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ABSTRACT

Study of Smoke Control in Highse Buildings and Safe Evacuation of the Occupants
Shamim Mashayekh, Jr. Eng.

Fire protection systems in higise buildings play aessentiatole in the safety of human beig
These systems are in place to control the fire, to notify the occupants in case of emargetey
provide the necessary tinfier a safe evacuation. Every year many fire incidents are reported in
residential higkrise buildings. As reports show, many civilians' deaths, injuaied property loss

are caused by the smoke from the fire. Waére starsin a highrise building, he first goal is to
control the fire and to evacuate the occupaaffely Smoke control in highise buildings has
always been a big challenge, and as the technology advances and buildings are byithlsgher

challenge gets even more complicated.

In the event of a fire, staircases are the main and most unique way of evacuation. New construction
buildings that are designed based on the new code requirements are mostly equipped with fire
protection systems such as sprinkler and standpipe systbinbk povide a safer environment for
occupants and fire department employees during the evacuation process. On the other hand, there
are many existing buildings that do not conform to the new codes. The purpose of this research is
to study the smoke control instiaircase shaft of a forfjve-story building usinga pressurized

system and to provide a reasonable method that can be used for both existing and new construction

buildings duringthe evacuation process

Using Rre Dynamic Simulation (FDS) a model of the building is prepared, and the theoretical
data fromthe fre department is compared with the results of the smoke movements from the
software. By using Pathfinder and basedranresults from the fire incidents reported in hitge
buildings, the evacuation time of the same building is analyZBue advantage of the smoke
control usingheventilation system and its effect treevacuation process is studied to prove that
keeping the HVAC system in service during an emergency is negeBssa to high cost and
safety concerg a real experiment cannot be conducted to validate the theoretical and FDS model
results. For future research and as a starting point for improving the emergency planning during
an evacuation in the island of Mongk a report of these analyses is gathered and presented to
SFPE chapter Staurent located in Quebec atitkfire department stadfat Service Incendies de
Montreal (SIM).
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1. INTRODUCTION

1.1Background

In the field of fire protectionthere are some key variables that shall be considered in reviewing
statistics. These variables are the ye#rconstruction property classification, construction
material, source of ignitigranddistancefrom the closest fultime or paritime fire department

station.

Fire is one of the most common threats to huswentheir surrounding. Accidental fireswhich

are the main topic of this thesare categorized in two groups.The first group is the accidental
fires that arecaused by human acsuch as a fire in a kitchen of an apartment building or a fire
that is causetby the bad installation of an electrical cable during the construclitve. £cond
groupis the fires that ardue tonatural phenomexsuch as lightning aratural fire such as wildfire.
The cause of this type of fire cannot be controlled, butitm@acton humasandtheenvironment
can be reduced by using engineered design proceduthe @onstruction of buildings aniy

educatng the society.

1.1.1 Fire protection engineers and home fire safety

According to Chris Jeleneicz, P.E. FSFPE, the origin of approximately 80% of all fire fatalities
worldwide are from residential occupanciegich have the least fire protection [1Just looking

at an average persamyt of twentyfour hours of the day, about half of the day is spent outside of
the house while at work, in the car or public transportation, shopping centers, restaurants, etc., and
the rest of this time is spent at home. During these twelve hours at tiegerson is sleeping

more than half of it and is not aware of his/her surroundings. Therefore, we can assume that during
the first half of the daythe person is either outside of the residential building or is at work in a
public facility, which by the code requires a minimum fire protection system. As a common
practice, most of the commercial buildings in Canada have the minimum fire protection,system
such as alarm systemshich are required by the code and mostly requested by authbatiesy
jurisdiction (AHJ). But looking at the other half of the day, the person is in a building that might

or might not have the minimum fire protection system depending on the type of the building, year



of the construction, requirements of the city and autheritiaving jurisdiction, insurance

companies and building management company or owners.

Based on experience gained time real work atmosphere while working the field offire
protection for the last six years, migsthe fire department is thmost reliablesource of data with
regards to residential fires. These people are the ones that puiviidivesin danger to save
lives. Based on statisticsxisting buildings with older constructicsre considered a higheski
compare to the new construction buildinggany existing buildings that are not up to cedeoid
major renovation to maintain tloeirrentfire protection systems as is. The question to ask is how
we can change the interest of the public and buildimgens to focus on saving more lives than
saving more money? Whagre some residential buildindally equipped with fire protection
systemsand some only respect the minimum requirements? ¢towthe buildings with fuifire
protection systemie affectedy others conforming to the minimum requirements? \gtiere

a gap and howcan thisbe fixed? Howcan wedesign for a safer highse building

Based on the SFPE survey between 2005 and 20h4 United States of Americdhe majority

of the Ameri@ns felt safer at home than other occupancies, but the people involved in the field of
fire protection know that most of the studies and designs for fire protection systems are involved
with public and commercial buildings. The concern about public andnesaml buildings rises
becausehere is always a bigger cravinvolved, and building owners and insurance companies

are more concerned about liability issues. However, in the residential builtiosiy, the owners

are thedecisionmakers, even thoughey might not always be aware of the great risk. Due to the
high cost of fire protection systems, it is not reasonable to enforce a law that forces the owners of
all the existing buildings that are not equipped with-fudl protection to conform to cumécodes.

As a resultaminimum protection is accepted [1]

According tothe fire protection engineering magazine of SFPE (02 2016/ISSUE, #h&fire
experience of residential buildings in Canada is very similar to the &h&.the leading causes
are ooking, heating systemand smoking. Based on the information provided among all sources,
cooking and heating equipment caused most of the fire insider had the highest impact on

civilians [2].

In Canadathe design of the fire protection system is basedherNational BuildingCode of

Canadaand this code refers tbeNational Fire Protection Association Standardtifa design of

2



different types of fire protection systems, but each province or tewiie responsible for their

code adoption. Some local jurisdictions have their programs to reduce residential fire deaths. For
example, they have been directed primarily toward smoke alarms and public education programs
and evacuation plans. Some auth@#ihaving jurisdiction required smoke alarfar existing
buildings. In this case, tanit smoke/heat alarm devisavith batteriesare acceptablebut new
occupancies must have hasited detectors that are connected to the central alarm pareel.
requirenent ofhardwired smoke detectors connected to a central alarm panel is a positive step
toward a safer environment. Many existing higde buildings within-unit smoke/heat alarm
device systems are not inspected regujahd as a resylt lot of thesedevices passed their

maximum lifetime.

1.1.2 Fire statistics inthe USA

Fire is one of the most common threats to husvaadtheir surrounding. All around the world,
there are many deaths and injuries as a result of accidental fires. According to NFPA statistics in
2015 in the U.S.1,345,500 fire were reportedwhich increased witt8.7% from 2014 [3].

Fire statistics

NFPA produces reports and statistics on the loss of life and property from fire.

- fires were regorted during 2015 in the LS.

» +37% from s

2014 RESULTING IN:

3,280 civilian fire . $14.3 hillion department

deaths, and i -
15,700 civilian fire 5 '35F01;?::§J: r:
Lo E 23 seconds

Figurel - NFPAFire Statistics [3]



1.1.3 Fire statistics in Canada

In Canada, based on the summary of fire incidents, deaths, ingneeBnancial losses from 1986
to 200Q there is an annual average of 6,622 firesTaE figurebelow shows how over the years
this number decrease@he additiorof asprinkler system to the residential buildings is one of the
reasons why the number of fire deaths has a descending pattern between 1986 and 2000.

25.00
2000 &‘\*—\
o0 %

10.00

5.00

Fire Deaths per million

G.Oﬂ T T T T T T
1986 1988 1990 1992 1994 1996 1998 2000

Years

Figure2 - Fire Deaths per Million for the Pied 19862000 in Canada [4]

"Fire incident data for 2007 from BC, AB, MB, ON, NB, and NS provinces in Canada; for 2008
from SK; and for 2003 2007 from NT wasnalyzedseparately. A total of 42,753 fires, resulted

in 224 civilian deaths, two firefighteredths, and $1,551,657,179 in direct property damage. On
average, home fires accounted for 30% of all fires and 73% of all fire deaths in the jurisdictions
that contributed data. Cooking is the leading cause of home fires and home fire injuries, while
smokng materials are the leading cause of home fire deathsth@dg33%) of all home fire
deaths were caused by fires that started in the living room; 20% resulted from fires originating in
the bedroomand 11% were caused by fires starting in the kitchga.causes in Canadian homes
were very similar to those reported for homes in the United States. " [5].

Based onthis documentthe fires happening in residential buildingsre divided into three
categoried one to twefamily dwellings,apartmentsand condominiums, mobile homes. The first

is one to twefamily house, whichhave a higher percentage with 74% fire mostly due to lack of

4



central detection systems suchtlas darm system, smoke detectors, sprinkler system. For these
types of buildings NBCC does not require central detection systems, even though that some
authority of jurisdictionhas their own rules and requirements for detection system in the new
constructions. As a result, there is a longer delalyafire department regmse as the fire spreads

in this type of building. In Canada, most of the siAfgiaily dwellings haveawood structure and
consequentlyin case ofafire a greater loss is expected. The second type is apartment buildings
and highrise buildings that arthe interest of this research. As can be seen in the table, 2l

of the fires happened in apartment buildirggsd comparing this number to the single or multi
family dwelling, the percentage of the death is much lower due to the type of constraciibon
detection systems. In these types of buildifge protection systems are mandatory for new
constructionsand there it mnimum requirement of the detection systems for existing buildings.
But surprisingly, althoughmost of these buildings are egped with fire protection systenthe
percentage of injuries igry high which is believed due to the response time of the fire department
and obstacles that exist during the evacuation in case of emergency [5]. This topic will be discussed

more in detds in chapter 4.

Tablel - Percent Distribution of Home Fires by Type in Canada [5]

Percent Distribution of Home Fires by Type of Home

Type of Home % Fires | % Deaths | % Injuries
One/Two Family Dwellings 74 | 78 | 62
Apartments, Tenements, Flats 24 17 36

Mobile Homes 2 5 2
This Table summarizes data for BC, AB, MB, ON, NB, NS (for 2007); SK (for 2008); and NT (for 2003-
2007).

Table 2 shows the area of fire origin. As can be sedrable2, most of the firesn residential
buildingsstarted in the kitchewith the highest percent of injuries, but the highest deaths happened

in theliving room and bedroom. It is apparent that the reason for having more dedtmjuries

in theliving room and bedroom is because people are less aware of their surroundings when they

are asleep or distracted.



Table2 - Home Fire in Canada by Area of Fire Origin.[5]

Home Fires in Canada by Area of Fire Origin

Yo
Injuries
Kitchen 2,955 20 12 334 29

Outside Area (inc porch,
balcony, court, patio, terrace, 1,201 47 4
lawn, other...)

Bedroom 1,136
Living Room ‘ 1,077
Eir'l_ir'nntaj,-r - masnn[yffamnry 690
built, metal; flue-pipe; gas-vent

Vehicle garage... 600
Exterior Wall 475
Laundry Area 421
Washroom 241
Heating equipment room 221 16
Other Areas (<=1%]) 2,940 18 195
Undetermined/Unknown 1,299 10 8 27

Total | 13,256 | 100 173 | 100 | 1,168
This Table contains data for BC, AB, MB, ON, NB, NS (for 2007); SK (for 2008); NT (for 2003-2007).

. . %o L
Area of Origin Fires Deaths Deaths Injuries
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Table 3,onthe next pageshowsthat 20% of the fires in the kitchen are causgdooking Also
it can be seen thaR% of these fires are due to heating equipnretite kitchen, living room and
bedroom, 7% from smoking insid&% from candls, and 8% of the fires are caudeglelectrcal

distribution equipmens].



Table3 - Causes of Fires in Canada.[5]

Causes of Home Fires in Canada

Causes Fires* | % Fires % Deaths | Injuries | % Injuries
Cooking= 2,582 20 7 290 27

Heating Equipment
Related 1,631 12 65
Arson/Set Fire 1477 11 83

Electrical Distribution
Equipment 1.092 60

Smoking 900 92
Candle 337 50

Appliance/Equipment
Related 312

Exposure Fire 265
Clothes Dryer 231
Lighting Equipment 222

Cutting/Welding
Equipment or Blow
Torch

Child Fireplay 122

Flammable/Comb.
Liguid Ignition 89

Flammable Gas
Ignition 33
Other
Causes/Unknown 3626 28 72 44 332
Total 13.124 100 162 100 1,067 100
* This Table contains data for one/two family dwellings, apartments and mobile homes in BC, AB, MB,

ON, NB, N5 (for 2007); SK (for 2008); NT (averaged for 2003-2007). Thus, the totals row reflects fire
losses for these periods.

=Cooking fires include cooking oil fires (30%) and all other cooking fires (without ignition of cooking oil)
(70%). Injuries were equally distributed between these two types of cooking fires. Please refer to
"Cooking Qil: A Home Fire Hazard in Alberta, Canada,” by Mahendra 5. Wijayasinghe and Thomas B.
Makey. Fire Technology Second Quarter 1997,

Studying theabovetableshelpsus to find the main cause of the fire in residential builglii¢pese
data are the result of the study of each contributing jurisdictitich represest75% of the
population of Canada in 2007 in the province of BC, AB, MB, ON, NB, NS, SK and NT. The

result shows that most of the fires resulimgeath started by smoking, Arson in the area, cogking
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and candls. Althoughwe might not be able to eliminate the cause, we can educate people to
reduce the risk [5]. Also, safer designs can reduce Baked on the declaration @écurité
Publique Québeche total number of declared fires from 2010 to 2015 dropped 9.3 % [6]
considering all the aboveinformation, modern building structures and materials, newer

technologiesand prevention measurkave a geat influence on these statistics.

1.2 Codes and standards

Every buildingis designedased on codes and standards. These codes determine all the aspects
from the cesign phase, choice of construction material, construction metimstts)ation, etc.
These codes are reinforced by law and authorities having jurisdiction (AHJ) to be used by

architects, engineerand designers in different fields afudlowed bythe property owners.

In Canadathe National Building Code of Canada (NBC is applicable to all existing and new
buildings. The year of the NBCC used varies depending on each province. In Quebec, NBCC 2010
is theapplicablecode and only for the existing buildingandprofessionad can refer to the older
versions that are gfpicable. The choice of the year depends on the year of construction of the

building and the scope of the work to be done.

In Canadathe National Research Council (NRC) plays an important role in maintaining and
revising the National Building Code of Calzaevery five years. Similarly, they do a lot of testing

in the feld of fire protection Some of the datrom these testwill be used for the purpose of this
researchThere are a lot of organizations suchtf@EsCanadian Fire Alarm Association (CFAA)

and the National Fire Protection Association (NFPA) that haveessentialole inthe design of

the fire protection system. In addition to the associations mentioned ahe&nciety of Fire
Protection Engineers (SFPE) and FM Global (Factory Mutualjgesome guidelingand testing
results that are useful during the design phasieegbrotection systemd hese data are often used

to improve the codes and standards and likewise used by authorities having jurisdiction for

building a safer environment.

NFPA standards referred by NBEXD10 forthe design of the fire protection system of this high

rise buildingarelisted below. Some of these standards are out of the scope of this research but



have been listedor general information. The twarimary NFPA standards used for the design of
thecomputer simulatiomodel are NFPA 92 and NFPA 92A

NFPA13- Standard for the Installation of Sprinkler Systems

NFPA14- Standpipes and Hose Systems

NFPA 20- Stationary Pumps for Fire Protection (applicable onlyfifeapump is required)
NFPA 25- Inspection, Testing & Maintenance

NFPA 72- National Fire Alarm Code

NFPA 80- Fire doors

NFPA 92- Standard for Smoke Control Systems

= =4 4

NFPA 92A - Standard for Smok€ontrol Systems Utilizing Barriers and Pressure
Differences

NFPA 101- Life Safety Code

NFPA 220- Types of Building Construction

=

1.2.1 NFPA Standards

NFPAL13 is the standattatprovides the minimum requirements fbe cesign and installation of
automatic fire sprinkler systems. Tistandard shall provide a reasonable degree of protection for
life and property fronthe fire [7]. Also, NFPA14 covers the minimum requirements foe t
installation of standpipes and hose systems to be usdlebire department and sometimes

occupants in case of fire [8].

Based on NFPA13, highise buildings shall be protected throughout by an approved, supervised
automatic sprinkler system in aecdance with NFPA101 [7]The designof any residential
building that doesiot land under the criteria of NFPA13R for Residential Occupancies up to 4
Stories shall be designed in accordanddn NFPA13 guidelinesExcept for some of the case
studies discugsl inChapter 2theliterature review, it is assumed that all the fire cases mentioned

in Chapter 4 are conforming to the requirements of NFPA13 and NFPA14.

NFPA20 is the standard for the design of fire parfgr private fire protection. Hydraulic
calaulation and fire pump selecticare out of the scope of this research. However, fire pump
location and its accessibility in case of emergency is an impaooaictor the safety of occupast

and evacuation planning [9].



NFPA 80 regulates the installatiof the assembliesncluding doors to protect openings against
thespread of fire and smoke within, into or out
doors and fire windows shall be classified by designing a required fire protection rgtregsed
inhoursorf r act i onkl. Ibhthecase offthis study, we used the default setting for the
building materialswhich is applicable to the buildingsiorth America. Doing so doemtreduce

the importance of choosing the right materiabagnthe variety of available options. This choice

is made to be able to start a base for future studies.

NFPA 92 the standard fothe smoke control systenn article 4.1.1 and 4.1.2 explains the main
design objective of the system. There are few param#iat hae a direct effect on the design
pressure differences such as the height of the ceiling, maximum and minimum pressure
differentials and if the smoke zone sprinkledor not [12].

4.1 Design Objectives.

4.1.1¥ The methods for accomplishing smoke control shall
include one or more of the following:

(1) The containment of smoke to the zone of origin by estab-
lishment and maintenance of pressure differences across
smoke zone boundaries

(2) The management of smoke within a large-volume space
and any unseparated spaces that communicate with the
large-volume space

4.1.2* The specific objectives to be achieved over the design
interval time shall include one or more of the following:

(1) Containing the smoke to the zone of fire origin

(2) Maintaining a tenable environment within exit stairwells for
the time necessary to allow occupants to exit the building

(3) Maintaining a tenable environment within all exit access
and smoke refuge area access paths for the time necessary
to allow occupants to reach an exit or smoke refuge area

(4) Maintaining the smoke layer interface to a predeter-
mined elevation in large volume spaces

Figure3- NFPA 92- Standard foSmoke Control Systems 2012 [12].

One of the most important elements when designing for smoke control systems is egress analysis.
This analysis is done to confirm that there is enough time for the occtiparitthespace before

being exposed to smoke before tenability thresholds are reached. NFPA 92, also addresses the
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pressurization system the gairwell and based on table 4.4.2.1.1 derived f@mapter 4 of this
NFPA; the pressure difference between the smoke zone and the stairwelpforkéed building

has to be 0.05 in. wg. The pressurization of staisealh be done using a supply air fan [13].

Table 4.4.2.1.1 Minimum Design Pressure Differences
Across Smoke Barriers

Design Pressure
Ceiling Height Difference®
Building Type (ft) (in. w.g.)

AS Any 0.05
NS 9 0.10
NS 15 0.14
NS 21 0.18

For SI units, 1 ft = 0.305 m; 0.1 in. w.g. = 25 Pa.

AS: Sprinklered. NS: Nonsprinklered.

Notes:

(1) The table presents minimum design pressure differences devel-
oped for a gas temperature of 1700°F (927°C) next to the smoke
barrier.

(2) For design purposes, a smoke control system must maintain these
minimum pressure differences under specified design conditions of
stack effect or wind.

*For zoned smoke control systems, the pressure difference is required
to be measured between the smoke zone and adjacent spaces while
the affected areas are in the smoke control mode.

Figure4- NFPA 92- Pressure differencesStandard for Smoke Control Systems 2012.[13]

1.2.2 National Building Code of Canada

The focus of this thesis is on fire protection systeansl as a resylsection 3of Division B of
Code de construction du €wec[Chapitre Ii Batiment, et code national du BatimehiCanada
2010 (modifie), whichis the applicabléFrench) version of NBCC ithe province ofQuebec is
used [14].In general this document refers to National Fire Protection Association standards

(NFPA) forthe design of fire protection systesythe security of occupantsnd accessibility.

The fireprafing of the building materials and structure, mechanical systerdsa safe emergency
plan are considered at the early stage of a-hgghbuilding design by architect and structural

engineer. Mechanical and fire protection firms get inviblwben a laput of the building walls is
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ready. Inany case where the referred standard the @de does not provide enough guidedine
the engineer can ask for higher safety measures. Sometienesmyeach specialist interprets the

codes and standaleads to seveal options that need to be studied individually.

In this researchwe will be looking at some decisions that reqaine n g i n e enendard fifjeu d g
department response methathich might lead to different conclusian$§he interest ofthis
research is to verify how these decisions might influence the design anddffeats public safety

in case of an emergency.

1.3Limitations

A human has the intéion to adapt tdhis/hersurrounding as technology advancesnd new
methoddecomeavailable. Irthe lhstdecademorecomplexdesigrs with newer technolagshave
beenintroduced in many fields. Building construction and fire protection systems are not excluded
from that. As new technologies are introducedidelines and approvals aggven and
accordingly standards and codes get updatdt how these new methods or technologies can
influence the concept in real life is always unknown until it has been studied and examined. In
case of fire protection systepsemetimes real size tay is not possible due to the cost and safety
concers. As aresult this uncertainty might affect public safety in both positive and negative

ways.

Moreover,as technolog advances and new methods are introduttesicomplexity of the work
increases. This alsdfectsthe construction coshdapting to new technologies is a challeraye]

in most casest increases the cost tie materialwhile it reduces the labor codt.is always the
developer's decision to use the new techniques and approve the costs or stay with the existing
approved methods. The use of newer technologies that are mostly safer and more enallgnment
friendly is always an alternative unless it isiferced by law. As it has been observed over the
decades, adjustments come over a certain period of time or only after an incident or tragedy that

bringsawareness tthetopic.

In this study, due tehe time imit, we are not able to present and studyealsting and new
construction materialusing simulation softwardn Chapter 2, somdre incidents inexisting
buildings will be reviewedand the statistics from these fire incidents are used to model the

simulation casdt is important to considehat t is not always possible to perform real scale testing
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due to the safety of humsandtheenvironment, and the high cost. Therefamnetimes scientists
and engineers must make realistic assumptioruse other methods to protreat what they are
introducing is valid and has no harm to huswmdtheir surrounding. While simulation software
is a great helpt has to be always considered that the data collected from simslationot be
100% accurate due to their limits. Simulation time arrdrs involvel with data analysis done by

humars have a direct influence on the conclusjand this can definitely affect the result.

In this researcHike many othergtherearesome limitationsnvolved The data collected from fire
incidents in lierature review and fire department employergerienceon the sland ofMontreal

might notbe 100 percent completdue to the filling system or confidentiality of the dakais is

simply becaussometimesfire doesnat leave enough evidence for prademals andtherefore,

they camot be surdf all conclusions are accuratdany data from fire incidents cannot be shared

for research purposelue to their confidentiality. Research on closed fire files can lprspme
guestions that might influence the partiesinvolve in that incident and asa result it is
challengingo accesshe dataln the end, some assumptions are made alongsgigetta to model

the residential highise building. Some assumptions are made based on field experience and based

on one to one conversation with firefighters serving in Montreal.

Human behavior and their response in case of emerdeweya direct influence on the result.
Depending on how occupants correspond to the situation and how the firefighters handle the
situation, the outcome will change. So, there is always a chance that someandiffeeenly

than what has been estimatadd to minimize tts error, surveys can helpbut still, it cannot be

considered as a precise way of data collection.

Most of the severe fires in higise buildings are unigyand each is found indifferentlocation
around the world. As a result, the construction nitdire protection systepand fire department
response time of each varies. Fortunatabycdatashowlargefire incidensin residential highrise
buildings in Canada&As a result, the data gathered from other fire incidents are unique and cannot
be compared with amgalcasain Canada. This topiwill be discussednore in detailn Chapter

2, but the reason behind the fire is not something that can be considexpdaied in Canada.

1.4 Objective and thesis outline
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Following the limitations mentioned abovengineers are forced to make decisions based on the
available informationwhich might not necessgr be enough. Sometimesonsidering the costs,
thesedecisionsare in favor of the building ownewrghile they arenot entirely in favor of public

safety even houghthey conform to all applicable codes. The goal of this research is to find the
elements that can reduce the chance of accidental fires Hnisggtesilential buildingsandwhile
considering althese elementsnodel a fortyfive story building Also, to find ways to control the
smoke inthe buildingin orderto give enough time tthe ire department teespoml to the fire and
enough time to the occupants to evacuate the fire zone and the building. This is only achieved by
using the right method of fire protection and finding solutions to the gaps that exist in codes and
standards and response methdds main djective is to providenough supporting results to
recommend to the fire department to keep the ventilation system on active mode and use
pressurized supply system during a fire incident and the entire evacuation grottessesearch,
different fire scenarisin tall buildings, and some studies on smoke control and evacuat#&n in
high-rise building will be reviewed. Based on simulation softw&f@S and Pathfindgrhuman
behavior and fire department response time and its effect will be studiedrapdred to the real

fire incidents, and improvement methods will be provided.

Data from the fire incidents and survey reports prepared by professionals and individuals are used
as a guide to complete the model for this research. The numerical modst iglidated by
comparing the predicted evacuation time and temperature that is expected based on the fire incident
reports and information provided bye Fire departmentThis information is as listed below:
1 In 3% of the fire incidents, the heat fromefiand smoke delayed the evacuation on multiple
floorsabove and below the floor of the fire origin
1 In 11% of the fire incidents, the heat from fire and smoke delayed the evacuatiorfloonrthe
of thefire origin.
1 In 86% of the fire incidents, the hedid not influence on evacuation time. But smoke
percentage had a diraatpacton human behaviand their ability to see.
Smoke layer height filled in each scenario helpartderstand the smoke filling process better
As a resulttheevacuation procasand reasons to cause a delay in evacuation can also be studied.
To perform a credible analysereal experiment must be conductédwever, withthe limitations

that exists irthe feld of fire protectionthis is almost impossible. A lot of tieformation used in
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this analysis is based on daily experience working in the field of fire protection and also field

observations and discussions with other professsqmatticing inQuebec

1.4.1 Research objectives

The research objectives thiis thesis ardisted below.

T

Study real fire cases occurred in higée buildings in different places around the world
andfoundthe cause and the elements that made it more difficult to fight the fire.

Study human behavior and fire department response time considaangpcation,
construction material, available technologies including fire protection systems, social
knowledge and fire size. Canada is the home of people with different backgrounds and
cultures, experienes, and languages. These differencemke the jdb even more
compicated To be able to have a safer place to live, we need to imiesteasing public
awareness and educating people. This is only possible if we learn about them and provide
guidelines.

Review studiesveredone on fire and smoke cookin open spaces and higise buildings

Study the data gathered from the fire and smoke tests and simulation results.

Develop a model using FDS to be able to visually see the pattern of the smoke and study
numerical data to allow a comparison betwdendstimated evacuation time and survey
time.

Verify the developed model by adding the fire in different levels and locations of the high
rise building to be able to see the effects and validate the results.

Recommendthe use of automate@ressurized staircases in both existing and new
construction buildingsising a simple air supply system on each floor irstagwell

Developa list of the results and potential solutions that can be presented to AHJ and

organizations similar to SFPE future studies and educational programs.

1.4.2 Thesis outline

Chapter 2 presesn literature review of fire incidents and smoke damage in-hsghbuildings,

an wnderstandingf the cause of fire in different higtse buildings around the world, aadeview

of CFD casesonductedn open spaces and higise buildings.
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Chapter 3 presents the theoretical models of three fire scenarios in-aviexgyory residential
high-rise building using FDSFirst case fire startingon the top floor (48 floor), secad case fire
starting onthe 10th floor and the thirdoeginnng in the basement. A theoretical model of

emergency evacuation is also simulated using Pathfinder.

Chapter 4 validates the FDS and Pathfinder models for all three scenarios with the information

available from the fire incidents and information providedHhzyire department.

Chapter 5 anaBesthe results from chapter, $resens the evacuation strategies that can be
employed to evacuate a higise building and finallyexplains the future research work arige

conclusiors from this research.
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2. LITERATURE REVIEW

In this sectionsome othe fire incidents in highise buildingsaround the world are studied. Each
case is individually analyzed considering the effect of the response time of the fire protection
system, emergency planning and human behgamat fire department employéessponse time
Correspondingly, many publidgahs related to smoke control, evacuati@and emergency

planningarestudied to achievawide perspectiventhe concerrassociated witlthis topic.

The focus of this research is more on improving the safety of ocaupaninderstanding the
reason behith each fire in similar bidings, human behavior and understandimngcauseof the
failures, even though most of the buildings are conforming to the codes and staeaaifdsally
looking at the importance of smoke control in higge building which have an effect onthe
human behavior and fire department's operatidore precisely the effect of pressurized

staircases and thempacton smoke control and safe evacuation.

2.1 Grenfell Tower

The fire in the twentfour story Grenfell Tower lcated in London (United Kingdom) caused 72
deaths and over 76juries. After the investigations, it is reported that the fire started accidentally

in a fridgefreezer on the fourth floor. The hot smoke and fire reached the building's exterior
cladding. De tothe presence o& gap between the insulation material and aluminum composite
material cladding (ACM)the fire and hot smoki®eundits way to the upper floors on the facade.

The polyethylene cores of the cladding acted as a &nel as they melted dmward the fire

started to spread to the lower floors. The presence of polyisocyanurate (PIR) and phenolic foam
insulation acceleratethe speedAs the fire reached different unitbe hot smokdoundits way

to other floors through the extractor faritann the kitches[15].
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Figure5 - Grenfell Tower located in London (United Kingdom) [15]

The following key events from the backbone of the narraifvleincidentoccurred on 14une
2017 is given beloja5]:

00.54 Behailu Kebede Calls 999 to report a fire in flat 16, floor 4 Grenfell Tower.
00.59 First firefighters reach the tower.

01.09 Fire breaks out of Flat 16 intthe exterior cladding and starts to climb the east facade

rapidly.
01.14 Firefighters enter the tdhen of Flat 16 for the first time.
01.21 First 999 call to the control room from an occupant in the lower (Naomi Li, Floor 22).

01.25 First 999 call to report smoke coming iritee flat from the bbby (Denis Murphy, Floor
14).
18



01.26 MPS declares major incident.
01.27 Fire reaches the roof and starts to spread horizontally.

01.29 WM Michael Dowden, the LFB incident commander, makes pumps 20 (having made up
for 4 to 6, to 8, to 10 and 15 between 01.13 and 01.28).

01.30 First 999 calkeporting fire penetrating a flat (Mariem Elgwahry, floor 22).

01.31 WM Dowden makes pumps 25. By this tidd0 out of 297 occupants have escaped; the
fire starts to spread to the north elevation of the tower.

01.42 The LAS declares a significant incident
01.45 First NPAS (police) helicopter arrives at the scene.

01.50 WM Dowden hands over incident command to SM Andrew WaBynthis time 168 of
297 occupants had escaped.

0158 SM Walton hands over i ncident command to D

02.00 Flamestravel across the north and east elevations of the tower and start to spread around
the crown and diagonally across the face of the building, affecting flats in theesmith

and northwest corners.

02.04 GM Richard Welch declares himself incident commaher, not knowing that DAC

ObLoughlin has already assumed command.
02.06 GM Welch declares a major incident.
0211 DAC OO6Loughlin takes handover from GM Wel c
02.15 SOM Joanne Smith arrives at the control room.
02.17 Bridgehead moves from floor 2 up todr 3.
02.20 Flames start to spread to south elevation.
02.26 The LAS declares a major incident.

0235 Contr ol room decides to revoke the fistay p

leave the tower.

02.44 AC Andrew Roe takes over incidentcooromd f r om DAC OO6Loughl in.
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0247 AC Roe revokes the Astay puto advice.

02.50 Fire spreads horizontally across the south elevation at the crown. Commissioner Dany

Cotton arrives at Grenfell tower.
03.00 Fire starsto spread across the west elevation ofttiweer, from north to south.
03.08 Bridgehead relocates to groufidor lobby.
03.20 First Tactical Coordination Group (TCG) meeting.
03.30 Flame continuous to spread across the south and west elevation of the tower.
04.02 Fires on the south and wesevation start to converge at the top of the southern.

08.07 Elpidio Bonifacio, the last survivor to leave the tower, is evacuated.
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Figure6 - Grenfell Toweri west/south face ohe taver[15].

As described in the report$ie mainlobbies started tbe fill edwith smoke in the first hour after

the authorities were notified of the incident. 168 of occupants were able to evacuate before smoke
foundits way to the staircases. It must be considgratbn some floorsthe smoke was very thick,

and the temperatumgas higher than what humsoan tolerate [16]. As a result, the evacuation
progress was much harder as many occupants could not find their way outside without the help of

thefirefighters.
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The exterior building walls faile@nd theres some evidence after investigations that explain these
walls were not probably designed based on the building regulations 2010. As a result, they did not
have the required minimum fire resistance and fireagbfaster and diabt leave enough time for
evacuation [16].

The building burned about 6®urs and more than two hundred and fifty fire brigade firefighters

and seventy fire engines were involveaontrollingand extinguisimg the fire. This buildingvas
constructed itheearly 1970sand since themt underwent few renovations and a major renovation
between 2012 and 2016. During this final renovatibe new cladding was added to improve the
appearance of the building. One of the discussionsatbaiways a concern for AHJ i8hether

the fire department and commanders are aware of the risks idwaithedifferent buildings [17].

In the case of this fire, according to legal documeiitt he LFB6s policy-for fi
rise buildings, PN633, envisages that evacuation of a-hggh residential building may be
necessary and suggests that during familiarization visits officers consider evacuation
arrangements. o0 [15]. Some speci efainer ddlagel i ev e s
response and lack of supervision by experts dahagenovationverethethree main reasons that

turned hisfire into a tragedy [17]The evacuation report and available data from this worldwide

tragedy will be used as a source ttidate the result of the Pathfinder software.

2.3 Edificio Wilton Paes de Almeida

Edificio Wilton Paes de Almeida was a-2tbry building built in 1968 in Sao Paulo, Brazil. In
May 2018 due to a short circuit in a power extension in one of the units ostlhioor, a fire
started. The firbegano grow and spread through the vertical shafts anddsttndeatls behind.
After 90 hours othefire, this building collapsedwvhich raised a lot of questienvith regards to
its concrete structure and reinferaent used [18Buildings with reinforced concrete structare
havealways beetknown as the most solid and rigid structurléss expected that these buildings
last longer in case of fire. Studies showed that this building rhimyehada structural problem.
After extinguishing the firghe rebars in the columns were studiBlde study result includesbme
evidence of missingroper reinforcementHowever due to collapsehe collectedmaterial from

the ste was not 100% complet&hereforethis idea was only considered atheory [18].

There are a lot of concrete buildings designed all around the world. Bés&denain stucture
design of these tyg®f buildings, it is very important to make sure the fire separation of different
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zones is respected. One of the requirements in any type of building is to make sure to avoid having
openings in the walls and in between floorat thllow the fire or smoke to spread to other zones.

In the case of Edificio Wilton Paes de Almeidat only the structure coulabt hold, but also the

fire spread throughout the building faster due to lack of fire resistance and fire separation between
floors.The vertical openinglke staircase and elevator shafts are the interest of this resaadch

asaresult a cetaileddiscussion will be presented @hapter 4.

Figure7- Edificio Wilton Paes de Almeida (Sao Pauyazil) [18].

2.4 Address Downtown

AddressDowntown is a 63-story building constructed in 2008 in Dubai, UAE. This building
caught fire in December 2015, where the fire started on the 14th floor. Falling debris and aluminum

pieces used as construction matded fire eruption in other places while the fire spread upward
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via external cladding. The fire was controlled in less than 9 hours. The factors that helped was the
availability of the team members and equipmeiat mighbor building, Burj Khalifawhichis the
tallest building in the world at the timpre-coordination for emergency plan, public awareness
about evacuation procedure and fire protection systems to prevent spreading fiBa§&@].on
the UAE Nationalafire started du¢o an electrtal fault. A short circuit from cables connected to
the light on the exterior wall betwedine 14th and 18 floor started the fire. According to the
occupants, since the fire starad anoutsidewall, the alarm dichot sound immediatelybut due
to thefast response dhe fire department, the occupant evacuated the building. There is one death
reportedcaused by heart attackwhichis believed thatould be the result of the shock from the

incident Accordingto the datathedeathwas not due to smekinhalation [19].
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Figure8- Address Downtown (Dubai, UAE) [19]

2.5 Torch Tower
The Marina Torch tower located in Dubai (United Arab Emirates) iS8&story residential

skyscrapethatgot damaged by fire tae. Once irFebruary 2015 and a second time while it was
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undergoing restorative work in August 2017. The first fire in 2015 started with a grill located on
one of the building balconies. Based on the available waid and falling flaming debris caused

the flame tdlare up from almosthe 50th floor to the top of the tower. Based on the rep6#s
exterior floors of the tower were damaged. Seven people were treated at the scene for smoke
inhalation but since the building was fully sprinkledo injuries due to buaing werereported.

The second fire happened in 20Which was easily controlled since it was at the street,lanel
thebuilding was fully sprinkled. No injuries reportethd most residents were able to return within

days [19].

New construction, adequate fire protection systdatation of the fireespecially in the second

fire in 2017 andtheresponse ofhe fire department are the main reasons why fighting these two
fireswassuccessfulThis is an excellem exampleof the further discussion @hapter 5, where the
effect of the wind on exterior fires and also the response time of the fire department will be

discussed.

Figure9- Torch Tower (Dubai, UAE) [19]
2.6 Marco Polo Condo
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Marco Polo apartments in Honolulu, Hawavias a 36-story reinforced concrete buildiniguilt in
1971. The fire started otine Zth floor in July 2017 and although théuilding did not have
sprinklers, de tothepresence of n@ombustible constructigrthe firedidn't spread to many floors.
Four deatswerereported, and the victims were betweerabd87 years old. It has been reported
that the sound athe alarm was not heardn some floorsand that had a major impact on the
evacuation progress [20]. According to Christopher J. Wieczoaiteik Marco Polo apartment fire
showed what can happen whenspmoinklers are presem a building made fonon-combustible
exterior construction.” [20]. Even though the fire did not spread on the facade as it found its way
to outside, the combustible material insialed lack of sprinklers increased the speed of fire
spreading insidehe building. As a result, the hot smoke percentaigereasedand a tragedy
happenedThe victims of this incidentere above the age of 50 and considerably more afuisk

to their physical conditios that make thevacuationharder The adequate time for evacuation
versus the speed of smoke spreading ithieing will bediscussed in more detail for the purpose

of this research.

Figure10- Marco Polo (Honolulu, Hawaii) [20]

2.7 PlascoBuildinng
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Plascaower, al7-storyhighrise landmark building in Tehralran got destroyed during a fire in
January 2017. Thibuilding was the tallest building at the time of its constructioth@l960s.

The building was used as a residential and commercial buildthga major shopping center and
several clothing workshops. The fire started around 8 am on the nineteenth floor. Ten fire brigades
arrived to fight the fire foafew hours but due to the old structure and combustible materials and
lack ofa sprinkler system, part of the building collapgeallowing smallercollapse, whichit is
believedthatit happened due tthe presence othe heating propane tanks inside the yrigs

major explosionfiappenegwhichin the end caused the building to collapse. Twenty firefighters
have been reported killed, about ninety got injured [21]. In April 2017, it was reported that this
building failed 22 national building regulations. Basedhlmndata provided bine fire department

to the VOA news, the fire department requested to evacuate the bulféingyears before the
accident Still, the occuparstignored the notice since thelyi d n 6 t losslausiness [21.

The importance athegovernment's support and educatihgpublic can minimize the chance of
having a tragedy. In this scenario, a sprinkler system could have helped the fire department to
control the fire and cool down the structure to minimize the collapse, Bésed onhe visual
judgment from the pictures and videostwday of theevent it can be seen that the fire department
trucks were not high enough to reach the highest floors. Having propasasaakuel source for
heating system shows the lack of inspectiofikis building was located in one of the old
neighborhoods with lots of traffic and many buildings surroundinghiich limited the firefighters

to take action andas a resujtincreased the riskThe importance of emergency planning for
existing buildngs that are considered as a higher risk for the city will be discussed in detail in
Chapter 5.

26



i wl
oy

L 1L L R S

o o

LR

- 28

Figurell- Plasco Building (Tehran, Iran)

2.8 The perfect formula for tragedy

"The perfect formula for tragedywritten by Christopher J. Wieczorek from FM Global, describes
the failure of safe evacuation and savimgdias a lack of automatic fire sprinklers and/or used of
highly combustible exterior construction [24M Global plays aressentialrole in providing
guidelines forthe fire protection industry where NFPA standards have no guidetménelp
experts. Datasheessippledby FM Global are used all around tverld by professionalsandit

is ther responsibility to make sure to use theseommendatiogand design guidelirsproperl.

In general,many different factorgan affectthe response time dhe fire department and fire
servicepeople. Some of these factarsuld vary for different citiesand it mustbe studied and
addressedair each caseeparatelyThe average response time for less than 50 percent of the fire
incidents in Dubai is less than four minutes, which this number cothpatbe WK for non
residential fires is more than double [23, 25]. New developing cities wittemaonstruction are

considered challenging as the fire service needs to adapt to new methods and higher buildings. As
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a result, code requires to add sprinklers throughout the building to control the fire and to have
pressurized staircases and/or to hpusitive/negative zones to control the smokke figure
below explains the importance of the automatic sprinkler systerthende of norcombustible

construction materials.

Non-
combustible
exterior
Automatic fire
sprinklers

Highly combustible exterior
No automatic fire sprinklers

Extent of Social and Economic Impact

Figurel2-Extent ofthesocial and economic impact thfe prinkler system and necombustible
construction [24]

FM Globalis a mutual insurance comparwhose capitaindscientific research capabiligrea

great help to industry and safety of public and environménmné compny has done a lot of
research on the recentdincidents Table4 showsa summary of the buildings studied. Most of
these buildings have combustible exterior construction, and many did not have fire protection
systens in place due to the year of congdtion. The information provided ithis tablg which
includes some of the fire incidents covered in thigpteras well, helg usto understand whatre

the major points thateed to be studied more in detail for this study.
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Table4- FM Global-summary of recent fires [24]

A Glimpse of Recent Tower and Hotel Fire Losses

As figures show, a combination of automatic sprinklars and noncombustible construction is the most effective solution to

minimize both proparty and casualty lossas in high-nsa buildings.

Date

Name

Location

Exterior
Construction

Automatic
Fire Sprinklers

Fatalities | Ref.

August 3, 2017
July 14, 2017

The Tarch

[ Marco Polo

Apartments

Dubai, UAE
Hawvaii, USA

Combustible
MNoncombustible

Yes

| Mo

Juna 13, 2017

Grenfall Towar

Londan, UK

Combustibla

Mo

Dacembear 31,
2015

October 1, 2015
May 19, 2015

The Address

MNasser Tower

Dubai, UAE

Sharjah, UAE
Baku, Azerbaijan

Combustible

Combustible
Combustible

Fabruary 21, 2015

Torch Towar

Dubai, UAE

Combustibla

Movember 25,
M4

May 14, 2012
October 1, 2010

Lacrosse building

Mermoz Tower
Woozhin Golden

Melbourne, Australia

Roubaix, France
Busan, South Korea

Combustible

Combustible
Combustible

Suites

*It is repowied that one person suffered a fear attack while exiting the building

Based on this table, most of the fa@sesstudied had a combustible exterior constructaom the
presence of the sprinkler system had a very positive ingpatducing the number of fatalities.
The only building with noncombustible exterior construction that was studied is the Marco Polo
Apartments that was not protected witte sprinkler system. The lack afsprinkler system and

combustible interior construction allowed the fire to spread inside the building.

2.9 Smoke control in large spaces and vertical shafts

One of the key elements to skeocontrol is the size of the compartment. Based on a study by H.P.
Morgan and G.O. Hansell, in large spac¢he control of smoke bthe ventilation system is very
difficult. The reason for doubting a successful design be#iigeexceptional circumstarses the
height [26]. Reducedcaleexperiments to develop formulas and numerical simulations are the
most common practice for validating the data. To be able-srale the datdhe Froude number

can be used along witiseries of CFD simulations [27This concept is suggesteasg in many
circumstancesa real model of the fire cannot be built. TRe@udenumber is a dimensionless

number proportional to the square root of the ratio of the inertial forces over the weigldtber
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words,the flow inertia to the externdield. Figurel4 showsthe CFD model of the atrium and the
results for heat and smoke control in redusedle and fulkcale atrium. The effect of the

ventilation on the smoke and heat is almost negligible for both cases [28].

Fr=V/(gD)"?

r = Froude number
V = Average velocity of the liquid in a channel (feet/second or meters/second)
g = Acceleration due to gravity (32.17 ft/3ec 9.81 m/sed)

D = Hydraulic depth = crossectional area of flow/top width

Equationl- Froude number [28]

Figure1l3- CFD modelof an atrium[27].

Figure 14 showdhe distribution of temperature difference of both reduseade atrium model and
full-scale atrium modelt isimportant to consider the time of the simulation for each model when

comparing the results of the left column (redusedle) with the right column (fuicale).
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reduced-scale atrium {ull-scale atrium

IR EREEIEEELREL]

1 t=141s-162s t=423s-486s

3 t=141s-162s t=4235-486s

t=423s5-486s | @  t=1269s-1458s

Figurel4- Smoke and heat control frefull-scale and reducestale modet in the atrium[27].

Largeeddy simulation of smoke movement is another method of simulating fire scamsing
computational grids. Constant eddy viscosity is used to represent tgeidsioale motion of the
large or fultscale eddies. As can be seen in the outpetvertical velocity of the smoke compares
to height fluctuate a lpbut as it is expectedhe temperature decreases over time as we @ach
higherelevation The decreas@a temperature is obvious in bagnaphs inFigures 15and 1629].

All figures show that as the height incregagbg velocity and temperature decreabiee eddy

viscosityis defined as a coefficient relatimgerage shear stresgthin a turbulent flow of air to

vr = (CA)’®

Equation2- Eddy viscosity{30]

the vertical gradient of velocity [30].
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Figurel6- Large eddy simulation of smoke movement [30]
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Figurel7 - Model of the pool fire and the smoke movememricerningheight [30]

Thesame concept can be used when it comes to testing the smoke control in vertical shafts similar
to astaircase shaft or elevator shaft. As buildings are getting taller, the @amdigngt of the smoke
patternand fire spreading in the building is becoming more impartaig necessary to have an
adequate fire protection systemarder tdbe able to keep the space safe for the occupants. Smoke
travels to remote locatiopsven if he fire stops at thetart zone of the firéThatis the reason why
smoke is considered the major Killer in building fires [31]. Failnri@e protection systemis the

most commorreason behind fatalitiewhen looking at differenfire cases. Not havingroper
protection systems and planning could cause a tradeedyhe failure of the designs done by
professionalss the mostommonreasorbehind thenew construction building fires [32]. World
Trade Center tragedy is an example of a big failure oineegeddesign due to the uniqueness of
theevent. Based on the information that was publishftdr the tragedy dheWorld Trade Center
evacuation there were three scenarios on how occupants evacuated the building. A great
percentage of theccupants used the stairs, few people used eleyataidew people used both
stairs and elevaterThe percentage corresponding is shown in the table below [33, 34].
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WTC 1, n=202 WTC 2, n=158

Stairs 198 people (98%) 114 people (72%)

Elevator 1 person (0.5%) 18 people (11%)

Stairs and elevats 3 people (1.5%) 26 people (16%)

Figurel8 World Trade Centemeans of egress used within the tow86j.

Based on the dafeom the fire incidentpccupants who were able to evacuate the building noticed

the event by the sound of tlegplosion, by seeing the fire and smoke, by the movemetiteof
building and the smell of the smoke [34]. The presence of smoke was one of the reasons that many
peoplefelt the need to leave the building beforeés too latebut at the same timemoke filling

the space caused a lot of delay during the evacudti@two othewariables that addet this

delaywerethe age of the occupards well agheir behavioat the time of emergency.

Fire cues WTC 1, n=212] WTC 2, n=145

Audio cues: heard explosion, crash, rumble 107 (50%) 69 (48%)

Visual cues: saw fire, debris, smoke 87 (41%) 96 (66%)

Building movement: felt building sway, jolt, tremble 146 (69%) 30(21%)

Contents movement: furniture movement, ceiling falling 66 (31%) 11 (8%)

Warning from others 14 (7%) 34 (23%)

Impact 29 (14%) 1 (1%)

Smelled fumes or felt heat 12 (6%) 16 (11%)

Figure1l9-World Trade Center first cues thfe eventwithin the towerg34].
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21-35 yr old (n=74) | 36-50 yr old (n=58) | 51-65 yr old (n=21)
Calm 39 (53%) 31 (53%) 9 (43%)
Panicked 25 (34%) 14 (24%) 6 (29%)
Upset 31 (42%) 22 (38%) 4 (19%)
Helpful 16 (22%) 17 (29%) 8 (38%)

Figure20- World Trade Center distribution of age and perception of others [34]

In general,for a safe evacuation, i$ required to control smoke movement to keep the smoke
concentration thinner. As a restuligepressurization system is used in shaftssaanicases order

to keep the evacuation paths safer and isolate the area from the fire and smoke zone, the do so
movement of smoke in a tall vertical shaft needs to be examined. The movement of the smoke can
be disturbed by the type of construction material, HYAC equipment, location of theniiralso

the size of the fire. In highse building, the movement ofhe smoke is mostly upward and
throughvertical openingsuch as elevator shafts and staircases. Based on the study of smoke
movement in elevator shafts during a hrige structural fire, the interaction of building
construction materialvas studied. Theinformation from these studies shows how the smoke
patterncanvary in the same building withdifferent construction materials. FiguPd shows a
typical model of the pressurization systéon a typical multistory buildingand its effect on the
smoke movment. Based on this figurby pushing air into the othdéoors, the smoke is moved
toward outside using the shaft. There are many factors that might affect the smak@dsgeron

the studies done by W.Z. Black, for the same fire scerthedemperaire has a great effect on it

As the temperature goes highere smoke layer will increase too [35]. The temperature effect

the pattern andhe height of the smoke layer is the interest of this research due to the major
temperature difference and exigt weather conditiosin Montreal. Considering the above
information, we believe that any fire happening in a wigh building in Montreal during a hot

and humid summer day will have a higher percentage of smoke cahtpareold winteday.
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Figure21- Smoke movement in shaft [35]

Height of NFP. m

Summear

EStandard Building

Standard Fire Conditions

45 Story Busilding
Mo Wind, Mo Floo

r Pressunzaton

Vent Area 10percent of Shaft Are
Cast-in-place Concrete Shaft
Pre-cast Concrate Extarior

Winter

5

10 16

Average Gap Around Elevator Doors, mm

Figure22- Height of NPP in summer vs winter [35]
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Another similar study for pressurized shaft with more complex details was done by Richard S.
Miller and Don Beasley. In this study, multiple shafts are considered in the same analysis. Having
large pressure differences can spread the smoke and fire edsl& they suggest that minimum
pressure differences must be maintained at both open and closed doors. Tmettel et the

smoke spread throughout the buildingafan system as there might be some big openings like
doors. One of the othgariablesthataffect the smoke pattern and the speed of the smoke spreading
in the building is the fan speed. Fans are sensitive to the ambient tempernatuitieereforg¢he
location of the supply fan, louvers, verdad elevation with respect to the floor ahd height of

the building is very important. The smokehavior taveling through an opening on a cold day
versus éhot day when there is no fam very different To minimize this gapespeciallyduring
summertimethefan can be added comparisorbetween graph a anddf Figure 23 shows that
adding a fan has a positive effect on the pressure and the smoke layer. By adding a fan, pressure
increasesand & aresult the smoke cannot travel from the smoke zone into the staircase shatft.

The ameconclusion can be drawn for case c araf Bigure 23[36].

Using the information above and also the result of all ofahecases shown in the next page a
single fan per each floor is introduced to the FDS model for this research to validate thef effect
the supply fan in a constant temperature of 22 degree Celsius during summertih2 degree
Celsius inthe wintertime. A detailed discussion on this topic is give€lvaptes 4 and 5 of this

thesis
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Figure23- Pressure difference of stairwell door [36]

2.10 Fire safety and evacuation in higkrise buildings

High-rise buildings are not inherently dangerous structures but require additional attention when
it comes to the design ofdketypes of buildings. Every year there are terrible tragedies caused by
afire in highrise buildngs, which affects the lives othousands of people. Awareness and training
are important for botloccupants and servigeersonnel to be able to reduce thd.riEhere are
buildingsthatarelabeled s t he wor | d ovehichremuiré reosetcomiplexidésignis and s
systems. Often there are special methasked to protect these buildmgrhe curity of these

types of buildings is more complex due to thastence of multiple occupied flogregecially in
residential buildingswhich meansa higher concentration of the occupants. Depending on the
location of the building, reaching the area for assistance during an emergency nugficude.

Due to the ertical nature of these building$e probability of a large uncontrolled fire moving
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skyward is very high. Based on a stuiynductedy Hall Jr JR., in modern buildingspecial fire
protection requirements are reflected in strict laws, codes and stan@laese requirements are
designed to provide life safetifowever,they might notcompletelyconsiderp e o pHeladcs
readiness and reaction at the timewfergencyThereforethe management programs to provide

sound fire life safety program has an important role as well [37, 38].

Bun Taiped 101 Shanghus Workd Petronas Towers Soars Townr Jin Mao
Tope Financial Center [Wilky Townr) Building
Erangha g Chicago Shangha

Dt
B00m+ Bl i 4fidm 44dm 4Hm

Figure24- World's tallest building§37].

Based on the information gathered by U.S. fire departments, inZ00, 15,400 fires were
reported inhigh-rise buildings These incidentsaused 46 civilian fire deaths, 530 civilian fire
injuries, and $219 million direct property damage. 45 percetitasfe fires were reportedcurring

in residential buildings. Studies showed that among all these tesisks of fire in higkrise
buildings were lowecompare to the other types of buildings'he greater use of fire protection
systems in this typef buildingis believed to be the main reaséigures25 and 26 illustraténat
50 percent of thed@res in highrise buildingshad afire-resistive constructigrand 47 percent of
them were protected by sprinkler systems. This shows the importancerd &éire protection
system and its effect on reducing the probability of flame andléireageseyond the room or
thefloor of the origin. The control of fireom spreathg to other zones has a direct relation with

the material used for constructioks can be seen in figure 28 smaller number of fires started
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on the lower floors as there are fewer combustible materials in basement levels of a residential
building. 82 percent of the fires happened on the upper floors as these floors are lesdeaccessib

and take longer for the fire department to control the fire [39].

Presence of Fire-Resistive Presence of Wet-Pipe Sprinklers in Fires

" Excluding Partial Systems and
Construction in Fires, 1994-1998
: Buildings Under Construction, 2007-2011

Apartments g cu Apartments |y 47% u High-rise
7% W Mot high-rise

Hotels

M 12% ol N =0

Care of sick facilities O 33% High rise Care of sick facilities e %

B Mot high rise 63%

2% O N 30%

Offices | 10%

0% 20% 40% 0% 20% 40%

Figure25- U.S. highrise building fires 2002011 [39]
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Figure26- U.S. highrise building fires bythelevel of fire origin [39]

Risk in highrise buildings can be calculated aratio of a measure of fire loss to a measure of
units of exposure. Exposure refers to people, spaamaterial that can get damaged omhed
during a fire. The percentage kigures25 and 26, as well abe data collected by the U.S. fire
departmentindicate that the highise buildings with sprinkler systestave a lower riskThe
focusof this study ion the importance of fire protection systems in residentiathgghbuildings
[39].
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High-rise risk is expressed as follows:

[loss in highrise buildings]/[units of exposure of higise building]

= [(high-rise % of lossk (total loss)]/[(highrise % d exposure unitsk (total exposure units

Equation3- Risk calculation in highrise building [39]

To be able to minimize the risk, it is important to identify the key behavioral faftecsing the
evacuationto understand the existing procedures and strategies in practice fardadiuildings,

andto review the capabilities of evacuation modakst are in use. Studies show that the evacuation
models are an effective method to plan safety progeantto find strategies to improve the safety

of people. The suitability of these models depends on their flexibility in representing different
evacuatbn patterns and complex behavioral preessSincethe 1960s high-rise buildings are a

great concern for committees working on codes. The de$igxitsandtravel time for evacuation
purposesvasthe main focus of code expertsthne 1970s and 1980sn 12005, with the terrorist

attack of 9/11 in the World Trade Center, the importance of providing means of egress and detailed
planning in case of emergency became the focus of the code experts. Evacuation models and fire
incidents are used to define a sture for a safe design [41, YZAnalyzed materia for the
purpose of the World Trade Cengee categorizethto three main categories:

1. Human behavior i high-rise buildingduringfire evacuations
2. Egress components and strategies

3. Modeling studies

Like any other studies itine field of fire protection, analysis is limited to the available data from
human behavior in real fire incidents. The literature review is limited to-fisghbuildings
evacuation studies, including human behavior in fire, paotirelocation strategiesndmodeling
studies Behavioral associatedith each type of building is studied. In edallding, the factors
thatcanaffecttheevacuation are the design, the characteristics of the population, the training given
to the poplation, theavailable staff andfire safety protection system# service.In office
buildings, generallythe desigrsinvolve open floor plans which allow the fire and smoke to spread

in a greatezone. Occupants aresuallybetter prepared to evacuatedamostly trained through
evacuation drills. In residential buildings, occupants migladieepor not dressedThey ae also
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emotionally tied to their belongings that need to be left belfifidhese resulin delays in the
evacuation proces$n most casespccupantf the residential buildingare not trained foan
emergencyevacuation. One of the advantages of residebtidgdingscompare to other typs of
buildingsis their design that consssdf smaller compartmentshich limit the fire and prevent it
from spreadingo other zones very fast [43, 44This allows the fire department to plan the

evacuation and not haaehigh volume of occupants duritite e/acuation process.

In case of an emergency, ieacuation of a highise buildingdepends othe available paths and
exits. Stairsareone of the traditional methods of evacuation that is addressed by NFRAfE)1
safety code. There are many aspects that needdons@ered in an evacuation processh as

the gender or role dhe occupantsvhich can affect the evacuation performamnd behavioral
perspective. Merging behavior has a major impact on evacuasonell as the total time [45].
Another method of evacuation is evacuation elevators. In traditional conelpigtors should
not be used in case ahemergencyBut as budings are getting taller, evacuation using staircases
is taking longer and naealistic Also, the evacuation of people with disabilities or limitatiass

a concern. As a result, The American Society for Mechanical Engineers (ASME) committee is in
charge of investigating the metho@sd technologies in order to uskevators during evacuation
[46]. The behavioral factors and their impactevacuation strategies using elevators arén
investigation Therefore, inmost designsthis method is only uskas an alternative due to the

limited studiegperformedon this topic [47, 48].

Sky-bridges andefuge floors are two oth@lternativeswhich, due to the& complexdesign are

not commoly practiceal. Fire-bridge is used to link towers and allow occupants to travel from one
tower to the safer towemlhe purpose ofafuge floorsis to hold occupanten andgive themthe
requiredtime to restand meet with service people at rescue pwifithese floors i@ also being
usedasa firefighting base [49, 50]. Another means of escape is hdipbidwever,due tothe
complexity of the work and extremely dangerous procediney are not mentioned in any

standards in the U.Sand most other countries [51].

2.11 Fire Dynamics Simulator (FDS)

The Fire Dynamics Simulator and Smokeview are the products of an international collaborative
effort led by the National Institute of Standards and Technology (NIST) and VTT Technical
Research Ceatof Finland [52]. In our case, the focus of the study is on the effect of the ventilation
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system pressurized staircaseand smoke control on the safe evacuation of the occupants.
Smokeview allow us to see the effect of the ventilation system in a mgldBy describing

velocity boundary conditions for each compartment, the effect of air supply on the smoke and heat
transfer can be drawn. To reduce the simulation,ttivee airsupply system for the case can be
simplified. Flow losses are proportionalttee square of the velocity. As a result, an equivalent

duct length and representative area of it can be used. The effective loss of the duct can be calculated

using the formula 9.1 from the FDS guide, shown in equdtion

Equationd- Effective loss of a duct [52]

Wherei is a fitting and A is the area associated with the fitting loss [52].

FO'S Maesh

FOS Mazh

FO'5 Mesh

Figure27 - An example of simplifying a complex duct [52]
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Figure28- FDS mesiBoundary[52].

In the HVAC model, for a supply fan with a solid boundahe surrounding pressures are not
consideredand the fan is specified with a Voluréow. The fan curve where the pressure drops

areasshown

. i ' Ap_A
Vian = Vinax sign(Apmax —Ap) |PA—Pmax|
Pmax

Equation5 - Volume-flow for a supply fan with a solid boundary [52]

Fire Dynamic Simulator (FDS) playan important role in fire investigations. In general, the
comparison of the simulation results from FDS and the actual fire scene can help the engineers
and professionals in improving their design to have a sai&ting. Multiple strengtts of FDSis

proved by looking at different fire experimen¥hereasmall roomor a large pool firen alarge
scaleexperiment isrisk, FDS can beused as a toolThe modelesults were compared with the
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experimental data from Factory Mutual (FBMobal). The advantags the modeling is to reduce
the cost aneliminate the danger from a real test or experimenaddition,the analysis can be
run for a longer tim¢s3, 54] One other important data that was collected from the FDS model is
the effect of the wind. lanexperimental testhere is no contrabver the speed of the wind and
the ambeént temperatureStill, in theexperimentaimode| they were able tanalyzehewind effect

in the worst situationsThe data obtained from these simulatidvedp to improve theode and
standardequirementsto reduce the riskgzor the purpose of this researthe effect ofthe wind

on the pattern of smoke spreading in the high building and also iismpacton thepressurization

system imeglected

Figure30- Temperature profilevithout wind effec{53].
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FDS simulation of buoyant firsmduced smokenovement in a highise building stairwell is done

to determine the required grid resolution. The resaft the experimental information and
simulation were compared, and it is numerically confirmed that the pressure does not increase with
the heightin the staircase. Based on the experiment results for tempeiatisreoncluded that

due to fireinduced buoyancythe smoke mowefaster in simulationand the pressure inside the

staircase increases witleheight.Figure 31shows thevelocity of the experimental data compares
with simulation data [54].
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Figure31- Experimental velocity vs. simulation [54]
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Also, as can be seethe average airflow at the bottom of the opening in the staiinade
simulation fuctuates mor¢hanthe experiment. Figure 32 shows the numerical study model and
the location of the opening. Alhe measurements for this stualetaken at the middlepening

on the 4 floor of a 1Gstory building [54].

Top vent
0.9 mX{3.7m

L Door size
A 06mX04m

{a— Middle opening
* Velocity measuring point
Temperature measuring point

4
¥
e
————e— " oam

[Stairwell Room | Room 2

Figure32 - Numerical study parameters [54]

——Simulaton_average

=——Exper iment awver age

Average airflow velocity at the bottom
opening (m/s)

Figure33- Average airflow velocity at the bottom of the opening [54]
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2.12 Summary

In Chapter 2, dferent studies areeviewved and presentedo show the link and importance of
smoke control in highise building and human behavior. Different fire incidents were presented

to show the problems involve in each case. Numerical and experimental studieswieved to
investigate how smoke control can influence evacuationtiased on other studida most cases,

FDS simulation had more seeeesuls compare to experimental results. On the other hand, the

fire incidents studied showed that there asnynitems that cannot be addressed completedy in
simulation.The gudy of the smoke pattern and its velocity showed that openings in vertical shafts
could influence the speed of the smoke spreading in the building. The consequence of smoke
leaking to otler compartmesstis that the evacuation can be delayed, and the safety of the occupants

will be affected.

In some studiesheeffect of other fire protection systems, such as detection systems and sprinkler
systens, were presented. Sprinkler systeman caotrol the fire and the right choice of nen
combustible or limited combustible material can increase safety by reducing the chéinee of
growing fast.The nfluenceof the wind and temperature on the fire and the pattern of the smoke
wasreviewed using numerical and experimental method€hbpter 3a theoretical study of the
smokecontrol using pressurized staircasssngsupply fars will be introduced to find mébds

that can limit the smoke spreading in the buildingieximize the safety of the occupants.
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3. THEORY i METHODOLOGY

As illustratedin the literature review, the only way to understand the reason behind the fire
incidents is to study each case indivally. Advance researches in the lab, material testing,
approva) and simulatios play an important role on the construction matesalection as well
ascodes and standardevelopmenaind guidelines; but learning lessons from the incidents and
adjustment of howeverything is developed also plays an important role on the safetgmiblic
andthe environment. Allitemsmentioned above explains the reason for the need of regulatory
changes, and why local governmeatg forced to perform investigatignshy code experts are

expected to revaluate the local building codes regularly and not wait for an incident.

In this chapterwith the help of few firefighters working for Service Imcke de Montreal (SIM)
some of the fire incidents presented in chapter 2reweewed.The avantagesf having &
auomatic sprinkler system and pressurized staircases and disadgaofag®mbustible
construction will be discussed from the life safetg@aliss @nd building codes consultaapoint

of view. Data from he smoke filling process frothefire department employsepoint of view

as well aghe simulatioresults fronFDS aregatheredstudied and compared teerify themajor
differencesof thetheoretical informatiowversus theeal fire incidents. This study is done due to

theimportance of smoke control in higtse buildings for the safe evacuation of the occupants.

Due totheinterest of SFPE St Laurent Chapter smeldepartment of hictnise buildings of Service

Incendie de Montreal (SIM) for future training and research on this, tiiscstudy focuses more

on applicable methods that can be presented to organizations rihadrtmueto work on this

topic. Smoke control i high-rise building was introduced to fire protection expdrtsluding

fire protection engineers, firefighters, consultants, insurance compandésontractors during a

two-hour presentation on Novereb 28, 2019 in Levis, Quebec [55, AppendiB]. This

presentation was hosted by SFPEL &tirent ChapterQuebecand presented by the authlodithis

thesis and director at this chapt€hamim Mashayekh Jr. Efys the author of the thesisam

hoping tobe able to continue this research to advance my knowledge and be a small help to our

fire protection industry.
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3.1FDS fundamentals

Many studies are done focusing on the fire smoke movement insideisegbuildings using
computer simulatiog Froude modling is probably the most common method for smoke
movementsimulations.Froudenumber which is the ratio of inertial forces to buoyancy gravity
forces is shown inEquation6 with all the scaling relations. Froude number is the base of all the

calculations used for this research.

Equation6- Froude number equati¢a8].

Xm = Xt (In/1f)

Q= Q (Im/1)°?

Em= Er (Infl1)>2

Mm= M (Im/l£)>2

am = &gt (Iml)

Tm: Tf

Equation7 - Scaling relations for Froude numk2s].

3.2 Numerical case setup

As described in chapter 2, numerical methods are widely used due to the cost and dangerous nature
of fire tests. Newentilation systems installed in higlse buildings are often put out of service
by the fire department as they arrive on site. This practice is followed in many cities around the
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world, including Montreal. The reason behind is the lack of training for occupastsell aghe
uncertainty of the fire department on the reliability of the systems. As a result, in mosbgases
setting the system tthe manua) they take control of the HV& system. This chapter preseat
numerical model of a pressurized system aitautomatic air supply that is kept in service during
a fire incident The goal igo provide supporting da&@nd argumeston why theHVAC system
must be kept in service dugra fire. Before looking at the numerical model and its geometry in
section 3.3.8there are few topics that need to be addressed for a better understéticingems

that are eliminated or added to t&se study. This information is provided in set®o3.1 to 3.3.7.

3.2.1 Use of combustible materials

Use of combustible materials in the external sias it was also seen in Grenfell Tower fire with
ACM cladding and combustible insulation and in the Address toweiditeereason why the fire
spread so quickly on the facade of the building. Based on table 4 in chapter 2 tanfrigings
studied by FMGlobal, only one building had nenombustible exterior construction. In most cases
thefire was able to spread through the cladding tothe presence of combustible materidls.

big concern is thatue to the limit of the resources and the cost of construction, complete
elimination of combustible materiais not an option The combustibity of the exterior
construction of the buildings in Montreal is checkedtly fire department. This inspection is
performedby experienced firefighter® find those buildings that have higher gskhis allows

the fire department to provide better egecy planning in case of a fire incident.

Fire can occur in many different circumstancasd having combustible exterior walls will
increase thesk of fire spreading through tHacade vertically. Also, ithe firefinds its way inside
through opening it can grow faster as will reach areawith available combustiblematerials.
The speed of fire spreading arbuilding depends on many parametansluding the presence of
fuel orother combustiblenaterials andxygen.The only variable that cadme controlled in dire

that starts on the facade of a buildisghecombustible materiahs there is no control over the
oxygenprovided to the firewhich cannot be taken awayhe windhas a direct influence on the
fire. As it was also seen in chap® the Grenfell Tower fire spread to the other facades due to the

combustible exterior material and also the wind effect.

The vertical travel of the fire on the facade is diffefemm its vertical travein an interior shaft

UsingFluid Dynamics Simiator (FDS) and noncombustible materibke heat and speed of smoke
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in a noncombustible buildinganbe calculatedThis calculatiorhelpsto provide more realistic
datafor emergency planningrhe vertical travel of heat and smoke on the facade arakitise
building isavery important point to be studied since it has a direct effiethe safe evacuation

of the occupants.

3.2.2 Automatic sprinkler system

Fromthe 1970s, fire protection engineers worked hard and researched to introduce new systems
and technologies such as fire alarm systems, smoke alarms, fire sprinklers, etc. to improve the
home fire safetyn residential buildingsThe result of all these works wan important step to

build thecurrentcodes and standards.

In 1979 and 1980, fulbcale fire tests of a twstory dwelling in Los Angeles, California and a
mobile home irCharlotte North Carolina formed the basis of the design criteria of NFPA 13D
Installation of Sprinkle Systems Single and mitdiily Dwellings [1] Different testswere
performed to desigdifferent sprinklers that each corresp@td a specific kind of occupancy.
Residential sprinkler®r high rise residential buildingere one othese thats the interest of this
thesis. The goal aheindustry is to increase the ease of installation asda resujtreduce the
cost of installation withouéffecting the performance. This will lead to reducing the cost of fire
protection systes) increasing thenumber of residential buildings that are protecbsdthe

sprinklersystens, andlast but noteast it will increase the safety of occupants [1].

Based on NFPA standards, any residential building with moreftharstores, lands underhe
guidelines of NFPA 13. As it is alsmentioned in article A.5,Tresidential occupancies are
consideredh light hazard, but garage spaces, mechanical rooms, storage lockers land under the

ordinary hazard occupayc
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A5.1 Occupancy examples in the listings as shown in the
various hazard classifications are intended to represent the
norm for those occupancy types. Unusual or abnormal fuel
loadings or combustible characteristics and susceptibility for
changes in these characteristics, for a particular occupancy,
are considerations that should be weighed in the selection and
classification.

The light hazard classification is intended to encompass
residential occupancies; however, this is not intended to pre-
clude the use of listed residential sprinklers in residential oc-
cupancies or residential portions of other occupancies.

A5.2 Light hazard occupancies include occupancies having
uses and conditions similar to the following:

Animal shelters

Churches

Clubs

Eaves and overhangs, if of combustible construction with
no combustibles beneath

Educational

Hospitals, including animal hospitals and veterinary fa-
cilities

Institutional

Kennels

Libraries, except large stack rooms

Museums

Nursing or convalescent homes

Offices, including data processing

Residential

Restaurant seating areas

Theaters and auditoriums, excluding stages and prosce-
niums

Unused attics

Figure34- NFPA 13- 2013 [7]
Figure 11.2.3.1.1from NFPA 13 shown infigure 35 of this thesis, providéise guideline fothe

density requiremertf all occupanciesncluding light hazardordinary hazardand extra hazard

occupancies.
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Figure35- Density/Area curves for sprinkler system calculation [7]

The hydraulic calculation is done using the Ha¥dilliams formula, as follows:

185
C%:'f-l 87 ]1 0:‘
where:

p,, = frictional resistance (bar/m of pipe)
Q,, = flow (L/min)

€ = friction loss coefficient
d,, = actual internal diameter (mm)

Equation8- HazenWilliams formula [7]

Hydraulic calculation fothe sprinkler system is done based on density requirements using the
concept that the flow can be calculated by multiplying aea bythe density or byusing the
pressure requirement of the sprinkhexad orifice. the Kactor formula which igalculated from

the flow and pressure of an orifice is calculated using the formula below:

where:
K, = equivalent K at a node

() = flow at the node
P = pressure at the node

Figure36- K-factor formula [7]
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For the purpose of this researtie focus of thalesign and model is on the smoke control and
vertilation system. Since the sprinkler system has a direct influence on the evacuason, it
assumedhat the building imotsprinkled. for the purpose of evacuation analyssg Pathfinder

the delay of tb occupants and their flow time is estimated for a fully sprinkled buildihgse
assumptions are made based on the evacuation time of the fire incidensseti in chapter 2,
sectiors 2.1 to 2.7.Sprinkler systerm are used to control the firéo provide enough time to
occupants to evacuasmd thefire department to fight the fire. Sometimes by mistalginkler
systems are confused witte extinguishing system. It is true that in many caspanklers at the
ceiling were able to extinguish the fifeut this should natreateconfusionwith regards to their

main purposeAccording to NBCC a sprinkler system is mandatory in aéw construction,
residential higkrise buildings. On the other hand, there are a lot of existing buildings that are not
protected witha rinkler system. Based on the fire cases discussed in chapter 2, it has been
decidedto look at the worstase scena, which does noinvolve sprinklers. As a result, all the
analysis prepared using FDS is davith the assumptioof no sprinklessin the building that can

affect the pattern of the fire and smoke.

3.2.3 Detection system

In theory all buildings that are not sprinkled are forced ttéeast have oner multipledetection
systens, i.e, asmoke or heat detector. These detection systems can be addressalihg) they

are connected to the main alarm panelailldsend a signal to the alarm panel or in some older
building noraddressablevhich means only the occupant near the detection system will hear the
alarm In this scenarighe occupants should ute pull stdions to activate the alarm system and
contact the emergency services. In Canada, there are still a lot of buildings that are not provided
with sprinklersystens. However, albuildingswhich need to meet the criteria of NFPA13 have at
least the addressadlarm systenThis has been decidsthce notifyinghe occupants has a direct
relation with the safe evacuation of the building; for this stidy assumed that all occupants are
notified about the fire in the first few seconds that sheke detectois activated. Basedn a
survey on random people in the city of Montrélag different delay time is set for each occupant
beforeevacuationA full report of this survey is provided the pendix sectionk-or the purpose

of this researchit is assumd that the is a single interlock alarm system available that notify the
occupants. As a result, all occupaatiter hearing the alarm sound start to evacuate the building.
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3.2.4 Stair Pressurization systems for smoke control

Staircases are considered the ppatroute for escaping during a building fire. To be able to
maintain the staircases safe and free of smoke dtiregyacuationthe pressurization system is

used. An initial model was simulated using FDS witanormal opening in a highise building

and not pressurized stair shaft to present the smoke travel in most of the existing buildings. Then
with the help of the ASHRAE research project {B389), a pressurized staircase usmmgupply

fanis modeled to verify its effect on smoke travel patsgst, 57, 58] For this studythe pressure

loss through the doors duriagevacuation is neglectelBlor this modeltheair supply fan is added

in the staircase at every floor to provide a positiesgure. To be able to keep the balance between
the positive and negative pressure in different gmievents are also added to the apartments and
common areadMore detail about the size and location of the aipkugystem will be presented

in the folowing sections.

3.2.5 Fire Dynamics Simulator

Fire Dynamics Simulator (FDS) model developedttet National Institute of Standards and
Technology (NIST) irthe USA is used for the purpose of this study. Fid8ich is developed by
McGrattan is a large eddy simation (LES) computational fluid dynamics (CFD) model, which
numerically solves the NaviStocks equations for the transfer and smoke [59]. The results are
visualized by Smokeviewwhich allows a threglimensional view of the results. FDS gives the
optionto add slices in different locatiemo track different parameters. The slices added for this

study measures the temperatanel pressure difference of smoketaspread in thebuilding.

3.2.6 Smoke filling

Fire Dynamics Simulator model is useattimpare theimulated data with the data that is expected
from the data analysis discussed in chapter 2 and informgaithered from the fire department
reports.According to the information available d¢ine NFPA websitea great percentage of the
deaths areaused by smoke inhalation comphte the fire itself. FDS allowscalculatingthe

smoke layer height based on the vertical temperature profile. Given the information above and
using the formula below,savhich is the smoke layer heigltan be calculated indicated the

floor. S is the temperature. The integrgamd b are also defied below. For details of the FDS

files, refer to AppendixXC.
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Zo=[Su(l1l2T HAY[ 11412 S2i 2SH]

Equation9- Smoke layeheight [59.

1,=[ s(yz

Equationl10- Integral (1) [59]

¥ o1 .
L= ma_

Equationll- Integral (II) [59]

3.2.7 Evacuation

The main objective ithefield of fire protection ighe safety ofthe public and savingpumanlife.
Evacuation requires plannirend coordinationFor every building, codes and standards specify

the requirements of the evacuation routes and the requirements of a safe route. For example, the
number ofexitswith respect to th density of people, flow of the flow (people) according to their

age and need, location of fire extinguishers, emergency lights, etc. In this aludye
requirements of the emergenoyute for evacuation, including the evacuation path width and
cleaance asufficient number of exitsand minimum fire rating required is already applied to the
building plansHowever, in order to find an emergency plan for-sprinkled existing buildings,

the sprinkler system is eliminatddiaving sprinklers imnewbuilding is a credit that is napplied

for the datan Chapter 4

In this regard, aurvey isconductedand the answer afhndom people to a simple question of,

fWhat do you do if you hear the ale&?neandori Wh at do vy o wotduceifyolimstou ar ¢
evacuate onot® | s g @odndideringetitht Canada is a multicultural countrg decided to

follow a random selectiosystem for this survey. As a result, the answer to this question does not

belong to a specific group of age. Alsbe selectionwas not based on the level of education or
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job status or gendeaind individuals were randomly selected based on their interggsticipating

For more detail about igsurvey pleaseefer to the information provided #ppendix A.

3.2.8 Geometry

A typical procedure was followed using FDS to simulate the pattern of smoke spreading in the
building. Using Pathfinderthe evacuation time of the occupaistslerived. The geometry of the
model 5 derived froma combination of few residential higise buildings built or being built in
Montreal. Aforty-five-story residential building with four basement leve$ed as garage and

two above ground level used as common areas. The average heigbh dibor is estimated to be

3 meters. Wallls properties are modelediasrt ®his model is chosen as a starting base for future
research on where a second tower will be addeticonnected through the common area floors.
This model allows u$o study snoke control in a highise building The goal is to expand the
model inthe future and see how fire and smoke can spread from one tower to the other tower or
any adjacenbuilding. This goal is set due to the presencenwny buildings inDowntown

Montreal that are connected by underground tunnels.

Figure37- FDS model of the building
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The ol fire size on the residential floassassumed to be 2 MW and in the basement e\

with a dimen®n of 1 meter by 1 meter. Simulation is completed for 1000 seconds, considering
that on averaggthe fire department should arries-site in less than 10 minutes. Pathfinder is
completed for 1103 secogidvhich is the timat takes forall thoseoccupantdo evacuate the
building. 1 CFM of airflow is assumed per each square meter of the unit. The size of the vents is
all assumed to be 0.5 medby 0.5 metes, e.g.,thesupply of 6.18 s, exhausd.3m?/s. Because

of the vent quantity and thaylout of each apartment thauunique some airflowis different. For

FDS simulationno opening tahe outside is considere@nd the only force is the mechanical
ventilation unis shown in yellow irigure 38. For supply vent, one supply is assumediperin

the staircase. For Pathfinder and evacuatimeessthemain exitis considered the main door to

the lesidential tower shown in greenkigure 39. It is assumed that the other emergency exits are
notused,and all occupants evacuate the buiddirom the main entranfexit.

Figure38- FDS vent locations
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Main entrance

Figure39- Pathfinder opening

Table5- Geometry of the pull fire.

Occupancy Pool fire size Location
Residential 2 MW 10" floor and 4% floor

Garage 7 MW 2" basement

In hightrise buildings compactkto other buildingsthere are several attributes that increase the

probability and severity of the fire incidents. These characteristics are listed below:

Higher occupant loads (In this case study, tlaeed5 floors of occupied residential units)
Longerevacuation times
Access issues for fire departments (In this case study,itHenited access from the street
to the building)

1 Potential water pressure issues (City supply source might have a drop in the pressure
depending on the weather and undergrasysiem conditions)
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1 The potential parallel occupancies (In this case study, there is a mix of residential
occupancy which is considered Light Hazard and parking space tbasidered Ordinary
Hazard Group occupancy)

1 The wind effect on the pattern omske inside, and fire and smoke movement on the
exterior walls and facade.

1 The temperature difference between the interior and exterior.

In the early building codes, at least one exit stair in buildings over a certain height was required.
In thepresent cde, buildings similar tourmodelbuildingrequire to havat least twgressurized
staircasesAny buildingthat has an occupied floor of 23 meters (75 ft) or more above the lowest
level that fire department truck can access requordgve a positive pressure of a minimafm

0.10 inches water (25 PA) amdmaximum of 0.35 inches of water (87 Pa). The vestibare
required to be ventilated. Fouildings exceeding 128 meters (420rfit) additional smoke control
system was addead the code The goal of this study is to proviseimerical results to show the
necessity of a changé&he following articleis proof of what Erik Anderson, P.E. is addressing as

a concern in the smoke control in very tall buildings [60, 61, 62]

ARecent editions of the 1 BC have included add
(128 meters) in height, such as increaséle minimum construction type permitted, increases in
required fire resistance ratings, and requirements for more robust stair and elevator shaft
construction. However, no additional smoke control system requirements were added. Thus,
regardless of thheight of the buildingthe IBC has never required zone smoked control system

due to building height alone. However, since 2009, the IBC has incorporated language that requires
the provision of a natural or mechanical system or method to assist with senodeal during

postfire incidents cleatup operationsinhigh i se bui l dings. o [62].

When designing for very tall building&e need to consider the buoyancy, expansion, ventilation
systems, elevator piston effect, stack effect, and wind effect tha simoke movement in the
building. In this case studthe stack effectwhich is the vertical air movement within a building

is calculated. This movement is caused by the air density differences between different

compartmergandthe buildinginterior and exteriaor
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The pressure difference due to stack effect is calculated using the formula below

P = 3840 (1/57 1/T) h

Where:

ap = pressure difference [Pa]

To= absolute temperature of outside air [degree K]
Ts= absolute temperature af anside shaft [degree K]

H = distance above neutral plan [m]

Equationl12 - Pressure difference [61]

Table6 illustratesthe impact of the height adhe stack effect. In this stugdyhe supply air is kept
constant by adding a supply fam every floor in the staircase, but the pressure difference is
increasing as the smoke reaches the higher fldatde6 shows the effect of the height at a éx
temperature on the pressure diffeze. As can be seens the height decreasdbe pressure

difference will decrease too.

Table6 - Stack effect induced pressure differential by building height for a constant temperature
[60].

Building height Out side Telap[in.w.c](Pa

75 ft (23 m) 70 (21) 0.08 (20)

300 ft (91 m) 70 (21) 0.33 (82)

984 ft (300 m) 70 (21) 0.54 (130)

2133 ft (650 m) 70 (21) 0.72 (180)
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Four different fire scenarios are introduced to FDS:

1. 45th floor, fire starting in the corner unit.
2. 45th floor, fire starting in the center unit.
3. 10thfloor, fire starting in the corner unit.
4

. Basement 2afire starsin the furthest corner from the tower staircase.

For all four different fire scenarios mentioned above, two Pathfindeafigsepared. One during

the daywas assuming 30 percent occuggnand one during nighttime assuming 90 percent
occupancy. There are sixteen units on each floor, and it is assumed that there is adimit of
maximumof two residers per unit. This assumption is made based on the size of thettrits,

number of bedroomandthe potential vacariesof some units.

1 Occupancypercentage of day time is 30%

1 Occupancy percentage of Nigh time is 90 %

1 Maximum number of residents panit: 2 people

1 Total number of units on each floor: &partments

Figures 40 and 41 show the layout of the residential floors and the basement plan. On residential
floors, the interior partitions in the units are eliminated to facilitate the simulation. Before making
this decision, a fire case for an apartment with all panstiwas compared with the layout shown

in Figure 40. This simulation was run for 160 secqradgl nomajor difference was observed
between the two. As a result, interior partitions are removed. By doing so, simulation time
decreased and allowed us to redtloe mesh sizes for more precise results for the same 1000

second simulation.
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Figure40- Typical residential floor plan

Figure41-Typical basement floor plan
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Table7 - Parametersfor FDS simulation

Mesh size 4,186,688
Pool fire size Imx1m 2MW (residential floors)
7 MW (Garage)
Vent size 0.5mx0.5m
Device locations Supply vent (one per floor ithe gaircase)

Exhaust vent (as shown kgure 12)
Total simulation timg FDS (1000 seconds)] Pathfinder (1103 seconds, full evacuati

Average total Threedays omacluster 10 minutes
computational time

Mesh size or grid resolution is an important parameter in FDS. Dhedomplexity of the airflow
based on the assumption of the air supply and exhaust, cha@obigber grid resolution that
generates more accurate results is wane-consuming. In this studysince the simulation is
limited to 1000 seconds, we were able to keep a balance between the required numerical results
output and timeThe amegrid size ad parameters are used for atlaly®s since the goal is to

run multiple fire cases on different flopsssuming that fire department arrival happens right
before 10 min. In some cities like Montrethe fire department switches the ventilation system
to manuaimodeas soon athey arrive on site. This decision has a direct influence on the fire and
smoke control. As a result, all the analysis is done assuming that the fire departmestl@rrive
minutes after the start time of the ficebe able to sebe performance of theressurized staircases
and its effecbn the snoke patternThere are many factors thaffectthe arrival time of the fire
departmentwhich will be discussed more in detail in chaptebbt to be able to achieve our

objective this 10-minutedelay does not influence the results at all.

Some parametermcluding the location of the heat detection devivese predicted based on the
information gathered from fire incideniBhe samgarameterareused for all simulatiosin order
to facilitate the understanding of the effect of the size of the fire zonthalatation of the pool

fire in a highrise building.

Based on the requirements of NFPA 9012, the pressure differential across smokadyashall
be 12.5 Pa for a fully sprinkled building. Also, the pressurized stairbaseto have a maximum
level of pressure that cause the door opening forces to be less than 133 N. Based on the suggested
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values also shown ihable8, the design presse difference for this case study is calculated to be

12.4 Pa. This number alculatedusing equatiori3 [63].

max= [ 2 (W-d) (F- Fq)]J/CWA

Where:

ap = Maximum design pressure difference [#20] (P9

W = door width [ft] (m)

d = distance fronadoorknob to knob side of door [ft] (m)
F = total dootopening force [Ib] (N)

Fac= door closer force [Ib] (N)

C =coefficient[1] (5.2)

A = door area [fi] (m?)

Equationl13- Maximum design pressure [63]

Table8 - Suggested minimum pressure design differences [63].

Building type Ceiling height Design pressure difference

Sprinklered Any height 0.05in. HO 12.4 Pa

Not sprinklered 2.7m 0.10 in. BO 24.9 Pa

Not sprinklered 46m 0.14 in. HO 34.8 Pa

Not sprinklered 6.4 m 0.18 in. HO 44.8 Pa

The effect of the height on the heat release rate and pressure diffeneetatson to the time will
be discussed in detail the rext chapter.
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4. RESULTS AND CONCLUSIONS

In this chapter,ite resuls from both Pyrosin{FDS)and Pathfinder will be discussed. For all the
detailed output of theoftware see Appendi)C andD. Due to time limitsand similarity ofthe
result of thefirst and secondcenarig, only the result of the second scenario (fire caséstim
floor fire stating in thecentralunit) is presergd. The only difference is that in this scenatioe

fire starts in ainit more towards the middle.

4.1 Smoke pattern

The result from this study shows that the fires starting on the lower flovesnmare smoke
damage to the buildingyhile it leaves more time for occupants on the lower floors to evacuate
the building. On the other hand, considering some of the fire cases mentioned in chapter 2, if the
fire is not controlled on the lower flogrg might block the passage for the occupantsraight
alsobe considered as a danger for firefighters that need to access the uppedutouysthe
evacuation procesMostof the fire deaths are caulgy smoke inhalation. Based threstudy by
Kevin Geideli CFPS, CET, 57 % of the fire deaths occur outside of the room of fire ,caigin
47% of the survivors claimed thttey could not see more than 3 metas they were escaping
[60]. Considering that based on the simulatemoke can travel between 4éd 80 meters per
minute if it is not interrupted, the visibility of 3 metetaimed by survivors is a reasonablenber

[64].

Figure42 shows the structure of the buildinghe gaircaseconnecting the basement level and the

two common floorareshown ingreen and the two scissor staircases connecting the upper floors

to theground floorareshown in red. It is important to know that the staircase shown in red stops

at ground level and recontinue under the same shaft but with a mimaur Tire separatio. This

allows us to control the fire and smoke spreading from the higher hazard areas such as garage

space and mechanical room to the residential floors.
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Figure42 - FDS model staircase locations

The smokepatternis studiedfor each scenaritwice; once for when there is no supply air in the
staircase similar to many existing buildings built betbe=1960s, and once for when the staircase

is pressurized, and air supply is added to each I#vid.important to remember that the wind
effect is not considered for any of the simulations discussed in this chBptarfigureson the

next pagéFigures 43 and 44show the smoke pattern on theefffoor. As can be seethe smoke
spread on the floor and fik the spaceDue to openings including doors, the smoke sfarting

its path to thevertical shaftsi.e, staircase. The pressurization system is intended to prevent smoke
leaking to otherzones or floors by supplying aiSince fins are sensitive to the ambient
temperature, the location of the supply fan is very importsta resultthe supply fan for this

model is placed inside treaircaseon every floornear the doorsComparing figires 43 and 44
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helps to visually see hquwvithout an air supply the smoke spreads to other flodrkis showshat

adding a fan has a positive effect on the pressure and the smoke layer.

Figure44- Fire floor withanair supply in staircase 68 seconds

Both shots are takeat 68 secondafter the fire started, but the only major difference is the smoke
that is entering the staircase. But if we compare these two figureigittes 45 and 46, we can
see a major difference between the amount of the smoke accumulating in the staird&se at 1

seconds after the fire startethere there is no air suppgly the staircase
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Figure46- Fire floor withanair supply instaircase 140.0 seconds

The amount of smoke produced has a direct relationship with the construction material. The smoke
production is calculated usingquation #. Also, the plume temperature is calculated using
equation 5. Using the two formukand tle data collected from the detectors in the maithel

relation between the height and temperature can be described as slkayunari?.
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m = 0.071 R® QY3753 + 0.0018 Q

m = mass flow in plume at height z (kg/sec)
k = wall factor (1, %, Y2, ¥a)
Qc= convective heat release rate of fire (kW)

Z = height above top of fuel (m)

Equation14- Smoke Productiof63].

Tp=[Qd (M G)] +To
To=average plume temp
m = mass flow in plume at height z (kg/sec)

Qc = convective heat release rate of fire (kW)

Ch= specific heat of

To= ambient temperatu

Equationl5- Plume temperatur@3].
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Figure47- Plume temperature wittespect to heighB5].

4.2Smoke layer height comparison

The smoke layer height has a direct relation with the temperatutas smportant to be able to
usethe poper pressurization systemtire gaircase to avoid letting the smoke enter the other floor.
Also, it is important to use the clean air supply to keep the evacymibnin case of this research

the staircasdree of smoke and heat.

In many existing buildings, setflosing fire doors i@ in place to limit the fire and smoke in the
zone. However, many of these Dbuildingsd stair
case that keeps the pressure in the staircase as positive is intramlachieve the objective of

this reseash. Additionally, due to the presence of many buildings with no pressurized staircases,

both cases of pressurized and 1pwassurized staircases ateidied in order to confirm which

works better.

Another important topic to look into is the ways fire dépeents handle the situation in case of

fire. In different cities, because of the variety of types of buildings and fire protection systems,
firefighters must take different actions with regard to the incident. For example, in Montreal, SIM
takes control bthe ventilation system by setting it to the manual mode. As a result, newer

mechanical systems such as pressurization sysieenset to manual quut out of service upon
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their arrival. A lot of developers and building owners are aware of this situitierconsequence
of this practiceoy the fire departmenis that thedevelopersgdesignersand professionalsonsider

eliminating this type of system their design, and we believe this is a step backward.

Looking at open spaces like parking areas, piresation of the staircases only helps to avoid
smoke and heat to enter other upper flpbtg the openings such as ramps cannot be eliminated
but can be controlledrigure 48showshow thesmokefilled the fire floor at 200 seconds after the
fire started Also, the perfect effect of the air suppdyillustrated in this figure. As can be seen,
smoke was not spread into the lower floors because of the pressurized stamdeese positive

pressure provided by air supply fans on each floor

Figure48- Fire floor with air supply in staircase 200 seconds

The stack effect that was explained in section 3.3.8 is the main reason why the smoke layer height
changes as the smoke reachertical shaft from the smoke floofhe stack effect has a direct
relation with the temperature, and this can simply be explamigdure 49. If the neutral plane is
setbetween 49% to 51% d¢iie building height, it can be concluded that the indoor warm air will

rise in winter and the cold indoor air will move downward during summer [63].
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Figure49 - Stack effect during winter and summer [63]

The heat release rdiar case f this studywhere the fire stastonthe 4" floor in acental unit,

is shown in the graph below (Figure)5CGomparing this data and tBeokeview from FDSwe

can conclude that from time zero to 200 sesptite fire was steady. Between 200 seosad

320 seconsl the HRR increased as the occupants started to &eacthis is due to the opening

of the doors, including the apartment doors and staircase doors on different levels. At 326, second
when the fresh air supply starts kickiimg the HRR becomes steady and reduces a bit due to

negative pressure on the fiteor.

HRR

4.00E+03
3.50E+03
3.00E+03
2.50E+03
2.00E+03

HRR (KW)

1.50E+03
1.00E+03

5.00E+02

0.00E+00
0 200 400 600 800 1000 1200

Time (second)

Figure50- HRR - Case 2 45th floor.
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The same conclusion can be drawn for the fire that happertbd d@th floor. The only difference

is that the fire othe10thfloor has a lower Heat Release Rate (measured in KW). As alseady

in Equation 12 and discussd#lde stack effect, the movement of the smoke is caused by the air
density differences between different compartraghhis pressure difference can be calcedat
usi ng a&p of 1/B)8 KLY Wherd his the distanedove the neutral plane. The impact

of the height on stack effect and pressure difference explains the reason why the HRR varies.

HRR

3.00E+03

2.50E+03

2.00E+03

1.50E+03

HRR (KW)

1.00E+03

5.00E+02

0.00E+00

Figure51- HRR - Case 3 10th floor.

The same conclusion can be drawn for case 3, wherdire sta in the basementhich is
considered as an open space and has limited access to the higher floors. Figure 52 shows this
difference very well As can be seersince the garage space is an open spheepressure
difference between the flamwhich communicate throughe garage ramp is not a lot. As a result,

there is not aignificantpressure difference that caffectthe HRR.
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Figure52- HRR - Case 4 Basement 2

4.3 Evacuation and escape time

The escape timdepends on many factoiacluding the knowledge of the occupants on the
actions to take in case of emergency, time of detection cothfzathe start time of the fire

and the ability of the occupants to detect the right path. In residential bsjlthagiuration

of the escape process also depends on the age and physical condition of the residents. The time
of the day in which the fire starts is another variable that has an important influence on the
evacuation, i.e.at nighttime people are less awacoé their surroundingswhich adds more

delay.

As a result ofhis study and a discussion with the employees of &ltllcomparingur results

with the fire incidents reports discusseimapter 2we can conclude that in a perfect scenario,
the detectiosystem will send a signal to the alarm panel which activates the alarm system and
the occupants will start evacuating the building in the first 5 m#nlitis essentiato consider

that duringthe caytime there arefewer people in a residential buildingompare to the
evening and nighttime that everyone retlhiome.

What if the fire is not big and can be easily controlledhsy/ fre department? What if it is

better for the occupants to stay in their apartments until the fire department evacuate the fire
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floors? Based omany researchdone to generate the codes farildings equipped with
pressurized systems, these systems arlage o help the fire department to evacuate people
in phases t@void issuedike all occupantsunning towardghe staircase at the same time.
Based on theurveys and fire drill information from buildings in Montreal, and fire incidents
studied for the researctReople have different behaviors in real fire situations versus fire drills.
In general, fire drills are performed in commercial buildings with advance notice to occupants.
But inthe case of residential buildings, especially higde buildings a necessitate for public

education is felt.

For the purposef this researchthe escape time for each of the fire scenarios of residential
buildings was studied. Considering the effect of time on the number of occupants, the
simulations wereun onceduringthe daytime and once at nightti;meonsidering that the time

of the dayaffects the number of occupants. The details of the evacuation duration and active
time aregiven in Appendix D. Table 9 shows the exit time, active tamel distancérom the

closest exitof the first 50 occupants evacuating the building dutiregchytime evacuation

among 486 occupants. As shown in the table, considering the age and ptoysatain of

the occupants, different delays were assumed for the exit time ofpeacm. Most of the

delays considered all designed based on the fire incident at Grenfell Tower and World Trade
Center.This information is discussed witmployees fronthe Highrise department d&IM,

and we believe that the numbers that are drawn are better than fire incidents since the air supply
fan helped the evacuation. One otresultthat confirmed the success of this simulation is the
comparison between the exit time and distance of each acttoghe exit, with the Grenfell

Tower narrative of people evacuating the buildidg also confirmed by the results, the
occupants that have a shorter distance to cover for evacuation are not always the first ones that
exit. Based on assumptions, sonceupants had delays longer than 10 minutes béferére
department take control of the evacuation process. As a result, reddénti2, 45and 48

did not evacuate the building during the expected ,tanethe fire department has to help

them to eacuate. Based on the analysis, most of the occupants that could not evacuate as
expected were in one of the units on the fire floors or the floors above the fire origin.
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Table9 - Evacuation result of daytime (first 50 occupanmt®ag 486 people)

ID (Occupant)

Exit time(s)

Active time(s)

Jam time total(s)

distance (m)

0

814.95

394.925

0.225

372.902

684.45

444 425

0.925

392.929

776.225

536.2

0.325

391.033

0

0

0

523.275

433.25

0.425

385.183

545.5

425.475

0.875

397.32

0

0

0

786.75

486.725

3.15

409.311

816.975

396.95

0.25

374.395

O [0 N[O (01D [W(N (-

0

0

0

439.85

409.825

0.925

368.857

639.175

399.15

0.5

374.787

795.15

435.125

1.3

390.967

1017.3

417.275

0.35

382.054

860.8

380.775

0.2

409.425

444.3

414.275

0.4

370.182

690.825

390.8

0.7

397.879

806.975

386.95

0.225

365.603

940.05

400.025

0.25

380.844

792.125

432.1

1.525

381.749

882.5

402.475

0.525

382.374

858.85

378.825

0.25

358.065

538.175

418.15

0.475

378.297

861.25

381.225

0.25

359.983

563

382.975

0.25

363.063

1103.1

503.075

0.325

364.953

538.275

418.25

0.25

381.863

454.2

364.175

1.15

415.441

516.375

456.35

0.525

396.887

808.825

388.8

0.775

366.294

627.9

417.875

0.5

383.278

862.225

382.2

0.25

361.985

614.9

434.875

0.325

375.672

777.325

477.3

3.1

399.011

774.3

474.275

1.525

401.197

414.2

384.175

0.525

418.743

695.925

395.9

0.25

363.856

963.575

363.55

78

0.2

398.095




























































































































































































































