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Abstract

This thesis provides a map féiire Safety EngineeringFGE practitioners who are navigating the
complicatedandunderstudied research area of mass timber in fires and how such a project would fit into
the BIM design proces3he thesis expands the field of knowledge on how architectural features correlate
with fire dynamic outcomes of full scale CLT compartments, provides baseline fire metrieasiern
Hemlockwithout any existing published data, and provides a wholistic interpretation of the performance
of a traditional mortise and tenon timber frame connection in a fire test, also without any existing
publications. The thesis also provides an option for hagh g@roject might be included in BIM and any

research or requireants that would allow for total integration, as well as the potential benefits.



| dedicate this thesis to tipeoplewho wantto progress thérchitecture, Engineering, and Construction
(AEC) industryinto a world where we prioritise environmental stewardship, quality of life, opportunity,

heritage, and innovation in the beauty, form, and function of our built environment.
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CHAPTER 1

Introduction

Thereforeit was the discovery of fire that originally gave rise to the coming
together of men, to the deliberative assembly, and to social intercourse. And
so, as they kept coming together in greater numbers into one place, finding
themselves naturally gifted baybthe other animals in not being obliged to
walk with faces to the ground, but upright and gazing upon the splendor of the
starry firmament, and also in being able to do with ease whatever they chose
with their hands and fingers, they began in that fissembly to construct
shelters.

€ they next gradually advanced from the cc
arts and sciences, and so passed from rude and barbarous mode of life to
civilization and refinement.

-Vitruvius, The Ten Books on Architectutet century BC



1.1 GENERAL

Almost 2000 years agd/itruvius argued that from fireame assemblyconstruction, anaivilization.

While how humans discovered fire is debateable, it can certainly be agreed that without fire or the buildings

t hat make up our homes, t owns, and cities, we WwWo
Today 6 sinchdesfreeszvdyy spanning 18 lanes of traffic conimersome of the densest cities in

modern history Skyscrapers reach for new taller heights, and heritage buildings are dezimglished,
preserved, restored, or rehabi |es ({enboeady,right, @aalay 6 s s
freedomsetc.), still faces many challenges. The most impeding of whietpidclimate change.

If emissions continuas they have in the patite global temperature average is projected & Gavarmer

by the end of this centuffit] and may exacerious implicationfor society. These changes in temperature
cause sea levels to rise, currents to chamggyy rains and snowfajlandmanyothernaturaldisaster$2].
Since200qQ the frequency of extreme weather evantthe USAhas increased by almost 200%}. The
cause of global climate chandge mainly attributed togreerouse gasesprimarily carbon dioxide

emissionslt is essential thatumankindwork towards better environmentstewardshipn every industry.

The Canadian onstruction markets worth about$356 billion [4]. Embodied carbon in construction
materialscontributes @ approximately9% of CC? emissions and buildings demand 34% ofwhe r | d 6 s
energy consumptiofb]. Making a difference in the Architecture, Engineering, and Construction (AEC)
industry carhaveapositive impacbn the environmenThedemandor more sustainable buildings coupled

with technological advancements in the AEC industry has resulted in a resurgence of wood as the
construction materialWood is a renewable resource unlike the energy and carbon intemstiegals of

steel and concrete. Wood has a great stretogiteight ratioandone of the lowest thermal conductivities,
making ita superior produdbr acoustics, andiophilic attributes Canada has an abundance of wood and
the best sustainable forestry progr alff].CGonstructmge wor | c
timber buildings over 10 storiekas been made possible by advancements in engineered wood products
such as glulam and CLT. Building with mass timbeaaslution to the climate crisisas been gaining
popularity.The construction ofall mass timber buildings Béncreased 256% since 20Bhdthe trends

expected to continyé].

Thoughthe construction ofall mass timber buildings is relatively new, woisdan historical building
product Indigenous peoples of Canddaed in wooden structurdengbefore the European invasion of the
16000s. Since then, Canadian constructi dimberhas eV«

frames Nowadays many of thegeeritagebuildings are in danger of being demolished as their true value



is not fully recognized by the public. In tpearsuitof environmeral stewardshi@ndthe preservation of
cultural heritage, finding ways to ensuine continued life of thesaonumentaktructures is important.

Despite all the positive qualities of using wood, there are some drawbacks that have hindered its full
potential. Some of the greatest challenges of using wood include its ability to decompose and its
susceptibility to fire. The materials variability in properties makes it difficult for engineers to predict how

it might perform under any circumstance, particularlyhi@ event of a fire, and especially when it comes

to the analysis of agedtimbeB. obabi | i sti ¢ models of woodbés behavi
understudied8] despitesocieties technological advancements or the historical uses of wood, including the

million years humans have been burning@jt

Fire Safety Engineering (FSE) is an integral part of the design of tall timber stricamdsny structure.

Fire safety is influenced by a multitude of variables including architectural layout, material properties,
fenestrations, HVAC, fire safety syste like sprinklers and alarms, occupancy, evacuation routes, smoke
development from the burning of finishes and furnishifidie multivariable complexity of FSEequires

a high degree of collaboration between FSE practitioners and other designers.

Projects that use Building Information Modelling (BIMave been known tmcrease efficiency while
reducing conflicts, error, and miscommunicatj]. BIM is a data rich environment which organizes all
information to do with a building from conception to end of life. BIM is often perceived to be a 3D
modelling software that allows the automation of construction drawings, material lists, etc. babig cap
of more than most realize. The usefulness of BIM has been well recognizeabatiibes such as the United
Kingdom have a BIM mandate for projects in the AEC induydity. A fully developed BIM will contain

all the necessary data for F@&Bich can reduce the need for remodellihgrebyincreasing design project
efficiency. The improved efficiency and reduced error generated from utilizing ligdMthe potential to
improve the FSE process for wood structures dramatiddily compatibility between BIM and FSE seems
obvious yet designers have been slow to adtm use of BIM for FSE and there is lackiresearch
regarding their compatibilityThe result is a general lack of knowledge and functionadigarding the
utilization of BIM for FSE, which in turn creates strenuous workldadgractitioners where projects may

endup taking more time and resources thgical similar projects

1.2 MOTIVATION

The motivation forthis thesis is to explore how BIM can be usadFSE of timber structures, both new,
and heritageThe FSE industry is still developintg understanding of fire dynamics, analysis, and design
techniques. The structural engineering of wood structures is also undergoing research devel®pment

engineered timber products undergo continuous innovafitratever lack of research and understanding

3



there isregarding these two subjectie gapexists more so in their combination: fire analysis and design

of mass timber structures; the thermechanical response. BIM is also an evolving research subject matter.

Due to BI MG6s potenti al dndtemandatedsuseagorde cdsest mustlieme pr o |
considered | f one were to think of each topic as a fipi
any two topics is smaller. The body of literature involving all three topics (Fire, Wood, and BIM) is even
smaller still. The novelty of it means that current literature has not yet come to a conserisns thie

three topics interact with one another. This motivated a holistic appi@aokerstand how fire, wood, and

BIM might be considered togethierfurther the design and understanding of preserving and building wood

structures

Fire Wood

BIM

Figure 1-1: Visualization of BIM -Fire-Wood literature topics

It is essential that research progresses FSE for wood structures. It is necessary that discussidFSBn how
will fit into the BIM start taking place. All three topics could have a thesis in their own regard. Due to the
evolving and developing nature of FSE, Wood and BIM, a hobkgiroach is taken. This thesis can serve

as the first step in providing practical guidance to practitioners embarking on the FSE of a BIM mandated
wood building project. Whether the project be a new build or the rehabilitationhidtaric timber framge
theinformationin this text will likely change the lerthroughwhich an engineer views BIM, FSE, and
Wood.

1.3 SCOPE
This research project aims to progress industry understanding on how wood structures perform in a fire and
how the BIM environment camodel that performanceAfter an holistic literature reviewegarding

integration of FSE and Wood within BIM, an osechingroad map as to the possibilities of FBE



integration regarding the different stages & a i | difie ayge&isprovidedThe author chose to focus

on structural fire engineeringThe current understanding regarding fire dynamics within a CLT
compartment is considered, and how it barincluded irBIM. New research on charring rates of heritage
wood is presented, and how it can be included in BIM. New research on the fire performance of a heritage
connection is presented, and how it can influence calculations occurring in BIM. Anything beyond these
topics is excluded and considered out of scope. Eaclwiiad project focuses on only one potential BIM

application, though there may be mya

1.4 RESEARCH OBJECTIVES

The overall research question is: How can BIM be used for FSE of wood structineddllowing

objectivescontributeto answering that question.

1. Provide FSE practitioners with a basic understandimd) guide orhow BIM might fit into their
future projects.

2. Improve multidisciplinary understanding through BIM lgingthe analysis of current research
on CLT compartment fires
Investigate the fire performance of heritage wood materials for fire smart BIM objects
Investigatethe fire performance of a heritage traditional mortise and tenon connection, and how
this can be used for FSE within a BIM environment.

5. Provide the FSE practitioner and researcher with key takeaways that can be agptiaec foe
safety design project, whether BIM is used or not.

6. Identify the greatest challenges of BIM integration, the potential benefits, and ardagifer

research.

1.5 OUTLINE OF THESIS

The thesis format is a manuscrighapter2 gives some brief technical background regarding the mechanics
of wood in fireand Building Information Modelling (BIM)This chapter can be completely skipped by the
practitioner who already hasbasic understandingf wood, fire dynamicsandBIM. Any of the other
chaptes could be read in any ordeflowever, it is recommended to read the thesis from beginning to end.
The chapters follow along the beginning stages

conception.
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Figure 1-2: Graphical Thesis Outline

Chapter3 provides an irdepthliterature review of BIM for FSE of wood structuraadis a slightly
modified version ok papepreviously publishethy the author and supervisor Dr. John Gales, in CTBUH
Journa] for which the author was also the first authidre literature review provides the reader with a basic
overview of the thesis topid.he different applications and subtopics discuss current research and future
directions for BIM and FSE data management, fire smart BIM objects, automated code checking and model
compliance, structural fire dynamic integration, emergency evacuation tegiM and construction

fire safety, BIM and fire safety operations, BIM and fire rescue, and uses of extended rediitysahety .

Chapterd analyseshe current understanding of fire dynamics in CLT compartment fires basgd real

full-scale compartment fire tesEor the purpose of identifying the impacts of architectural features on fire
dynamics fire dynamic outcome metrics such as peak HRR, duration of fully developed burning, time to
"Flashover", and maximum temperatures reached were plotted against architectural feature metrics such as
floor area, ceiling height, amount of exposed timber onngeénd walls, opening factors, and fuel load
density. The scatter plots are then used to identify research gapsragldtions which might signal a

strong relationship between two of the variables. A Bidéed alert system for aiding design decisions and
crossdisciplinary awareness is conceptualizgd! highlightshow research data can be used in a BIM

environment.

Chapter Sprovides baseline data on the fire performance, including char rates, of Eastern Hemlock as a
species where no current published data exists.réhearctwill help FSE practitioners when evaluating

historic timber frames i@ntario, Canadalhis testing series revealed HRR data, mass loss rate data, smoke

6



production data, and char rate data. The char rate data is compared #inaarachar rate model used in
American standards and the linear model used in Canadian standards. The char rate data is used as a FSE
parameter within a conceptual smart BIM abjamework.

Chapter 6 builds on the research from chaptér this chapter, a fulscale fire test on a heritage traditional
mortise and tenon connection built from Eastern Hemlock is performed. This research pnéetidegion

on the fire dynamic behaviour of a burning tradition connection where no such literature exists. The results
can be used to evaluate the Fire Resistance Rating (FRR) of heritage timber frame buildings. It can also be
used for the development of thermmectanical simulation models in the futurEhe traditional mortise

and tenon connectiomasburned on its side allowing for a worsisescenario where the wooden dowel

are directly exposed and the2 wall of the mortise is directly exposéalthe methanal pool fire. The use

of narrowspectrum illumination was able to filter out light from the flames and gitaa visualof the

charring mechanisms happening on the surface throughout the test. Thermocouples were also employed.
The char was removed afterwards to reveal the real reduced cross section after a fire.



CHAPTER 2

Technical Background

When trees burn, they leave #maell of heartbreak in the air

-Jodi Thomas

2.1 INTRODUCTION
The following information is itended ¢ aid the reader in understanding the technical concepts required for
recognizing the issues and challenges related to the thesishegimical info onvoodin fire and Building

Information Modelling (BIM).

2.2 BUILDING WITH WOOD

The benefit of wood is that it is renewable resoubsetrees grow, they capture Eftom the air, and when

they are used, that carbon is stored away rather than feé@agedack into the environmenthismakes

many wood products carbon negative. Wood has a good strength to weight ratio, is easy to work with, has

theability to dampen vibrations anohprove acousticgl?]. It has exceptionally lower thermal conductivity

8



than alternative structural materials such as steel and concrete. Wood is also, by all standards, a beautiful
material. Many people around the world and across cultures enjoy the warmth and the texture of wood.

The organic nature of wood however means thaan decomposand inherentlyvariable possesy

defeck. Wood falls victim to rot, biota, sun damage, and fire if not properly maintained.

2.2.1 A History of Building with Wood

Wood has been integral to sociefidevelopmenandhas been used to make spears for hunting, furniture,
pottery,wheek, andchariots.Wood has been used to construct bdatdd churchesproduce medicine,

and through its conversion tajper, promote and preserve knowlettgeughouthe world

Just because woodasganic and may not outlast other materials such as dteed not mean that a wood
structure canot last a long time. Thedtyuji temple is the oldest standing building constructed over 1,300
yearsaggl3dl. Wood buil di ngs have been Ancieptahitaamdthe Shangn a 6 s
dynasty (1600L046 BCE) and is characterized by columns arranged in series, connected with wood beams
[14]. The connections where jointed mortise and tenon connections built to allow for movement and
flexibility during an earthquakgl4]. The Viking era has a notorious reputation for its craftsmanship with

the earliest evidence of a wood plank ship dating to 350 B&JEThe log cabins everyone is familiar with
originated in Scandinavia around 5,500 years[46§p Thelongevityof wood structurebas stood the test

of time.

2.2.1.1 Wood Structures in Canada

Figure 2-1: Reconstructed Longhouse at Stdlarie Among the Hurons. Image obtained from The Canadian
Encyclopedia, courtesy SteMarie Among the Hurons [17].



Canadian Indigenoupeoplewere constructing with wood long before the European settlement of the
16006s. Pl ains nations buil t pitheupeaardsplank bousmodre | e
more permanent structureshich wereall constructed from wood. When the settlers did come, they
brought knowledge of building log cabins and timber frames from Europe with them. The construction
techniques for the complicated wood structures were starting to be lost since Europe had losttenos

old growth forests by thefi6]. Log home construction quickly became popular with settlers due to its

simplicity. No nails were needed, and the logs did not need to be hewn. The thermal mass also proved

sufficient for insulation.

5 Nl

Figure 2-2: A. Replacing the top round of a heritage log cabin B. Employing traditional methods for constructing saaddle

notch. Photos courtesy of Matt Davidson.

As settlersbecamemore comfortable, they began building larger structures such as the barns that can be
frequently spotted throughout the Canadian Landscape. Tharsggssiructures are almost cathedral like
and were made possible with easy access to old growth forestseamdployment of mortise and tenon

connections.

Figure 2-3: A. Dilapidated barn exposing timber frame B. Mortise and tenon connection.

10
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2.2.1.2 Modern Engineered Wood Construction

In the mid1990s, Austria developed what we know as Cross Laminated Timber (CBT)CLT is an
assembly of gluéaminated lumber where the different layers use pieces spanning Herogssdirections,

as shown ifFigure2-4 A. The highstrength higkstiffness properties of CLT have made it suitable for floor
slabs as well as structural walls. T combined with Glulam (beams constructed from laminated lumber in
onedirectioni shown inFigure2-4 B), has allowed for the higtise construction of timber buildings. The

tallest mass timber building constructed to da@bistoreyg7].

Figure 2-4: A. CLT Assembly (Think Wood [19]) B. Glulam frame (courtesy John Gales)

2.2.2 Properties of Wood

2.2.2.1 The Anatomy of Wood

THE ANATOMY OF A TREE

There are two different classes of trees, commonly referred to as softwoods and hardwoods, although this
is not always accurate. Botanically, a softwood is a conifer tree, usually with rough bark, trishgpkea

crowns with branches that hold needleststay yearound. Botanically, a softwood is an angiosp§t&j.

They have broad leaves afholwvers and seeds enclosed in a fritiemajority of Canadian hardwoods are
deciduous, meaning the leaves fallafihually Mainly softwoods are used in construction, although some
timber frames are built witbak.

The tree is composed of 3 main parts, as showigure2-5: the crown, the stenig( trunk), and the roots.

When the stem of a tree is cut throughowth rings are visibleand each ring indicates one y@agrowth

As a tree grows, it gains another ring (per year), and grows from the tips of its branches, not from the base

of the treg[12]. In the centre is the 6épithé of a tree, an
bark. The bark does little for the wood structurally and is removed during the manufacturing of lumber.

11



After some years, the wood at the very center of the tree no longer carries sap from the roots to the crown.
I't changes chemically becoming[l2iheartwoodo whi ch

In general, as a tree grows older, it grows taller thistmay be aficted bydifferent growing conditions

or genetics Altitude, access to water, forest density, alichave an impact. No tree is exactly the same.

L crown growth ring
early wood

late wood

stem

buttressed
base

bark

root system sapwood

heartwood

Figure 2-5: The structure of a tree(adapted from[12])

THE CELLULAR STRUCTURE OF WOOD

The dark part of the ring is the lat®od when the tree grows very slowly and has little access to sun or

water. The tracheids, which are essentially molecular level carbon tubes/straws running vertically from the
roots to the top of the tree, ma lstate dithe treetderingdtleer ai n 6
winter months, the tracheids are not able to grow as fast or as large, so they appear tighter on a molecular
level and manifest as the dark lines seen in the rings of a c{t2je&he light part of the rings is the early

wood, formed during the spring wheadheids have relatively large cavities/lumens and thin Wbk

The cell wall structure as shown if Figuré&B. is composed four walls: Tipgimary wall, and the $ S,
Ss layers. The outermost layer, the primary wall, is formed during the cells first developnemihe
microfibrils are arranged in an irregular manfi]. The S, S, Ss layers contain organized microfibrils
arranged at different angles for added strength and stability and detenftimately the strength of the
wood itself[12].

12



R e®
RO o2
LAt Ty B
LA E
R - - .
...“’. X _J m'dd'e
T o* ” <A lamella
roe¥ oo & > Lt /
et %
SV v rimar
O P Y
e0e?
» ' & .
,"0301 \J
b‘, «
Sl 7S, "
%%

e
l

1 ‘
b g 3 U
l‘.:ﬂ&a 11 X

resin duct  earlywood — latewood

tracheids wood ray tracheids

Figure 2-6: A. Molecular structure of wood B. Cellular structure of tracheids [12]

The molecular structure of wood is what gives it its affinity for moisture as well. The cell walls hold

moi sture referred teacessmsoibshouurned svhaotwesr 6 tasred fanyn t he
wa t [@2]. Bhe fibre saturation poinEGBP is the point at which allvateris drained from the cell cavities,

but the cell walls remain saturated, usually around B When wood is dried below the&SP, the cells

contract and the wood begins to shrink. If moistureiistroducegdwood will absorbmoisture from the air

and swell

THE CHEMISTRY OF WOOD

Dry wood cells are composed of about 50% carbon, 44% oxygen, 6% hydrogen, and 0.1% [di#jogen
Chlorophyl present in the leaves or needles absorb radiant energy from the sun and use it to create complex
chemical compoundd'hese compounds include Cellulose (40%), Hemicellulose3(28), and Lignin
(19-33%)[12]. The ligninisusedtobiit he cel |l ul ose together toofmake a
whichthe tracheids are compogdda].

DEFECTS IN WOOD

The following definitions are obtained fro@anadian Woods: Their Properties and Uskg J. Mullins
and T.S. McKnighf12].
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Knots: What used to be a tree branch embedded in the cellular structure of the tree stem. Knots disturb the
continuity of the fibre molecules, creating a weak link in the structural upk# the tree.

Pitch Streaks and PocketsPockets of excessive resin. It is also a discontinuity in the molecular fibres.

Also often referred to as pith flecks.

Cross grain: Refers to any condition where the cellular fibres are not arranged parallel with the axis of the
tree. There are special categories of cross grain: curly, wavy, interlocked grain, and spiral grain.
The extent of cross grain in areas surrounding knotageoximately proportional to the size of
the knot.

Shakes and ChecksShake sometimes refers to all cracks in the standing tree but often referred to in the
meaning of &6ri ng sskhparktierbof grokth rings withinaakree. Ghecks tcam e
occur longitudinally and radially when a log is drying out, the check starts at the outside and cracks
towards the center. Shakes and checks occur to relieves stresses though ring shake can sometimes

occur if the stem in injured.

Brash Wood: Wood that has low resistance to shock producing brittle failures. It often occurs in light
weight woods composed of large thirlled tracheids, which looks like large annual rings. It can
also be caused by compression wood.

Compression wood:Densely packed cells in response to standing tree conditions such as consistgpnt stron
winds and snowThis condition is copled by the presenaaf tension wood, where the opposite

phenamenonoccurs.

2.2.2.2 Degradation of Wood

FUNGI

In Canada, fungi is the number one cause of wood degradation (insects in other clib2jteByo
categories of fungi organisms exist, one uses only the foods stored inside the wood such as sap and molds,
while the other attacks the cellular male of the wood itself12]. Some trees produce fungicidal
chemicals which repel fungi, whietherwoods need only a spore to land on a moist suttabegin the

wood3s degradatiorf12]. Fungi slowly, yet surly eats away at

needs moisture, therefore, woslibuld be kept dry especially when used in structural applications.
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INSECTS

Pinholes, wormholes, powder post, and layering are some of the degradation phenomena caused by insects
[12]. Essentially, the insects digest or burrow through the wood, leaving the wood riddled with holes and
ultimatelycompromigsthe structural stability of the wood.

FIRE

Fire is an exothermiself-perpetuatingchemical reaction that occurs between the wood and oxygen with
enough applied energWhen the wood is heated, it undergoes a physical change wiw@rring occurs at
the surface and gaseous form ofarbohydrate is feased. The gaseous carbohydrate thedergoes an
exothermic reactionvith atmospheric oxygerreleasing energy in the form of heat and ligfite heat
produced from ta flame perpetuates the creaticaand release of gaseous carbohydrat€emplete
combustion producegaseougarbon dioxide and dihydrogen oxide (watémcomplete combustion also
producesarbon monoxide and other organics. Carbon monoxide isdogicauses fatality.

Heat is applied Gaseous Gaseous Without gravity, hot air
to the wood, carbohydrates mix carbohydrates react (lower density) does
creating char with oxygen. with oxygen, releasing not rise, so in space,
and gaseous energy in the form of the gaseous
carbohydrates. heat and light. carbohydrates

disperse uniformly
from the reaction point,

N creating a spherical
i A~ flame.
@ ’.I. \
y ) \ .
A o £ipaei) 1;13:_
6C,oH,50, + Heat — CooHya0 + 10CH,0 CH,0+0, » H,0+C0, +CO+C 4N,
A ? A A x v w¥ (nitrogen)
(wood) (charred wood) (gaseous carbohydrate) (oxygen) (water) (carbon (carbon ~(carbon)

dioxide) monoxide)

Figure 2-7: The physical and chemical reaction occurring whemvood burns

As the wood burns, the chemical makgon the surface changes leaving behind ghastlycarbon) The

carbon in the chais void of the more volatile chemical compounds which halveady burned off.
Carboricharstill undergoes combustion but at a much slower Asgehe wood heats, the fibres contract.
Eventually, the charring of the fibres causes enough stress on the fibres that small fissures occur across their
grain, and so begins the classic quilted look of char. Over the duration of the wood burning, thettieenpe

can propagate deeper into the wood, moving the char front deeper as well. The char has virtually no

structural strength, but it does have some insulating qualities.
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Figure 2-8: Corner rounding effect of burning timber (Adapted from [20])

When wood burns, phenomenoralled corner rounding occurs. The wood on the corners of an exposed
timberarereceiving heat from two sides, causing the wood to decompose more quickly. The radius of the
corner rounding effect is taken as the depth of chaf#@p The effectof corner rouding causes a further

reduction in therosssectionalrea that remains as wood.

2.2.2.3 Mechanical Properties

IDEAL STRENGTHS

The density of wood is a good indicator of its strength. Lighter woods will typically have larger tracheids
with thin-walledcells which is not ideal for strength, whereas higher density woods indicate thicker walled
cells. A well-established relationship between relative density and strength can be thedtabiebelow.

These relationships can be used to estimate the strengths of wood whose values are not published.

Table 2-1: Functions relating mechanical propertiesto relative density of clear, straightgrained wood (adapted from [12])

Relativedensitystrength relatior
Air-dry wood
Green Wood (12% Moisture Content

Static bending

Fiber stress at proportional limit [MPa] 70.3G'%® 115G+

Modulus of elasticity [x1OMPa] 16300G 19300G

Modulus of rupture [MPa] 121G+ 177.G+%®

Work to maximum load [kJ/fh 245Gt 223G!*

Total work [kJ/nd] 710 G2 501-G?
Impact bending

Height of drop causing complete failure [mm] 2900G'" 2400G!"

Compression parallel tograin
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Fiber stress at proportional limit [MPa] 36.20G 60.33G

Modulus of elasticity [MPa] 20100G 23300G

Maximum crushing strength [MPa] 46.4G 84.1.G
Compression perpendicular to grain

Fiber stress at proportional limit [MPa] 20.7.G>?° 31.9G*%
Hardness

End [N] 16600G>*® 21300G*#

Side [N] 15200G?*% 16800G*%

Where G represents relative density of mdey wood, based on the volume at the moistoedition
indicated

REDUCED STRENGTH

The strength of wood can be reduced by a number of factors such as the aforementioned defects in wood
or the degradation of woodhe moisture can also have an effect on the strength. Once wood dried beyond

its FSP, shrinkage occurs, followed by increased strength and stiffness, should no defedi&2jccur

The slope of the grain in the cut lumber has an effect on strength as well. An adjustment factor can account
for this and is calculated using an equation by Gurfinkel from [B2]3

Equation 2-1: Reduction factor accounting for slope of grain in cut lumber (adapted fron{12])

N o B o B o 0
i a&enN@ ahiQe —
i 00 o]

1o

P
%)

Figure 2-9: Reduction factor accounting for slope of grain in cut lumbei{12]

There is consensus that the natural aging of wood does not have eelelganship with any kind of

strength reductions. However, long term loading and creep can negatively impact the strength of wood.
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DESIGN STRENGTH

The design strengths seen in resources such &attaglian Wood DesigAandbook CSA 086 are not the

ideal strength or tested average strength of wood necessarily. Typically, the design strength for a wood
species is 2.1 x the average calculated value to ensure that 95% of the time, the presumed (design) strength
value will be the awoal value of the membdd2], [21] [22]. The mechanism in whickesting, and
calculations are carried out for determining design strengths such as extreme fibre in bending strength are
detailed in theCanadian Lumber Propertidsandbool22].

2.2.2.4 Thermal Properties

THERMAL EXPANSION
The radial and tangential thermal expansion coefficients for-dwewood are calculated as follows:

Equation 2-2: Thermal Expansion

| c&0 whp mn QO

| c@0 p@pmnQo

Where G is the specific gravitff.ypically, shrinkage due to loss/gain of moisture is more severe than

thermal expansion.

MOISTURE CONTENT

The moisture content of the wood does influence the rate of spread but a study by Anderson and Rothermel
found that there were no apparent effects on the energy release rate or the geometrical characteristics of the
flame (flame length, depth, and and23]. The resultsuggesthatinitially there may be a longer time to

ignition, but once ignition occurs, the fire carries out almost the samood with alower initial moisture

content

MASS LOSS
The mass loss rate is helpful for defining how a material is contributing to the fire. There are typically two
stages in burning wood: the transient stage and s&ath/burning. Research donelmberlyet al.found

that the critical masess rate (steady state burning) was dependent on species but not[@dhsity

CHARRING

Char begins to take form when the wood reaches temperatures of aro@@d2R¥)0Currently, codes use

linear char rates, which have been taken as the average char rate of wood exposed to a standard fire
resistance te$21]. However, the U.S. has accepted a-tis@ar char rate model developed by White and

Nordheim as seen equationbelow[26].

18



Equation 2-3: Non-linear White and Nordheim char rate

0 Gw?®
Wheredis the time (min)w is the char depth (mm), ard is the char rate coefficient (min/nifi)
calculated usinghe following equation:

Equation 2-4: Char rate coefficient
a MPTXMININUEPE P ™ 0'Q

Where” is the overdry density of wood (kg/d), ¢ is the moisture content (%), afidis the char
contraction factor (dimensionless) and can be obtained from tests. The char contractiori@®adsor (
calculatedoy [21]:

Equation 2-5: Char contraction factor

FC0O QEEON D1 QG trdd » Qi

£ 1 QOUATN@REEOD £ €0 O ® i | '@ IQ QRO

The char contraction factor, as well as linear char rates can be determined under constant heat flux. Using
different test durations to burn the wood, the samples can then be cut in half and the char depth measured
[27]. Char depthcan bemeasurediusing a cone calorimeténat has the ability to expose a sample to a

constant heat flux inhibiting ordimensional heat transfer as an alternative to the standardized fire test.

Studies have shown that the age of the wood has an impact on the char rate as well, although this is not

considered in current char rate modeR).

SPECIFIC HEAT
Specific heat is the amount of heat required to raise the temperature of 1g of wé@d Ibysinot affected

by species or relative density and can be calculated using:
Equation 2-6: Specific Heat
i QO @WEDO TR ¢ @TBI TP Y @
Where T is the temperature in degrees Celsius. Wood has a relatively high specific heat.

THERMALCONDUCTIVITY

Thermal propertieshowever are not typically listed by species, but rather calculated theoretically using
numerical models based on the density and Moisture Content (MC) of the wood. One such thermal property
is thermal conductivity. Wood in general has a very low thermal conityctixhich, according to

Environment Canada, i s Aapproximately 5 times |
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than that for concrete, ali2] THe theoretical thexrsal conolugterity oft h a n
a species can be calculated udtdmmiation2-7.

Equation 2-7: Thermal conductivity for wood with MC less than 40%

L T ¢ 6Op® w T TP QU

Where G is the basic relative density and M is the moisture content (%), gives thermal conductivity K

(W/(m?-c.mm)). For a moisture content above 40% however, a separate equation applies:

Equation 2-8: Thermal conductivity for with MC above 40%
0 T8 ¢ 6OPd w T8Il TP QU

THERMAL DIFFUSIVITY

Thermal diffusivity signifies the ratat which heat can be absorbed from its surrounds. It isatie of
thermal conductivity to the product of density and heat capacity. The thermal diffusivity of wood is much
lower than other materials which is why wood does not feel particularly cold or hot when toAityyadal

value for wood is@® @ pp T & Fi [21].

2.2.2.5 Emerging Trends and Research Needs

Currently, linear char models do not capture the insulating effect of the char layer. The linear char model
is not dynamic in a sense wheechange in heat flux or time can influence it. Future research would do well

to investigatea parameterized char rate madadditionally, more investigations into the effects of aging

on char rates for different specieseeded

2.3 BUILDING INFORMATION MODELLING (BIM)

There are many stakeholders involved in the life cycle of a buildiigstakeholdes have their own
requirements for the functionality of a building. For example, an owner requires that the building be within

a certain budget and easy to maintaird operate. Users require a certain amount of floor space and
washrooms. Architects require certain materials and shapes to take form. Engineers require the beams and

columns to be of a certain size. The list goes on. All these requirecoempsisebuilding information.

Building information needs to be captured, stored, and shareable. For instance, a structural engineer needs
to reference the architectural requirements to infer the structural requirements. T$teudatiee of all the
information regarding a building islled a Building Information Model. The process of creating, updating,

and managing this is called Building Information Modelling (BIM). The British Standards Insiéfites

BIM by stating
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BIM is the management of information through the whole life cycle of a built

asset, from initial design all the way through to construction, maintaining and

finally deecommissioning, through the use of digital modelling. It's all about

collaboration- between engineers, owners, architects and contractors in a
three dimensional virtual construction environment (common data
environment), and it shares information across these discip[2@ks.

Essentially, BIM is a process; adata i ven met hodol ogy for buil ding as:¢
conception to design, to construction, to operation, and teokliie. It allows real time updates and

collaboration among everyone involvedaiproject.

2.3.1 Principles

The principles below summarize those outlined by BuildingSMART International (BIM standardization
institute)[30] and British Standards Instituf29] serve as the foundation of BIM.

2.3.1.1 Interoperability: People, Processes, and Technology

More fundamental to BIM than technology is the set of procésgelved in thecollaborative approach to
information management. These processes (outlined in BIM standards) are enabled by technological
advances. Accessibility to building informatidtwy stakeholders is paramouttt efficiency, safetyand

precision

2.3.1.2 Collaborative Engagement

A key success indicator is the magnitude in which stakeholders are involved throughout the whole supply
chain includng manufacturers, owners, project and construction managers, archaledtsngineers

Openly sharing information with other disciplines to promote collective problem solving and coordination

is vital. Data formats should be open and agile.

2.3.1.3 Start With the End in Mind

Decisions regarding building assets are often rushed and made using the wrong or incomplete information.
To avoid rushed decisiongquires the involvement of end users and contractors during staggs to

ersure informed planning and so tliEsign changes are not needed for constructaboityoperational
purposes. BIM allows multiple disciplines to view the building design goals more easiljoarsichanges

to be made more efficiently. The further along a project, the harder it is to make adjustments and design

changes.

2.3.1.4 Digital Asset
Information/data itself has value in the marketplané this isvhy a complete BIM model is an asset. For

the BIM model to be valuable, it must be well structured, organized, and confaléteng information
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requirementseed to beestablished at the beginning of a project. What information is needed, when it is
needed, who needs it, and why they need it must be clearly defined to ensure a successful and smooth
process.

2.3.1.5 Security & Sustainability

A securityminded culture must be cultivated. Processes for creating, sharing, validating, and quality
checking information must ensure trust through accuracy and safeguarding. The information must be stored
in a way that it is accessible to future usarthie longterm. The information must also be protected against

users with malicious intent

2.3.2 Benefits of BIM

While the full potential of BIM is yet to benderstood, the benefits of BIM have been well established by
means of case studies. The benefits listed below highlight why BIM is being used and adopted in the AEC
industry.

2.3.2.1 Improved Efficiency
During a buildingds design and construction, BI M
process by eliminating redundant tasks. For instance, when a design change is made using CAD, the user
must go into every view and-dFaw the changed jpsct. In BIM however, the model just needs to be
changed once and other views will automatically update.

2.3.2.2 Enhanced Collaboration

With multiple disciplines contributing to BIM, conflicts can be easily identified. Clash detection is a major
benefit of using BIM. Typically, Mechanical, Electrical, and Plumbing (MEP), will each create their own
designs and drawing sets based on theitaathral plans. The architect will then compile these drawing
sets for the final construction drawings. Howevbetraditionalworkflow does not allow the disciplines

to view what the other disciplines aptanning which can result in overlapping systems that are not

physically possible, like a conduit running through an exhaust vent.

2.3.2.3 Reduces Error and Rework
BIM allows users to easily identify the latest version of the motiak allows designers to ensure they
have accurate information which reduces error and posstalerielater on in the project. Clash detection

also reduces error and-werk.
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2.3.3 BIM Models

For the BIM model to be useful, the data (building information) must capture the various elements that
make up a building with varying detail. Some elements are physical in nature (a beam/column/wall) while
others are logical (rooms). Some elements hdatioaships with other elements. For example, a window

or door is hosted in a wall. Toilets are hosted in a wall/floor. Plumbing connects to plumbing fixtures. These
relationships are often determined by rules within the BIM modelling tool (a windomotae placed
without a wall to host it). The quality, contents, and organization of the BIM model is critical to for use by
stakeholders and their tog&l]. To ensure a complete and accurate BIM model, practitioners should follow
standards and best practices.

2.3.3.1 Level of Development (LOD)
As a buildingdéds design devel ops, debarerAtdhe begirinihgs o f

stages, conceptual masses and layouts are used. As the project progresses, materials and assemblies may be

decided. Later, material manufacturers are decided, and materials purchased. Each building element can

undergo similar levels ofavelopment. The LOD allows for production of material lists, shop drawings,
product data lists, and more. Different elements may develop at different rates, meaning that a BIM model
is likely to have varying LODs within the project. While the USA givesigue description of what each

LOD entails, the UK provides a more detailed specification for LOD requirements, which is being
progressively adopted globally and reflected in International Standard4 95D [31].

2.3.3.2 Model Organization
How the BIM model is organized is arguably the most important consideration. Model organization should
follow a standardized format. The daflaucture itself should follow a standardized format to allow for

interoperability. A common data environment (QO& where a BIM model should be defingd CDE

t

all ows for one space where all/l coll aboratorsd moc

reasons, different stakeholders do not have the ability to modify other stakeholder models. For example,

and architectcanot change the struct urmuslbe stactued in @ standardizedno d e |

way for the information to be useful to current and future users. The standardized data structure used for
BIM is called Industry Foundation Classes (IFThe IFCstandard specifies how model elements are

defined and interact.
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2.3.4 BIM Uses

2.3.4.1 Project Considerations

How a BIM model is organized is often determined by the project delivery approach. Contractual
obligations and liabilities hold different parties responsibled thesere reflected in BIM. A project
delivery method that is gaining popularity in Canada and compliments BIM is Integrated Project Delivery
(IPD). An IPD is structured to reward cooperation between design and construction teams, reducing
communication relater$sues that result in wasted time and resources. The approach involves a {ot of up
front documentationthat benefits from building information management and BIM. In the figure below,
the MacLeamy Curve illustrates how an IPD/BIM workflow capitalizes on the ability to impact cost and
performance over time versus the cost.

IPD/BIM Workflow

Ability to Impact cost and
performance

Cost of Changes

Cost/Effort

—_

v

Preliminary Detailed Construction Construction Operations
Design Design Documentation

Figure 2-10: MacLeamy Curve (adapted from[31])

2.3.4.2 StakeholderspecificUses
Owners and operators of buildings can use BIM to visualize and review design options keféectise
manner during the design phase. The fully developed BIM provides usdfuilaimformation regarding

the building asset and can even be modifiedetvesas a digital twirthat can provide live analytics on
building use and performance.

Designers use BIM for phase planniing. 4D modelling), design authoring (tracking changes), reviewing,
cost estimation (with automated material lists), programming where algorithms are used for parametric
design and generating design options based on the requirements, and for engineerisy@gagrsergy

analysis).
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Constructors use BIM for 4D coordination and scheduling, site utilization planning, digital fabrication,
record modelling (as builts), and handover. Suppliersvaatlifacturers are also using BIM to create smart
BIM objectsthatinvolve a high LOD and contain analysis information for designers and owner/operators.

2.3.5 Current Limitations and Research Needs

Some of the greatest challenges facing the uptake, use, and success of BIM is the lack of standardization.
Many software have not adopted IFC. Additionally, many projects do not fully develop their BIM models

or use standardized information managementge®esT he different uses of data structures (not using IFC

file formatting or standardized information management) make interoperability extremely difficult and

reduces the probability that the model will remain useful to future users.

Another challenge is the lack of BIM education. Many people think of BIM as 3D modelling when in fact,
it is more about information management throughout the building life dpdestry use ofhe technology

is growingfaster than education systems and firms are producing BIM knowledgeable practitioners. With
a lack of BIMsavvy practitioners, the accuracy, completeness, and usefulness of BIM is undermined.

2.3.5.1 Ethical Considerations

The use of BIM is part of a larger fourth industrial revolution (digitization) within the construction industry.
The first industrial revolutiosaused large populations to dislocate, communities and neighbourhoods were
destroyed, andhe environment was negatively impactf82]. Some of the most profound ethical
considerations regarding digitization and automation enabled by BIM are job security and datd32]vacy
Additionally, there exists ethical biases built into technology such astBdvare extremely difficult to
identify and quantify{33]. When the NYC fire department first started using models to determine where
fire companies should be locatedterion influenced by economics and political presshegkthe negative
influence of removing companies from ghetto neighbourhoods iexgérg higher frequencies of fires
[34]. With growing automation, labourers are particularly impacted by new technology progressively
replacing jobs. Whilautomatiorcan eliminate danger for workers, it can also eliminate the need for some
workers. Since generally, those who work in laborious jobs typically do not perform well in school,
replacing those who are more inclined to perform the laborious, sometimes dsnigd®) has its own
ethical considerations since-eeucation for another job is more difficult for the demographic being
replaced32]. The use of BIM and digital twins is already demanding different cognitive involvement than
before which could influence the demographic of hires in the future. The impacts on the wider economic

and sociopolitical outcomes are not well understood and requires further investig2tion

The advancing #industrial revolution also increases the risk and harm of cyber attacks. As buildings

become smarter and more integrated with digitization, creating an industrialptytsécal system (ICPS),
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cyber security and data privacy become param@it Many building components such as HVAC
systems and door locks can be connected to the Internet of Thingth@tallows remote users to monitor

and perform tasks. @nform of cyber attack is to block the transmitting communications and prevent the
object from performing the task (ie. circulating air) or manipulate the objects (ie. unlocking doors). With
regards to the BIM model during the design phase, practitioeed autonomous security to the digital
reflection (model) of their work since they are liable for their wQextain restrictions on certain useen
improve the securitjiability -responsibility aspecFor example, only a structural engineer can chémge

size and specification of a beam.

2.3.5.2 Future Research

Socieeconomic impacts need to be studied further and the biases within BIM technology need to be
identified. Within BIM, research regarding approaches to cydssurity and record keepimged further
development. Risk analysis on the impacts of cyber threats and compromised informationatsodels
require further researchastly, research regarding methodologies for training practitioners and students on
BIM need further development.

There are many additional areas for research regarding BIM since it is a developing technology utilizing
digitization of the built world. As Al and construction innovations advance, the applications, uses, and

processesf howbuilding information is managed will develop as well.
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CHAPTER 3

BIM and Fire Safety Engineeringi
Overview of State of the Art

We could do things as webdbve always done t
the future

-Christoph Leitgeb

3.1 INTRODUCTION

Fire safety engineerin@~SE)is one of the most critical specializations to include in the design of a tall
building yet is often excluded from the Building Information Model (BIM) and integrated design process.
Fire safety systems are interdependent on buildimg structural geometry, HVAC, mechanical, and
electrical systemslhe high degree o$ystem interactionsequires the professions to collaborate early on

for building optimization to be possible. To save time and ensure accuracy, the fire safety engineer and
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practitioner need to know about design changes from other disciplines as they happen. BIM is an
opportunity to streamlineaulti-disciplinarycollaborationbutit is not beingusedfor fire safety in industry.

The fire design process can range from a prescriptive approach to performancel baga@scriptive
approach can be prone to errors but is ddiesslaborious, faster desigPerformancénased design allows
opportunity for new and more economical solutions to be utilized. The simulations and analysis involved
howeverare a time consuming and laborious pro¢88k Fire safety does not stop at design. It is important
for the buil di ngséafety is maintamedlhd conktreiction phade emoritdriagt of fire

safety equipment, and emergency evacuation managsinauit all be considered

Building Information Modelling (BIM) can be utilized to manage the fire safety of a building during all
phasesProjects that use BIM increaseefficiency while reducing conflicts, error, and miscommunication
[10]. BIM is a way to organize all data associated with a building, inclugemynetrical data visualized

with 3D representation®8IM is not a software or a data set meant just for design. Algorithms can analyze
and process the data to provide design options, check aadesgulations, create material lists, etc. A

fully developed BIM would contain all the information from various disciplines for a fire safety engineer.
The compatibility between BIM and fire safety design seems obvious yedtiuggled to advanci
structural (fire) engineeringompared to other specialties. This is owingseveralfactors the most
prominentbeing the reliance on other disciplines for the data inputs that FSE needs, whereas other
disciplines have their own domain specific gubdel[37]. Additional misunderstandirgjof BIM have

resulted in limited views on its application and capabil[3&3. A lack of knowledgehases ul t ed i n B
adoption in fire engineeringeing slow as benefitand lessons learneste not realizedr sharedoy

practitioners.

Once the FSE sector embraces BIM, FSE may be included in a {sdjgeigrated generative design
process. Inclusion in this process would allow buildings to be optimized to include fire safety effects from
the beginning of the design proceG&rerative design that includes F8Buld allow for new alternative
solutions to be generated based on logical rules and design obj§g8ikedther AEC sectors have been
taking advantage of this BIM toahd although the inclusion of FSE would likely have significant effects
on overall life safety in a building, it has been lagging in technological advancements and industry
understanding39].

The purpose of thichapteris to provide a holistic overview of contemporary advancements and
technologies related to using BIM fB6E A summary and comprehensive analysis of existing published
research and projects where BIM is used Wi8iEis provided. The analysis identifies to the reader what

frameworks are used for various BIM integration purposes. The frequency of specific software use is also
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highlighted, providing the reader with an overview of what has been working and identifying research
trends.A road map indicating when certain BIM and fire integration methods are most appropriate during
the life cycle of a tall buildings provided This chapterwill provide, for the first time, a foundation of

knowledge and direction to proceed with planning how to integrate fire safety design into a dynamic BIM

3.2 LITERATURE REVIEW

The literature review began lnydexingarticles and papeixm how BIM technology has been used for fire

safety engineering. Since technology changes rapidly, priority was given to more recent lifesabfre

2021)to detailstateof-the art methodologies for integrating fire safety and Bfkdm 20192023, a surge

of literature was published regarding the subject, indicating that industry has identified the gap and is
working to resolve itThisliterary review therefore builds upon the authé previous efforts to undertake

such a gap analysis. All the literature was retrieved from online search databases such as Google Scholar
and Omni.Boolean sarchmethodss u ¢ h a si BiBlldMon g | nf or niiartiifofn® EMo, d e | |
fengineeringd were all Jownaldpapérs) confaence ipapers, and trdué nat i
magazines were all considerédter a paper was identified, a preliminary screeifofecking abstract and
conclusions)vas done to ensure that the document specifically related to utilizing BIMSirDuring

review, software, sponsors, BIM uses, and BIM applications were manually catalogued. Once the literature
was reviewed, it became evident that BIM technology was being used for a variety of fire safety purposes,
spanning fr om antbafireedentnTbedvarious applicagops of BdM and fire safety that
emerged from the study make up the subsections below. They have been organized in sequential order of
their application from conception to fire emergency management, indicating where the technology has been
appropriately applied. To identify research trends and areas where research might have the greatest future
impact, the details of technology used sashsoftware, file formats, programming languages, etc. were
examined. The subsectiohelow identify, describe, and discuss tlagest technological advances in

digitizing the field of Fire Safety Engineering.

3.2.1 BIM & FSE Data Management

One of the greatest challenges facing the use of RIf&y, is the datatructure and schema itself.
Particularly regarding the establishment of a fAgol
Futureo regul atory review r epo r72castdtiesteferstothewitat e d f r «
fgol den threadsoéd dngotambhtrecord throughout a bui
from design intent to construction, operations, and any changes along thOW&y having a record of

design decisions and changes made to a building overtime, and those responsible for the changes, non

conforming unsafe decisions can be more easily identifiedpeenkented and responsible parties held
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accountable. The idea is that the building information can be transferred to new owners of the building and

be accessible throughout a bun lthd datagdhana ennstrenraia | | f €
accessible for the next 50 yeamsquiringlong term data storage andata structuréhat is norproprietary

(open) and standardized.

Currently, thereare manydifferent digital data structures and file formathe leadingnternational and

open (free) standardized data structure for BIM is Industry Foundation Classes @&&loped by
buildingSMART, an international nefor-profit organizationlFC files and buildingSMART schema are

all open, free, and well document&pensourcemeans that the data structure is transparent and open for
the public to see, use, and collaboratively participatesidaetvelopmentThis is an important feature for
establishing a golden thread of informatiémdustry Foundation Classes (IF&@kthe best available and
most widely utilizedstandardized way to categorize digital elements and enable automated datg transfer
which is essential for the data stored within the object to be JddfulResearchers have mainly applied
COBie and IFQpen standards to their BIM mod@2]. A common misconception is that these are two
different standards but in fact, COBie is actually a Model View Definition (MVD) data specification for
the IFC model standafd3]. IFC models, however, can be misused and improperly clasdified/u and

Zhang have created an algorithm to tfiks problem[44]. Currently, IFC standardization specific to fire
performance parameters is yet to be developed and currently under r¢§48pi48]. For the time being,
practitioners have been manually adding required parameters using formats specific to the software being
used or creating an IFCExtensidising an internationally accepted standard-datiacture solution is also
beneficial because &llows forvarious software to be fully compatible with exchanging one file age
opposed tdaving to translatés own data structure toumerousotherdata structurefor interoperability
between software Even in other disciplineshere software fully and accurately sends IFC filmgst
software only suppastoneway exchange for sharing ddfeigure3-1 A). Ideally, there is one BIM from
which submodelspull dataand syndo (Figure3-1 B). In this way, the main model Figure3-1 B can be

the digital fingerprint for the building design and can be the final model delivered to the owner without a

requirement for proprietary software.

!Software that is compatible with I FC data exchBGge is
certified softwarebd
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Figure 3-1: BIM management networks

Understanding that BIM is an ecosystem of data for a given construction project is necessaiiystiuieap
benefits. Once the BIM framework and data management plan has been decidétaificst step for a

project utilizing BIM), data analytics can start to be employEdere is a multitude of literature on BIM
frameworks, data management plans, and contractual obligations, but is considered out of scope for this
thesis.In many industries, analysis of large bodies of tiambeen explored as a way to give companies a
competitive edge. It is often used as a tool for pointing companies, designers, developers, etc. in the right
direction by providing statistical insights based ongxisting dataThedatadriven statistical approach is

the foundation of Machine Learning (ML) and modern Artificial Intelligence (Al). Material reduction
factors used in Limit State Design approaches is also based edridatastatistical insight3.he example
demonstratethat datadriven statistical insights are an acceptable approach to engineering yet, even with
advancements in informatics, structural and fire engineering lack data sets. In a 2021 analysis by Naser et
al., six public databases were examined, three stenetural tests and three were fire t¢4%. The fire
engineering databases had over 91% less data points to infer from than structural engineering databases
had. Naser et al. used statistical calculations as performance metrics to compare the dataset with the ML
output and found that all the setled ML algorithms tested were able to properly capture structural and fire
engineering phenomend7]. The fire department in New York City uses a datalytics application to
routinely sort information from five different databases aadculate the fire risk of all buildings under

their inspectionleaving the department with a list of prioritizatidad8]. In FSE, datadriven ML can be
extremely useful considering that many of the current equations used to predict fire dynamic outcomes are
idealized to start with. Meaning, a numerical approach could not only provide insight to current theoretical
understanihg of fire, but it could also prove to be more accurate than some current idealized analytical

approachesA datadriven approactmowever requires thousands of datapoints which in the case of mass
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timber compartments, simply does not currently exist, or is proprigtikeyany developing model, some
common mistakes made by modellers incliideved assumption, faulty data, and information gaps or
cultural divides between the modelers and what is being mofléddin the case othe NYC Fire
Department, first attempts at fire modelling caugketto neighbourhoods to lose compaifeespite high
frequency of firespased omecommendations built on irrational criterif34].

The need for open databases is evidémtthe time of writing, National Institute of Standards and
Technology NIST) h a s a rFirecCplerimetrii Database (FC®D) ¢ o n 238 expdrimentpl9]. The

fRISE Fire Databagecontains the data from many research projects regarding material {88{ing/ith

more opensourcedatabaseand more transparency, better data informed decisionbecaised to drive

design Theconcept okexploitingBig Data for engineering design is still under development and is lacking

in literature[51]. With the datasphere expected to, over t
amount of data created s[b2]itiefairttorassunse dnateatatanatyticswdli gi t a
become a major part of every industry. In AEC, the management of data occurs through BIM, despite
underdeveloped construction databases curréothy other industries.

It is clear that BIM is a datdch environment, butt is impractical for disciplines taccess the entire
multitudes of data in the model. For this reason, a filezrds to be applied to the BIM before exchanging
data to another software. This is often referred to as a Model View Definition (MVD). In addition to the
lack of development in FSEEquirementlata structuresthere lacks industry specific MVDs for FEE3].

For FSE, data regarding architectural features, fire protection systems, structural components, building
processesand services, operational characteristics (occupancy), fire department response, and even

environmental factors are a#tlevantfor a performancdased fire safety desigb4].

3.2.2 Fire Smart BIM Objects

Smart BIM componentare objects located within the BIM such as doors, windows, fire alarms, fire
detectors, etc.andont ai n additional information on the com
could contain a property parameter such as maximum span, which allows designers to easily choose
member size$55]. Similarly, a smart BIM component can contain parameters regarding Fire Safety
including performance requiremeraad material properties such as the identification of fire separation

walls that can automatically restrigtll penetration$s6] [57]. Embedded parameter needs are still being
assessed and identified as research progressssshftware hee a unique way of describirglM objects

and their parametef88]. For the object to be compatibdéerossthe various available BIM platforms, it

should be describeghdclassified in a standafdrmat[44]. Since a standard IFC data structure and MVD

does not currently exist for FSpractitionerseed to make their own extensioksng et aldemonstrated
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an IFCextensiorfor mapping relationships between objegtsch is needed to understand how fire alarms,
fire doors, ad lightinginteract with one another during a fire emergency should BIM be used for operations
[59]. A demonstration can be seen in Figgf2 where a timber column object has been updatemntain

the effect ofareduced crossectional area after a cheur fire by utilizing an arbitrary charring rate of

0.88 mm/min

Properties X fid (3D}

Timber-Column

265 x 266
Structural Columns (1) v BEdit Type
Dimensions A
Volume 0.176 m3
Structural Analysis
Section Area 704.90 cm?
Section Area After Fire ... 255.68 cm? I

Figure3-22Ti mber column BI M object embedded with fire resea

A BIM object can be developed to various Levels of Detail/Development (LOB9.LOD for the
preliminary design phase includes geometry, location, quantity, and type information. The LOD for the
detailed design phase also includes materials, performance requirements, fire resistance, and functional
specifications. In the constructionamagement phase, the LOD also inchidmut is not limited to
manufacturing and installation data, technical data sheets, operating and maintenance manuals, and
certificates of compliancfs0]. Objects within a BIM are meant to be updatedeplaced as the design

progresses, allowing a digital twin of the building to exist throughout its lifecycle.

Developing the smart objects from scratch is a tbmesuming proceshat has urged manufacturers to
develop BIMcompliant objects containing information on their fire protection prodéés Currently,

online BIM libraries exist containing smart windows and ddbeg include energy performance data.
Adding smart BIM objects to online libraries is consistently under development and remains a
recommended area of further advancenjéaj. Since 2019, howevethere has been little additional
literature published on Fire Smart BIM objects and this is likely due to the lack in IFC data structures and
a FSE MVD. Without a standardized format, the data stored within the objeci denuniversally shared
Therefore, it is not useful for manufacturers to develop fire smart BIM ohjatitsaa standardized digital

format is established
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An additioral issue resulting from lack of IFC data structures for FireSmart BIM objeitts isability to
map object relationship within BIMKong et al. created an IFExtensiorfor mappingnteractions between
objects affecting fire safety such as fire algrfire doors, lights, etc.

3.2.3 Automated Codeand Model-Checking

Researchers, practitioners, and software developers have successfully been able to automatically check
BIMs for code compliancdutomated codehecking is being used in many fields duégincreasedime

efficiency, taking as much as 80% less time than manual mef6ati63] [64]. Automated codehecking

however requires anultitudeof specific data not always included in the BiWhichincreag the need for

higher LOD BIM objectg65] [64]. Consequently, few tools are available that extract fire safety data from

BIM objects and assess the model for codmpliance.

Most codechecking applications utilize th&pplication Programming Interface (APicluded inBIM
platforms to extract and manipulate element properflé® common API for Revit is the visual
programming tool Dynamo, and for Rhino, Grasshopper is often[66kd\Pls have allowed the success

of many case studigbatperform design calculations according to code, identifyecampliant elements,

and provide visual feedba¢&7] [68]. Now therearea number of opesourcealgorithms that engineers
and architects camseto improve the BIM and most of them are written in Python, which is compatible
with most BIM platformg69]. However, users would need to access this information and integrate it into
their BIM platform.

In 2018, the statef-the-art fre codec hec ki ng applications were stildl o]
with the exception of an obj ect[68 EaHRierrescarchelané amt anc e
developing and testing coadecking applications, identified a need for quality assurance pro¢éekes

Ren and Zhang addregsality assurance their 2019 and 2021 evacuation cartecking research by
developing an algorithm toheckthatthe IFC format of the BIMcontainsthe necessary parametdi&l]

[63]. Ismail et al. suggest that automated code checking is better to be done in the native file format (such

as Revit) to allow for better usability2]. Many authors who developed and applied edadecking
applications within a BIM, consensually recommend future development in increasing LOD BIM fire
objects, functionality/performance of cadeecking, translation of regulations to computer language, and

focus on quality assurance processes. Currently, many international, federal, and regional building code
agencies are in the process of translating written code tebasked formats which can be easily

programmed.
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3.2.4 Structural Fire Dynamic Integration ( Internal and External)

Numerical and algebraic fire calculations can be performed within a BIM platform. Smith and Gales
suggested integrating fire as aload casein 8. The concept of O6fire | oady©
heat liberated per unit area when a building and its contents are completelyeBliritmaro et al.
developed fire load calculations directly into the BIM model by introducing the characteristics of materials
(e.g. weight and specific fire load) and by setting the algorithm in the materials scf@@juleater,
calculating timetemperature curves for various compartments was also programmed into the BIM although
this can require more material property extraction. The calculations will be incorrect if the parameter and
boundary conditions are incorrect, axdifying the need for quality assurance processes. It is also
important to consider that calculation methods for fire loads andtémperature curves may differ across
jurisdictions. Even though the calculation process can be automated, it issstitiglsthat experienced
professionals are involved.

More complex and dynamiire calculations require an external platform for simulation. There are over
160 different modelling tools for smoke and fire simulatigt8}. The most common fire/smoke simulation

tool is Fire Dynamics Simulator (FDS) by NIS#hich is anopensourceComputational Fluid Dynamics

(CFD) based progratathas been validated and accepted in indugttyomated direct data transfer of

fire parameters beyond geometry for performdnased fire design simulations is difficult and rarely
achieved74]. As aresult, egineering models are created from scratch ing&2ld Although automated
synchronization between models has been knowavetime, an analysis by Vilutiene et al. (2019) of 369
papers on BIM and Structural Engineering indicate that most research has been focused on conception with
little application of BIM capabilitie§75]. Theredundant effosarea consequence of the fire and smoke
simulators incompatibility with standardized BIM formats such as [H issue is being partially
addressed with BuilingSMARTG6s | FC4 Software Certi
uses IFC data structurdd6]. Although fire simulation software developers have expressed BIM
compatibility in recent releases, according to Bu#ldingSMART database, nhone have any kind of IFC
certification.BuildingSMART International currently has an active committee working on a MVD for FSE.
Involved researcherSiddiqui et al. have been working on this data specification that would allow full
support for fire safety simulation input and output data. Currently, only geometry import is accepted by
some FSE tools and there is no feamork for simulation results toeexported back into the BIN53].

Even the most recent and resourceful applications of geometry transfer require multiple steps-and third
party software to properly mesh the surfaces. An example of this is the workflow used to transfer the
geometry of Canadads yalRedlty (¥R)elatfornthattobkl et steps andbat a Vi r

least two thirdparty softwarg76]. Successfutirectintegrationon the other handends to be due to the
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effectiveness of the algorithm developed to automatically reassigddiCrfile namesThe research that
attemptstranslating data to IF@aries dramatically in methodology and concludes with much room for
improvementThe work of Shi et alsuccessfully automated data transfer from Revit to PyroSim (an FDS
interface) and back into ReVit7]. However, structural analysis is still missing from the framewOtker

works have included Agent Based Modelling (ABM) within the framework to combine both fire and
evacuation simulations as well as floorplan layout optimizg#8h[79]. These frameworks struggle with
integrating the results back into the BIM and still involve numerous steps which could be further simplified.
Many of the fire modelling research efforts tend to be redundant dadattk of communication and
collaboration73].

3.2.5 Emergency Evacuation Integration (internal and external)

During an emergency, the most critical concern is for building occupants to evacuate safely. In a real fire
scenario, the chances for safe evacuation reduce significantly with time. Evacuation simulations can
calculateandpredict occupant behavioduring an event and evaluate the resulting risks for building design
improvements. The required safe evacuation time (RSET) is a common tool for determining the life safety
of occupants in a building on firdhe evacuation time can be calcula@udaddressed using prescriptive
methods or performandsased methods. Prescriptive rbl@sed methods can be easily integrated with BIM

byusingcode hecki ng and BI M platform APIB]s for progr ami

Integrating performanebased evacuation with BIM has been more successful and frequent than fire
dynamics. Unlike fire dynamic simulations, evacuation simulations only need the geometry of the building
and not necessarily any other parameters, simplifyiteg complete integration requirements. Visual
programming APIs are frequently used to manually build algorithms that extract and convert geometry into
readable formats and program results back into the [BRJl Once the geometry data is extracted, it is
often then used as boundary conditions for an Agent Based Model (ABM). The resulting simulations can
detectblocked egress routes, safest egress raltestest routeand identify most critical design fire
initiation locationg81]. The complexity of evacuation simulations is principally due to the complex nature
of human behaviar. How humans respond within a building can change according to geometry, number
of exits, size of pathwayand exits, signage, previous building layout knowledge, f&2]. Due to
computational costs, evacuation models often exclude simultaneous dynamic fire and smoke simulations.
The shortest path is not necessarily the safest or best performing path, @eatutjor hybrid models
thatare used to thwart this tra@é, providing a more feasible soluti¢d3] [84].

Because human nature is difficult to define and predict, gamified BIM3(8e#Extended Reality and Fire

Safety has been used to extract human behawlalata inan attempto improve the behavioral prediction
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accuracy In future research, additional data that could be obtained from the BIM and used during
evacuation simulations is the effect of communication information (fire alarms, lighting, etc.) and occupant

information (demographics and use habits).

3.2.6 BIM and Construction Fire Safety Design

Around 6,400 structural fires (four deaths) occur in the U.S.A. during the construction phase p&s year,
this iswhen designers tend to overlook fire safety manage[88hf66]. Fire extinguishers tend to be the

only fire safety mechanism in place on a construction[66¢ A tool developed by Khan et al. aims to

solve this by extracting site rules from the BIM and code, identify fire fighting equipment for installation,
bill of quantity for fire fighting equipment, and an escape route plan using the Dulaney triangulation
pahf i nding al gor i t [66h Theieschpe routeRotan antl fires sceAdrids are simulated.
Escape routes during construction can be evaluated at different phases by considering a BIM that is at least
4D [86]. Two 2022 stuiesby Sun et al. integrate FDS with BIM to incrementally assess the fire risk at
different stages of constructigone considers CLT structurd$§)7] [88]. They propose to ufeSEBIM
integrationto educate construction workers at beginning stages to look out for fireTiekgauthor only
foundfour papers related to this subject. In the future, BIM could utilize safety indexes of site instructions
used by construction management to identify and mitigate fire risks before construction begins. Perhaps
machine learning could correlate construction mashwith fire risk and the BIM Al could suggest
alternative designs. Construction is now starting to provide douidisvirtual reality that could ab be

analyzed for fire risk such as identifying combustible materials close to a heat source.

3.2.7 BIM and Fire Safety Operations

The benefits of a matured digital twin BIM include better property and infrastructure managesneell,

asfire safety.A digital twin is a virtual replica of what is built. It is a dynamic BIM which processes live

data and gives feedback to the buildiBg. far there have only been preliminary studdésl i gi t al t wi
application to fire safetj42]. These studies include automatic processingmonitoring of dangeand

fires and assessing the number and location of people withiriding by evaluating sensory dafd9]

[90]. A building managecanvirtually identify temperature, light, smoke, and Tévels in each room.

Should any levels breach a specified limit, camegasbe usetb identify the severity of the situati¢®0].

The operation management platform can notify personnel when a fire extinguisher needs to be inspected or
manage scheduling of fire drillResearchers have been able to create apps which can link equipment on
site to the BIM using RFID and/or UUldentification tags (ex. bar code3he AugmentedReality (AR)

displays necessary inspection forms and updates the Ha¢a AR allows for virtual information

management of FSE inspections regarding fire extinguishing equi@ndsiystems, alarm equipment,
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refuge escape equipment, fire rescue equipment and protective equjp#jerbr BIM-FSE ARto be
possible, he LOD of smart BIM objects should be extremely advarthethg the operation phase of a
buil dingds | ifecycle. The digital twin should i
certifications for various building componenBigital twin conceptshave been applied to Mechanical,
Electrical, and Plumbing (MEP) in the past, whereas digital fire safety systems such as fire detection,
sprinkler systems, and alarm systems are currently under development. To maintain BIM quality, the digital
twin should limt visibility to certain users and only include information needed to run the infrastructure

management platform smootHB0].

Sensory data and communication devices can update the BIM or be updated by the BIM by utilizing Internet
of Things (loT) technology91]. IoT allows individual control over building components. 10T can also
allow for simultaneous data updates, allowing simulations to be run in real time. This provides opportunity
for identifying potentially lifethreatening maintenance jobs such as repairingplders should water

reserves be too low.

3.2.8 BIM and Fire Rescue

When a fire occurs in a building, BIM can be used to enhance the fire fighting, evacuation, and rescue
efforts. Accurate decision making is important for evacuees to choose the safest path to exit and for fire
fighters to rescue people as quicklydsafely as possible. Decision making is susceptible to human error
and can have negative impacts on evacuaimhrescue times. Evacuees can be exposed to dangerous
carbon dioxide levels, especially near the end of an evacy@#po improve the evacuation conditions

the fire must be identified early on, occupants and fire departments notified quickly, safe evacuation must
be aided, and trapped or stayplace occupants must be located. Theguacuation time can be improved

by quickly identifying the fire and dissg@nating detailed information to the occupants early on. The
evacuation time can be improved by providing detailed instructions for wayfinding. Search and rescue
efforts can be improved by providing occupant locations to the rescue team. Another cooisietae

safety of the fire fighters. It is important to know the progression and whereabouts of dangerous levels of

temperature, toxic gases, &@nd smoke. Fortunately, there are a few ways BIM can help with these.

BIMs provide a central intelligence system that when used dynamically, are constantly being updated with
sensory input and updating communication devices within the building with fire safety inforn#ation.
dynamic central intelligence systecan command an optimized evacuation. To aid the evacuation,
communication devices such as speakers, alarms, liglRiD§S (changeable exit signahd mobile
devices can routinely be updated with fire safety information during an @&jniWhen occupants are

given clear instructions to the safest path, they behave more rationally, more efficiently, and are more stable
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[90]. An application of this is when ADSS is automatically updated with directions which prevent people
from heading towards danger or opening doors that compromise fire compartments. A system developed
by Ma andWu sendsan SMS to the occupants notifying them of a fire and having them indicate their choice
to evacuate, stay put, or fight the fig®]. An app is updated with fire locations, fire safety equipment, the
safest egress path, atacation status. All this information is retrieved from the BIM and can be
continuously updated. Information on occupant and fire/smoke conditions can be retrieved from the
building to update the emergency status. Simultaneous data updates allow sisitddti® run in real time

to inform fire rescue teams about visibility, E@ndflame spread91]. Simultaneous simulationallows

fire rescue to visualize fire spread and occupant locations within a 3D model of the buiid2@2,
researchers Wang et al. came up with four algorithms which when used the building fire ontology, could
not only suggest the best retibr fire fighters to get aged persons in a kiegn caefacility, but also what

tools they will needié. if a window should be brokefd3]. There have bediew studieshoweveron how

real fires might affect WFi and internet capabilities, which allow the réale data updates to be possible.

Therefore, dependency on such systems would require further research.

The safest path needs to be calculated quickly while an emergency is occurring, making numerical solutions
more effective for unpredicted scenarios than evacuation simulf@@nfResearch in this area has shown

a preference f of92]PO]9K. Dt | &8 ¢ r a lbcgnouseilgeplmetry andh oncupant
locations extracted from the BIMvhich can be done automatically when an emergency is declared. The
calculations can be 4igerated as the model is updated with more current sensory data. The downside of
this isthatcomplicated factors such as crowd density cannot be fully considered during an event but should
have been previously considered in the design phase. An alternative is to have different fire scenarios
simulating while the building is functioning and when avent occurs, it is matched to the Hést

simulation[95].

3.2.9 Extended Reality and Fire Safety
Extended Reality (XR) refers to virtual reality (VR), augmented reality (AR), and mixed reality (MR). VR

generates a realistic environment with visuals an
environment. AR is where artificial informah can be accessed in reality. An example of this is when a
building manager scans equipment and then gains access to information about it via mobile device. MR
attempts to combine VR and AR by making the digital content interactive with realigry new type of

XR with no defined parameters and little existing applicatjo6s

Gamified BIM is an emerging field in which BIMs are imported into a gaming engine to simulate a virtual

reality [97]. Gaming engines have been developed to be superior at simulating virtual realities with less
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computational cost and more realistic grapf@&. In more recent yearshe AEC industry has adopted

gaming engine®r creating virtual realities that help visualize the interior spaces, construction, evacuation
scenarios, fire simulations, and building managerf#fjt Recently gamified BIM is being utilized as the

buil dingbés platform for maintenance and operation
for everyday use anehsytraining[99]. For BIM fire technologies to work, they must be intuitive to use.

One of the earliest applications of Gamified BI M
that realistically simulates structural fire scenarios and extracts data to assess humarubehasiers

[98]. The game environment includes fire, smoke, explosiand structural damage defined by FDS
boundary conditions. There are numerous ofsgious games taking similar approaches that currently
provide reliable results and realistic visualization eff§&23. Lu et al.develop a serious game for training

fire fighters where BIM founded geometry, a structural model, and an FDS modelondsaed in a game
engine[100]. Deng et alcreated an Augmented Reality (AR) that guides fire fighters through smoke and
the buildingds | ay o[84] Someraesaarcdess argue & $houtd @ot he msedin i o n
practice to simulate evacuations due to lack of valid488h The reason pedestrian modelling is difficult

to validate is due to the numerous ethical mhele associated with such data collection, particularily when

it comes to impairmenand simulating a dangerous situatioks the technology progresses, other
researchers have been able to show that if participawts previous gaming experieraed are aware of

the purpose and requirement for accuraleg,data retrieved can be quiteeful Gamified BIM is on the

way to become a more reliable, accurate, and consistent solution to engineering simulations as model
validation and increased efficiency emergable 3-1 shows the analysis @ studies that were done on
integrating BIM with Fire Safety Engineering. These studies do not include literature reviews (8 studies).
Listed from the oldest studies of the sample (2007) to the newest (2021, time of writing), trends in research
efforts carbe seen. For example, earlier years tend to focus on integrating fire calculations with BIM, while
there was a surge in integrating BIM with evacuation calculations in 2019. Case studies used to demonstrate
the research are more frequent in later yeadicating that the technology is improving from concept to

use. There also seems to be an increased preference for internal integration in more recent years, eliminating
the need for data exchange. Papers in 2019 focused more on perfebasedelesign appations while
prescriptive approaches have more available solutions in the market (software). Very few papers have a
mathematical approach or analysis which suggests that research is not quantifying the benefit or faults of
merging fire safety with BIMAIthough the other BIM integration applications demonstrate the increased
data acquisitioandanalysis, building fire codehecking is the only application where research has clearly
defined the cossaving benefitThe proven benefitarecritical information for industry if the research is

to be utilized in future tall buildings. In fact, oryout of54 paperghat the authoreviewed had industry
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partner contributionghichsuggests a potential for a significant disconnect between what researchers think
industry needs and what is actually needétds missed opportunity to collaboratntribuesto why BIM
is not being fully utilized by fire safety engineers.

Figure 3-3 shows the primary focus areas of the research being done on integrating BIM with fire safety.

In this figure, it is clearly defined that fire evacuation simulations are the most popular for BIM integration.
Fire smart BIM objects and fire dynamics follo@onstruction fire safety is the most in need of future
research with onlyfour papersidentified. Out of the auth& sample, codehecking is also under
represented, but this could be due to the fact that it is already in use in industry so research regarding this
topic is likely more frequent in earlier years than the adtfocus. Fire rescue and safety operations are
quickly progressing in recent years. Many digital twin platforms are now being advertised in industry (such
as ARUPGs Neuron) but none advedknbwedge) i re safety

By counting the frequency of framework approaches relative to the primary focus of the BIM integration,
it can be seein Figure3-4 what method is most prevalent in literatugince both internal and external
integration and prescriptive and performabesedmethodscan be utilized in one study, the percentages
are notinterdependentSmart Objects for example, similarly use both internal and external integration.
There has been more focus however on developing smart BIM objects for perfotraaadedesigrOf

the sample researchingdechecking 67% used internal integration methods, eliminating the need for data
exchange. On the contrar@5% of the fire dynamic integration with BIM uses external integration.
Construction safety and code checking both predominantly utilize internal prescriptive integration
approaches. From FiguBe4, prescriptive design tends to be integrated internally within the BIM, while

performancébased tends to use external integration requiring data exchange.
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Figure 3-4: BIM integration with fire approaches

Table 3-1: Analysis of studiesregarding the integration of BIM and fire safety engineering

Year Ref Authors Primary Focus BIM DesigrlApproach
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2019
2019
2019
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2019
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2020
2020
2020
2020
2020
2021
2021
2021
2021

[58] Shearpoint & Dimyadi

[98] Ruppel & Shatz

[57] Shino

[70] Choi, Choi, & Kim

[101] Wang, Wang, Wang, & Shih
[56] Smith & Gales

[60] Amaro, Raimondo, Ebra, & Ugliotti
[41] Gao & Xue

[62] Beltrani, Giuliani & Karlshgj
[79] Cheng et al.

[91] Chen, Liu, & Wu

[102] Dimyadi, Solihin, & Amor
[86] Marzouk & Daoor

[68] Porto et al.

[103] Atyabi, Moghaddam, Rajabifard
[45] Eftekharirad

[80] Fu & Liu

[81] Mirahadi, McCabe, & Shahi
[83] Ronchi et al.

[97] Selin, Letonsaari, & Rossi
[77] Shi, Dao, Jiang, & Pan

[78] Sun & Turkan

[94] Bayat et al.

[104] Bina & Moghadas

[42] Chen, Lai, & Lin

[69] Guo et al.

[66] Khan et al.

[65] Kincelova, Boton, Blanchet, & Dagenais
[89] Liu, Zhang, & Wang

[100] Lu, Yang, Xu, & Xiong

[90] Ma & Wu

[95] Mirahadi & McCabe

[105] Sun & Turkan

[106] Chen, Hou, Zhang, & Moon
[84] Deng et al.

[107] Diao & Guo

[108] Lotfi, Behnam, & Peyman
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2021  [92] Mirahadi & McCabe B
2021 [53] Siddiqui et al. B

2022 [109] Gao et al. | B
2022 [59] Kong et al. B
2022 [110] Sabbaghzadeh et al.

2022 [88] Sun, Turkan, & Fischer

2022 [111] Yang et al.

2022 [112] Zhang et al.

2022 [113] Zheng et al.

2023 [114] Ismail et al.

2023 [115] Kanangkaew, Jokkaw, & Tonghong
2023 [116] Liu & Wang

H
2023 [117] Liu, Gu, & Hong B | ] B
2023  [118] Mirzaei-Zohan et al. [ B B
2023 [119] Parasamehr et al. . . . .
2023 [120] Wang et al. [ ] ] B
2023  [121] Yakhou et al. B B B B

Technologies being used by researchers for integrating fire safety with BIM is summarfzgor&B8-5.
Autodesk Revit is the most used BIM platform along witimitsgratedAP1 Dynamo. The APl is commonly

used for codehecking, fire safety operations, and fire rescue. PyroSim is the most used fire simulation
tool for integration with BIM and IFC is the most used data exchange format. The evacuation calculation
tools are faily distributed in their use, which may suggest that the evacuation research community is more

interested iimaking the calculation process compatible with BIM.
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Figure 3-5: Technologies used for integrating fire safety with BIM

3.3 DISCUSSION AND FUTURE RESEARCH ROAD MAP

Growing technology can bring many benefits to the AEC industry. With respect to fire safety engineering,

BIM can allow for automated codshecking, managandautomate fire safety operations, store simulation

results, and provide a platform for fire emergency management. Simplified calculations for fire and
evacuations can be performed within a BIM as well. From analyzing the literature however, there is a need

for more research on extracting fire parameters from a BIM and making simulation tools truly interoperable

with BIM platforms. Currently, the external integration process involves manydimguming steps,

leaving room for error. The BIM jfiowevers t i | | useful for providing simu
geometry. The literature reviewed for this study was able to apphBiiveintegration throughout the

entire life cycle of a buildingndis summarizedn Figure3-6.

Before beginning a new project, the data management plan, quality assurance processes, and permissions
must be decidedEveryone in a project must agree for example that they will use IFC classification for their
models. If information is missed, it must be quickly identifi@3]. Project stakeholders must be notified

when a team makes a change in the model. Decit#sign change managemaiiiead of time provides
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structure to the teamredues errors, miscommunication, and tim@oo many information and design
changes can drive up cost whi®tbroad of an outline can increase risk of late identification of threats

[122].

BIM Management Plan

To successfully use BIM for a project,
quality assurance, data permissions,
and stakeholder expectations must be

clearly defined ) i X i
Fire Dynamic Simulations

Simulation input data can be extracted from

Fire smart BIM objects can be updated
with sensory data from the building,
creating a mixed reality. Management
can keep tabs on occupant numbers
and locations, as well as heat and CO2.

This can increase the effectiveness of
fire rescue efforts.

the BIM and results can be stored in the BIM.
Simulations can run scenarios continuously,
allowing results to be quickly accessed in the
event of a fire.

Fire
Emergency

Conception Construction Operations

Gamified BIM and Fire

Gamified BIM is often used as a
platform for BIM management during
operations. It can also be used to
train fire fighters and tenants on
evacuation procedures

Internal and external BIM integration
have successfully performed
evacuation simulations. This can
inform architectural design/layout.

Add fire parameters to BIM objects. This
may include ignition temperature, FRR,
HRR, etc. BuildingSMART is working on
standardizing fire data structures for
BIM. The LOD is updated continuously,
creating a digital twin during operations.

Internal integration allows automated
fire code checking of the BIM. It can
also ensure fire safety measures are
in place during construction.

Figure 3-6: Roadmap to using BIM for fire safety engineering

During the design phase, the LOD of BIM obgebegins to be developed in stages, progressing as the
design progresses. It is also durthg desigrphase that fire and evacuation simulations must be utilized to
identify the worst fire scenarios and plan for occupant safety.-Clogleking is also used during this design
phase. If the number of penetrations within a FRR wall are exceeded during designers can be warned,
ultimately preventing the wall from being compromised. A prescriptive approach can also be used for
evacuation design although this is less suitable for the complexity of modern tall buildings. By involving
the FSE sector from tHgeginning of early design, FSE can be better integrated into the BIM and included
in generative design practices. UltimatelySE involvement ri generative desigrwould inform
stakeholders on design solutions that better consider life safety into the overall design. During the design
phase, fire safety during construction should be considef&.during the construction phasean area

of much needed further research with the autlaeing only foundour papergegarding thi$66] [86] [87]

[111]. By integrating FSE into the BIM at the design stageyceations can be simulated for each
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construction phase, creating new updated evacuation plans. Fire extinguisher location and installation can
also be managed. Many building fires are construction fires and evacuation times change throughout the
project.

Construction management of fire safety relates closely with operations management. Operationséend to
more extended reality than other BIM applications. Researchers suggest gamified BIM to be used as a more
intuitive platform for operation managemeBtM provides a databasieatcan augment real world devices

with the virtual one, its digital twirDigital twins allow for operations and maintenance to better identify

fire fighting equipment, their state of repair, and status. It also provides a system for a fire risk analysis of
the building and activities to be constantly evaluated in real time. If the occupancyeghiaogn be

identified and assessed automaticaliyrich can significantly lower the risk of a fire scenarditowever

studies that prove this are limited since such systems are slow to be adopted

During a fire emergency, BIM can still positively influence the outcome of fire s#fetihe synchronous

digital twin, BIM can monitor sensor input for fires a wayof identifying a fire sooner than a fire alarm

To the authdis knowledge, this is yet to be proven. Once the fire is identified and locations of occupants

are known, optimized evacuation paths can be calculated and communicated to occupants by smart speakers,
mobile devices, anADDS. Live updates of the fire and evacuation scenario can be provided to the fire

fightersto mitigatetheir exposed risk.

Overall, research efforts on fi@M integration are redundant silos of information. For example, fire
dynamic simulation integratiecould learn from evacuation simulation integrations. It was found that
more studies need to shift to real applications of integrating BIM with fire s&8#-FSE integration
researchneeds to involve more industry partnevho are currently excluded from the technological
developmentsAdditionally, A lot more work needs to be done in interoperability for external integration
purposes which is essential for performabesed design. Software developers will have the greatest
impact and responsibility in this area. Another identified issue is datagaarent. Permissions and quality
assurance processes are essential for the integration to be effective and reliable. For complex buildings, the
size of the BIM can be extremely larged may rly on cloud-based storagevhich poses risk to security

The LOD of available BIM object libraries is currently not mature enough to supply fire and smoke
simulations with enough informatiomhe LOD development task will be greatly influenced by the
manufacturing industry where demand for product digital twins is on the rise. Biglrelow summarizes
these current issues with the stateahe-art BIM and FSE integration which require further research and

development.

47



This literary assessment of integrating BIM with fire safety has limitations to its context. The literature
analysis is limited in the following ways: (1) The sample selection is subject to personal biases since they
were not statistically randomly chos€8) Some BIM integration categories have a significantly limited
sample size. (3) Sample was limited to English language papers.

e Security threats

e Inclusion of FSE in generative-design and early design processes

e Data structure requirements (BuildingSMART is currently
working on IFC formatting)

e Education for stakeholders -realize potential and benefits of BIM

e Little to no research exists

e Performance of WIFI-dependent
systems during fire events
Security threats

Standardization

Lack of case studies

Lacks numerical proof of benefits

e FSE tools do not fully support BIM
compatibility (IFC data exchange)

¢ Missing collaboration between researchers
and practitioners

e Research silo - compare to other disciplines

Fire

Conception Emergency

Construction Operations

e FSE tools do not fully support BIM
compatibility (IFC data exchange)

¢ Missing collaboration between
researchers and practitioners

Lack of case-studies

Lack of standardization

Lacks numerical proof of benefits

Research silo - compare to other disciplines

e Manufacturers need to provide high

LOD BIM objects for products e Building regulations need to be
® Missing collaboration between developed/transcribed into
researchers and practitioners "code-ready" interpretations

Figure 3-7:Future Research for FSEBIM Integration

3.4 CONCLUSIONS

Fire safety engineering can utilize Building Info
participating in the Level of Development (LOD) of smart BIM objects, automated fire code checking,
prescriptive fire protection design, data exchatmgevacuation and fire simulations, fire safety planning

during construction, fire safety management during operations, and fire emergency management. Research

in these developing applicatiomslicated the benefit in reducing fire risk but fire cadteecking is the only

application that has shown cost benefits. Adoption of BIM in fire safety engineering is slow and behind

other disciplines which may be improved if research involved more iydostiners, as only 8 out of the

54 BIM-Fire papers reviewed involved industry partners. The most commonly used BIM platform, fire

simulation tool, programming interface, and data exchange format used in research are Revit, PyroSim,
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Dynamo, and IFC respectively. Research does not show a preference for a particular brand of evacuation
simulation tool. This information may help practitioners when choosing more compatible software for their
fire design integration with BIM. The researbbs gravitated towards integrating prescriptive building
codes within the BIM using API for construction operations and checking fire code compliance during
design and operations. Performaiesed fire design tends to use external BIM integration by egoig

data between the BIM anthe simulation tool, usually in IFC format. Emerging technologies such as
gamified BIM are progressing capabilities of smart buildings and allowing for fire risk mitigation.
technology and information that should be defined at the beginning of a project when the BIM management
plan is specified between disciplines. It is essential that the fire safety engineer be involved from the
beginning to make clear their needs andbeinfmed on t he buil di ngdbshedesi gn
conceptuaktage that technology, software, and data need to be defined from the fire safety perspective.
The roadmap provided by the authors in thiapteroffer holistic guidance for making such decisions. For

BIM technology to reach its potential, industry manufacturers need to provide high LOD fire BIM obijects,
fire engineers and researchers need to collaborate, software developers need to improveaiiligrope

(the use of standardized file exchange formdfsC), and building owners and management need to be
educated on how use the benefits provided. In the future, it is possible that the digital twin of a large data
sample of buildings will be able teollect big data on human and fire behaviour during real events.
Applying big datacanbetter inform design practices and base assumptions, ultimately improving the life
safety of highrise buildings. Additionally, FSE would be fully integrated into the BIM collaborative
process with other building stakeholders from early design phasesinglltor inclusion in other BIM

tools such as generative desig&E early involvememwould ultimately result in an optimized design that

truly considers life safety.
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CHAPTER 4

BIM for Improved Collaboration in
Aiding Design Decisions Impacting Fire
Dynamics: The Case of Timber
Compartments

It is amazing what you can accomplish if you do not care who gets the credit.

-Harry S. Truman

4.1 INTRODUCTION

The modern use of mass timber has gained momentum over recent years with the innovation and increasing
availability of engineered massnber products such as glulam and Cross Laminated Timber (Th€).
increasing usés largelybecause mass timber systems provide an aesthetiedigingand sustainable
alternative. In Canada, there is an abundant supply of sustaimablagd wood, making mass timber
construction an attractive option. However, wood is susceptible to decomposition, biota, and fire. The

variability in properties makes it difficult for engineers to predict how it might perform under any
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circumstance, particularly in the event of a fire. As a result, the fire design of a modern mass timber building

requires careful considerations.

Predicting how a fire will behave in a given building is complexiaaffected by the decisions that various
professions make, such as those of an architect (geometry, opening sizes, etc.) or mechanical engineer
(HVAC). In the case of mass timber building design, whhesstructure is combustiblére safety can

dictate the buildings desigfor this,Salminen and Hietanieméasorthat performancebased fire safety

design is the only way to approach mtssher buildings (larger than 8 storey$23]. Performancéased

design (PBD) is widely usdalbeit labour intensived provide economical and optimized design solutions

to complex problems'he PBD approach allows an equivaledz®sed safety design but with potential for
greater resiliency in the optimization of protective meastBED optimizes design bysing modeling,
research, and testing to show with certainty that the performance requirements are met (ie. building will not
collapse, and occupants will be safe in event of fire). Given that building codes can develop at a slower rate
than the advancemeof masgimber design and construction techniques, the resulting current codes tend
to conflict with architectural needs24]. The architectural cdlicts reinforcethe mandate for performance

based fire design (PBFD) of mass timber buildings. PBFD is often unavoidable due to the requirement for
research, testing, and modeling to better understand the fire dynamics of modetimipesstructures

[125].

While taking a PBD approach can ease costs by optimizing design wh&endedednd savingcosts

incurred from ovedesigning, there have been cases where the opposite ocandrétae efforts required

to carry out the complex design only ended up costing more than any savings thdtanigheerhad.

Design is an iterative process, meaning there are many changes. If, hawajeerchanges are made
nearing the end of the design phase, additional efforts often requitesiga Late design changesn be

very expensivalue tothe complicated and laborious simulations required for PBFD. While it has been
difficult for researches to accurately predict the effects of change ordiersign changes late in the project

is one of the leading causes of increased design @8}l Qualitative studies have found that changes
cause cost increases of around 25% and increase the schedule by 69% or{B¥ékdgea recent study

of 3951 project changerders by Padala, Maheswari, and Hirani, it was found that 33% where client related
(aesthetic and finishing works), 21% were design related (safety), and 23% were related [t28]EP
accumulangto 77% of design changes affecting fire safety. The cause for these changes varies drastically,
but many researchers attribute most to lackcainmunication,coordination and change of scope.
Interestinglyh o we ver , the majority of 338 practitioners
value engineering as the most significant cause of design changes, with lack of coordination at a close

second[129]. The same practitioners named the most significant effect being time delays, then cost
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increase§l29]. Yap et al. determine that to solbe issue oéxpensive design chang@sactitioners must
have a shared understanding of design changes and their impacts on one another and be able to collaborate
effectively to cocreate optimized solutions (value engineering).

Building Information Modelling (BIM) has become an industry standard for larger construction projects.
BIM is an information database capable of containing, organizing, and analyzing everything that has to do
with a building, including its geometry in three dimensidBi8/ is not a software or a data set meant just

for design. Algorithms can analyze and process the data to provide design options, chea@ndodes
regulations, create material lists, etc. A fully developed BIM would contain all the information from various
disciplines Fire safetyis dependentn buildingandstructural geometry, HYAC, mechanical, and electrical
systems. Fire safety engineering is one of the most critical specializations to include in the design of a tall
timberbuilding, yetit is often excluded from the Building Information Model (BIM) and integrated design
processFor a PBFD to be possibleultiple disciplinesneed to collaborate early oo save time and
ensure accuracy, the fire safety engineer and practitioner need to know about design changes from other
disciplines as they happdrojects that use BIM increase in efficiency while reducing conflicts, error, and
miscommunicatioj10]. It is an opportunity to streamlimaulti-discipline collaboration but is not being
developedor fire safety in industryThe compatibility between BIM and fire safety design seems ohvious
yetit is just beginning to receivattention in structural (fire) engineering literature due principally to the

confidential nature of the projects for which it has previously been applied.

Fire Engineers are still in the early stages of understanding how mass timber construction contributes to the
dynamics of a building fire. When looking for material on how architectural features impact the fire
dynamics of a CLT compartment fire, onlgaideline presentingarescriptive approach to designing CLT
buildings existed. There was no reference for 4fioa practitioners on understanding how architectural
decisions impact fire dynamics. Additionally, the authors found little on the demonstration of a visual
notification systerato alert and aid decision makers on how a design decision can impact other disciplines.
Like Lovreglio, Thompson, and Feng, no studies could be found on visual aids to parametric design as it

relates to fire safety engineerif&p].

This chapter explores two themes: (1) the impacts of architectural factors on the fire dynamics of a modern
CLT compartment, and (2) how to communicate those impacts to a detial@r viaBIM. Since fire
dynamics depend ae decisions made by multiple disciplines, for simplicity, the scope of this chapter
only consides architectural features such as geometry, openings, and finishes. Since the idea of a visual
alert system for supporting design decisions impacting fire safety is novel in literature agxistent (to

the authois knowledge) in practice, the scope of this chapter only introduces the concept.
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This chapter aims to improve credisciplinary awareness and collaboration: I§%) serving as a
comprehensive review for stakeholders with limited fire engineering background showing the effects of
architectural changes on fire dynamics, and (2) introduce a BIM alert system which informs disciplines on
the impact of their desigdedsions and changes. The chapter will provide background and recent studies
on the matter, the methodology for analyzing the-dudlle CLT compartment fire tests, and behind
developing the concept for a visual alert and decigidnsystem within BIM. Theeader will see the
resulting correlations the author made between architectural factors and the fire dynamics of a CLT
compartment, based on real world datamgefrom fulkscale CLT compartment fire tests. The reader will

also see how the data and analysis is used within a preliminary BIM alert and decision aid system. The aim
is that this study may inspire adoption of such approaches in practice, and ultpratabye and contribute

to improved collaboration, croghscipline understanding, and project efficienicyproved collaboration

and crossglisciplinary understandingre critical achievemergtfor the successful design and construction

of new technologically advanced, sustainable, mass timber high rises.
4.2 BACKGROUND

4.2.1 Factors Affecting Fire Dynamics and Design

For flames to burn in a traditional fire three things are needed: heat, oxygen, and fuel. When enough heat
is applied to a fuel, with enough oxygen, the fuel will burn. If the fire is smothered, the flames will die. If
there is no fuel, there will be nadi If there is no heat, there will also be no fikood buildings not only

contain fuels, but they are also completely composed of fuels. Winddwoor openings, HVAC, and

room size have effects on the oxygen supply. Room finishes and furnishings have various flammability
properties, some easier to ignite than others. While heat sources are often well controlled in buildings, there
are many uncontrtdd and unintentional incidences that can occur and start aufite as an occupant
starting a grease fire thekitchen. Regardless of the quantity and types of fuels or openings in aroom
compartment, most compartment fires undergo four stages in their development. The four stages, as shown
in Figure4-1, are the incipient stage, the fire growth stage, the fully developed fire stage, and the decay
stage[25].

During the incipient stage, the fire is relatively small and just beginning. The overall room temperature is
not yet greatly affected, and the fire can be put out most easily at this stage. Although, if left unattended,
the fire also has enough oxygen tow and spread to other fuel sources. During the growth stage, the fire

is spreading to additional fuel sources, the room temperature is increasing exponentially, and toere is

of smoke development. At flashover, the pabivhich the fire becomedully developed the room is

completely engulfed in flames, has reached room temperatures-60800, and risks breaking windows
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anddoors in search of oxyg¢a5]. The heat and toxins generated during such a stage is fatal. Finally, when
there is no fuel left, the fire begins to decay. Such extreme changes in temperature can have drastic effects

on how materials behayeut for the purpose of this study, the focus will be solely on the fire dynamics.
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Figure 4-1: Time-Temperature Curve for Compartment Fires

4.2.2 Making Design Decisions and Changes

Information resulting in better crosisciplinary awareness can lead to more informed decisions about
design, minimizing the need for design changes and modificationsTateffectivelycocreate optimized
designsolutions (value engineeringjollaboration and a weHunderstood knowledge of the impacts of
shifting various parameters affecting the design outcome is ess&vitiah making parametric design
decisions, the decision maker must remember a multitude of informatiorthahdnformation is
interdependentn the construction industry, this can be particularly difficult given that the decisaders
typically have minimal technical background and little understanding on how one @ctiesignchange
might impact the various technical fields, or hovanyresources it would take to carry out the design
resulting fromthat decisionThis is especially the case for modern CLT structures and fire engin&ering.
understand how to relay this information in a way that is useful to decision makers who may not have a

background in fire engineering, the Decisidiaking Process (DMP) is examined.
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Decisionmaking has been studied extensively in many diverse fielclsding business, sociology,
management, and cognitive scientre the field of building desigrhowever, there are few studies that
consider the approaches, methodology, and impacts of denisikimg [130]. The lack of studiess
surprising considering that in countries like Canada, the construction industry accounts for 7.5% of the
GDP, generating about $141 billion annudll31]. Where a few design decisions could save millions, it

would be in everyonebds best interescffecivemaneensur e de

One of the difficulties involved in decisiema ki ng regarding a buildingbds d
nature of architecture. How does an artist decide to place a stroke of yellow paint here or there? The creative
decisionmaking process differs fromedision making that may only involve numbers. The most energy

efficient room for example, would beawelln s ul at ed cube with no windows,
option and there would be no desire to inhabit this space. With that in mind, Lee amidQstmwnised

from an empirical study where six architectural designers were tajoesd during a onkour parametric

concept design exercise, that there existed three Deda&img Processs(DMPSs) in design; conclusive,
confirmative, and simulativlL30]. In all these processes, the architects had the ability to view a visual 3

D representation of their parametric design and frequently referred to it during iterations and -decision
making. TheDMPsus ed during parametri c dek0]glninvalvefivda ee anoc

activities:
1. Goal Setting Defining the scope and performance criteria
2. RepresentatioriJnderstanding the nature of the problem

Rel ating different aspects to one al
mind andalgorithm that represents the problem or relating the aspects of
the problem in a visual representation (ie. 3D building mddan].

3. Generation Create alternative solutions and calcukatesimulate performance

4. Evaluation Evaluate existing geometries, aesthetics, and performance.
Make decision to keep iterating design or make changes.

5. Revision Revise parameters, rules, geometry, design, etc.

Each of these activities allowed the participant to refer to the visual representation of their solution and
assess it against the goals and critefihe overall desigrSo, while algorithms could be used to generate

design options and infer decisions, visual assessment was consistently necessary and relied upon.

Where the struggle typically lies in solving problems, according to thekwelWn researcher on the topic,
John R. Hayes, i s dur i:umgderdtanding theRhatpre of thheepnoblent, theoga® a c t

between the current situatianddesign and the desired outcofh®2]. The representation process involves
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relating the different and multiple criteria to one another. For buildings, this relationship can be quite
compl ex. I n many of Hayesd studies, he found that
relationships in understanding the probjemmichal so hi ghl i ghts peopl eds nee:
in mapping out relationships for problem solving. For decades, researchers have consistently demonstrated
that, for most people, images transmit more information in a shorter amount of time arsiesr® emasp

and remember. Therefore, the best way to communicate information regarding the impacts of changes on a
buil dingbés performance parameter s, -makidgwpuldbevai de a

visual representation of the design parameters before and after the potentialoclit@ngion.

When making decisions, the decisioraker sifts through information, deleting, adding, and interpreting
information based on relevance to the problem. Problems cannot be easily understood or interpreted without
knowledge relevant to the actual probleback of problemrelevantmay contribute toowners and
architectsmaking design decisions that significantignpact other specialties without even realizing
because relevant technical information is missing from their arsenal of knowledge. Another phenomenon
t hat can occur when making decisi ons-makeristndte O6opt
necessdly failing to use information, but that the information is being used inapproprid@®}. Since it

is unreasonable to expect an owner or architect to understand and interpret technical knowledge relating to
all the various specialties of a building, it is necessary to find a way to perform some of these-decision
making activities for them. Teurtail the chances of aniitfformed decision, a person who is wiglformed

with the technical knowledge regarding their field of expertise, needs to provide the decision maker with

the appropriate necessary information, in a representation that thiel@saker can accurately interpret.

Once the decisiemaker hagelevant information, the information must be evaluated and compared. In
architecture and other artistic realnmfpormation evaluatioran be a@ubjective process. Some factors that

affect how a decision is made involves whether the decision is made under certainty, under risk, under
uncertainty, and/or under confligt33]. Depending on the circumstance of the decision and available
information, different decisiemaking strategies and approaches may be taken. For example, if the
outcomes of a design change are certain, then an optimization approach may be taken. Rutsif the
uncertainty or risk, for example, if achitect wants an atrium built out of mass timber where all the timber

is exposed, then based on previous knowledge, a cost estimate could be made but with a degree of
uncertainty, and the fire engineer may inform the architect that there is a firéhéslESE information
could change the architectds approach to making
approach to a 6éminimizing maximum regretdé approac
technical knowledge and understanding to communigiféetively to the decisicmakerregardingwhat

kind of uncertainty, risk, or conflict may be associated withddsgn decisions and changes.
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4.2.3 Multi -Disciplinary Collaboration and DMP in the BIM Environment

Building Information Modelling (BIM) has been widely accepted as a way for improved collaboration and
communication across disciplines in the architecture, engineering, and construction (AEC) industry.
Improving collaboration and communicatisdone through multiple &ets such as clash detection, medel
sharing, construction sequencing, version tracking, etc. However, reseaegbartodayhave found that

the full potential of this has not yet been realized due to some developing limitations such as poor
interoperability between software packagdsdefined BIM objects containing semantics that other
disciplines canot usenor understand, and laborious management of design varigfi@d$ Although
interoperability between software packages is being addressed by the software developers and the use of
Industry Foundation Classes (IFC) dateuctures, the individual use of sperate software does not
encourage mukdisciplinary parametric dggn at beginning stages.

Researchers and companies have been working towards one synchronised BIM model that all the
disciplines camsein real time.Theresuling modelisa very large bundle of data. Where to host the data,

how to backup the data, how to secure the data, how to save the data, how to share the data, even what
data format to usare alllooming questions the industry is trying to answer but are out of scope for this

thesis.

To try and improve crosgisciplinary understanding, collaboration, and ultimately coordination in design,
researchers have also been focusing on minimizing the impacts of design changes. In a 2022 study by Sacks
et al the authors took the approach of solving concerns regarding the propagation of design changes
throughout the disciplines as a way of improving overall collabor#tid4]. The current begtractice for

design change maintenance involves the operations: assess, notify, propose, authorize, afti3@}ecute

4.2.3.1 BIM and Big Data; Data Driven Decisions

BIM is a datarich ecosystemIt would be difficult to discuss the benefits gmatential of BIM without
mentioning data analytics. Using a ddtéaven statistical numerical approach requires less computing
power than an analytical calculation using Finite Element Modelling (FEM}he case of fire, the
analytical solution isomplex asit is not easy to derive numbers (results) frédternatively,a numerical
approach can more easily produce results that are fairly accurate albeit not the exact solution. That makes
the numericabpproach useful for the beginning stages of design when design changes are more likely to
occur. It is also useful for estimating the magnitude of impacts that a ddmgge might have on the

overall design.
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4.3 METHODOLOGY

To develop a solution that can improve the mdilsiciplinary understanding between architects and fire
engineers with the aim of minimizing desighanges, identifying how architectural features affect fire
dynamics within a CLT compartment is the firsgs Onceeffects of architectural changasequantified,

the uncertainty, risk, and conflict associated with the impacts must be identified agvivet effects,
uncertainty, risk, and confliegbformation is obtained, a concept for effectively communicating this to an
architect, owner or design decisioraker can be formed.

4.3.1 Review Studies on the Fire Dynamics for Timber Compartments

Since a great deal more data needs to be collected before probabilistic models can be dicvaptehis

will focus on a qualitative analysis 06 3ull-scale mass timber compartment tests fhdhstudies[135

145]. To understand the realistic nature of a compartment fire, it was necessary to exclude compartment
tests whose scale was so small that the ventilation would be insufficient compared {fira seahario.

For that reason, compartments with floor areas than 10 Aiwere excluded from the study. To understand

how architectural changes can affect the fire dynamics of a mass timber compartment, the authors have
chosen tests which isolated the architectural variables. Thus, tests involving any activecaksystems

(i.e. HVAC, sprinklers) are excluded from this study. The following metrics arengge&rom each
experimentfloor area [M], ceiling height [m], wall finish [%combustible], ceiling finish [%ocombustible],

floor finish [%combustible], opening factor [ff], fuel load density [MJ/f], time to flashover [min],

duration of fullydeveloped stage [min], maximum temperature [°C], maximum HRR [K}Vietrics
regarding the fire performance of the CLT such as charring rates were excluded from this study as it was
considered outside the scope. The authors also recorded any observations researchers made during the

experimets.

Values such as incident heat flux or temperature may have varied accordiogtiotobut for the purpose

of this study, the most severe/maximum values were recorded. For some,mairicsh as o6dur at i on
devel oped stageo, the time at which the decay ph
Temperature curve. For %combustible material finispegected CLT was excluded with the assumption

that the protection meets performance requirements. The fuel load density excluded the paper finish of

gypsum board.
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Table 4-1: Full-scale Test Catalogue

Test Publication ) o o
T Vear Test Series Naménstitution Authors Citation

Test1 2022 ARUP Codered #1 Kotsovinoset al.  [135]
Test 2 2022 ARUP Codered #1 Kotsovinoset al.  [136]
Test 3 2023 ARUP Codered #4 Kotsovinoset al.  [137]
Test 49 2018 NRCC and NFPA in study Suet al. [138]
Test 1012 2018 USA Forest Products Laboratory Zelinkaet al. [139]
Test 1315 2014 Carleton Medina Hevia [140]
Test 1620 2021 RISE Research Institutes of Sweden Brandonet al. [141]
Test 2123 2021 CERIB Testing Weisneret al. [142]
Test 2428 2021 NRCC Su et al. [143]
Test 2933 2023 TIMpuls Engel &Werther [144]
Test 3436 2022 Structural Timber Assaociation (STA)  Hopkinet al. [145]

4.3.2 ldentify Fire Dynamic Sensitive Components

For the metric data obtained from the experiments, the table was sorted to exclude the columtizadf data
lacked 25 points or mor&he resulting plotted data includai architectural metrics and four fire dynamic

metrics: time to flashover, duration of the fully developed stage, maximum temperature reached, and
maximum HRR reached. The architectural metrics are each plotted against the fire dynamic metrics. The
resultings cat ter pl ots are then observed for any patter
built-i n functi on ACORREL() 0.

59



4.4 RESULTS

Architectural Factors Fire Dynamic Outcomes
. Duration Time to Time
Floor | Ceiling | 'Wa!l | Ceiling | Opening |Fuel Load| Timeto | of Fully- | oo o | Timeto | (oo Max | yoe
Area [m?] |height [m] Finish [% | Finish [% Fac:or Density Flashover Deve!ope 0.5 MW burr?out g e T(zmp. [MW]
comb.] | comb.] [m'" [MJIm?] [min] d Fllre (min] [min] [hr] [°C]
[min]
Test 1 352 31 0% 100% 0.071 374 516 6.4 225 385 1060 121
Test2 352 3.1 0% 100% 0.039 377 7.4 6.1 27.0 B 1080 99
Test3 352 3.1 0% 52% 0.071 394 299 6.8 46.0 504 1053 100
Test4 (1-1)(41.86 27 0% 0% 0.030 540 14.9 30.0 134.0 1200 9.5
Test5 (1-2)(41.86 27 0% 0% 0.060 539 15.3 24.0 104.0 1200 124
Test 6 (1-3)(41.86 2.7 33% 0% 0.060 549 12.5 23.0 242.0 1200 14.2
Test 7 (1-4)|41.86 27 0% 100% 0.030 543 1.5 63.5 159.0 1200 13.1
Test 8 (1-5)(41.86 27 33% 0% 0.030 549 11.5 405 202.0 1200 9.6
Test 9 (1-6)(41.86 2.7 33% 100% 0.030 546 9.8 70.2 160.0 1200 12.9
Test 10 (1) (83.54 2.74 0% 0% 0.104 550 13.5 19.6 107.8 1100 18.5
Test 11 (2) (83.54 2.74 0% 20% 0.104 550 1.7 24.3 134.0 1180 233
Test 12 (3) (83.54 2.74 33% 0% 0.115 550 12.6 17.4 210.5 1150 20.9
Test13 (1) [15.75 25 50% 0% 0.048 532 5.0 19.0 40.0 123.0 1200 4.8
Test 14 (2) [15.75 25 56% 0% 0.048 532 5.0 25.0 1200 6.3
Test 15 (3) [15.75 25 28% 0% 0.048 532 4.0 16.0 35.0 1100 4.4
Test 16 (1) [47.95 2.73 0% 100% 0.062 560 14.0 22.0 104.0 1200 20
Test 17 (2) |47.95 2.73 49% 100% 0.062 560 8.0 28.0 88.0 1300 30
Test 18 (3) (47.95 2.73 69% 100% 0.062 560 12.0 31.0 84.0 1225 32
Test 19 (4) |47.95 2.73 75% 100% 0.250 560 17.0 5.0 106.0 1150 50
Test 20 (5) (47.95 2.73 65% 100% 0.062 560 4.0 30.0 98.0 1200 30
Test21 (1) (24.00 2.52 0% 100% 0.216 891 7.0 23.0 1192
Test 22 (2) (24.00 2.52 0% 100% 0.070 891 1.0 44.0 29 1199
Test 23 (3) (24.00 2.52 0% 100% 0.043 891 1.0 54.0 1200
Test24 (1) (10.80 27 0% 0% 0.030 550 6.4 13.6 150.0 1200
Test 25 (2) (10.80 27 11% 10% 0.030 550 4.7 253 247.0 1200
Test 26 (3) (10.80 2.7 36% 0% 0.030 550 7.0 33.0 245.0 1200
Test 27 (4) (10.80 27 19% 100% 0.030 550 4.9 271 170.0 1170
Test 28 (5) (10.80 27 3% 100% 0.030 550 4.8 40.2 100.0 1190
Test29 VO (20.25 24 0% 0% 0.094 1085 9.0 31.0 220.0 1350 10
Test 30 V1 (20.25 24 0% 100% 0.094 1085 9.0 36.0 1400 8
Test 31V2 (20.25 24 50% 0% 0.094 1085 8.0 34.0 1290 9
Test 32 V3 (40.50 24 0% 100% 0.094 1085 10.0 42.0 1250 16.5
Test 33 V4 (40.50 24 17% 100% 0.094 1085 10.0 45.0 1220 16
Test 34 (1) (28.50 24 0% 0% 0.193 7.5 79.5 4.0 53.5 1000 12.5
Test 35 (2) (28.50 24 0% 100% 0.193 7.5 90.5 35 1000 50
Test 36 (3) (28.50 24 0% 100% 0.193 7.0 83.0 2.0 1000 375
Count 36 36 36 36 36 33 36 36 D 25 4 36 28

Figure 4-2:Data obtained from full scale compartment fire experiments

4.4.1 Analysis of CLT Compartment Tests

Data obtained from the fulicale compartment fire experiments in stu@i€35-145] can be seen in Figure
4-2. All the tests were constructed with CLT panel ceilings. Most of the tests were constructed with CLT

panel walls as welHowever if the CLT was protected with at least two layers of gypsum, it was considered
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by the author to be necombustible. All the experiments used either furniture, wood cribs, or a combination

of both as their fuel load. All tests observed minimal temperature variation along height and moderate to
large variation horizontally, depending the size of the compartment. The first set of$athle tests (Test

1-3) were CodeRed #M135], CodeRed #3136], and CodeRed ##137]. These tests had the largest
compartments of all the experiments which allowed for the potential observation of travelling fires. The
authors observed that t he f i r e s?firg, thatthe fagkcontzolletl a st e r
fire would travel across the ceiling faster than it would across the fuel load, standard seals for fire protecting
penetrations work for CLT, and that smouldering could continue for over 20 days and was only detectable

by infrared.

Compartment Tests9 conducted by the NRC and NFPA in st{itiy8] were all the same size with varying
opening factors and exposed timber. All tests with exposed CLT (T®stxerienced delamination and
charfall-off, spiking a second flashover in Test8.6This is the cyclic action which can be seen in Figure
4-1 andcalled for manual fire suppression. Therefore, fire dynamic data as it pertained to the first fully
developed stage was recorded while the second fully developed stage was omitted.

Tests 1012 conducted byelinkaet al.[139] contained interior walls within the compartment making for
a realistic apartment layout. The study also involved moveable loads applied to the ceiling. In Test 12, the
exit door was not shut properignd the wood was slightly damp in parts due to one of the barrels leaking

the night before, both of which would have effects on the fire dynamics.

Tests 1315 by Medina Hevia[140] had two tests (13 and 14) which reached a second flashover due to
delamination. For Test5] a different CLT manufacturer was used whose glue kept integrity throughout
the fire. Without delamination occurring, the fire seltinguished. Low variation in temperatures

throughout the compartment were recorded.

Tests 1620 conducted brandonet al.[141], all except for Test 18, had the CLT sektinguish before
the fuel load finished burning. Test 18 was about to reach a second flashover before being manually

suppressed.

InWeisnere t a | .[1813 (Tests 242, tests were allowed to self extinguish. After smouldering for
23 hours, Test 22 collapsed. Test 23 had a longer fire duration causing deeper charring. The slab of Test 23
eventually collapsed as well. This study highlights the need foigfitefrs to use infraretb search for

smouldering.
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Figure 4-3: Architectural metrics plotted against fire dynamics metrics and their corresponding correlation values (R)
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Figure 4-3: Architectural metrics plotted against fire dynamics metrics and their corresponding correlation values (R)
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The NRCC conducted Tests-28 in [143]. Tests 24, 25, and Xglf-extinguished. For Test 26, small
flaming and charring began to occur behind the gypsum board. For Test 28, a small fire behind the gypsum
board was able to grow, eventually causing a second flashover.

Tests 2933 are from the German TIMpuls full scale compartment fire tests discussed by Engle and Werther
[144]. In these tests, a higher fuel load of 1085 MJAas used which is more in line with actual load
densities found in European residences. There was low variation in temperature across the compartment
except for during the cooling phase, where some parts of the compartment cooled faster than others. The
exposed timber tests displayed a longer fully developed stage of the fire than its baseline cothméerpart
wassimilar to the observations made by authors of the CodeRe#l851187] and as shown in Figure

1.

Tests 3436 were dondoy Hopkin et al.[145]. In this test series, the walls warenstructed of CMU (nen
combustible). The ceiling was constructed using CIhe first experiment of this series had the
compartment completely protected frdire while the other two had 100% exposed CLT ceilirgse
secom and third tests in the series used different kinds of glue for the CLT assémibdygt 35, theCLT
experienced some char falff while Test ® did not. Compartment gas temperatures were fairly uniform
where compartmentsith exposed CLT ceitigs experienced higher gas temperattiras the fire with the

protected ceiling.

4.4.2 Fire Dynamic Sensitive Components within CLT Compartment

Experiments

Once the data obtained in Figur® 4vas simplified to only include metrics which had at least 25 points,
architectural metrics were plotted against fire dynamics metrics in Figirénd-igure 43, each blue box

contains the associated correlation vaRuehere 1 is a perfect positive correlatiehijs a perfect negative
correlation, and O is no correlation. A weak/ | ow

involvement of that architectural factor in the fire dynamics but that there is omeertainty.

4.5 DISCUSSION

Many of the fullscale compartment tests observed second flashovers and underwent cyclic fire stages as
seen in Figure 4. This effect is caused by failing fire protection and/or delamination and chafffall
Therefore, it is essential that fire profeatbe designed and installed properly. It is the adshopinion

that only CLT which uses lamination glue that is proven to maintain integrity during a fire should be used.

When considering the plots in FigureB4it is important to understand that correlation does not establish

causation. In this case, because fire dynamic metrics are based on an event which happens within the already
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established parameters of the architectural metrics, it can be determined that the architectural parameters
do, in part, cause the outcome of fire dynamics. However, fire dynamics is very complex and influenced by
a multitude of parameters. Therefore, etation in this case, is an indicator of how likely the architectural
metric may affect the overall fire dynamics.

4.5.1 Architectural Changes that Commence the Greatest Impact on Fire

Safety Design

Looking at the first column of plots figure4-3r egar di ng the fire dynamics m
itcan be seenthgtener al |l y, the dat a c or ralbditthd corselatiomisstill wi t h
low. The outliers in the top leftand corner of the Floor Area vs. Time to Flashover plot are two of the

large CodeRed tests and this may be due to the presence of travellingH&ddoor Area vs. Time to
Flashoverrelationship shows a low positive correlation, indicating that as the size and volume of a space
increases, the time to flashover increas@se to Flashoveis important for life safety, as a slow growing

fire allows more time for occupanises@pe The tests examined in this study did include fully protected

CLT compartments. When looking at the %exposed combustible CLT of walls plot, there is no correlation

to time to flashover. For the %exposed ceiling plot, there is relatively no correlatiefi dsut again, there

seams to be an outlier as well as a large space of missing data. The outlier is Cod§R, #he of the

tests with a very large floor area of 352. mMhe exposed ceiling plot shows a large variation in time to
flashover. The fastest growing fires had 100% exposed CLT ceilitich coincides with observations

made by Mitchel et al. The large gap in %exposed/combustible CLT ceiling indicates that more tests need

to be conducted with more variation to get a bet
flashover. Opening Féar and Fuel Load Density also do not correlate well with time to flashover. When
looking at the plotted points heewer, it can be seen that with a larger opening factor, it is slightly more

likely that there will be a longer time to flashover. In genarare studies should be done with greater

variations in floor area and %exposed CLT ceilings.

Duration of the fully developed fire is arguably the most important metric regarding the structural safety of
a building since the longer the intense burning, the more charring occurs, thereby weakening the structure.
When looking aduration of the fully developed fir¢here is a low negative correlation with floor area,
ceiling height, and volume. Meaning, that the smaller the space, the more likely the duration of intense
burning will be, which coincides with the opening factor as welhdindicatesa fuetcontrolled fire will

have a shorter duration of intense burnifige data however, does not include the experiments that
underwent second flashovers due to failing protection or delamination and cloéf fakkgarding exposed

timber, there is very lowcorrelation with the % of exposed walls which contradicts observations made by
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many of the tests. Thereatsoa low correlation with exposed ceilings. On the exposed ceiling plot, a large
variation exists where the shortest and longest durations of intense burning both had 100% exposed CLT
ceilings. That said, there is still tendency to a low positive correldfleaning, the more exposed CLT on

the ceiling, the longer the intense burning period. This agrees with the positive correlatieanbfiel

load density and burning duration.

Regarding maximum fire temperature, there leva negative correlation with ceiling height. Therefore,

the lower the ceiling, the more likely the compartment will reach higher temperdathi®is. truefor floor

area and volume as we&lherethe smaller the volume, the more likely the compartment will reach higher
temperatures. There is a positive correlation with fuel load density as well (R=0.7). The more fuel, the
hotter the fire burns. Interestinglyowever, there is little to no correlation between % of combustible wall
finishes and maximum temperature, indicating that exposed CLT has little to no effect on the maximum
temperatures reached.

Maximum HRR has gery strorg positive correlation with the floor area and volume of a space. The greater
the floor area, the greater the HRRhe increased HRRRiakes sense since larger spaces will have larger
fires. There is almost no correlation betweeto¥bustible (exposed timber) wall finishes and maximum
HRR but there is a low positive correlation withegposed ceiling. The more exposure of CLT on the
ceiling, the higher the HRR. Fuel load density has a low negative correlatied.4BFwith maximum

HRR. This negative correlation is surprising amdrrantsfurther research

Overall, the plots ifrigure4-3 suggest that changing the ceiling height is likely to impact time to flashover,
maximum temperatures reached, andntlagimum HRR. Changing the floor area will likely impact all fire
dynamic factors, but especially the maximum HRR. The dat&guare 4-3 suggests that changing the
amount of exposed wall surface is not likely to affect time to flashover, intense burning duration,
temperatures, or HRR but this contradicts observations seen in theldtadyntradictioomay be because
exposed walls have a greater impact or correlation on the overall duration of a fire or time to self
extinguishment, and/or other factdos which there was not enough data for this study. Therefore, it is
paramount that more studies with exposed CLT walls are performed where data esutband
smouldering is obtained. A stronger correlation exists between % exposed ceiling and the duration o
intense burning and maximum HRR. If occupancy changes are made, thereby changing the fuel load
density, it is likely that the duration of intense burnim@aximum temperatures and HRRs will change as

well.

Structural Fire Engineers can use data such as duration efiusloped (intense burning) stage, time to

flashover, and maximum temperatures or HRRs to apply dynamic temperature changes to the structural
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elements and ensure the prevention of collapse. Fire Safety Engineers also need to determine that there is
enough time for occupants to escape which is why

4.5.2 Limitations and Future Research

The complex nature of fires makes the data collection and analygisctive and susceptible to human

error. An example is dhis subjectivity ishow the authors determined duration of adrkilly developed

stage from time temperature graphs, or how other researchers determined duration of intense burning in
their respective studies. Additionally, external factors such as wind, moisture, types of glud|eoce

the fire dynamicsaltering the outcome of the tests analyzed in this staidlyexplains the variability.
Currently largescaletesting facilities are unable toonsistentlyreproduce realistic fire§l46]. The

relatively low number of publishddll-scaletestsresults in low cordations

To improve the accuracy of the correlationg-igure4-3, it is necessary to gather more da#teeas that

require more data includehere gaps in plotted postan be seen such as more variation in larger
compartment floor areas and more variation in % Combustible (exposed CLT) ceilings. Other fire dynamic
metrics which did not have enough data for this study, thereby inferring a need for further research, are
i me to Burnoutdéd, O6Time to End of Smoulderingd,
Hei ght Ab o vThe r&paecin gaps inshése areas indicate a lack of consensus among researchers
as to which information should be collected from -8dhle testshow full-scale tests should be
instrumentegand the fire performance metrics recordedll-scale compartment tests in the futsheuld

have standard instrumentation procedures in order to collect comparable outcomes for fire dynamics
regardless of the architectural composition. Other fire dynamic metrics such as heat fluxes above openings,
flame heights, smoke development rateés., eould also baletermined Eventually, with enough data, it

could be possible that probabilistic modetsildbe formed.

This study could be improved by including the time it takes to reach certain life safety limits such as the
pointatwhich a human would not survigenoke or heat. It could also be improved by undergoing a deeper
statistical analysis and incladalculating the relationship (area of the graph) in which 90% of the data

falls.

4.6 CONCEPT: A BIM -BASED VISUAL ALERT TO AID PARAMETRIC
DESIGN AND DECISION-MAKING

Table 4-2 below summarizes everything learned in the chapter thus far. These learnings serve as the
requirements and limitatiorier the desired solution to be successful. Basethese rules, the concept for

a visual decision aid alert emerges.
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Table 4-2: Chapter Summary Indicating Design Rules for Conceptual Solution

The Problem Design decisions/changes causggensivaedesign of fire engineering

The Goal Ensure decision makers are wiallormed on the impacts of the design change
The Scope How architectural changes effect the fire dynamics of modern CLT compartmer
Known 1 Understanding the nature of the problem, or the trueimpact of decisions
Information without technical knowledge is problematic

1 Need a visual representatiorof the design parameters before and after tt
(Rules) potential changel/iteration.

1 Theappropriate necessary information supported by technical
knowledgeneeds to be provided to the decision makerrgpaesentation
that the decision maker can accurately interpret

1 Communicate effectively to the decisiomaker what kind ofincertainty,
risk, or conflict may be associated with the impactsf design decisions
and changes

9 Data-driven statistical approach is acceptable for forecasting magnitude
of impact but not for accurately predicting outcome (based on current
knowledge)

1 BIMis a suitable interfacefor crossdisciplinary coordination applications
and datanformatics in AEC

1 R-values indicate degree of certaintyegarding whether an architectural
factor affects the fire dynamic outcomes

Unknown 1 How exactly an architectural change impacts fire dynamics (FSE) of a C
Information compartmeht L . .

1 How muchrisk/uncertainty is associated with such changes

1 How effective would a visual decisianaking aid be?

With the goal in mind, and what is known about BIM and decisiaking in the AEC industry, the
following solution is proposed: When design options are being generated, or a design change is being
suggested, the Architect, Project Manager, or Owner ig@btampare the effects of the changes on various
performance parameters against the backdrop of the visual model itself. In a fully developed project,
performance parameters would include things such as cost, time to completion, carbon footprintgoperatin
cost, structural integrity, mechanical equipment, fire safety, etc. For this research, the focus is on
architectural changes and how they affect the fire dynamics of a CLT compartmeritfioem fire safety.

The resultaareespecially useful in early stages of generative design when FSE is often excluded from the
process. For the purpose of this study, the Initial Design will have met the design criteria. If the change in
fire dynamics due to the proposed design change caredected, then the application can indicate to the
user whether a rdesign is necessary, or if more research is required, which can incur additional costs that

the decisiormaker did not initially realize.
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A visual representation of the effects of the architectural change can be done by showing a bar graph, where
the height of the bar indicates how improved/reduced a parameter (FSE) is compared to the performance
target. The colour of the bars can indicaie degree of uncertainty, risk, and/or conflict. Upon clicking the

bar for more information, the user can learn in detail, the justification for such a colourTéede.
justification is essential for the neechnically fire educated decisionaker. A representation of this

concept can be seen in Figdrd below.
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Figure 4-4: Conceptual BIM -based Alert to Aid Parametric Design Decision Making

However, to build this application, an input is first needed. The inputs for this study are architectural
building parameters and statistical analysis on the performance of different CLT compartments in real fires.

To further develop this concept, the netdps are:

1. Propose and test a protocol for design teams to decide on performance targets and acceptable limits

to uncertainty and risk.
Propose and test a protocol for CLT compartment fire test database that would support application.

3. Build and test protype for usefulness.

4.7 CONCLUSION

In concluding this study, the most significant finding is the lack of data available on the real fire outcomes
of mass CLT compartment fires. The second most significant finding is the lack of consensus on the method
with which researchers have been obtaining fire dynamic metrics froschlk fire tests as well as lacking
consensus on what kinds of metrics are obtaiBexte fire is complex, it is unlikely that practitioners will

ever be in full consensus, however, the industoyld greatly benefifrom a standardizeduidelineon

69



instrumenting large scale CLT tests ardommendations as to which fire performance metrics should be
measuredtudied.A surprising finding was that according to thealysis, there is a very low correlation
between CLT wall exposure and fire dynamic outcomes despite qualitative observations indicating
otherwise The resultsndicatean overall need for more testing and improved understanding regarding the
fire performance of CLT compartments.

This study is a first step in a humerical approach to quantifying the effects of design changes on fire
dynamics in CLT compartments. The concept of a Bided alert for parametric design decisions
illustrates how fire testing research can be used ifutbee and further highlights the importance for more

data from future research.
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CHAPTER 5

Benchmarking and Automating FRR
Calculations with BIM

Rather than wringing our hands about robots taking over the world, smart
organizations will embrace strategic automation use cases. Strategic decisions
will be based on how the technology will free up time to do the types of tasks

that humans are uniquepositioned to perform

-Clara Shih

5.1 INTRODUCTION

In many cases a fire engineer must evaluate existing buildings, assess various fire scenarios, and design a
fire protection plan that will ensure life safety @anada, CSA 086 design standard for wood uses a reduced
crosssection method to evaluate the fire resistance of a structural menfgereduced crossection

method assumes a linear charring rate of 0.65 mm/min for all wood species. The US Department of

Agriculture expandby providing charring rates for different species, although limited. Western Red Cedar
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for example, has a linear char rate of 0.82 mmf2dn. A char rateof 0.82 mm/minis more severe than

the one suggested for use in the Canadian code. Among the literature available however, some species lack
any data at all. Among these is Eastern Hemlock, a wood found in southeastern Canada, stretching from
Nova Scotia to southwesteOntario.

In Ontario, many barns were built wittastern Hemlock due to its strength properties aradlability.

Most of these barns are over a hundred years old, sometime€@0éntly,the use oHemlock is less

common after land development and Hemlock Woolly Adelgids wiped out many of the speciase a

part of Canadian history, it imperitivethat these barns are rehabilitateédrtunately, he large open space

interior is easily adapted as a public gathering space. Many have been repurposed as restaurants, breweries,
museums, and wedding venues. However, not without challenges. To ensure this pafgiy, the re

purposed timbeframe must be able to withstand various loads and guarantee occupant safety, even in the
event of a fire.

There exists a common belief that the cost to rehabilitate heritage buildings is more than it would be to
demolish the structure and start anghich is not accurate. Publications suchBagn Again! A Guide to
theRehabilitation of Older Farm Buildingsuggest that on average, the cost to build anew is almost double
than that to rehabilitagd47]. That said however, there are always ways to make things more efficient and
affordable. From an engineering perspective, the prescriptive reducegectises method of evaluating

fire resistance is favorable to automations within a BIM environment asingernal integration approach.

For internal integration, for the automated cal cu
the reduced crossection method outlined in CSA 086 Annex B, the structural members will need to be
smart BIM objects. The BIMsmart structural elemeeéds to contain geometrical information as well as

structural and thermal material properties. Specifically, information on the charring rate of that material.

In this chapter, a demonstration of a FRR calculation according to the CSA 086 Annex B standard within
the BIM environment is carried out. The scope will focus on a theoretical Eastern Hemlock barn beam. This
chapter therefore is comprised of two part3:@btaining charring rate data through testing, and (2) FRR
calculation demonstration within BIM. With the successful automation of FRR calculations for historic
timbers, the prescriptive approach to FSE will be improved and hopefully entice a more bédforda

rehabilitation, wultimately encouraging the rehabi
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5.2 BACKGROUND

5.2.1 Eastern Hemlock

5.2.1.1 Physical and mechanical properties

[ R S amng 7 Ry . «

Figure 5-1:Eastern Hemlock.Fig. A shows ring shake. FigB crossgrain

Eastern Hemlock (Tsuga canadensis)risdalishbrown tinged wood with a light weight of 465 kg/[t2].

Eastern Hemlock is prone to ring shakey(re5-1 A) and cross grain during seasoning and tends to split
when nailed12]. These kinds of defectdfect structural performance gods,t most codes account for

this with some fairly serious reduction factors assigned according to the visual grade of the lumber. The
crossgrain image inFigure 5-1 B shows properties unique to Eastern Hemlock which help with
identification. The absence of pores and resin ducts, abrupt transitions between earlywood and late wood
(the rings), and a reddidirown tingewith the absence of an odoait indicate that the wood species is

Eastern ledmlock[12].

Table 5-1: Average clearwood strength values for Eastern Hemlock in aidry condition [12]

Mechani cal Properties StreaNPaA
Modul us of rupture 67.1
Modul us of el asticity 9720
Compression parallel to grain, cru4l1.0
Shear strength 8. 75

Compression perpendicul ar to graind. 28

Tension perpendicular to grain 2.06
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Table551s hows t he Canadian Forestry Service and Envir
Hemlock. It is worth noting that these properties are not presented in CSA 086. Most studies agree that the

age of the wood in service, ifkeptindry conditdmga s vi rtually no effect on th
[12]. However, a more recent literature review by Cavalli et al. indithée ageing hadifferent impacs

on different species, artdloughthe strength properties ansuallynot affected, some species gain strength

over time while others showed a reduced modulus of rupture (MOR) by up t¢18@8% The reduced

MOR, however has been mostly attributed to the service conditions such as duration ff48adMore

research in this area needs to be done, especially for shear strength, but tiesatopieof this chapter.

Strength also depends on material defects, the anglhich the wood is cut, or the angle of the grain,
Moisture Content (MC), and temperature. Perpendicular to grain, the strength is dramatically reduced, the
dryer the wood, the stronger it becomes, and the more elevated the temperature of the woodetlie weak
becomes. More details dine effects of MQan be found ilChapter 2.

Since Moisture Content effects the thatand mechanical properties of wood, iisrthnoting that a MC

of 12% is typically assumed for structural members since it is the MC factored into the structural properties
by Canadian standards. However, Table 11.20a in the CWC Wood Design Manual provides a standardized
way to predict the equilibrmm moisture content (EMC) of wood based on temperature and relative
humidity. In a conditioned space, where the wood has had sufficient time to reach equilibrium, in a country

like Canada, where it can become quite dry in the winter, it is possible thdtmayoreach a MC of 4%.

5.2.1.2 Thermal properties and char rate

Thermal properties are not typically listed by species, but rather calculated theoretically using numerical
models based on the density, Moisture Content (MC), and temperature of the Wittodncreased
temperature, the wood loses strength, and the cooler the wood, the more strengfb4i8lh&lp until

150°C, the relationship between strength and temperature is [(d8) Up until 100C, the effects are
reversible when the wood returns to room temperdti#8]. In general, the higher the temperature the

wood is being heated at, the faster it loses strength.

While these thermal properties are useful for thermodynamic analysis, they do not provide the charring rate
data required for the reduced crasxtion method of calculating FRR. For that, charring rates need to be
obtained. Charring rates vary for diffatespecies and vary over time. When the wood reaches abé@ 288
(accepted temperature criterion), it begins to dBat. The charring rate at the beginning stages are
considerably faster and gradually decrease over time due to the thermal insulating properties of char. So as

the char layer increases, the wood beneath becomes more protected.
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Natural aging of wood does influence char rate. In a study by Asseva, Serkov, and Sivenkov, a linear
relationship was found between age and char rate, where pine that had been naturally aged for 150 years
had a charring rate of about 150% of the origimaraatg28].

The Heat Release RatelRR) of a material can also be calculated theoretically, but due to the organic
cellular structure and propertiethis is more difficult to accomplish accurately with wood. Therefore,
testing is a good method for determining HRRhe Encyclopedia of Wopgbublished by the U.S.
Department of Agriculture lists peak HRR, and average HRRs at 60, 180, and 300 seconds, as well as
average effective heat of combustiand ignition times for a given 50 kW#rheat flux during a cone
calorimeter test. The species listedwever, do not include Eastern Hemlock. In Canadian resources, no
such reference exists (to the autBdmowledge).

5.2.2 Determining Char Rate from Experimental Testing

Currently, codes use linear char rates, which have been taken as the average char rate of wood exposed to
a standard firgesistance te$21]. However, the U.S. has accepted a-liear char rate model developed

by White and Nordheirdiscussed in Chapterghd dher researchers have used the Cone Calorimeter for
calculating linear char rate as wil7]. The White and Nordheim modgivolves calculations basexh

char contraction factors which can be calculated from experimental testing using a Cone Calorimeter.

5.2.3 Developing Fire Smart BIM Objects

Objects within BIM are associated with a multitude of information. An object could be anything from a
floor to a window or door, to a beam or column. Anything considered on object in reality can be an object
in the virtualBIM. The benefit of havindpighly developed BIM objects is that the information stored in

the object can help save a lot of time, especially for code compliance. In a study by Doukari et al, a
compliance checking algorithm was employed to the BIM objects, saving 125 minutes of fabawa

per object{64]. The Doukari resultare very impressive and a muealeeded improvement in the design

industry, especially when it comes to life safety.

For a timber member to comply to fire codes, it needs to meet the required FRR. In Canada, this is calculated
using a reduced crosgction method in CSA 086Annex B. The smart object already contains the
parameters required to carry out the calculatianth the exception of char rate. Once the timber member
object is further developed to contain FSE requirements, such as char rate, FSE code compliance can be

carried out, savingtim@hepr escr i pti ve approach is suitable to

As discussedn Chapter 3a literature review revealed that Revit by Autodesk was the most commonly

used platform for BIM and that Dynamo was the most commonly used VBA for manipulating data and
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performing calculations. Python is the most used programing language within Dynamo and often used to
build smart BIM objects. Therefore, the conceptual framework presented in this chapter will also indicate
where these commonly used applications fit

5.2.4 OpenBIM Material Performance Databases

When searching for the terms fAopen material dat ab:
and materiamechanical responses comes up. In the material science sector, the advantages of data
analytics are well recognized. However, there e evidence of engineers and scientists beyond this
sphere, especially for firand thermal mechanics. What was provided was a small understanding and
framework for what is required to harness emtalytics regarding the performance of materials. It was
found that Python is the most popular coding langliag@] [69]. Python is built in to popularly used tools

such as Revitmaking itmore accessibléor engineering useA number of opersource algorithms and
libraries also exist for various material properties rese@@h[150]. The benefit of these opemurce
resources is that neprofessional programmers, such as material researchers or engineers, can use the data
and algorithms more easi[$9]. Talirz et al. agree with this and developed a {ebted opeiscience

platform for materiak ci ence c al | e d[155.Mihoughr the aldtabaseCdoes nad hiold useful
information for FSE or structural engineers, it provides exemplary protocol for the creation of such a
databasdn the field of FSEan opersource material librargan have a similar beneficial effect. There are
many structural engineers who do not have training in FSE resmadainsteascheed more accurate data

on the fire performance of different wood species and members.

5.3 CONE CALORIMETER TESTING

5.3.1 Methodology

5.3.1.1 Procurement

Parks Canada owns numergueperties whose old barns fall into disrep@ne such barn can be seen in
Figure5-2 below. At this level of dilapidation, the barn is considered unsafe andaaitefully dismaried

so that members can be-wged or utilized for research purpadearks Canada generously provided York
University fire lab with a choosing of old members. The wood was brought back to the lab and identified
usingE n vi r o n me niKey fGraviicst@pié Elentification of Woods Commonly Used in Canada

It was identified as Eastern HemlodKithin the members collected, there were two identical connections.
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Figure 5-2: Parks Canada Ontario timber-frame barn

5.3.1.2 Sample Preparation

Material from a salvaged beam of a timber frame barn dating to 1888, was cut t26r8th x 100mm

Eastern Hemlockamples with a 45mm thickness. Most were cut with the face parallel to the grain. Some
were cut perpendicular to grain. Each sample was labeled with its sample name which indicates heat and

time exposures and sample number. All samples had been conditianembm at 21C and 12%RH.

Before testing, the samples were weighed, measured, photographed, and wrapped in tinfoil, shiny side out,
leaving the top 100mm x 100mm face exposed.

5.3.1.3 Measuring Moisture Content

A representative sample (not to be used in cone calorimeter testing but has been conditioned with all other
samples) was placed into the oven for a period of time to evaporate any moisture. Once the sample is no
longer changing in weight, it can be assurtiead all the moisture has evaporated. Using the initial weight
and the final i d equation éhé raisturé contant cantbe detereiheal. vy calculating

the Moisture Content (MC) this way, it was found that on Februdf2223, the sampehad a 9.8%MC,

while on March 28 and March 2%, the samples had a 7.5%MC.

Equation 5-1: Moisture Content (MC)

£ Ol EIED B Q¢ Q0 OEEN Qi 60Q "WQ
G ¢ Qi awEie €0 T HOTO p LT

5.3.1.4 Experiment Setup
In Figure5-2 below, the experimental sap at the University of Waterloo Fire Lab is shown. On the left
is the computer and Data Acquisition Unit (DAU). The Gas Analyzers and Cone Calorimeter are the large

light grey units behind it. To the right of the units is a eearfor recording the tests.
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Figure 5-2: Cone Calorimeterexperimentation setup

5.3.1.5 Cone Calorimeter Testing

Once the sample is prepared and the Cone Calorimwerecalibrated and reaches the required Incident

Heat Flux, a modified ASTM E1354 procedure can be carried out. The ASTM E1354 testing procedure
was modified so that no igniter was used and that once the desired time was up, the sample was removed
and cooledlown with a light spray of cold water. A total of 30 tests were carried out with three samples (1
cut perpendicular to grain) exposed for 3,6,10,15, and 30 minutes at 3¢ RWIrB0 kW/m exposures.

These heat and time exposures were chosen for two 2449 o provide a granular view of charring

rates over time for different heat exposures, and (2) To mimic previously carried out research done by York
University (Ontario, Canada), so that direct comparisons with other wood species may be made in the

future.

5.3.1.6 Measuring Char Depth

To measure the char depth, the samples were cut in half. The char depth was then measured at the centre of
the sample. Final thicknessg) fivas measured from the uncharred side up to the g@iowritich there is char.

The char deptimeasurement includes the discoloured pyrolysis zone as sé&june 5-3 below. Char

thickness was also measurejl. (t
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Figure 5-3: Measuring final thickness and char depth

5.3.2 Results

5.3.2.1 Cone calorimeter testing

From the cone calorimeter tests, the average of the results obtained for each heat exposure that can be
directly compared against the U.S. Department of Agriculture database can be Fable 512 below.

Taking all the tests into consideration, a maximum HRR and the average HRR were plotted over time for
both 30 and 50 kW/fexposures, as seenfiigure5-4. It should be noted that only three tests for each
exposure ran the full 1800 seconds, which is why there may be a jog in the data at around 900 seconds. It
is for this reason as well that the average HRR lines are more accurate within the first 308 aeddrave

more variation further on (because there are lessftestswhich to sample

Table 5-2: Heat release data for Hemlock

Heat releas)> res Average e

Exposurepeak 6 & 189 309 heat of c¢c Il gnitic
( k WHm avg avg avg (MJ/ kg) (s)
30 27 4 10 14 6.0 N/ A
50 177 121 88.. 78 13. 3 23
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Figure 5-4: Average Heat Release Rate (HRR) over time for Eastern Hemlock

Another interesting metric is the specific Mass Loss Rate (MLR)ni@/svhich wasobtainedfrom the

cone calorimeteMLR represents how much mass is lost per second per surfacAldreaghit can be a

very useful metric, it is not needed for calculating char rates or for reduced cross section method since the
mass lost in experimentation does not include the mass of the char still present on the surface of the wood
(which has no structural strgth). Therefore, the plotted data for the average specific MLR of the tests can

be found inAppendixA.

5.3.2.2 Char rates

The char rates obtained from the samples can be seen in the box and whisk€igtira-6). Each box
contains at least three data poirEgure 5-5 shows that the greatest variation in char depths between
samples occurs for ¥inute tests while-Bninute tests have relatively low variability in char depths. The
average linear char rate for each constant heat flux exposure was calculated and izedmmiable5-

3 along with the average mass loss rate and char contraction factors. This is then illuskpec: 56,

which shows the average of experimental results vs. the White and Nordhelimeaommode(calculated

from char contraction factor&r predicting char rates under ASTM E119 exposures. For this, the average

sample MC of 8.2% was used.
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Figure 5-5: Char depths after different durations for different heat exposures

Table 5-3: Eastern Hemlock exposed to constant heat flux

Heat FIl ux CharontracticLinear charAverage m

( k WHm ( mm/ mi n) rat em? g/ s
30 0.89 1.00 5.05
50 0. 88 1. 42 8. 35
35
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® Average (30kW/m2) O Max. (30kW/m2) eeeeeeee Linear char rate (30kW/m2)

Non-linear char rate

Figure 5-6: Char depth over time for constant heat flux exposure
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5.3.2.3 Observations

When measuring the char depths of the various santipéesides of the samptleatwere not fresh cuts but
rather wood that has been exposed to airl@fr+ years, had deeper charring than other portions of the
samplethatdid not have the same air exposure durations. An example of this can be seéfigartdie 7

A below where the aged side is considerably darker. Anattezesting observation was that if a knot was
exposed to the heat flux, it would remain raised while the wood around it would reduce. When cutting the
sample in half, through the knot, the ultimate char depth remained fairly consistent despite the pfesenc
the knot Figure5-7 B).

Figure 5-7: Charring behaviour observations

Additional observations include time to @ffissing andgnition time. None of the samples exposed to 30
kW/m? heat flux ignited but perhaps they would have if there was a spark singassfhig was observed.
A typical 50 kwW/nt sample burn tesall of which ignitedhad the following sequence of observations as

seen inFigure5-8, whichillustrate the insulating qualities of the chand explans the initial high HRR

M
¥

8s — Off gassing starts 27s - Ignition Steady state burning at
around 5 minutes

and char rates.

~ \
. -
N

Figure 5-8: Cone calorimeter sequence of observations
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5.3.3 Discussion

When comparing the results for the moving average HRR of samples exposed to a constant heat flux of 50
kW/m? summarized imrable5-3 to those published by the U.S. Department of Agriculture for Red Pine,
White Pine, Eastern Redcedar, and Redwood, in TabRdf721] the aged Eastern Hemlock fairs well.

The 60s average HRR of 121 kWhis the median value when comparing these species. The 80frage

of 78 kW/ntis lower than any other specishichindicates that Eastern Hemlock may contribute less heat

to the overall growth of a fire compared to other species of widuellow contribution of heas useful to

know since in Chapter 4, it was discovered that current research lacks the ability to accurately predict time
temperature curves of wooden compartments. Knowing that the Eastern Hemlock contributes less energy
to a fire than a typical wood asldome conservativeness to the assessment.

The charring rates iRfigure 5-5 show the greatest variation for-binute testfor both heat exposures

while the shorter 3ninute tests have less variatiorhe differencecoincides with the HRR, where the

initial stagesf heating and burning tends to have less variability. Since most of the samples had the same
MC, the variability could likely be due to physical defects such as knots and ring kloakeer,this is

unlikely to affect the char rate in a significant way since previous research by Harun et al. found that
checking (cracks) did not significantly affect the propagation of chéme obser vati ons of
testing series observationsinforce those made by Harun et alhere many of the samglé they had

cracks, did not seem to affect the propagation of char. The sanfpiie5-8 shows the char rate through

a knot, and although the surface of the knot did not burn away as quickly as the wood around it, the char
front within the sample is even all the way acrddserefore, thalefects do not significantly impact the
reduced cross section, which makes it easier for FSE to predict the outcome of the structural performance

of wood members during and after a fire.

The charring rates can be seen better in Figuevhere samples at both 30 and 50 kWheat flux

exposures show a logarithmic trend. The inear model by White and Nordheim fit the 30 kW/m
exposure well, better than the linear model, but does not fit the 50%&Xpuasure. This is likely because

the nonlinear model was designed for the char rate of a member exposed to a standard fire curve rather
than a constant heat flux. For the 50 kWarposure, the linear char rate model overestimates char depth
beyond 25 minutedhis is fairly irrelevant for smialler members thain a real fire, would completely burn

up. Howeverf or mass ti mber xm2inbeobummne hofaserM 2®ound i n

model could be a gross ovestimate for a 6@ninute fire.

The char contraction fire is an interesting metric because it quantifies the relationship between the total

depth of the char with the thickness of the char. The char contraction factor at the knot for example is greater

83



(1 as opposed to 0.89) than char for clear wood. However from these experiments, there was almost no
difference in the char contraction value between 30 and 50 kW#at exposures. The char contraction
factor of 0.88 does differ to the published char contraction factor of Southern Pine [@LB0)he
differenes suggest that the chaontraction factor is dependent on species but not necessarily heat

exposure.

5.3.3.1 Limitations and Sources of Error

The limitation of this research is that char rate is dynamiatnot necessarily linear. It depends on heat
exposure, not just time exposéa a real fire the incident heat flux on the member changes over the course
of a fireandchangesthe char rates.

There is an aspect of human error associated with this resEarchxanple, neasuringthe char depths

with a rulerby eye

Instrumental error is also possible. A few tests had to be redone because the software for the cone
calorimeter froze and stopped collecting data-mé&y through the test. There was one day that the load

cell could not fully calibrate and was showing mass loss even without a fire. It had to be recalibrated to a
larger mass, then back to the mass used for these samples to ensure accurate results.

5.3.3.2 Recommendations and Future Research

I would be useful to do more cone calorimeter tests at 17 miaotealso at 3and 60 minutes to see if
the char rate continues to slow down further into the Tdwt.longer tests timesould also be useful for
calculating more accurately tiebar rate over longer periods of time anddhar contraction factoMore
cone tests should also be done at various heat fluxes, not just 30 and 50 sidferheat flux significantly
affects the char depth.

Additionally, more tests should be done where the aged wood is exposed to the cone calorimeter rather than
being on the side of the sample. Tests in this way could quantify how much the aged surface affects the
char rateBecause char rates are influenced by species, to determine the full effect of aging on the char rate
of Eastern Hemlock, more testing needs to be done on various degrees of aging. In this experiment all the

samples were cut from the same member.

It would be interesting to see if the ntimear char rate model could be adjusted to account for different
heat flux exposures. Thieowever would require many more tests so that the variables could be derived

statistically, complimenting how the model was initially developed.
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5.4 CONCEPT: BIM-SMART OBJECT - AUTOMATED FRR FOR
TIMBER

5.4.1 Motivation

The parameters required to calculate the reduced cross section after fire, according toiCSAE86B,

are the dimensions of the memberh e me mb e r 6 s the metkanicapropertias ofehe ywood
species, the orgimensional charring ratend the fire design loadAnnex B offers a simple analytical
equation for calculating the reduced crgsstion leading to the FR®hich is favourable to automation.

By automating the FRR of structural timber members, FSE becomes more accessible to individual owners
who might want to save their barn. For new builds, and automated FRR of timber structural elements can
improve crosglisciplinary collaboration and understanding since the architect or structural engineer can
easily and quickly see how the FRR might be affected by changing the dimensibedimber orthe
placement. An automated approach would also lay the groundwork to allow for parametric design during

the early stages, when FSE is often excluded from the conversation.

5.4.2 Proposed Framework

By way of the schematic shown kigure5-9 below, the reduced cross section can be calculstee of

three ways:

Option 1: Calculate FRR within the BIM platform (Revit in this example). This is done by using the
Dynamo plugin to extract the required FSE parameters from the model. A python script
can then run the desired calculations and change/update the BIM (IF&T anddRevit).

Option 2: Export FSE required parameters for each timber element into excel where the fire engineer
can easily check the data and run the calculations. After which, the results are imported
back into BIM and FRR requirements are updated.

Option 3: Option 1 and/or 2 with the added synchronicity to the cone calorimeter data base. As more

research is being done, the database is updating, and a more accurate char rate can be

obtained.
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Figure 5-9: Framework for automating FRR calculations by utilizing BIM

5.4.3 Challenges and Future Research

It is difficult to modify IFC files and object parameters in many proprietary BIM platforms, such as Revit.
There is an added difficulty that many of the FSE parameters are not included in IFC. With lack of
standardized data structaffer IFC, the framework above needs to be built and used bystalosholder
individually for the specified parameter names of reduced cross sej@cially iftheinformation is to

be shared with a structural engineer.

Lack of education on BIM and lack of open access code and dataakést very difficult for individuals
to take advantage of the full benefits of BIM. Instead of having literature, tutorials, or course work to train

an individual on automating calculations in a BIM environment, each individual learst by trial and
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error.The trial and error approach likely because most of the instances wHeéR® autonationhas been
applied, are proprietary.

The benefit of building in an automated FRR function like the one mentioned, is that this reduced cross
section, could be used during the parametric design. As the architect or engineer changes column spacing
for example, the size of the columns will bieafed; they can automatically resize according to FRR (which
typically governs the crossectional size for mass timber). This is a step towards the-disasplinary

understanding that was discusse€hapter 4

5.5 CONCLUSION

Eastern Hemlock is the material used to construct many of the heritage timber framed barns of Ontario.
There was no datan how this material performed in fire. To calculate the reduced cross section due to
charring, the char rate data for Eastern Hemlock had to be coll@tiety. samples were tested with the

Cone Calorimeter apparatus, at the constant heat flux exposures of 30 and 50N&WiATOf the samples
exposed to the 30 kWheat flux ignited while all of the samples exposed to 50 k¥Ngmited at an
average time of 23 seconditsing the Con€alorimeterallowed for the collection of data pertaining to the

fire load of Eastern Hemlock, such as HRRe samples exposed to 30 kW/heat flux, had a 366
average HRR of 14 kW/mand 78 kW/m for 50 kW/nt exposure. At the point afteady burningthe
samples exposed to 30 kWHimad a fairly steady HRR of 23 kW/thwhile the samples exposed to 50
kW/m? had a steady HRR of around 48 kV¥/m

Because the tests were run for different durations (3,6,10,15, and 30 minutes), the samples could then be
cut in half and the char measurg&te studyyielded average linear char rates of 1.0 mm/min for 30 KAW/m

heat flux, and 1.42 mm/min for 50 kW4rheat flux. These char rates compare well with that of other
softwoods.During the testing, it was observed that material defects such as knots did not affect the char
front. The side of the samples that had been exposed to air for over 100 years however, experienced deeper
char penetratioriThe deeper char layagrees with research on the relationship between natural aging of

wood and char rates. How this effects Eastern Hemlock as a species requires more research.

The char rate for the 30 minutes tests suggests-fimear char rate. However, more tests should be done

at 15 minutes, and 40 minutes to evaluate this more closely. While tHmeanchar rate model by White

and Nordheim fit the char rates of the gi@s exposed to a 30 kW#heat flux, it did not fit the char rate

for the 50 kW/n heat flux. Heat exposure is evidently a parameter affecting char rate. Perhaps White and
Nor dh ei-liméas modeb could be adapted for such a parameter rather than being purposed for a
standard fire curveAs noted inChapter 4standard fire curves do not occur in ki timber compartment

fires.
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The need for more researtdads to the need for an opaocess database of char rate testing for wood
samples. The larger the database, the more statistical inferences can be made, and perhaps, in future
research, a new char rate model coulgioposed. The cone calorimeter testing data will be added to York
Universityods fire research t e aasdess togtheadatabasg, moreat a b a
research and protocol on how to publish and manage such a database without compranirsiegyity

of the researcheeds to be carried out.

With the charring rate determined, the reduced cross section can be caldliatedlculation method

(CSA 0861 Annex B) for determining the reduced cross section of a member is favourable to automated
calculationscreating a Firsmart BIM objectA Fire-smart BIM objecttan bedevelopedn a number of

ways but without standardized data schema for FSE requirements and results, it is difficult to effectively
construct and demonstrate. The framework options provided in this chapter offer the mosattikssible
procedural approach, by todaystandards, to attaining a Fire Smart BIM object. In the future, once an IFC
data structure and MVD is developed for FSE, research demonstrating this concept will have a greater
impact due to the universal structure of the outcdvtae research on evaluating the usefulness of such a
feature should be carried out before further developments.
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CHAPTER 6

Fire Performance of Heritage Hemlock
Connections

Alf we dondt care about our past, we can
desperately about saving old build

i Jaqueline Kennedy Onassis

6.1 INTRODUCTION

When thinking of Canada, vivid images of vast beautiful landscapes come to mind. Landing in Toronto, a
visitor is first greeted by one of North Ameri cacd¢
colossal network of freeways spanning up to d&ek of traffic. Driving a little further from the urban

sprawl, one can begin to see the countryside the city was built on: rolling hills of rich soil, fields upon fields
intertwined with hardwood forests, flowing creeks, and the splendidly diverse uknnaichitecture. The

most notable being the | ofty wooden barns sprinkl
It is an amazing contrast to see how far civilization has come in a relatively short period of time and yet, it

is easy to forgt.
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Despite their monumental presence and inherent Jushti potential, the old barns of Ontario are
endangeredJnfortunately, these soaring cathedifa¢ structures have been slowly disappearing, falling

to the ailments of wind, snow, rain, biota, fire, and neglBiee under utilized and neglected barn often

falls into disrepair and demolished to make room for economic land development. This was the case of a
130yearold barn at 247 Halls Mills Rd. in Byron, Ontario, where the owner demolished the bataysvo

after the city expressed i n{l82} €he property is pldnmedto ber n 6 s |
developed for housing in the futyb2]. One of the arguments developers use to dispute a barns historical
significance, is that the barn has been modifieel the years, therefore it is not original, therefore it is not
significant. Modifications and additions to vernacular architecture is common however, and intrinsic in

their value. Timber framed barns especially, were built with alterations and futlite@slin mind. The

very nature ofatimber r amed bar n, or bent constructi on, nall o
time with the development of the farmhouse and overall property. The timber frame explains the long
history of wings, tails, ahleant o s , added on by increment s, t hat di
and b[EB].nkedypical evolution of Ember framebarn in Ontario can be seenkigure6-2 where

the change displays a farming familyébés progressio

RAISED ON FOUNDATION
LEAN-TO ADDITION REBUILT & ENLARGED

BASIC 3-BAY BARN

Figure 6-2: Evolution of the frame barn adapted from Mcllwraith [121]

One of the character defining elements of a traditional #ivaker framed building is itgegged
connectionsoften referred to as mosé and tenon connections where large beams and columns are carved
to fit together and held in place with highstrength wood pegs rather than screws/nails. This type of
connection is visually describdxelowin Figure6-3. In the event of a fire, the connections of a structural
frame are often the most vulneral®@cause they are a character defining element of a tifrdiae, they
shouldnot be covered up as a method of protectiossearch on the thermmechanical response of

heritage timber connectiofBastern Hemlockjloes not exist, nor does it exigst contemporary structures.

90



MORTISE

TENON
WOOD PEGS

! 2]

J

BEAM

POST

Figure 6-3: Mortise and tenon beamcolumn connection

The purpose of the research detailedhis chapteiis to build on the last chapter amtktermine how a
traditional timbefframe connection performs in fire. These are all of use towards-athgt computational

model to predict material degradation. Of the salvaged materials, there were two i@&siesh Hemlock
columnto-beam connections. The connections were constructed using traditional methods employing a
fully housedmortise and tenorfFigure 6-3). The Eastern Hemlock heritage connection underwefntla

scale burn tedhat utilizes stateof-the-art narrow spectrum illumination for better observation of thermal
degradationThe damage due to charring is then presented and compared to the prescriptive calculation
from Chapter 5The Chapter concludes with key observatjdimglings and suggestions for building a

predictive model.
6.2 BACKGROUND

6.2.1 The Heritage Wood Connection

6.2.1.1 Description

The connectioriested is a Eastern Hemlockully housedmortise andtenonconnection(Figure 6-4).

Mortise and tenoconnectios aretechnicallysemirigid, but for structural analysis, onsidered pinned

by standardThe column member with the mortise is a hewn timber, meaning it was shaped and formed
using an axe. The beam member with the tenon was rough Bagvhewrfinish indicates that the column

member is likely older than the beam member and repurpdbiedagrees with the wnsed notches in the
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column member as seenfigure6-5. Due to the hewn characteristic and the vertically aligrnéd 12 6> pi n's

it is likely that this mdmbThe sawhdetam aind metal braced veeret h e ¢
likely added somewhere inthe ridat e 1 8 0 @héugh the deam is saevie pins are largeand

the metal brace seenkigure6-5was for holding in place a waggoacklifter (whichwas in storage beside

the procured connection).
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Figure 6-4: Dimensions of fully housed mortise and tenon heritageonnection being tested

6.2.2 Wood Connections in Fire
What is known about the performance of wood connections in fire is described here. Firstymwamfer
the prescribed approachill be offered, thena short summary of current research regarding wood

connections and the testing methodologies.

6.2.2.1 Current code requirements
In the Canadian code for evaluating the FRR of connections, there is little inforsetiean reference to
boththeAmer i can Wood Counc iahdBusocofleeSeant i c a | Report 10

TheAmeri can Wood Coun c givedan eqliaian fioncalaulating s&fecipnd wobd cdveér
(protection) of the connectiorj155]. In a worstcasescenario, te wood coverage (plug) would burn

through the depth of which is determined by the char rate and requiredieiRiRis example describes a

steel connection protected by wood. For traditional timber framing her e i s no steel . Tt

a wooden peg, so when the peg starts to burn, the capacity of the peg will be reduced. As the beam and

2Ontario barngeinn utrlye us®rdl pih& /¥dlhawanwheoeihedwvaenet &r
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column crosssections decrease, the higher the stress distribution in the members, and the higher the
concentration of stresses on the connection (and pegs).

TheEurocode SPart 2also does not consider traditional timtfierme connections in their approach to fire
design for wood connections. They do however offer a simplFRRB of 20 minutes for dowel.€. peg)

connections. Although, the dowels considereBinocode Sare steel.

6.2.2.2 Current research

Most research on the fire performance of connections for mass timber construction focustortistbel
joints for engineered glulanzhang et al. develop a numerical model to assess the themsuasnical
response of dovetail connections and validate it with full scale tests under ISO 834 fire cofitbhns

The wood used in this experimetitough was engineered glulam rather than a solid and/or aged timber.

Even research on the mechanical performance of waadl connections using wooden dowels, such as

the mortise and tengare lacking157]. Brandoncompared a wood dowel connection to a metallic dowel
connection and found that when the connection was cut in half, the wood dowel did not allow for char to
propagate into the connection, whereas the wood surrounding the metal dowel experienced Thakring

Brandon also tested for creep of wood doweled connections for which there is very little literature. All of
the experiments in Brandondés PhD dissertation, h o
were also gludaminates.

From what the author could find, the only published literature on traditional timber framed connections
with aged timber were not mortise and tenon connections. Therefore, there is no current literature on the
fire performance of heritage mortise and tenonnections for aged timber, especially Eastern Hemlock,

as far as the author is awalidne complexity offire dynamicsbrings to questioiif there are any special
differences when burningdritage timbeand how it catributes to the fire. For exampldges aged solid

wood produce a lot of embers when it is burpimgichwould contribute to a faster spread of the fideRv

severe is corner rounding at the ceation? These are justree of the questions tlaithoraims toaddress

in this chapter.
6.3 METHODOLOGY

6.3.1 Sample Preparation

Before any preparations, the connection was completely recorded using photography and hand
measurementslhe connectionwas prepared according tBigure 6-6 where the ends were wrapped in
rockwool insulation so that the fire could be isolated to the connection only. As indicated in the figure, three

thermocouples were placed into t@nnection:one in each peg, and one in the cebgaveen the two
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membersEach t her mocoupl e was pl ac eldowevg hermogoupieal€C2e | vy
is placed closer to the surface than TCO due to the tight fit between the peg and the peg hole.

|
500 mm

605 mm

—
480 mm

Figure 6-5: Connection samplepreparation (top view)

6.3.2 Experimental Setup

The fire research tegrander Dr. John Galésupervision a¥ork Universty, collected a baseline of data

for temperatures above a methanol pool fire uietpans which are the same size as thodeat/aterloo

fire research facilityFrom this baseline data, it was found that at a distance of 200 mm above the fuel pan,
a decently consistent exposure temperature of7BOOC occurred. Therefer it is specified that the bottom

of the connection be placed 200 mm above the fuel pan to ensure quick ignition and to simulate exposure

to a real fireFor a30-minute burng8 L of Methanolwasneeded.

The cameras and blue lights weregein the configuration shown Figure6-6. The camera in the centre

with direct view of the mortise and tenon had a blue light filter attached to it, generating the images seen in
the resultssection This method isalled narrow spectrum illuminatioBy illuminating the sample with
highintensitynarrowspectrum lightsresearchers haweiccessfullypeen able to filter out the lighimitted

from the flames, making the surface of the sample visible during thg1h8h
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Figure 6-6: Cross-section of test setip. Bottom of timber connection is 200 mm above top of fuel pan. Top rightand
corner is an areal view of test setip showing blue light and camera positions.

6.3.3 Fire Testing Procedure

The two cameras of the far left and far right were set to record video. The camera in teerftantvas
set to automatically take a photo every 5 seco®uee the thermocouples had achied®dninutes of
baseline date§ L of Methanolfuel was added to the fuel pan and ignitéd.28 minutesthe fire was put

out and the connection was doused with water by gently pouring rather than spraying to avoid damage to

the char.

Figure 6-7: Cooling down burnt connection.
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6.3.4 Char Removal Procedure

Once the connection was back at York Universityos

The char was removday using palm sander3.o remove the bulk of chaB0 grit sandpapewas used
initially and therchange to120grit. For tighter spaces, the char was sanded off by hand rather than using

a palm sander. Sanding was discontinued once the wood grain was visible. The result is the reduced cross

section after the buriganding inside the mortigand any other voidsasevaded

e '@W' =
Sw i U Nyl
: = : e ——

Figure 6-8: Connection with removed char

6.4 RESULTS

Although the originally planned teduration was for 30 minutes, the fear of the member failing prompted
an early end to the test. The fuel pan was covered (smothering the fire) at 26:17 minutes. Wa® fire
extinguished from the connection at 28:22 minutes.

6.4.1 Thermocouples

The thermocouples placed within the connection are shown lreleigure6-9. The time in minuteshown
below has been adjusted so that the patmthich the fuel was ignited is time=0. Interestinghjgure6-

10 shows that the thermocouple placed in thevassebetween the two connecting members starts
experiencing higher temperatures relatively quickly, tlemwly increases at a rate of just ovéCimin.

The thermocouples in the left and right pins increasestgaalierate with no initial jump in temperature
suggesing that the interface between the pins and the members is a fairly tight conrzsaijgposedo

the interface between the two membidratis not as snug, thereby allowing more heat to infiltrate. The
likely reason why the right pin experiences greater temperatures is because the pin was phatidwea

depth than the one on the left, thereby being more exposed to the heat.
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Figure 6-9: Thermocouple temperatures during the connection burn

6.4.2 Narrow Spectrum lllumination Observations

What is showrin Table6-1 are the blue light images overlayed ondbthe first image. This way the blue

Il i ght i mage showing charring can be dirdrmomly conm
beginning to end, the positioning of the tenon inside the mortice remains relatively unchanged (suggests

that the member is not deflecting).

The progression of photos shows the charring phenomeneRetdtively soon (2.42 min), the connection
is fully involved incharring.As the wood fibres become dehydratétey contract At 3.50 minutesthe
woodfibres are still intactin the next photo, at 4.92 minutssall fissures have occurred across the grain.

Ast he wood dehydrates more, more stress is created

Early on, smouldering is captured in the connection (1 min). Throughout the entireseestsias though
heat gets captured in the mortise, creating a kind of oven.obssrvation is supportdoly continued
smouldering in the same location after the connection is no longer buwnth is likely to cause

significant damage to the tendn.under 3 minuteghe connection is completely charred.

The progression of photos also illustrates the behaviour of embers as the wood burns. Almost
instantaneously, embers are seen leaving the surface of the wood (0.67 minutes). Mostly larger embers were

observed at first. As the connection started burnisteaidier rate, the embers became smdllenughout
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the test, some pieces of char would dislodge, but usually it would fall to the ground rather than be carried

away into the air as an ember.

Table 6-1: Narrow Light Spectrum lllumination of the connection throughout the burn test with observations

Smoke emerges from connector Char front begins around connector

propagation of char front elliptically

1.58min
away from connector

2.42min |Connector is fully charred
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350 min Cleave marks begin to open on face @ 4.92min Cleave Marks ope(refer to above the
connector (refer to upper right) connectoy

7.58min | Ember loosens 7.66min |Ember releases
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23.42min | Little embers continuously releasing |26 min | Fire put out. Connection still burning.

6.4.3 Charring

Figure6-10 shows an enlarged photo of the connection at the end of thEitedaint red line is the outline
of the connection before the burn. An image of the connection after the burn is oveslaywihg the

extent to which the char has retreated from the original dimensions. On top of the charred connection image
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