Level 2, panelized prefabrication is the category with the largest range of variations. This category can be furthersub -
dividedinto one side or both sides closed panels, and then further sub-divided by defining if the panel is not just closed
but alsofinished on the in- or outside orboth.

Level 2 could be also utilizing EWPs from level 1b, the mass timber products. Thisis commonly done for horizontal
panels. Forvertical panels masstimberis usually only used forinnerwalls. The more complex exterior walls are rarely
using mass timber, mainly because of hydrothermal reasons.

The overall investmentis certainly higherthanin 1a.
More work stations and more material storage results in more space required.
The investmentinto equipment can still vary widely butis usually largeras well.

Thislevel is the minimum requirement fortall timber construction. The picture shows the prefabricated steel
construction of the Brock Commons envelope elements. The wall panel consisted on an exterior sandwich panel,
including the cladding, membrane, athin layer of rigid foam insulation and windows, all mounted to steel studs. After
installation the insulation, electrical, vapour barrierand drywall was installed on site. In this case the outside layer was
not only closed (weather barrier) but also finished (cladding). On the outside only the transitions had to be finishedon
site, no scaffoldingis needed.
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Level 3 isfor the most complex components as the 3 dimensionalstructures are completely finished and include
complete bathrooms orkitchens or both. They can alsoinclude heating, cooling, ventilation and other mechanical
components. The complexity in planning and design, manufacturing and transportation are the highest level. Pods can

be deliveredinto modular plants to be furtherintegrated or directly to the construction site to be combined with panels.

Pods can be manufactured with awood or a steel structure. Historically steelstructure where preferred as the necessary
stiffnessfortilingand otherfinishes was easier to produce with steel. The structure should be as stiff as possible as til es
or othermaterials are bridle and particularly vulnerable during transportation. In recent years’ innovative comp anies
entered the market with well designed wood structures for bathroom pods.
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Manufactured and modularhomes orbuildings are relatively similaras both are 3D and prefabricatedin afactory.
Usually the manufactured home is completely finished and shipped as one piece to the site. Manufactured homes have
a rather bad reputation because of quality issues of cheap products fortrailer parks or otherlow quality products. These
gualityissues have damaged the reputation of prefabrication, but prefabrication can (and should) achieve a higher
quality than on-site construction.

Modular construction consists of at least 2 modules (can be many more), which will then be assembled on site.

Modular constructionin Europe is eitherfinished toa very high degree orcompletely finished. Thisis done to fully use
the advantages of prefabrication and minimize the less efficient work on site. Only afew steps might be left to finishon -
site, some companies for example leave mudding of drywalland painting leftforon-site workers as drywall is prone for
cracking duringtransportation. The quality of modular construction (architectural, build and finished quality) may vary
very largely. Higher quality than on site constructionis certainly possible but mayb e currently not offered.

In NA modularconstructionis currently quite often (exemptions apply) not completely finished and delivered to site
with many further work left for on-site construction. This leaves avery large part of the advantages of prefabrication not
utilized butincludes already one of the main disadvantage of prefabrication, the costs of a large facility. As this “in -
between version” of modular construction is generally (exemptions apply) notviable, we did not create a separate
category.

Volumetricconstruction starts with “one unit” manufactured homes and goes to buildings such as the 15 floor tall multi
residential high-rises. The 2015 finished TREET in Bergen, the world’s tallest timber building until overtaken by another
buildingin Norway in 2020 was built using modular constructionin addition to a brace-frame timber super structure.
Please watch a video of this projectinthe lastlesson.

Deconstruction should be discussed from a conservation of materials and labour perspective as well as the necessary
design considerations. Itcannotbe an afterthought.
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Exercise: Transition

-
What Influences the Transition to Prefabrication? m

Discuss those and other questions with the students.
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Exercise: Transition potential answers

The following potential answers are authored by Prof. Dr. Guido Wimmers and are meant to be a base for a deeper
discussion aboutthe critical questions asked. Guido has 25 years of experience working in wood construction,
prefabrication and building science, professionally and academically, in central Europe and Canada.

Potentialanswerto 1:

Code changes towards allowing taller wood buildings trigger growth in the prefabrication segment. Prefabrication is
essential for building taller building.

Code changes towards more energy efficient buildings triggering the use of more insulation, which will make envelopes
bulkier and heavier, making it very inefficient to build on-site.

Potentialanswerto 2:

Studies have shown that the waste reduction can be between 20-40%, meaning material costs can go down adequately.
Productivity of workers will be strongly increased but at the same time investment into facility and machinery is
increasing as well. Eventually it depends on each specific company but p otentially relatively large savings are possible.
Estimations range foroverall savings from 20-40%.

Potentialanswer to 3:

There are only a few companies offering level 2a, the vast majority can be found in 1a. Technically there are many
companies who offer modular construction, but the vast majority does not have preinstalled services and finished
surfaces. Currently many Canadian modular manufacturers are only offering basic “raw” modules, notincluding
electrical, mechanical and other services and are therefore relatively work intensive on site.
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Lesson 2: Prefabrication Process

e Influence ondesign process
e Influence on product
e Production process panelized prefabrication

Influence on Design Process
Objectives:

e Define and compare the differentapproaches of conventional and Integrated Project Delivery (IPD)
e Discussthe elementary changesinthe design and delivery process

e Discussthe necessity of Building Information Modelling (BIM) in prefabrication

e Discoverthe material flow

e Describingthe manufacturing process and plant layout

Unique Design Process Requirements

e Architectural Design and Engineering (Integrated Design & Delivery Process)
e Early engagementofentireteam

e Conceptual design becomesimportantand more detailed

e Understand available systems

e BIM highly advised (1°*BIM tool ArchiCAD 3.0 introduced in 1987)

e Verydetailed Shop Drawings

e Vertical integration of builder/contractoris very helpful

e Transition from 3D Drawings to Machine Readable Information

e Transportationand Installation Plan

e Assemblyand Connections differentthanintypical “On-site” Construction

Generally, the design process for prefabricated projectsis much more “front heavy”. This means that the entire design,
includingall details, has to be finalized before production begins. The optimization of the information flow is key and
BIM is advised. One crucial advantage of awell thought through and designed project for prefabricationis the fact that
the cost uncertainty is virtually eliminated and contingencies funds can be drastically reduced.

Integrated Project Delivery

The key to integrated project delivery is the involvement of most/all designers, engineers and other stakeholders as
earlyinthe projectas possible. This enables the team to get to a more detailed design stage earlier and therefore well -
founded answers to quality and cost related problems can be given much earlierin the process.
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Integrated Project Delivery

Traditional Design Process

Integrated Project Delivery
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Source: Integrated Project Delivery: A Guide 2007 A1

The project phases also change slightly because of this. Decisions are made soonerand fasterand during the detailed
design phase all stakeholders are involved in the project. The goal of the early involvementis to reduce uncertainties

and lead toa higher quality outcome.

Schematic Timelines
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The schematictimelines are astrong simplification to explain the generalsequence, many different variations are
possible, depending onthe project, the set up of the projectteam and the capabilitiesand integration of the

manufacturer, aswell as the level of standardization implemented.

Prefabrication typically needs more upfront planning and design, only if a high level of standardization is used the time
frame might be shorter again. Site preparationis usually shorter. The actual manufacturing process is quicker than on
site andis includinginstallation and finishing, the total time needed to finish a project utilizing prefabrication is usual ly
shorterthan with on-site construction. Cost certaintyisideally reached at the end of the design phase orat the end of
the site preparation phase vs. on-site construction reaches cost certainty towards the end of the construction phase as
unforeseen oruncalculated details and change orders are influencing the cost to the very end.

If a high level of standardizationis used, the total project duration can be shortened even further due to optimized

planning, streamlined production and on-site installation.
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Definition of BIM

Definition of BIM

A Building Information Model is a “shared digital
representation of physical and functional
characteristics of any built objects (including

buildings) which forms a reliable basis for decisions.”
150 29481

In addition:

The model can and should be maintained over the
lifetime of the building to support maintenance, future
renovations, extensions and other activities to generate
the full potential over the lifetime of the building.

Authar: 150, Wimmers I SMART

Besidesthe depth of the information availablein a BIM model, the duration of the availability is key. Based on the BIM
model, maintenance can be scheduled, parts can be exchanged and renovations or extensions can be planned and
ultimately the disassembly and recycling and reuse can be organized.

Most value of BIM does notonly layin the design and construction phase butinthe maintenance and refurbishing
phases.

The BIM Issue

The BIM issue

The output of the design is not drawings!

It is the information that is presented on or
imbedded into the drawings.

The “drawings” are simply a tool to carry multiple layers of
information models that support the design, the construction
process, the commissioning and the operation, including potential
alterations at any given time over the life time of the building.

BIM is not an absolute necessity for successful prefabrication,
but it is very beneficial and saves costs!

wood
Author: Wimrners I SMART

The output of the design are not the drawings!
Itisthe information presented on orimbeddedinto the drawings.

The “drawings” are simply atool to carry multiplelayers of information models that support the design, the construction
process, the commissioning and the operation, including potentialalterations atany given time overthe life time of the
building.

BIM is not an absolute necessity for successful prefabrication, butitis very beneficial and saves costs!

21| Page



Digital Project Delivery

Digital Project Delivery and integrated Project 0

Digital Project Delivery increases efficiencies throughout the projectslife, including maintenance and renovations.

Digital Project Delivery opens up an entirely new world of design and manufacturing.

Parametricdesign and prefabrication makes complex forms feasible and achievable!

Architects are, once fully understood, embracing the untapped potential of prefabrication

Influence on Product

Objectives:

Analyze qualitatively how off-site manufacturing leads to building science related assembly changes
Discuss the changesinthe procurement process and material flow

Changesin Assemblies

The plywoodissue:

a)

Lightframe construction needs somethingto handle lateral forces. Traditionally this is done with asheet of
plywood (or OSB)

12,7mm (1/2”) plywood is rated as a vapour retarder

Vapourretarders should always be on the inside (warm side)and are usually the same material as the airtight
layer.

Because of the assembly sequence in on-site construction, plywood was traditionally installed on the outside of
theinsulated building envelope

Installed onthe outside (cold side, layere. on nextslide) plywood triggers increased vapour pressure, potentially
above saturation pressure and consequently condensation

This, combined with alack of airtightness onthe inside was overdecades an adde d risk to common construction
Off-site construction opens up amore science based decision, wherethe plywood (vapour retarder) should be
located

Plywood (or OSB) can take lateral forces butis also excellentas air barrier (needs to be taped) and vapour
retarder

Using plywood on the warm side (layerc.) is much safer assumingan installation layerisintroduced (layerb.)
and special grommets are used to achieve airtightness, plywood can now fulfill 3different functions at once

The three functions of plywood or OSBinstalled towards the warm side of the envelope assembly are:

1
2.
3.

Structural layerfor lateral forces,
vapourretarder(12.7mm are classified as vapour retarder by NBC of Canada) and
airtightlayer, if all seams are sealed properly.
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Prefabis a necessity...

Prefab is a necessity because...

Envelope will get 42 — 77% heavier and will have 87 — 100% more volume!

Ereathing memseans
Exterion sheathog

Duep st framig
Ba raleson

Polyethylene
Tinished gypsum board
interice

| | wood
Source: MOC 2019 Conference Paper: Conroy, Wimmers, S M A RT
Conseguences of the BC Energy Step Code on Offsite Constructon

A study published in 2019 compared the BC Energy Step code step 1 with step 5 with several wall designs forasimple
residential building. Depending on designs the weight per m? wall wasincreased by 42 — 77% and the volume of the wall

(thickness) was almost doubled. This, combined with airtightness requirements makes prefabrication the more
attractive method.

Changes in Planning and Design of Services

Photo: Tiko Photo: TECEsystem

The implementation of several trades in the prefabrication process requires a
more detailed involvement of those trades/planners in the design phase

| @ wood

I MSMART

The assembly of building elements allows the use of new methods and pre -manufactured service systems.

Services can be eitherdirectly integratedinthe prefabrication process or at least partially outsourced by using pods (left
picture) or “blocks”, like shownin the right picture.
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Exercise: Changesin Process

Changes in Process m
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Estimate additional labour steps needed
Estimate additional expenses on site
Compare to off-site construction
Graphic, Awthar: Wimmers

Go through the entire process of traditional construction and then analyse the additional steps to prevent thermal
bridges and achieve sufficientairtightness (<1.0ach@50Pa).

Estimate the additional time/costs if these steps are taken on-site. Imagine the process and the efficiency.

Imagine an optimized productioninacontrolled environmentand estimatetime, cost and resulting quality.
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Production Process

for panelized prefabrication

Objectives:

Developthe genericoutline of aprefabrication production line and evaluate the workflow

Differentiate the requirementsin production process depending on the level of prefabrication

Outline the setup and ergonomics of different workstations in the production process

Estimate the financial impact of different machinery and level of automation and their space requirements

Procurementand storage

Prefabricationandthe level of standardization changes the procurement processes. Depending on the size of
the factory, largeramounts have to be delivered to the same address, allowing for bulk purchases, butrequire
storage space.

The storage spaceis furtherincreased if more mass customizationis used.

For windows and otherlarger and more valuable components typically “justintime” delivery is preferred.

What prefabrication should be

Clarifying what Prefabrication should be:

Prefabricationis not the continuation of the traditional process sequence in an controlled environment.
Prefabricationincludes the optimization of all processesin an controlled environment, optimizing ergonomics
and productivity and eliminating high noiselevels, dust, heavyliftingand other health and efficiency reducing
factors.

Optimized prefabrication processes have a balanced work flow, eliminating bottle necks!

Every company will have different limitations. Optimizing the process means always getting the highest “quality
to effortratio” for each aspects of the process.

Just moving the same traditional processes underneath a roof is not the idea of prefabrication! Prefabrication includes

the entire optimization of the material flow, workstation and overall productivity by producing a superior quality

compared to on-site construction. This increased efficiency should also reduce the overall cost.
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Material Flow

Material flow of wooden prefabrication of buildings
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We use processed materials, such as lumber, and combine them with sub components and functional components and
structural elements, such as CLT, to produce prefabricated panels. Then we can use those panelsto build abuildingon
site or to build modulesin afactory.

e To minimize the need for storage space a different procurement process has to be applied than traditional
construction

e On-time delivery can be practiced to some degree

e Standard designallows forfasterflow and less storage space

e Customdesignrequires more on-timedelivery (e.g. windows)

e Material should flow from storage to the stations with as limited as possible interference of production process

Smaller Prefabrication Company

One of the smaller prefab companiesisfor example BC Passive House in Pemberton, BC. This company started to
produce on approximately 1200m?, grew overthe last 10 years enough to have more than doubled their space in 2020.
A video of the construction of the extension can be watched at the end of this session. 1200m? floor space in the
production has been seenfrequently to be a good dimension to start. Essentially thisis roughly the space needed to
produce the equivalent volume of one singlefamily house perweek.

Large Prefabrication Company
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One of the larger prefab companiesis forexample Exjohusin Sweden with anew production facility with the size of
about 8400m? on a lot more than 4 timesthe size. Beside the production facility is a storage facility for more than 50
moduleslocated, allowing fora continuous production even if on-site preparations are delayed, or more importantly,
throughoutthe winter.

General Production Steps

e Cutting of materials

e Buildingstructural system of panels

e Installingmembranes and windows

e Installingelectrical and plumbingservices
e Installinginsulation

e Preparing/finishinginteriorand exterior

Schematic Prefabrication Plant Layout

Schematic Prefabrication Plant Layout
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This organizational chartis a general schematicplantlayoutand can be adjusted individually in countless different ways.
The exact definition on what processis done when and which processes are combined in one stationd epends on the
individuallayout of any plant. The size and floorplan of the facility has alarge influence as well as the decision what the
main product (level 2a, 2b or 4) of the companyin question mightbe. Inthis schematicdesign we excluded pods
production although the principles would be similar. Storage of materials and components such as fasteners,
membranes and tapes, insulation, drywall, tiles, flooringand windows are not shown and should, if possible, be located
close to the respective work station with delivery access on the opposite side to avoid cross traffic. The “fish bone”
modelis one of the well-suited layouts for larger plants.

The firststepis to discuss a plantlayout for panelized prefabrication. In the following session a modular prefabrication
will be discussed.
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Cutting Lumber

Cuttinglumber can be done without automation by using a miter saw and an apparatus to measure the length such as
TigerStop. The costsfor a system like this are fairly low.

Timbercan also be cut semi automated by using CNCsaws. Those machines are developed for Europeanlumber, EWPs
and glulam processing. North American “dimensional” lumber is often not dimensionally stable enough. It may be too
warped, bend and/ortwisted and error codes are frequently triggered. Furthermore, the actual dimensions of a 2x4,
(38mm by 89mm) are sometimes off by Imm or more, triggering additional errors. Large tolerances would have to be
programmed into the cutting which automatically reduces the overallaccuracy and risks assembly problems later on.
The costs for those systems are comparable high. They are inthe low to mid six figures.

Mass Timber Panel Saw

Mass timber panels can be cut withoutautomation with alarge panel saw or fully automated panel cutting mach ines
can be used.

The price difference between the two optionisverylarge, fromlow 4to high 6 figures.

Stationary Framing Tables

A simple but efficient form of work stations are stationary production tables. They are typically adjustable in heigh t,
offera stop or fence ontwo axesand sometimes also a hydraulicor pneumaticclamping systemto presslumberintoa
rectangularform.
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On stationary tables the work piece/panelcan be assembled but typically acrane is needed to move the panels from
station to station. Those tables are fairly affordable but add a safety risk to the process and usually takes much longer
than tables which can move the work piece.

Table moves panels

This solution was designed and manufactured by the prefab company. The wood tables have several integrated rolls
which can, if extended, lift the panel slightly and roll it to the next station. Once lowered the panelsits stable on the next
worktable.

Table moves with panel

In the same factory, but different production line,benches are installed on rolls to be moved overthe floorand be
flexible to accommodate much larger sizes of panels. Overhead cranes are used to move panels.

Adjustable tables with conveyerbelt

In this facility the tables consist only of arubber belt system. The width of the belt system (light blue) can be
hydraulically adjusted. The belts move the panels from one table to the next. Some tables can also be moved
perpendiculartothe productionline to move a panel fromline toanotherone.
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Butterfly Table

Butterfly tables are afast and safe way to flip a panel from one site to the other. No crane is needed, the processis
automated, fastand keeps workers safe.

Nailing Bridge

Nailing orstapling sheets on frames can be done by hand with a nailing gun or automated with a nailing bridge. Nailing
bridges are much fasterbutdesign and programming has to factored ininto the calculation, aswell asinitial investment,
downtime and maintenance. All factoredin, nailing bridges do make sense if processing larger production volumes.
Accuracy is a significantadvantage as each and every staple or nail is exactly in the right position. This also saves costs.

Automated productionline

The left picture shows a fully automated production line, placing the top and bottom plate, adding the studs and
connectingthemand addingthe insulation block from above into each cavity.

Robots

The nextlevelisthe use of robots. Robots are very flexible; they can be utilized for more complex processes. The robots
inthis picture are positioninglumberon the table and attach it to the top and bottom plate. Robots can be used fora
jobthat, forexample anailing bridge is designed to do, but they are not as fast as a machine designedto do one simple
tasks, such as a nailing bridge.
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Roof and Ceiling Panels

Floor, ceiling orroof panels can be manufactured on separate lines.

The left picture shows a roof element, membrane, drywall, electrical conduit and ventilation ducts already in place, and
theinstallation of insulationin process.

The middle picture shows the base of a floor system and the right picture shows the finished floor, including electrical
conduit, plumbing and afinished hardwood floor, covered with a protective layer.

Wall Panel

All panels, such as this wall panel should be prepared forservices as far as possible. If the electricianis notinstallingthe
systemfully inthe prefab plant, conduits are an easy method to at least prepare and speed up future installation steps
on site. Allinsulationisinstalled before the panel is closed. This ensures not just high efficiency butalso higheraccuracy.

Cellulose Application

Blown-ininsulation can also be used directly in the production line. The traditional method of using atube to blow the
insulationinto aclosed cavity works relatively well but still produces a considerableamount of dustandis relatively
slow. The newer method of bringingin the insulation before the elementis closed is more efficient and allows for better
quality control.

The apparatus fills one cavity after another with high consistency and near-perfect quality control.
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Exterior insulation

For more energy efficient buildings often the studs are not deep enough to accommodate a sufficientamount of
insulation. Inthose cases, a continuous layer of insulation may be applied. The pictures show the manual application of
glue and the installing of EPS insulation. Penetrations for conduits or otherservices are already prepared and sealed

properly.

Plaster (Stucco) and Wall Storage

Aftertheinsulationisinstalled the panels are lifted upright and are now hanging. In this position they are plastered and
thenstoredfordrying. The inside drywall isinstalled. This particular manufacturer continues with mudding either now
or later, if the wall will be installed inamodule.
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Videos of production lines

1. Tibeco Wood House, simple production line (2min)
https://youtu.be/pDPVNkFeiQM

2. Elk Haus, more advanced production line (2:40min)
https://www.youtube.com/watch?v=V80Byy4GGdU

3. Weinmann, fullyautomated (3min)
https://www.youtube.com/watch?v=PluvwwI29Qg

4, BoKluk production [IKEA] (6min)
https://www.youtube.com/watch?v=wgu7ZK894gs

5. BC Passive House Extension 2020 (1:20min)
https://www.youtube.com/watch?v=U7E3xxMSGPo

These videos are not selected to promote any of these companies, they are solely selected to show different levels of

productionlines.

1 The first video shows a very simple, mainly manual production of panelized prefab of ayoung companyin Estonia

2. The second video shows amore advanced production line with some automation of a40 years old companyin
Austria

3. The third video shows an animation of avery advanced fully automated production line of aleading equipment
manufacturer.

4, The forth videois one of IKEA’s production lines. Please pay attention to the very high degree of finishing

combined withthe very low degree of automation.

5. The last video shows the construction of the extension of a BC based prefabrication company
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Exercise: Prefabrication

o
What could prefabrication look like? m
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Exercise: Prefabrication potential answers

The following potential answers are authored by Prof. Dr. Guido Wimmers and are meant to be a base for a deeper
discussion aboutthe critical questions asked. Guido has 25 years of experience working in wood construction,
prefabrication and building science, professionally and academically, in central Europe and Canada.

Potentialanswer for #1:

Prefab is more “top heavy”, meaning a much more detailed design is completed before production begins. Detailed
solutions are standardised without compromising individual design. Crucial decisions will be made soonerin the process.
Teamwork of entire team via some form of BIM increases efficiency and reduces potential mistakes.

Potentialanswer for #2:

Each production line will be different from the next as each company has a different history, different focus and skills and
different monetary orspace constrain. A well working production line is the best possible solution for each specific
productline, trying to eliminate bottlenecks, optimize materialand work flow and offer as pleasant and ergonomically
optimized work environment.

Potential answer for #3:

Similar to the former question, the answer depends at least to some degree on the specific company. An investment into
automation is not a necessity, much more importantis that each work step is optimized as far as possible and the overall
sequence and the material flow is optimized as well. Basic equipment for cutting, a few propertables and an overhead
crane are essential. For many steps a simple version as well as an advanced version exists.
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Lesson 3: Modular and Materials

e PodsProduction

e Modular Production EU
e Modular Production CAN
e Materials

Pods Production
Objectives:

e Describingwork stagesin 3 dimensional prefabrication process

e Discussingthe layout of a modular productionline

e Distinguishthe differences between different manufacturing approaches
e Summarize structural EWP for prefabrication

Steel Pods

Overthe last 20 years’ steel structures for pods dominated the market because of the rigidity compared to wood. The
steel frames usually consist of some structural elements and C-studs. This manufacturerintegrates pods, consisting of a
steel structure, intheirmodular production line. The pods are equipped with sinks, bathtub orshowerand atoilet,
completely preinstalled and wired. All interior surfaces are completely finished, with tiles, glass or other materials. All
service connections are accessible from the outside. After putting the pod in the correct position of the module’s floor
panel, everything can be connected. Then the adjunct walls and the ceiling will be installed to finish the module.

Wood Pods

Wood pods are relatively new (2017) on the European market. This pod manufactureris veryinnovativein thisfield and
offers not only nice bathroom pods butintegrated plug & play solutions forlarge buildings. The left picture shows an
installation shaftadded to the back of a pod, offeringanallin one solution and extremely fastinstallation of the entire
systemonsite.
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Shipping and lifting

With all prefabricated elements or modules, so also with pods, has transportation and installation to be thought
through. The pods have to handle the structural forces inthe finished building, but also the additionalforces during
shippingand lifting, with out causing any cracks on the inside. Tiles or drywall are relatively sensitive and cannot absorb
movement of the structure well. Therefore, finished prefab elements and modules have to be designed appropriately
and handled with care.

Podsinstalled

Afterinstallation, awell designed pod s indistinguishable from a traditionally constructed bathroom, potentially of
higher quality and typically easierto repair.

Modular Production EU
Objectives:

e Panel production

e |Installation of all services

e Installation of panelsto 3D structure
e Finishingsurfacesasfaras possible

The production of modules is quite differentin Europe compared to North America. For this purpose, we distinguish
between those two.

In Europe, all 2D panels are finished to the highestlevel possibleand then puttogetherasa 3D structure. The advantage
isthat the ergonomics forall stepsinthe production can be optimized.
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Schematic Prefabrication Plant Layout

Schematic Prefabrication Plant Layout
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The prefabrication process for modules shown in the schematiclayoutis more orlessidentical up to the pointwhenthe
panelsare shippedtothe site. If the process continuesinthe plantto build modules production line starts with the
prefabricated floor paneland theninstalls step by step all other prefabricated panels on top to create a 3D structure. If
pods are included, thenthey are typically the firstitem whichis positioned on the floor panel. When the installation of
all servicesis finished and all surfaces are finished, built-in furniture might be installed as well. For social housing
complete kitchens can be pre-installed and for hotelsitis typically the bathroom, the closet and occasionally the bed.

Installation of services

Every module construction starts with the floor panel. Ideally all electrical, plumbing, ventilation and heatinglines are
preinstalled.

Modular as simple add-on to panel production

A simple and relatively new modular production facility. The production of modules gained only recently (past ten years)
more interestin the central European market. Formany decades panelized prefabrication was the almost exclusively
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offered method. Modular constructionis aniche productdue to its inherent disadvantages over panelized construction,
nonetheless, itisnow more often usedin cases where itis beneficial.

Servicesinstalled

In thismodule all services are preinstalled. Light switches and outlets as well as conduits to be connected to the next
module are clearly visible. Further more all plumbing and heatinglines (traditionally hydraulicfloor heating) are
preinstalled as well.

Hardwood floor installed

At a later work station, the walls are finished with paint. The workersin the picture are installing the last pieces of
hardwood floor.

Modular finishingline perpendicular to the flow

Modularfinishing line perpendicular to the flow
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Wall panels added to floor
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Finished wall panels are installed on the pre-finished floor panels. Once the 3D structure is completed the moduleis
pushed perpendiculartoits own axeson a production line to finish the interior. This modular manufactureris already
very experienced.

Finishingline, perpendicular

Once docked to the next module viaabridge to keep the trafficarea of the workers on the same level, the modules
move in perpendicular orientation to the production line direction. At the end of the production line amodule is parked,
ready to be lifted out of the facility and eitherstored ordirectly transported to the building site.

Modular finishingline linearto the flow

Modular finishing line linear to the flow
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Anotheroptionfora modularfinishinglineisto have the modules orientation parallel to the flow. The modules are
sitting on dollies which are running on tracks. In front of the modulesis a linear elevated platform, similarto a train
station. Also here the number of work stations depends on the space available.

Finishingline, linear
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In this companies’ linear production line, the modules are traveling parallelto the platform. All service connectionsare
pre-finished, all surfaces finished and all built-in furniture installed, as well asinteriorand exterior doors are pre -
installed.

Modular Production CAN
Objectives:

e Buildingstructural system of panels

e Installation of raw framingto 3D structure

e Installingmembranes, occasionally windows and potentially installinginsulation
e Preparing/finishing exterior

Modular construction in Canada (North America) is typically done(there are exemptions) by switchingfrom 2D
constructionto 3D construction relatively sooninthe process. Interioris often left opentoallow services to be installed
on site. The disadvantage is that many labour steps are executed in the same way as if the building would be located on
the buildingsite. Ergonomics are not optimized.

Modular Construction

Panelsare puttogetherona simple table utilizing a nailing gun. Usually the panelsinclude a plasticfoil asa vapour
barrier. As soon as the panels are dimensionally stable, they are lifted with acrane and puton the floor panel to builda
3D structure.

The Ceiling Rig

The so called “ceiling rig” is a elevated table with an elevated surrounding walk way, which allows the worker to work on
the top of the panel and at the same time workers can crawl underneath towork on both sides simultaneously. As
tempting and efficient as this solution might appear at the first glance, the efficiency and accuracy forthose processes
done underneath and over-head should be questioned. The health and safety is much more at risk as well. Turning the
panel around and addressing both sides of a panel with properergonomicsisin many cases far more efficient.

This methodisan excellent examplethat moving the same process (working over-head)from the construction site intoa
controlled environmentis not an efficient way to do prefabrication.
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Crane to flip panels

This company does not use a ceilingrigbut does not have a butterfly table. They flip the floor panels with the helpofa
crane. Butterfly tables would be fasterand safer, but the advantage of better ergonomics forthe workersis still used.

Construction as usual

The panelsare installed almost “raw”. No services orinsulation are preinstalled. From here the construction processis
similartothe process traditionally followed on site. Only asmall portion of the potential advantages and efficiency
increases of prefabrication are utilized, but a big cost factor, a large facility, is already implemented.

Insulation and all other additional steps are executed the same way as on-site construction. Even ladders and
scaffoldings are necessary to continue working because elements are not finished to the highest degree possibleas long
as they are layingon a table with easy access. Only advantages in procurement, storage and availability and
maintenance of equipment are utilized to some degree. Many advantages of prefabrication are not utilized.
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Automated productionline

Only a few automated production lines, such as the one from the Swedish company RANDEK, can be found installed
across the country. This particular production line is well suited for the North American marketasitis optimized for
Scandinavian light 45mm framing and not for the typical central European 60mm and therefore more cost efficientand
well suited to handle the very light North American 38mm.
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Exercise: Nextstepsin Prefabrication

-
What are the next steps? m
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Exercise: Next stepsin Prefabrication potential answers

The following potential answers are authored by Prof. Dr. Guido Wimmers and are meant to be a base for a deeper
discussion aboutthe critical questions asked. Guido has 25 years of experience working in wood construction,
prefabrication and building science, professionally and academically, in central Europe and Canada.

Potential answer for #1:

Large parts of the optimization potential are untapped resulting into mediocre or low productivity. Canadian companies
can increase the productivity of the existing processes and implement more trades, labour steps and materials into the
prefabrication process.

Potentialanswer for #2:

Positive consequences: higher quality for a lower price, healthier, safer and more attractive work environment, lower
environmentalimpact, export becomes a possibility, ...

Negative consequences: If productivity is increased, but the overall market volume stays stable, in total less jobs will be
provided by the construction industry, ...

Potential answer for #3:

Traditional on-site construction will not vanish. In some cases, it might be still the preferred method, but for new
construction the market share will be reduced. In the renovation market theimplementation of prefabrication is more
challenging and so for only used for large buildings. Renovations will keep a stronger “on -site approach” in the
foreseeable future.
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Materials
Objectives:

e Analyze the principal changesin material choices of envelope assemblies for prefabrication

e Compare and rankairtight materials, membranes and tapes for suitability in prefabrication

e Discussbuildingscience related consequences of material choices in optimized prefabrication

e Discussthe potential problems resulting of the lack of dimensional stability of dimensional lumberin automated
productionlines

e Explore suitability of engineered wood products (EWP)

e Summarize of plausible material changesin prefabrication

Material flow of wooden prefabrication of buildings

Material flow of wooden prefabrication of buildings

[ Materials ] Components Elements [ Assembly ]

Extraction: *  Cement + OSB = Doors »  Foundation
+  Sand *  Glass *  Fiywood = Windows *  Sarvices
+  Aggregate *  Insulation *  Drywall . H.ar.d.-aare el :nste.:-auon
* Ore & Stesd & Wires = Fittings i = Sarvice
. COMponents:
« 0d e ¢ Lumber by * Fipes I » Panals connection
+ Palymers *  Screws +  Finishing
Harvesting: *  Sealants = Mails
« Wood * Coatings * Seals
*  BioFibars *  Adhesives +  Tapes
*  Membranes
Rew Materials Processed Sub Camponents Functional Structural ar Off-site Assembly  On-site Assermbly
| Materials Components semi-structural
F) 4

r Elaments '3 f

All sorts of materials needed forthe construction of apanelina controlled environment have to organized to be quickly
accessible when needed. Logistically the flow of materials from purchasing through receiving, storing and using has to be
well organized.

kT

Materials

e Several materials, depending on the level of prefabrication, have to be ordered, stored, and installed in the

facility:
e Lumberand sheathing
e EWPs

e Fastenersand connectors

e Membranes(ext.andinterior) and tapes
e Windows

e Insulation

e C(Cladding

e Electrical material

e Plumbing material

Most materials are the same as with on-site construction, only the structural components might differ, depending on
the level of prefabrication. Therefore, the following slides are focussing only on the structural components. For
structural materials we can chose eitherlumberand sheathing ora wide range of engineered wood products.
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Lumber Requirements

e Therequirementsforlumberusedin prefabrication vary with the level of automation introduced to the process.

e For bestresults humidity of lumbershould be always close to the equilibrium humidity of the final project’s
location, typically <12% at the core (not surface!).

e Keepinmindthatthe equilibrium humidityin dry or cold climates can be very different (e.g. Prince George ~5-
6%). This is particularly important for Mass Timber panels.

e Dimensionalstability and precisionis crucial and gains importance the more automationisintroducedinto the
project.

Lumbercan be usedinvarious thicknesses. In North Americathe nominal thicknessis 38.1mm (eventhoughitis called 2
inch), the actual thickness (with equilibrium humidity) is typically about 37mm. Others use 45mm (mai nly Scandinavia)
or 60mm (central Europe).

Dimensional lumber
Advantages:

e Availability of lower grades
e Verycost efficient®, minimal knowledge and skill level necessary

Disadvantages:

e Smallwidth of 38 mm resultsinsmall distances between studs and only very small screw sizes can be used
e Potentially very low dimensionalstability (grade #2), lots of warping, twistingand bending

e Low dimensional consistency and stability, thereforelimited use for automation

e Inconsistentand occasionally relatively high humidity levels

This material isthe base for several EWP and, with finger-jointed lumber, the first step of refinementisintroduced.

In North America Lumberis cut and milled to standard dimensions, called dimensional lumber. This construction
material is by far the most commonly usedin North America. The nominal values differ from the actual dimensions,
expressedininchtheyare 1.5x 3.5, 1.5 x 5.5, 1.5 x 7.25, 1.5 x9.25 and 1.5x11.25. Lumberqualities are graded as #3, #2,
prime andJ grade. The difference between #2grade and J-grade is only visual; strength is the same. J-grade isonly
produced forthe export. Countries, such asJapan are not willing to accept low lumber quality, hence J -grade.
Dimensionallumberis mainly used forstick frame walls and trusses. For most EWPs such as CLT, DLT and NLT the
rounded edges and the inaccurate dimensions require further processing, orso called lam-stock can be used.

Otherdimensions, such as nominal 4x4 and up also exist, commonly referred to as heavy timber. Standard dimensions in
otherregions of the world differ from the inch-based system (1.5inch =38mm). Common lumbersize in Scandinaviais
45mm wide andin central Europe 60mm wide. The 60mm in central Europe are often already glued and laminated into
posts and beams, commonly referred to as glulam.

The Lumber Issue

e Dimensionallumbercanbe usedfor prefabricationifitis not perfectly straight!

e Slightinaccuraciescan be tolerated aslongas the processis mainly manual and not much automationis
integrated.

e Inaccuracies of dimensionallumber can cause lower quality and higherlabour costs (to force material into
position).

e Dimensionallumber #2 will usuallyhave arelative high percentage of rejects (increasing handling, storage and
shipping costs)

e So-calleddimensionallumber#2isto a large extend not dimensionally stableand can only be used very limited
for prefabrication (the quality of locally available lumber might vary significantly)

47 |Page



The most importantrequirementforlumberusedin prefabricationis that the material has to be dry and straight, with
consistentthickness. UNBC experimented with feeding dimensional lumberintoa modern CNC machine with the result
that frequently an error was triggered orinaccurate cuts were made because of varying dimensions of the lumber. It can
be assumed that some of these issues can be mitigated by programming larger tolerances but that would most likely
triggerinaccuraciesinthe final product.

Need for Engineered Wood Products

e EWPs have the advantage of superior precision and low humidity compared to dimensional lumber

e EWPs can be ordered and used for much largerspans

e EWPs can handle much higherstructural loads

e Mixing EWPs with dimensionallumber can create challenges as the standard dimensionsin North Americaare
different forboth products (e.g. 2x10is 38mm x 235mm [1 % x 9 %], an equivalent LVL is 44.4mm x 241.3mm [1
% x 9 %))

To process studs, top and bottom platesin an automated production line, the materials have to be precise. This can be
eitherachieved by increasing the quality of North American lumberto similarspecs like European lumberoritcan be
achieved by utilizing EWPs. EWPs have a variety of advantages but are usually costlierthan ordinary lumber. In addition,
the Canadian marketis only offering afraction of the globally available EWPs. The next few years will show how and
how fast the local markets will change. Companies like Alberta’s largest prefabrication company are using EWPs since
several yearstoa large extendintheir production line. Others, who are investingin automation will have to do the
same.

Post & Beams (1D)

e Glulam

e |-beam

e Laminated Strand Lumber
e Oriented Strand Lumber
e Parallel Strand Lumber

Glulam

Advantages:

e Highstructural strength and dimensional very stability

e More efficientuse of forestresource

e Productcan be mass produced

e Consistentpricingovervolume forvariable dimensions

e Many wood species can be used

e Variousstructural and architectural qualities can be produced
e Suitable forautomation

Disadvantages:
e Relatively expensive manufacturing process, even if highly automated
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e Significantfinancial investments needed to produce in large volumes including automated sorting machine,
fingerjointer, glueapplicator, high frequency kiln, press and planer

Glulamisa linear material for posts or beams, consisting of severalfinger jointed smaller b oards (lamellae), glued and
laminatedinto one largerand thicker element. This can be done with a variety of wood species, such as Spruce, Pine and
Fir, Douglas Fir and Aspen. The grain of the lamellae run parallelto the length of the beam. Glulam has ex cellent
strength to weight ratios. Any deficiencies of anindividual layer are compensated for by the otherlayers. Besides this,
one of the biggest advantages, compared to sawn timber, is the dimensional stability and prospective accuracy of the
end product.

The smallestform, in Europe, is the commonly used 60mm stud, which can be consisting of two or three layer of upright
laminationinstead of asolid piece of wood. Currently, this version of glulam does not play asignificantrole inthe North
American market. North American producers commonly use lamellasizes based on dimensional lumber sizes. While
European producers commonly use 20mm increments making alarge variety possible, depending on the costumer’s
specifications. Currently (2021), only approximately 9 glulam manufacturers operatein Canada with a relatively lowtotal
production capacity (estimated for 2020 around 200,000 m3). The worldwide 10largest glulam manufacturers (all
located in Austriaand Germany) produce between 100,000 to 400,000 m3 perplant per year. The total glulam
production in 2019 of Germany and Austriacombined was 2.75 million m3. 1n 2021 this numberincreasedto 3 millionm?
and isestimated toincrease to4 million m3atthe end of 2022. Canada hasa significant advantage with the still large
amount of fibre available butis unfortunately far behind other countries when it comes tovalue added orengineered
wood products.

|-Beam

Advantages:

e Verycost-efficient product,

e Structurally extremelyefficient
e Llightand easyto handle onsite
e Dimensionally stable

Disadvantages:

e Verylowfireresistance
e Sensitiveto moisture damage
e Highglue content

I-beams, occasionally also referred to as |-joists, consist of two pieces of solid lumber or Laminated Veneer Lumber (LVL),
where the uppercord functions, in most cases, as the compression cord and the lower as the tension cord. The upper
and lower cords are held together by either plywood or Oriented Strand Boards (OSB). There are many different
dimensionsforthe total height of the beam as well asthe size of the cords are available. |-beams can carry very high
loads compared to theirown weight.

I-beams are available in up to 610mm heightand up to 20m length. The cords can be up to 89 mm wide.

I-beams may be used as studs, but this would require amore complex approach by the structural engineerasthe
productis not accredited forthis use. If used vertically, itallows for deep cavities forinsulation and reduces the thermal
bridge toa minimum.
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Laminated Strand Lumber (LSL)

e

-
-~

Advantages:

e Verycost-efficient product

e Dimensionally stable

e Uniform material

e Onlysmall diametertrees needed
e Uses several different species

Disadvantages:

e Lowerstructural strength than LVL
e Highglue content
e \Verysensitive to moisture

Laminated Strand Lumberis a wood-based composite manufactured from a water-resistant adhesive and poplarwood
strands, measuring 0.8 mm in thickness, 25 mm width and 300 mm inlength. The wood strands are encapsulatedin
adhesive and due to the homogenous structure of the composite, LSLis partly weather-resistant (exposure to direct
weathering should be avoided). Two types of LSLcan be distinguished: Boards where the strands are all aligned inthe
direction of the majoraxis of the product, and boards where a portion of the strands are aligned on the minor axis of the
product. The formeris suitable for use as beams, rafters, sills, columns, and the latter for use as walls, floors, and
ceilings.

LSLis made by aligning thin chips or strands of SPF, Aspen and Poplarwood and then gluing them under pressure. The
wood grain of the strands is oriented parallel to the length of the memberand then machined to consistent, finished
sizes. Itisstrong when eitherface- oredge-loaded, but typically has lowerstrength and stiffness propertiesthan LVL. LSL
isusedin a variety of applications, such as beams, headers, studs, rim boards, and millwork components.

Oriented Strand Lumber (OSL)

Advantages:

e Verycost-efficient product
e Onlysmall diametertrees needed
e Uses several different species

Disadvantages:

e Lowerstructural strength than LSL
e Verysensitive to moisture,
e Highglue content
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Oriented Strand Lumberis made from flaked wood strands. The length to thickness rationis notaround 300 as it is for
LSL but around 75. Panels are made from narrow strands of fibre oriented length-wise and then arranged into layers at
rightanglesto one another, laid into mats and bonded together with waterproof, heat-cured adhesives. OSL’s
appearance is very similarto OSB but within OSLall strands and flakes throughout the material are orientedin one
directionand notonly the outerlayersas in OSB. Commonly used species are Aspen and otherPoplar.

Parallel Strand Lumber (PSL)

Advantages:

e Veryhighstructural strength (strongest EWP)
e Homogenous performance

e Visuallyappealing

e Onlysmalldiametertrees needed

e Relative low sensitivity for moisture

e Verygoodfor pressure treatment

Disadvantages:

e Relatively high glue content (lowerthan OSB and LSL)
e Sensitivetoliquid water

Parallel Strand Lumberis manufactured from veneers clipped to long flaked wood strands (longerthan OSL) laid in
parallel formation and bonded together with an adhesive to form the finished structural section. Itis well suited for
beams and columnsin post-and-beam construction, beams, headers and lintelsin light framing. PSLis dimensionally
stable, offers high strength and stiffness. Visually attractive, PSLis also suited to applications wherefinished appearance
isimportant. Commonly used Species is Douglas Fir.

Panels and Boards (2D)

e 3-Ply

e Plywood

e Oriented Strand Board

e LaminatedVeneerLumber

e Nail Laminated Timber

e CrosslLaminated Timber

e Nail Cross Laminated Timber

e Dowel Laminated Timber

e Dowel Cross Laminated Timber

Two dimensional EWPs are panels used to build floors or walls.
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Advantages:

e Dimensionalstable, shrinkageis effectively eliminated

e Structurally strong

e Number(alwaysodd)andthickness of layersis flexible

e Low glue contentandexcellentairtightnessifjointsare properly sealed

Disadvantages:

e Manufacturingless efficient than plywood as lamellae are sawn and not peeled
e Currently not producedin Canada

3-Ply solid wood panels are individual softwood lamellae sorted, planed, and assembled into multi-layered boards
(always odd numbers) consisting of parallel outerlayers and at least one core layer perpendicularto the orientation of
the outerlayers. Adhesiveis usedto bondthe lamellae. Swellingand shrinkage due to climaticchangesis minimal
because of the cross pattern. Solid wood panels have asymmetrical lay-up, and the thickness of the outerlayersis
recommended to be aminimum of 5mm, fulfilling the requirements forloadbearing structural timbercomponents.No
openjointsare allowedinthe core layer.

For many decadesthis has been commonly usedin central Europe with similarapplications as plywood for construction,
sheerwallsand furniture. Inaresearch project, in Austria, in the early 1990's the thickness of the layers of 3-Ply was
significantly increased. The new product was coined: Cross Laminated Timber.

Plywood
Advantages:

e Dimensionally stable, shrinkage effectively eliminated

e Structurally strong

e Numberoflayers(always odd) and thickness of layers (<7mm) is flexible
e Mediumglue contentand good air tightnessif joints are properly sealed
e Canbeusedas airtightlayerandvapourretarder

Disadvantages:

e Relatively high price
e Deciduousboardseven higherprice

Plywood consists of at least three veneer sheets glued together crosswise. Therefore, the layers are placed adjacent to
each otherat rightangles. The lay-up of veneer has to be symmetrical throughout the entire thickness with alwaysodd
numbersto avoid warping. The single veneer layers are manufactured by peeling steamed, round wood. The thickness of
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individualveneers must not exceed 7mm (preferably <5mm, typically 3.2mm). Boards for applicationsin dry, humid, or
exterior conditions are available. Plywood uses typically softwoods but deciduous plywood is available as well.

Plywoodis commonly used to add lateral stiffness to framed walls, floors and several types of EWP such as DLT or NLT.

Plywood >12.7mm thickness generally qualifies as vapourretarder, accordingto NBC. If all joints are properly sealed
with appropriate tapes, plywood is alsoagood airbarrier. Because of this and its high sensitivity to moisture, it is most
commonly used forsheathingon the inside in central Europe (prefabricationis precondition).

A new version of plywood is so called mass plywood, using the same principle butincreasingthe thickness fromthe
common maximumof1” to2” — 12”.

Deciduous based plywood is most commonly utilizing Birch or Aspen. These boards either contain only Birch, only
Aspen, or a certain percentage of each mixed with Spruce, Pine, or Fir (SPF). Using veneers from other species such as
Beechispossible too.

Although structurally strong, deciduous based plywood is most commonly used ininterior finishes and furniture d ueto
its beautiful architectural finish.

Oriented Strand Board (OSB)

Advantages:

e Verylowprice

e Lightweight

e Fastenersholdingstrengthishigh close tothe edge
e Excellentairtightnessifjointsare properly sealed
e Onlysmalldiametertrees needed

e Uses several different species

Disadvantages:

e Slightlylessstrongthan plywood
e Sensitivetoliquid water
e Highglue content

Oriented Strand Boards are multi-layered, wood-based composites. The individual layers consist of long slender wood
strands bonded by a polymericadhesive. The strands on the surface layers are oriented on the major axis of the board.
The high aspect ratio of the strands (length towidth 10:1) increases the board's bending strength in the direction of the
strand. Strands in the core layercan be distributed randomly, but generally, they are aligned perpendicularto the grain
of the surface layer (minoraxis).

0SB iscommonly used to add lateral stiffness to framed walls, floors and several types of EWP such as DLT or NLT. OSB
has already some vapour diffusion resistance and can be usedfor airtightnessif all joints are sealed. Because of this and
its high sensitivity to moisture, in central Europe, itis most commonly used for sheathing onthe inside (prefabrication is
precondition).

0SB comes in panels, commonly startingataround 9 mm and is available up to 30mm. When several panels are glued
together, OSB can be used as mass timber.
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Laminated Veneer Lumber (LVL)

Advantages:

e Cost efficient

e Highstructural strength

e Can bevisuallyveryappealing

e Lesssensitive tomoisture

e Versatile application

e Canbeusedas board oras beam

Disadvantages:
e Slightly more difficult to cut, hard on blades

LVLis mainly used as a panel orbeam product. It consists of peeled spruce or pine layers up to 6 mm thick, commonly
3mm. These wood veneers are bonded with theirindividual ends offset and with fibers oriented primarily inthe same
direction. LVLis manufacturedina continuous processin large boards, usinga phenolicresin. LVLcontains veneers with
fibresaligned primarilyin the majoraxis, but sometimes veneers align on the minoraxis. LVLis then commonly cutinto
beams.

LVL can be used asa bracingelementinload-bearing floors and ceilings. LVLcontainingveneers with fibres aligned
exclusivelyinthe majoraxisis usedinload-bearing structures, trusses, beams and rafters. LVLcan be used for the same
applications as glued laminated timber. LVLis suited for pressure treatments and thus can be designed for special
applications, such asin areas with high risk to biological attack (e.g. by fungi orinsects) or where special climatic
conditions prevail.

LVLis most commonly used as lumber45mm wide and 241mm to 606mm depth. Othersizes are possible.

LVLis commonly produced with coniferous species but can be produced with deciduous species such as Birch, Aspen or
Beech. Forexample, in Germany, structural beams and panels, using Beech are available.

In LVLthe direction of the fibre usually runs parallel to the plane of the panel but by cutting and re-gluing, the direction
of the fibre can also run perpendicularto the plane of the panel.

LVL products are structurally very capable and are usually left visible due to their beautiful architectural appearance.

Nail Laminated Timber (NLT)

Advantages:

e Verysimple production process
e Relatively highfire rating possible, charring used as protective layer
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e One of the most cost efficient option of mass timber panels
e Suitableforautomation
e Boards can be profiled before nailing to create acousticceiling

Disadvantages:

e Spansonlyonedirectional, potentially needs additional sheathing for lateral loads
e Verymoisture sensitive, panel can swell perpendiculartothe span
e Cuttinglimited due tonails

Nail Laminated Timberisthe oldest of the masstimber panels with the earliest application more than 100 years ago. NLT
istypically created by fasteningindividual dimensional lumber (2x4, 2x6, 2x8, 2x10, or 2x12), stacked on edge, into one
structural element with nails. But some manufacturers position the boardsin acrossing pattern, similarto CLT, and nail
one layer afteranothertogether. One proprietary system (Hundegger) uses aluminum nails which allows any CNC mill to
cut the panel. The nailing processis completed by manual labour or fully automated with so-called nailing bridges. NLT
panelsare utilized forload bearing walls, but without additional materials very limited lateral stiffnessis offered.
Spanninginone directionthe only typical applications are floors, decks, and roofs. NLT offers a consistent and attractive
appearance fordecorative and exposed applications. In addition, sheathing added to one topside provides astructural
diaphragmallowingits use as a wall panel element. Another proprietary option (Beck) is the use of beech wood nails,
compressed and with an epoxy, applied with a slightly modified nailing gun.

Nail Cross Laminated Timber

Advantages:

e Verysimple production process

e Low qualitylumbercanbe usedinthe midlayers

e Dimensionally exceptionally stable and relatively moisture resistance
e Can be machined with CNC(if aluminum orwood nails are used)

e Performswelland predictable in case of fire due to charring layer

Disadvantages:

e Onlyusedforwalls
e Limitedlateral stiffness

Similarto CLT, Nail Cross Laminated Walls are solid wood elements, just nailed instead of glued. The structural
performance islowerthan CLT but the manufacturing costs are also much lower. The boards are typically nailed with
aluminum nails, this allows cutting the panels with wood cutting blades and tools.
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Cross Laminated Timber (CLT)

Advantages:

e Low quality lumbercanbe usedinthe midlayers

e Spanning(tosome degree)intwo directions possible

e Offerssignificantlateral stiffness and carries high loads

e Dimensionally exceptionally stable and relatively moisture resistance
e Canbemachinedwith CNC

Performs well and predictable in case of fire due to charring layer
Disadvantages:

e Higherproduction costs comparedto NLT and DLT
e Lumbershall have consistentm.c. ~12%
e Lessstronginmainaxiscomparedto NLT, DLT or glulam on flat when used as floor

In the early 1990s, Cross Laminated Timberwas developed in Austria and pioneered by KLH (Kreuz Lagen Holz, German
for Cross Laminated Timber). In Europe, itis seen as an evolution of the popular 3-Ply. The concept of cross laminationiis
identical tothe popular 3 ply but increasing the dimensions of the lumberand the increased number of layers, always
odd numbers.

CLT consists of at least three layers of layer-glued softwood timber planks where the direction of the grainin adjacent
layersis perpendicularto each other. Individual planks are either visually or machine graded. CLT has to be symmetrical
in cross section of the product. Planks may be joined by edge -gluing or be finger-jointed in the longitudinal direction.

CLTis an engineered wood paneltypically consisting of boardsinthree, five, orseven layers, oriented at right angles to
one anotherand then glued to form structural panels able to span to some degree in both dimensions, with exceptional
strength, dimensional stability, and rigidity. Commonly used increments are 20mm in Europe and 35mm in North
America.

Currently out of the worlds five largest CLT producers, fourare located in Austriaand one is a Swedish-Norwegian
company withits CLT production linesin Austria.

In Canada currently (2021) only the CLT manufacturers Nordicand Kalesnikoff operate their own saw mills and control
all or part of their raw material supply. Thisisanimportantadvantage to be competitive.

Binderand other Europeans have invested into large sawmills overthe last two yearsin south-east USA to build large
production CLT lines. One of these factories will have a production capacity of around 400,000 m3 and is expectedto go
online in 2023. Thisis more than all current Canadian producers together, with around 300,000 m? in 2021.
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Dowel Laminated Timber (DLT)

Advantages:

e Simple production process

e Suitable forautomation, canbe fully CNC machined

e Boards can be profiled before dowelling to create acousticceiling

e Bestenvironmentally performing masstimber productas no glue or metal isrequired
e Performswelland predictable in case of fire due to charring layer

Disadvantages:

e Spansonlyonedirectional and might need additional sheathing for lateral loads
e Panelwidthlimited by dowellingtechnology (currently upto 1.2m)
e Verymoisture sensitive due to swelling perpendicularto span, betterif diagonally doweled

Doweled Laminated Timberis the only all-wood mass timber product with the exemption of CDLT and NLT with wooden
nails. It can be usedforfloor, wall, and roof structures. Hardwood dowels are dried to very low humidity and then
pushedin pre-milled and pre-drilled boards together on edge. Swelling of hardwood dowel due to the adjusting to
humidity of the boards around 12%, createsa friction fit. The dowels are drivenin either perpendicularto the graininto
the panel or diagonally.

Anotheroptionisthe orientation of boards inacrossing pattern, similarto CLT, and using dowels perpendicularto the
panels plane. The diagonal doweling systemis less moisture sensitive as swelling will be minimized due to the forces
taken by the dowels. To gainincreased lateral stiffnessin the DLT, additional sheathing can be applied. With no metal
fasteners, panels can be easily processed using CNC machinery, creatinga high tolerance panel that may contain pre-
integrated acousticmaterials, electrical conduit, and otherservice interfaces.

Cross Dowel Laminated Timber

Advantages:

e Simple production process

e Suitableforautomation, canbe fully CNC machined

e Bestenvironmentally performing masstimberproductas no glue or metalisrequired
e Performswelland predictable in case of fire due to charring layer

Disadvantages:

e Onlyusedforwalls
e Limited lateral stiffness
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Cross Dowel Laminated (CDLT) Walls are solid wood elements, using dowels similarto DLT to cross laminate, similarto
CLT and Nail Cross Laminated Walls. The dowels are perpendicularto the wood layer.

The structural performance islowerthan CLT but the manufacturing costs are also much lower. The boards are typically
doweled with hard wood.

Other EWPs

e Wood Trusses and Nailing Trusses
e BoxBeams
o Kielsteg

OtherEngineered Wood Products are products which are not clearly identifiable asabeam (1D) or panel (2D)

Wood Trusses, Nailing Trusses
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Advantages:

e Verysimple production
e Structurally very efficient, light
e Can be assembled manually orwith ahigh level of automationinatruss plant

Disadvantages:

e Nailing Trusses are very poor performance in case of fire if not further protected as nailing plates become s oft
very quickly. Wood Trusses are slightly better

e Forlargertrussesadditional bracing necessary duringliftingand throughoutinstallation

Trusses are builtwith all different kinds of timber dimensions, the most common type in North America, is dimensional
lumber, typicallyutilizing 2x3 up to 2x8. Individualmembers are connected to a largertwo-dimensional structure,
servingeitherasabeam, columnorin a more complex structure, atriangularshape, to build asloped roof. Light frame
trusses can spanup to 20m and beyond. Nailing plates are most commonly used for connections but can be done via
fingerjointing (betterfire performance). In timber framing, other connections are occasionally used as well.

Trusses can be categorized as an Engineered Wood Product oras a prefabricated product. During transportation,
storage and installation lateral bending has to be prevented, resulting typically in temporary bracing duringlifting and
permanent bracing afterinstallation.

Box Beam
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Advantages:

e Relatively simple and cost-efficient manufacturing process
e Flexible system with multiuse of cavity, small and light segments possible
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e Predictableincase of fire, thickness of boards can be increased toincrease fire safety by adding additional
charringlayer

Disadvantages:

e Limitedlevel of prefabrication possible, still several labor steps on site necessary
e Width of beamsislimited by maximum width of boards available, hence relatively small size and large number
necessary to build floor

Box beams, are beams consisting of four parts, two vertical and two horizontal boards glued and potentially
mechanically fastened toform a longrectangularbeam. Usually, dimensional lumberis used to glued togetherthese
beams butvariations utilizing glulam exist as well. These beams or panels are dimensionally very stable. Their structural
performance, compared to the amount of wood used, is optimized and each single elementis typically light enough to
carry. The cavity can be used as a service cavity or partially filled with other materialstoincrease e.g. the acoustic
performance. By adding several beams horizontally, a floor panel can be built. This can be done in a factory or on-site.

Kielsteg

AT

Advantages:

e Excellentstrengthtoweightratio

e Verylarge spanspossible (upto27m or even 35m)
e Verylightand efficientsystem

e Relatively simple production process

Disadvantages:

e Mediumfire performance without further protection
e Whenusedas floor, vibrations and serviceability might become a concern due to very light weight
e Proprietarysystem

Kielsteg, is aproprietary system, developed in Austria, therefore no genericname for this type of product has been
coinedyet. The unique design can be seenas an evolution or derivation of the I-Beam. This productis currently only
usedin horizontal applications forfloors and roofs. The upperand lower cords are designed to take the compression or
tensionforces. The web uses plywood stapled and glued parallel to the span and with an slight offset, resultingina
curved position. The diagonally bend plywood adds additional strength for lateral stiffness.

The height of the panel varies from 228mm to 800mm and depending on this dimension and on the dimension of the
lumberusedinthe upperandlower cords, very large spans (up to 27m or even 35m) are possible. Panels are produced
with limited widthto allow foreasiertrucking and lifting.

59 |Page



Exercise: Materials
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Exercise: Materials, potential answers

The following potentialanswers are authored by Prof. Dr. Guido Wimmers and are meant to be a base for a deeper
discussion about the critical questions asked. The potential answers below are opinions to stimulate a lively discussion
aboutthetopic. Guido has 25 years of experience working in wood construction, prefabrication and building science,
professionally and academically, in central Europe and Canada.

Potentialanswer for #1:

Currently in Canada only a few EWP are available and most of them not in large numbers. Canadadoes not have a
significant EWP production industry. Forexample, all Canadian CLT production is still significantly smaller than the
annualproduction of one of the 5 leading companies. Most EWPs are not manufactured in Canada or available in only
very small amounts fora comparably high price. This triggers difficulties for those companies who would like to use EWP.
Many areimporting those materials from the USA or Europe. All this makes the implementation of prefabrication into
the Canadian market more challenging. But the use of EWP is a large advantage to implement efficient prefabrication.

Potentialanswer for #2:

Notvery well, only a very few sawmills started to vertically integrate (e.g. Nordic, Kalesnikoff). Verticalintegration is
generally a necessity. Companies which startto produce EWP without having full control of the raw materialsupply are
morevulnerable. The advantage the wood industry has had over decades —that of having access to a very large fibre
basket, such as in BC was not used to develop the sector and their products for the time afterthe beetle harvesting.
European companies have roughly a 20-25 years lead in this field and are currently investing in a large scale into the
upcoming largest fibre basket in North America. Canadian sawmills which do not adjust will likely have a difficult time to
competein the future. Specializing on EWP could be a very effective strategy to prepare forthe reduced Allowable
AnnualCut (AAC).

Potentialanswer for #3:

Especially in western Canada the fibre supply or AAC is today significantly lower than just a few years ago (approximately
50%). The excessive harvesting during the “Beetle Crisis” is over. For example, the harvesting volume in BC in 2021 is with
roughly 47 million m3only about 2/3 of the average harvesting before the “Beetle Crisis”.

Canadian sawmills will not be able to compete by price/volume with the southern USA. Canadian industry will have to
step up in the chain of custody and start to add more value to the products they sell. Just cutting it up and sell it as
“Dimensional Lumber” won’t be sufficient in the future. The big sawmills have understood that long time ago and started
to investin a large scale, in the southern USA with the money generated in Canada. Only a handful of sawmills have
started to investin Canada into the vertical integration by adding more value to their product and creating valuable jobs.

There could be potentially a political shiftin the near future, pushing the industry towards sustainable forest practice.
When environmental harmful or at least questionable practices such as clear cutting, burning slash piles and spraying
glyphosate against native species such as birch and aspen become eventually outlawed, the forest industry has to find
ways to maintain or increase their profits with less fibre and costlier operation. Eventually Canadian forest industry might
lose their current advantages, compared to European EWP manufacturers, of low environmental requirements and large

fibre supply.

Canadian forestindustry will keep their disadvantage of having an unfavorable ration between market size and shipping
distance. Forexample, in a 1000km radius around Castlegar, BC (Kalesnikoff CLT) are living approx. 21 million people and
around Chibougamau, QC (Nordic CLT) 45 million, but around Fligen, Austria (Binder CLT) 355 million and around Enfield,
NC (Binder’s new production line) 146 million people.
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Shipping high value product makes economically much more sense than shipping raw materials or low value products
such as “Dimensional Lumber”. Investing into EWP will help to keep or create well paid jobs in the country and can help
to be internationally competitive.

Potentialanswer for #4:

It seems that the political influence of forest companies in Canada is historically relatively large. Extracting vast amounts
of raw material (additionally fueled by the pine and spruce beetle crisis) was probably a distraction and kept the
companies from looking into the future. The volume harvested, especially in western Canada, was so vast, thatthe
companies never really looked into adding morevalue, simply because they didn’t have to.

To prepare forthe time when it is necessary to run a successful company with half the amount of fibre available was
necessary butrarely done. An economy based on natural resource extraction iscommonly associated with less developed
countries but continuing with the business as usualwas more comfortable and less disruptive to their major market, the
United States housing market, to which they supplied up to 1/3 of the wood needed.

The public and provincial decision makers supported the exploitation of the naturalresources over decades. With the
argument of creating jobs, political influence was gained and power established. Even the closure of numerous mills and
dismissing numerous employees, breaching the originalintend of the fibre supply contract with the province to supply
jobs, and investing the large profits outside of Canada was not changing much and did not put sufficient pressure on
Canadian forestindustry to change their business model/attitude. On the contrary, during the phase of extraordinary
lumber price increases in 2020 and 2021, the stock exchange share price forthe publicly traded sawmills increased by
roughly 400%.

Becauseall this was possible, there was no immediate need to behave differently, as it was in other countries with much
morerigid environmentallaws and more sophisticated consumers and construction industry. So why is Canada roughly
25 years behind? Likely because there was no political, social, environmental or market incentive, nor economic policy,
directive or legislation in place to motivate the industry to behave differently.
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Lesson 4: Pros & Cons and Case Studies

Construction Site
Pros & Cons
Case Studies

Construction Site

Objectives:

Identify elementary steps of construction site preparation

Generate strategiesfortransportation

Discuss basicrules forinstallation process

Identify size, type, access and location of crane

Compare several structural connection systems for prefabrication

Develop strategies to protect building during construction from unfavourable weather
Discuss the durable implementation of weather, vapourand airbarriers

Installation

How to build successfullyahousein 8 hours (onsite):

Productionin prefab facility to high level of accuracy including preparation of all structural and service
connection

Preparation of foundation to the same specs and dimensions of the prefab package

Positionthe right size of crane (reach and load capacity) in the best possible position

Experienced and well trained (in prefab install) crane operator

Accessibility for delivery truck

Experienced and well trained (in prefabinstall) installation crew

Some luck or foresight with weather (rainand wind)

Please click on “Video” and watch 3:40 minvideo, showingthe time -lapse installation of asingle family housein one day

https://www.youtube.com/watch ?v=KML20oafKi4k

This particular companyis inthe prefabrication business since over 80 years but by no means the oldestin Europe. To
getto thislevel of accuracy and speed to consistently install single family homesin a day, many years of experienceare
necessary.

Site preparation

Foundation and/orbasementto be installed during prefabrication time

High 3D accuracy necessary for propertransition between materials

Preparation forinstallation simultaneous to prefabrication to ensure readiness when panels or modules are
finished

Areafor delivery trucks forunloading required

Areafor crane (if not mounted to delivery truck) required

Crane has to get close enough toinstallation site

If necessary install tower crane including powerline
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Foundations and/orbasement have to be prepared while the prefabrication in the factory is ongoing. A high level of
accuracy is necessary, prefabricated panels have typically atolerance of 1-3mm. Concrete has to be poured as precise as
possible.

Some prefabrication companies have avery limited storage capacity. Thisimplies that the installation site should be
properly prepared when the panels or modules are ready to ship. Areas forthe crane and the delivery truck s hasto be
strategically planned to ensure a flawless installation process.

Shipping horizontally

If panelsare left unfinished toalarge degree (level 1), they can be loaded horizontally, but this limits furtherthe panel
heightas 2.6m is commonly the maximum width for unaccompanied trucks without additional permit. In prefabrication
floors are typically hanginginside the buildingand are fastened to the walls, because this presents an easy andreliable
solution to eliminate thermal bridges and guaranty airtightness. Considering this, 2.6m (about 8.5 feet) wall heightis
too small. Routine truck permits are available forloads up to 4.4m.

Shipping vertically

e Load mustbe secured against movement, wind and moisture
e Panelsallow much higher shipping density then volumetric

e Generally, all level 2 panels are loaded upright

e Load and deliveraccordingtoinstallation sequence

All prefabricated panels ormodules have to be properly tied down and durable secured against wind and water. Panels
can be shipped with ahigherdensity (roughly double) compared to modularas modules are rooms filled with air. All
panelsare usually upright, this allows for easierloading and unloading and allows some roomforerrorregarding the
loading sequence. If windows are already preinstalled, upright shippingis absolutely mandatory. In addition, vertical
loading allows typically fortaller walls. 4.15m are the maximum total height without additional permit. Most stepdeck
trailers have a 1m height deck, leaving 3m (about 10’) height for walls or other panels. Forroutine truck permits thereis
no general limit, the limitation depends on the exact travel route.

Highly finished panels ormodules are more sensible to the slightest movement of the structure than elements where
theinside surfacesare notfinished. Truckingis considered the gentlest form of transportation as acceleration and
breakingis relatively softand vertical movementis buffered by the trucks suspension and shock absorbers. Transporting
by train can cause jerky horizontal forces when the train breaks andincreases potentially the costs as shipping mode
would be changed twice. The highest forces occur when containers are loaded on aship or train as they occasionally get
droppedseveral cm.
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Installation with crane

To install the prefabricated panels onsite, acraneis needed. Forsmall and medium ssize projects, orforlarge low rises,
mobile cranes are preferred asthe crane is usually used less than one day in the same position. For high -rises, tower
cranes are also an option because far-reaching mobile cranes have higher daily costs. The weight depends on the size of
the panels, the level of completion and if mass timberelements are used or notand can roughly vary between 1000kg
and 4000kg. For modular constructionthe weightincreases significantly and varies between 2500 to 7000kg. If wood
concrete composites are used 5000kg and more has to be expected. This also explains the limitation of truck mounted
HIAB, PALFINGER or similar systems. To lift prefabricated panels usually at least midsize system of those manufacturers
have to be utilized to get the reach and loading capacity necessary. For modular construction truck cranes have to be
positioned strategically.

Special lifting equipment

To liftlarge panels or modules additional specialized lifting equipmentis usefulasitincreases the speed and accuracy.
For example, the lifting clamp (by Pitzl) is a dowel-like system which spreads wider undertension and thereforeis able
to liftheavy panels, usingonly a hole inthe panel. The clamp can be detached in a matter of seconds and very fast
attached again at another panel. This system saves valuable installation time. Spreader bars are commonto lift several
lifting points simultaneously.

Panel to panel connection systems

=
Selectingthe right connection methodis abalancing act between costs perconnector, time needed to install, training
neededtoinstall, potential roomforerror, load bearing capacity and accuracy.
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A properstructural wood screw such as a self cutting high strength Torx, is often the most efficient meth od as the costs
perconnectoris with typically around 2CAD relatively low, the labour cost perinstallationisalso low, fairly high load
bearing capacityisachieved, assome wood screws deliver awithdraw capacity of over2 tons. A low level of accuracy is
needed as elements have to be aligned and screws can be simply driveninto the material in the approximate area
specified.

Hex bolts

Hex bolts triggerrelatively low cost to purchase but the installation needs significantly more time because each holehas
to be predrilled before the panelislifted into position and large opening have to be prepared to allow to tighten nuts
afterinstallation. Then those openings have to be closed. The load bearing capacity is relativelylow and accuracy needs
isrelatively high. Overallhex bolts are usually less competitive.

Small and medium steel connectors

For example, the companies KNAPP and PITZL offerawide range of steel connectors to be preinstalled on avariety of
components.

The price per piece is relatively high, depending onthe size, installation needs lots of time, load bearing capacity can be
very high, required accuracyisvery hightoo as the two corresponding part have to align perfectly. Speed of assembly on
siteis high and finished productis very accurate. Easy disassembly possible.

Heavy duty connectors

Two different types of heavy duty KNAPP connectors forvery high loads. When recessed as shown, the connectors are
hidden and secured from direct exposure to fire
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High strength aluminium connectors
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The company PITZL offers a wide range of high strength aluminium connectors to be preinstalled on all components.

The price per pieceisvery high, depending on the size, installation needs lots of time. Load bearing capacity can be very
high, required accuracy is very high but resulting accuracy and ease of installation is very high too. The ease of assembly
on siteisthe largest advantage compared to other competitors asthe shape is optimized tolet heavy elements
effortlessly, without budging, slidinginto the final position. Disassembly isan optioninthe future.

The large heavy duty double connector shown on the right side was developed specificallyfor the construction of the
Wood Innovation Design Centerin Prince George, BCbuildin 2013.

Protection of prefabricated panels or modules

Prefabricated panels or modules have to be handled very carefully and should not experience any larger
mechanical force, otherthantransportation and lifting

If finished surfaces (e.g. drywallorvisiblewood surface) are installed, be extra careful to not allow mechanical
(forklift, hammer, drill), moisture (rain) or chemical (glue, solvent, paint) damage

Any cutting or grinding of metal in proximity of prefabricated panels is to be avoided

Floors, facades and walls can/should be secured with protectivelayerduringinstallation

Preinstalled glazing has to be handled extra carefully

Weather protection

Duringthe installation, the structure should be protected from moisture as well as possible

Small buildings usually wait foraday withoutrain

Large buildings might have totemporarily protect the structure fromrain

A shortshoweron glulam or CLT is not necessarily abigconcern

Wet insulationisaconcernas the dryingouttime isusually longer

If rain cannot be avoided, the installation of insulation, services and finishes might have to be movedto the
buildingsite orthe panels have to be well enough protected to avoid penetrating humidity

If water has penetrated the insulated wall cavities, drying out should be accelerated by ventilation and
potentially heat as much as possible

Generally, wood can get wet. [t can’t stay wet.

Weathertight Facade

Afterthe envelope panelisinstalled and structurally secured, the mostimportant stepis to seal the weather
barrieron the outside to avoid the penetration of liquid waterand to secure the insulation layer.

The transition from panel to panel, horizontally and vertically have to be sealed.

This can be done by accessing the panel from the outside, or by design, if appropriate gaskets have been
designed andinstalled so that noaccess from the outside isrequired. This solutionis certainly preferred for mid-
and high-rises.
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Airtightness

Afterthe envelopepanelisinstalled, structurally secured, the weather barrieris sealed and all services are connected,
the nextimportantstepforthe envelopeistoseal the airtight barrier*, typically in conjunction with the vapour b arrier.

*The airtight barrier should always be on the warm side to avoid long-term damages. Please see CWC module on
building science for wood structures.

Pros and Cons
Objectives:

e Summarize the general advantages and disadvantages of traditional construction and prefabrication
e Compare panelized and modular prefabrication

e Qualitatively assess the improvement potential in modular constructionin Canada

e Evaluate costimplications of accelerated construction processes.

e Estimate the general economicopportunities of prefabrication companies

e Evaluate the specificeconomicopportunities of prefabrication companies located in rural areas

Advantages of Off-site

Prefabrication offers avariety of advantages, some of them are explainedin the video (click upperle ft corner) by John
Boys of NicolaLogworksin BC. John and his team were in charge of the installation of several larger mass timber
buildings, such as the Wood Innovation Design Centerin Prince George orthe Earth Science Building at UBC.

Please click on “Video” and watch 2:30 minvideo, John Boys talking about the advantages of prefabrication.

https://www.youtube.com/watch?v=8Cj1UgZfegw&list=PLip3ehq5YOMTFp 32wUjhTbaT3g8cUFL-E

Preconditions for successful adaptation of prefabricationin the Market...

The Market has to:

e Overcome prejudices

e Be educatedand demand quality

e FollowarigorousBuilding Code

e Bereadyforenergy efficient buildings (step code 4-5and PH)
e Requestcostcertainty

Advantages of Prefabrication

e Bettercost control

e Betterquality control

e Fasteron site—and overall

e Lessimpact onenvironment/traffic

e Climateindependent

e More efficientuse of labor

e Healthier, saferworkplace

e More efficient use of materials->less waste, less transportation costs

68| Page


https://www.youtube.com/watch?v=8Cj1UgZfegw&list=PLip3ehq5Y9MTFp32wUjhTbaT3g8cUFL-E

Vandalism and theft

Construction period and therefore exposure to potential criminal activity is much shorterthan traditional
construction

If seen necessary, security guards can be hired fora much shorterperiod

Closing building against accessis potentiallyalready possible on the first evening

As lesswork steps are done onsite, much less material is stored on site

As lesswork steps are done onsite, 1fewertools are needed onsite

Fire safety

Panels are potentially already cladded with fireresistant layers, e.g. drywall, minimizing the risk of fire on site
drastically.

During construction on site one side open wall structures are exposed fora much shortertime span, minimizing
the risk of fire.

Mass timber panels, postand beams can already be pretreated if necessary.

Be careful regardingfire spread in modular construction as potentially cavities between modules (horizontally
and vertically)allow hot gassesto travel if not sealed properly. If structure is built with modules each wall has
two layers and each horizontal layer has typically afloorand a ceiling.

Airtightness

Furtheradvanced designing of details allows for more precise solutions
Pre-manufacturing process allows for smallertolerances

Materialsto seal can be easierapplied and taped to each other
Installation of gaskets around panels possible on tables

Workers health and safety

Ergonomically optimized workspace (tables)

Mechanical help forlifting (cranes)

Lesstripping hazard (no materials and less cables on floor)
Fewerfallingitems (no one works above)

Bettersound protection possible (machines can be muffled)

Betterdustand fumes control (dust and fume extraction)

Climate optimized forgood working conditions (temperature, humidity, draft)

Productivity

Ergonomically optimized workspace

Mechanical help forlifting

Overall good working environment

Optimized work stations with appropriate machinery
Spare parts always available

Optimized material flowand storage

Short distancesto retrieve parts or materials
Materials always available

Optimized use of materials

Optimized planning allows for more efficient use of materials
Cut offsare reused forother parts, resultingin very small waste production
Waste can be sorted and recycled orreused for otherapplications
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e Verylittle remaining waste production onsite
e Modular construction uses double walls and floors/ceilings. Generally, this reduces the efficiency of material
usage

Specifically, the first statement became much more importantinrecenttime.

The price of lumberincreased from spring 2020 to spring 2021, dependingon where you are located by 300-400%. One
8ft 2x4 rose from ~2.5 CAD to 8-10 CAD, fora short period even higher.

Reducing waste in the production/construction process becomes a crucial factor and can help to balance price increases
to some degree.

Shipping

e Asthereisverylittle remaining waste production onsite, less materialhas to be shippedtothe site andless
waste has to be removed from the site

e The materials necessary forthe production are shippedin larger amounts to the production facility

e Both effectstogetherare resultinginareductionintrucking, generally prefabrication reduces shipping costs

e A potential exemption are modular constructions as the shipping from the factory to the constructionsite isvery
inefficientand can only be justified in specificsituations

Impact on the surroundings

Shorterconstruction period

Less noise

Less dust

Less trafficinfringement

e Potentiallyshorttermroad closure due to large crane

Pros and Cons |
Advantages

e Higherquality control

e Cost control

e Productivityincreased

e Systematicapproach (potentially shorterleadtime)

Challenges

e Historical and probably justified negative perception of quality (clients and architects)
e Costsof land for facility (capital costs)

e Investmentinequipment (capital costs)

e Highlydetailed designrequired (BIMhighly advisable)

e Intransition period potentially longer lead time

e Higherupfrontcosts

Due to the highly detailed planning required by prefabrication there is a high level cost control and cost certainty. It also
produces much less waste so the clients get more of the value they are payingfor. There is alsolessinsurance cost
duringthe construction period since the construction period on site is drastically reduced, exposingitto less weather,
vandalism and fire. With the reduced construction time onsite, thereisless noiseand trafficinfringement on the
surroundingare. In busy areas, trafficdisturbances can be quiet costly. Also only whatis needed is shipped to the work
site.
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Now some of the challenges are the high overhead cost that prefabrication companies have to contend with due to the
facility and equipmentthatisrequired. Transportation cost can be impactful as well for certain projects, depending on
the size of the components, distance and special requirements.

Anothersignificant challenge the marketis currently facingis the high upfront cost forthe client. Banks have a typical
payment key for mortgages according to progress. This keyis not applicable for prefab!

Pros and Cons I
Advantages

e Productivity

e Consistentlabourforce

e Automation possible

e Healthyandergonomically optimized production
e Wastereduction

Challenges

e Labour and skills shortage

e Trade schools have noteducatedinthisfield overthe last 20 years
e Findingeducated /skilled/trained labor

e Architectsand Engineers only limited educatedin this field

e Nolocal equipmentavailable

The constructionindustryin Canadais facinga large labour shortage. Now this can be an advantage for prefabsince it
increasesthe productivity. Automationisalso an option. The work environment is much nicerfor construction workers
since most of the time is spentin climate controlled large facilities that do not move, are ergonomically optimised and
safer. That givesthemamore reliablejob. It also allows the company to keep working through out the winter months,
preparing projects which can be shipped out as soon as the weatherallowsforit. A huge challenge the prefab industry is
currently facingisthe lack educated, skilled labour. There are initiatives by some schools and universities to remedy that
but it will take time.

Pros and Cons Il
Advantages

e Seldomchange orders due toadvanced planning, BIMand virtual models
e More efficienttransportation

e Lessnoise, dustandtrafficon site

e Farshorterconstructiontime onsite

e Smallerriskforfire and theft

Challenges

e Change ordersare usually very expensive

e Potentially large shipping distances

e Craneneeded

e Sitelnspections

e Highlydetailed designrequired (BIMhighly advisable)
e Perceived quality
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General advantage is that there should be no change orders. Now this can be a disadvantage as well. Once the projectis
planned out, there islittle room for flexibility so unexpected challenges can be very costly. A shorterlead time can be
achieved since multiple construction process can take place at the same time.

Discussion volumetric

When volumetricprefabricationis chosen, generally all walls, ceilings and floors are doubled up, because each moduleis
typically closed on atleast 4 of the 6 sides. This generally increases the consumption of materials and labourinvolved.
Thisinherentdisadvantage of volumetric construction can only be overcome undervery specific circumstances.

The potential gap between the walls and floorto ceiling can increase the risks of hidden channels allowing fire and
smoke totravel overfar distancesinside abuilding, potentially undetected. To address this issue with appropriate
compartmentalization is particularly important with volumetric construction.

Volumetricconstruction might have an advantage if a large number of similaroridentical modules are requested (e.g.
Hotel, Studentresidence etc.) orif the installation speed on site has to be extraordinary high (rule of thumb: fasterthan
one floor perday).

If well engineered the potential gap and separation between the walls and floor to ceiling canincrease the acoustic
performance of the finished building.

As already shown earlier, there are fundamental differences in how volumetricconstructionis donein Canadaorin
other parts of the world. The following slides are giving adirect comparison. The purpose of this comparisonisto show
the improvement potential and to motivate Canadian industry and Architects to embrace prefabrication and explore the
full benefits.
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North America W Central Europe
2D components are connected into a 3D 2D components have been fabricated and
structure as soon as possible (Level 1a). finished as far as possible (Level 2a or 2b)
Many ergonomic advantages to optimize Modular construction only used if it truly
productivity and quality are not utilized. makes sense (e.g. large number of repetition,
Modular construction often used as extreme fast construction period on site
default, not always questioning if this is the necessary), 2D panels will be connected to 3D

most effluem method structure and then shipped to site.

In modular construction we can find fundamental differences regarding the strategies between countries. In both
countries exemptionstothe rule can be found, here we are focussing on the majority.

Canada

Generally, the 2D components (walls roof, floors) are put togetherto a 3D structure as soon as possible, usually already
afterreachinglevel 1a. All othersteps now must be doneina 3D environmentand the ergonomicadvantages of
production onlarge tablesislost.

Architecturally, modular construction is often quite obvious and triggers therefore some resistance in the architectural
community and on the consumerside.
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Europe

All components (walls roof, floors) are brought at least to level 2a or 2b to use as much of the advantages prefabrication
can offer.

The final step of puttingthemtogetherina 3D formatis only done if it actually makes sense. Onsite everythingis plug &
play and pods can be integrated. Architecturally itis often difficult to recognize what type of prefabrication was used.
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North America We

Membranes, insulation, electrical,
plumbing and other services, drywall,
cladding etc. are often either installed off-
site in 3D structure or installed on-site.

Central Europe

Typically all services (electrical, plumbing,
ventilation etc.) are preinstalled, using “plug &
play” on site. Modules are fully finished
including final surface of walls, ceiling and floor

Three-dimensional elements can be and built-in furniture are installed as well.

shipped relatively “raw” or fully finished }
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from a factory to a project site for
integration into a permanent or semi-
permanent building.
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North America W& Central Europe

Modular prefabrication is often very
obviously visible after the building is
finished. Architects are challenged
to create good architecture.

To be more architecturally appealing,
ideally the level of prefabrication is not
obviously visible after the building is
finished.
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Prefab may not make sense if:

* Low thermal performanceisrequested

* Lesserqualityissufficient

* Long construction periods acceptable

* Thesamemethods and sequence of on-site construction are used and are just moved in a controlled environment

The firsttwo bullets are partially dependent on the building codes used across Canada. Current building codes are none
homogenous whenitcomes to thermal performance and qualityrelated issues such as air tightness and humidity
control. Generally, it should be understood that building codes are not describing good quality or performance, or
anything which could be considered up-to-date. Because of several reasons, building codes are running often behind
whatthe industryisable to provide. This delay can easy be more than 20 years.

Informed clients would also triggera change in construction industry.
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Prefabis challengingif:

* Industryisnot sufficiently trained
* Prefabrication has historically asuboptimal reputationin North America
* BuildingInspectionsystemis not prepared foradvanced construction methods

The trainingand education forall involved parties, including architects, engineers, building authorities and inspectors,
builders, trades and the clientsis essentialto change the quality and culture.

As explainedinthe firstlesson, building codes are currently changing and are becoming more demanding overthe next
10 years. In the case of BC, the Energy Step Code defines areasonable minimum performance and quality for 2032
which can likely be achieved more cost effectively by utilizing prefabrication. As long as the local code allows exterior
wallsto be build with only a 2x6 stud wall without exteriorinsulation, prefabrication will probably not be the method of
choice. Sothe transition orthe speed of transition to prefabrication depends largely on the requirements defined in
national, provincial orlocal building codes.

As explainedinthe first section of lesson three, utilizing the same procedures and methods of on-site construction and
justmovingtheminto a controlled environmentis not the idea of prefabrication and leaves the optimization potential
largely untouched.

In the transition phase the implementation of prefabrication is challenging as large parts of the industry are not familiar
of the potential of prefabrication andis also not sufficiently trained. It will take severalyears and probably several
thousand successful projects to overcome the largely suboptimal reputation of prefabrication, largelytriggered by trailer
homes and traditional modular construction.

Site inspections of insulation, electrical and plumbing will have to be reorganized to be more accommodating for
prefabrication. Many central European countries reduced site inspections to only one final inspection oreliminated
thementirely.

Prefab makes sense if:

* Therequiredthermal performance of the envelopeis higher(>5.5 inch insulation)
* Highoverall qualitylevel isrequested

* Prefabcompaniesare capable of delivering high quality

* Alarge part of the optimization potential is utilized

* Lots of precipitation orcold temperatures are expected

* Itisdifficulttogetskilled tradesonsite

Prefabrication becomes competitive or superiorif more emphasisis put on quality and energy efficiency. To achieve this,
many existing prefabrication companies have to go through an internal quality improving process and education will
have to be offered forexistingand new companies. This will also enable existingand new prefab companies to optimize
theirproduction process toincrease competitiveness.
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Planning and Design \\l}\‘q@“bb Depends...
Structure and Envelope
Services (Electrical, Plumbing, HVAC, etc...) Mot included!
Finishes (Floor, Fixtures, Furniture, Equipment, etc...) Mot included!

Only a fraction of the
optimization potential is
currently utilized!
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Onlya small portion of all processes necessary to build abuilding are currently offered by the majority of prefabrication
companiesin Canada. There are some exemptions! But alarge amount of steps which could be included and decrease
the overall costs are currently rarely presented.

Imagine you apply thistothe process of buyinga car. You getthe body delivered toyourhome butthe interior,
electrical system, mechanical parts, the engine and everything else has to assembled onssite.

Case Studies and Discussion

Objectives:

Discuss following aspects by utilizing case studies of your choice:

Recall process sequence of design, manufacturing and installation

Discuss the obstacles during the transition from current status to prefabrication

Evaluate potential obstacles in the regularity system such as current set-up of building code and building
inspections

Discuss potential obstacles in the financial system

Examples:

1. AustriaHouse, 2009 Whistler, amilestone in Canada’s constructionindustry. 15CLT, DLT and Passive House in
Canada. 3:30 minutesvideo https://www.youtube.com/watch?v=NgDRKSQp2RI

2. Passive House, 2011 Langley, conservative architecture, high level of prefabrication.

3. Rainbow House, 2011 Whistler, duplex, high level of prefabrication. 3:30 minutes time-laps video
https://www.youtube.com/watch?v=nHt3InxyvSg

4. LCT1, 2012 Austria, 27m, 8 floorsin 8 days, very advanced hybrid prefabrication. 4:30 minutes video, explaining
the construction of the structural system https://www.youtube.com/watch?v=YRtmyF5DT40

5. Forte, 2012 Melbourne, 32m, world’s tallest timber building at the time, direct comparison to concrete building
nextdoor?2 1/2 minutesvideo, showingthe construction of the building.
https://www.youtube.com/watch?v=QR8Z-5cyzrl

6. Wood Innovation Design Center, 2014 Prince George, 29.5m, tallest timberbuildingin North Americaatthe
time. 8 minutesvideo aboutthe entire process of the WIDC https://www.youtube.com/watch?v=bellVts-
yjU&t=37s

7. Treet, 2015 Bergen Norway, 44m, world’s tallest timberbuilding at the time. 3 minutes video about the TREET
buildingin Bergen https://www.youtube.com/watch?v=e5XsgauBCX4

8. Brock Commons, 2016 Vancouver, 53m, world’s tallest hybrid building at the time. 3 minutesvideo about the

Brock CommonsinVancouver. https://www.youtube.com/watch?v=Fmuj4XeHsbo
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10.

11.

12.

Origine, 2017 QuebecCity, 41m, tallest timber buildingin North America at the time

WIRL, 2018 Prince George, firstindustrial PHbuilding in Canada. 3:30 minutes video aboutthe design and
construction of the WIRL https://www.youtube.com/watch?v=Bkf26XdW7E4

Mjgstarnet, 2019 Norway, 85.4m, currently the world’s tallest timberbuilding. 4:30minutes video about the
Mj@sa Towerin Norway https://www.youtube.com/watch?v=GvHx_NS9wWw

HoHo, 2020 Vienna, 84m, currently (by far) the world’s tallest hybrid building 3:20 minutes video about the
HoHo inVienna. https://www.youtube.com/watch?v=IRyuLLmTEG4
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